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Abstract
Background  Both sport-specific impact loading and Relative Energy Deficiency in Sport (REDs) are known to impact bone 
mineral density and bone stress injuries in athletes; however, the interactive effects are still emerging.
Objective  The primary aim was to investigate the effects of sport-specific impact loading on bone mineral density and bone 
stress injuries and the influence this has on the International Olympic Committee’s REDs Clinical Assessment Tool-Version 
2 severity/risk assessment.
Methods  Female (n = 143) and male (n = 70) athletes (performance tier 3–5) from 13 different sports were cross-sectionally 
assessed with the Clinical Assessment Tool-Version 2 (questionnaire, blood, dual-energy X-ray absorptiometry-derived bone 
mineral density assessment), and prospectively assessed for new bone stress injuries, and compared across low-, medium-, 
and high-impact loading sports.
Results  Spine and femoral neck Z-scores were significantly lower in low- and medium-impact versus high-impact sports 
(p < 0.01). The highest femoral neck Z-scores were in the high-impact group, with nearly all other low- and medium-impact 
groups being significantly (p < 0.016) lower regardless of REDs traffic-light status. The adjusted odds of future bone stress 
injuries were approximately three-fold higher in athletes with a recent bone stress injury (previous 2 years only; p = 0.16). 
Athletes in low-, medium- and high-impact sports with zero to low-risk REDs (green + yellow traffic-light) had femoral neck 
Z-scores of 0.4 ± 0.9, 0.5 ± 0.9 and 1.4 ± 1.0, respectively (p < 0.01).
Conclusions  Sport-specific impact loading significantly influences bone mineral density independent of REDs risk/severity 
status. These findings indicate that practitioners should interpret bone mineral density results in the context of an athlete’s 
specific sport background rather than relying solely on general population norms, enabling more accurate REDs risk assess-
ment and targeted injury-prevention strategies.

1  Introduction

There is extensive evidence that directly implemented prob-
lematic (severe and/or prolonged) low energy availability 
(LEA), or studies featuring markers of LEA, can cause del-
eterious outcomes to bone biomarkers, bone mineral density 
(BMD via dual-energy X-ray absorptiometry [DXA]) and/or 
increased risk for bone stress injuries (BSIs [1–13]). Indeed, 
the relationship of menstrual dysfunction in female individu-
als resulting from problematic LEA, and subsequent nega-
tive bone outcomes was first described over 30 years ago 
[14–16]. Given this relationship, 28% of the current 2023 

International Olympic Committee (IOC) Relative Energy 
Deficiency in Sport (REDs) Clinical Assessment Tool-Ver-
sion 2 (CAT2) is dependent upon bone health indicators (e.g. 
normative BMD Z-scores and BSIs [17, 18]).

While evidence for the use of Z-score thresholds for low 
BMD is scientifically robust [19], these guidelines have been 
developed in the general population, and fail to acknowl-
edge the important role of activity type on bone osteogen-
esis (e.g. volume of sport-specific, weight-dependent impact 
loading). In support of this, gymnastics has the highest pre-
dicted impact loading of all sports [20], resulting in some 
of the highest reported BMD values [3]. Conversely, swim-
ming has the lowest predicted impact loading of all sports 
[20] with some of the lowest BMD values [3]. Accordingly, 
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Key Points 

While sport-specific impact loading is known to influ-
ence bone mineral density, the interaction between 
impact loading, Relative Energy Deficiency in Sport 
(REDs) severity, and injury risk remains an active area 
of investigation, as researchers continue to refine how 
these factors contribute to long-term bone health and 
athletic performance.

This is the first large-cohort study to concurrently ana-
lyse bone mineral density, bone stress injuries and REDs 
severity/risk within a diverse group of sports, showing 
that sport-specific impact loading significantly influences 
bone mineral density independent of REDs severity or 
risk status.

In clinical practice, these data suggest that practition-
ers should interpret bone mineral density results in the 
context of an athlete’s background sport type rather 
than using general population norms, leading to more 
accurate REDs risk assessments and injury prevention 
strategies.

it is estimated that athletes in high-impact sports will 
have ~ 5–30% greater BMD than non-athletes [21]. While 
sport-specific impact loading is known to influence BMD 
[13, 21–23], the interaction between athlete-specific impact 
loading, and its influence on BMD, BSIs and REDs assessed 
via the IOC REDs CAT2 has only been examined in a single 
previous study by von Brackel et al. [13]. This retrospective 
medical chart review demonstrated significantly increased 
BSIs in athletes with REDs and supported this finding with 
significantly reduced Z-scores, lower bone and tissue vol-
ume, as well as bone biomarker outcomes demonstrating 
suppressed bone formation and increased bone resorption in 
athletes with REDs. Furthermore, athletes in sport-specific 
higher-loading sports (strength sports) had greater lumbar 
spine-BMD compared with endurance athletes or athletes 
with REDs. Despite these initial and interesting findings, 
van Brackel et al. [13] included only 82 athletes, of whom 
only 32% (n = 26) were endurance athletes and 31% (n = 25) 
were female—both populations known to have a high preva-
lence of REDs [5, 18], but were relatively under-represented. 
Furthermore, the small sample size in van Brackel et al. 
limited the ability to directly assess the impact that sport-
specific osteogenic loading had on REDs CAT2 traffic-light 
classification.

Therefore, the primary aim of this study was to determine 
the effects of chronic sport-specific bone impact loading on 
BMD, BSIs along with the IOC REDs CAT2 severity/risk 

(green- vs yellow- vs orange- vs red traffic-light) categori-
sation by stratifying a large sample of 213 athletes from 13 
different sports across low- (e.g. swimming), medium- (e.g. 
running) and high-impact (e.g. volleyball) loading sport 
groups. Secondary exploratory aims examined the influence 
of excluding BMD from the REDs CAT2 on subsequent 
tool validity and initially developing Z-score norms in our 
“healthy” (low-risk REDs green and yellow traffic-light) ath-
letes across low-, medium- and high-impact loading sports.

2 � Methods

2.1 � Participants

The rolling entry recruitment and data collection for this 
multicentre cross-sectional investigation took place between 
May 2021 and April 2023 across three Canadian sports insti-
tutes (Canadian Sport Institute Pacific, Canadian Sport Insti-
tute Ontario, Institut National du Sport du Québec). A total 
of 248 highly trained/national-level to world-class (Tier 3–5 
[24]) athletes (n = 165, 67% female) satisfied the inclusion 
criteria of: > 15 years of age, actively training and compet-
ing in Olympic sports, not pregnant and residing in Canada. 
Use of specific medications or hormonal contraception 
were not exclusion criteria but were considered during data 
interpretation. For example, female athletes taking hormo-
nal contraception (n = 69, 48% female) were included in the 
analysis, but hormonal contraception can mask menstrual 
dysfunction and thus were not scored within the ICO REDs 
CAT2 [17]. If any athletes were taking medications that are 
known to impact the endocrine, bone or gonadal systems, 
they were excluded (e.g. thyroid medications, glucocorti-
coids, see results). Ethical approval of the study protocol 
was obtained from the University of Victoria and Univer-
sity of British Columbia (approval number H20-03602), and 
McGill University (approval number A12-M62-21B), and all 
participants signed the informed consent.

2.2 � REDs CAT2 and Associated Bone‑Related 
Measurements

Participants underwent the full 2023 IOC REDs CAT2 [17] 
screen (see Table 1 for the indicators list and description of 
methods; see Table 1 of the Electronic Supplementary Mate-
rial [ESM] for associated methods/equipment, by study-site 
location). To avoid duplication, please see our recent com-
panion publication for outcomes from the primary and sec-
ondary REDs CAT2 indicators and associated methods [5].

Calcium supplementation was avoided during the 24 h 
prior to DXA measurement. A follow-up survey assessed 
prospective BSI (self-report, physician diagnosed) status in 
the 6–24 months following the individual baseline REDs 
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assessment. Morning fasted blood (< 10 a.m.) was sampled 
by a phlebotomist and analysed at a commercial laboratory 
(LifeLabs in British Columbia and Ontario) or a local hos-
pital (Quebec). Bone mineral density and body composi-
tion were measured according to standardised protocols 
(Table 1 and Table 1 of the ESM for research study-site 
specific method details).

For comparison of BMD across sports with varying 
impact loading patterns, an effective load stimulus (ELS, 
as established by Weeks and Beck [20]) via the integration 
of movement-specific peak ground reaction forces coupled 
with the rate of force application typical of various sports 
was assigned. Weeks and Beck [20] initially developed the 
Bone-Specific Physical Activity Assessment Questionnaire 
in healthy active male and female athletes aged 18–30 years, 
and integrated an acute sport-specific load intensity (ELS) 
score, quantified via force assessments, with self-reported 
years of sport participation and weekly sport frequency. 
However, we did not collect sport training frequency data, 
and thus we only applied the acute sport-specific ELS score 
for each athlete (see limitations section). Although there 
are yet to be established standardised low-, medium- and 
high-impact sport groupings, as shown below, our various 
sports naturally showed distinct ELS differences; where the 
low-impact sport group had ELS scores that were ~ 30-fold 
lower than the moderate-impact group, which were ~ 2.6- to 
6.4-fold lower than the high-impact group, which naturally 
resulted in three groups that were enough athletes per group 
for statistical analysis. Accordingly, athletes were divided 
into the following three impact groups:

•	 Low-impact group (n = 93): swimming (0.07 ELS), 
cycling (0.16 ELS), rowing (0.12 ELS);

•	 Moderate-impact group (n = 82): running and track and 
field (4.88 ELS), triathlon (4.88 ELS); and

•	 High-impact group (n = 38): rugby (13.62 ELS), soc-
cer (13.62 ELS), volleyball (31.37 ELS), speed skating 
(26.19 ELS), field hockey (13.62 ELS), boxing (12.65 
ELS, based on equivalent Kung Fu score), softball (13.62 
ELS), judo (12.65 ELS based on equivalent Kung Fu 
score).

2.3 � Statistical Analyses

Statistical analyses were performed using R software 
(version 4.2.2; R Foundation for Statistical Computing, 
Vienna, Austria). Descriptive statistics are presented as 
means ± standard deviations. REDs status, an ordinal out-
come, was analysed using proportional odds ordinal logistic 
regression models to examine the main effects of sex and 
impact loading, and their interaction. Interaction terms were 
evaluated and removed from final models if non-significant. 

The proportional odds assumption was assessed using likeli-
hood ratio tests of nominal effects and was not violated. To 
minimise type I errors due to multiple comparisons, a Bon-
ferroni post-hoc procedure was applied. Adjusted p-values 
were then used to determine significant pairwise differences 
in parameter estimates across the REDs traffic-light severity/
risk categories, sex and impact loading groups. Investigation 
of the residual plot showed a random scatter about zero with 
no obvious pattern, while the normality plot demonstrated 
residuals fell on a straight line, indicating residuals were 
normally distributed. Unless otherwise specified, statis-
tical significance was set at p ≤ 0.05. Athlete competitive 
tier was recorded but was not included as a covariate in the 
primary models owing to the risk of collinearity without 
adding an additional explanatory value. Instead, we focused 
on sport-specific impact loading as explanatory variables, 
which more directly captures the physiological exposure rel-
evant to bone health and REDs risk. Logistic regression was 
used to determine the probability of past (previous 2 years) 
and future (6–24 months after baseline) BSIs based on age, 
body composition parameters, training volume, menarche 
(delayed if ≥ 15 years of age) and male sex drive, based on 
previous research [10]. For prospective BSIs, the outcome 
was defined as whether at least one BSI was reported at the 
follow-up. Because the exact timing of injury onset was not 
available, a time-to-event analysis was not possible. There-
fore, as a sensitivity analysis, days from the baseline assess-
ment to follow-up reporting were included as a covariate in 
the logistic regression model to account for variability in the 
follow-up duration. Separate linear regression models were 
fit for femoral neck and spine Z-scores with the sport loading 
factor (ELS) as the predictor, yielding estimated between-
category mean differences.

An exploratory analysis examining what effect elimi-
nating BMD has on the IOC REDs CAT2 [17] traffic-light 
outcome was also performed. All possible REDs CAT2 
indicator combinations (1008 total possible combinations) 
were assessed, and there were 113 combinations where 
the REDs traffic-light severity/risk status changed to a less 
severe status (i.e. from orange to yellow) after removing 
BMD. Thereafter, the modelling analysis used a contingency 
table to investigate the sensitivity and specificity of a “refer-
ence” (i.e. including BMD) versus “predicted” (i.e. exclud-
ing BMD) REDs CAT2. To account for differences in body 
composition assessment (DXA vs skinfold), the measure-
ment method and its interaction with body fat percentage 
were included in logistic regression models examining past 
BSI. As this study occurred across our study-site locations, 
we performed additional analyses including the study loca-
tion (proxy for scanner type) and its interaction with the 
impact-loading category in the BMD models.
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Table 1   Assessment of the International Olympic Committee REDs CAT2 [17] severe primary, primary and secondary indicators. All measure-
ments were completed fasted and rested before 10a.m., within a 30-day timeframe, with BMD measured within 90 days of all other testing

BF% percent body fat, BMD bone mineral density, BMI body mass index, BSI bone stress injury, CAT2 Clinical Assessment Tool-Version 2, 
DXA dual-energy x-ray absorptiometry, FFM fat-free mass, ISAK International Society for the Advancement of Kinanthropometry, LDL low-
density lipoprotein, REDs Relative Energy Deficiency in Sport, T3 triiodothyronine

Parameter Assessment approach/method REDs severity/risk CAT2 [17] indicator

Self-report via online survey
Menstrual dysfunction Self-report via Low Energy Availability in Females 

Questionnaire (LEAF-Q [42])
Severe primary indicator:
Primary amenorrhea: no menarche
Prolonged secondary amenorrhea: absence of past > 6 

consecutive cycles
Primary indicator:
Secondary amenorrhea: absence of past 3–6 consecu-

tive cycles
Secondary indicator:
Oligomenorrhea: maximum 8 cycles in the past 

12 months
BSI (past and future) Self-report via survey Number of high-risk (femoral neck, sacrum, pelvis) 

and low-risk (other locations) BSIs during whole 
career (historical), in the previous 2 years (past) and 
in the 6–24 months following baseline REDs CAT2 
assessment (future)

Primary indicator: ≥ 1 high-risk or ≥ 2 low-risk BSIs 
in the previous 2 years

Secondary indicator: Maximum 1 low-risk BSI in the 
previous 2 years

Absence from training because of a BSI Self-report via survey Number of days missed training in primary sport 
because of any BSI in the previous 2 years

Primary indicator: ≥ 6 months in the previous 2 years
Secondary indicator: Maximum 6 months in the previ-

ous 2 years
Disordered eating/eating disorder behaviour Self-report via Eating Disorder Examination Ques-

tionnaire (EDE-Q [43])
Primary indicator:
Elevated global score:
Female < 2.30 points
Male: > 1.68 points

Sex drive (male) Self-report via Low Energy Availability in Males 
Questionnaire (LEAM-Q [44])

Emerging indicator:
Low sex drive as defined by Lundy et al. [44]

Morning fasted blood work (antecubital vein)
Testosterone (total, free, bioavailable) Measured by automated electrochemiluminescence 

immunoassay via Roche Cobas e801
Primary indicator:
Below reference range
Secondary indicator:
Within the lowest quartile of reference range

T3 (free), total cholesterol, LDL-cholesterol Measured via chemiluminescent microparticle 
immunoassay via Abbott Alinity

Primary indicator
T3: below or within lowest quartile of reference range
Total and LDL cholesterol: above reference range

Bone mineral density and body composition
BMD DXA as follows:

Victoria, BC, Canada (Hologic Horizon W, USA)
Vancouver, BC, Canada (GE Lunar Prodigy, GE 

Healthcare, USA)
Ontario and Quebec (GE Lunar iDXA, GE Health-

care, USA)

Primary indicator:
Lumbar spine, femoral neck or total hip 

Z-score < − 1.0

FFM, BF%, BMI FFM via DXA (Vancouver, ON, Quebec)
Skinfold thickness (Victoria) via callipers (CMS 

Weighing Equipment Ltd, London, UK) as per 
ISAK guidelines [45] with Wither’s equation to 
estimate FFM in male and female athletes [46, 47] 
and back calculate BF% (BF% = (1 − (FFM/BM)) 
* 100

BMI = weight divided by height2
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3 � Results

3.1 � Participant Characteristics

Thirty-five participants were excluded from the final analysis 
because of failure to complete testing within the required 
time frame (n = 18), age (n = 4 self-reported peri-menopau-
sal or menopausal female athletes aged 45.7 + 5.1 years), 
non-elite athlete (n = 1), medication use to treat hyperthy-
roidism (n = 1) and para-athlete status (n = 11). This resulted 
in a final sample size of 213 participants]143 (67%) female; 
Fig. 1] across the following performance tiers [24]: Tier 
3 (n = 110; 52%), Tier 4 (n = 78; 37%) and Tier 5 (n = 25; 
11%). The represented sports were track and field (n = 69; 
nearly all middle- to long-distance runners), rowing (n = 60), 
cycling (n = 17), swimming (n = 16), triathlon (n = 16), 
speed skating (n = 11), rugby (n = 8), judo (n = 8), box-
ing (n = 2), volleyball (n = 2), field hockey (n = 2), soccer 
(n = 1) and softball (n = 1). Of the 143 female athletes, n = 69 

(48%) were using hormonal contraception. The participant 
age ranges were 17–18 years (n = 36), 19–20 years (n = 42), 
21–30 years (n = 123) and 30–36 years (n = 12). See Table 1 
of the ESM for details on participant characteristics, sex, 
athlete tiering level, sport impact and sport type by study-
site location.

3.2 � Impact of REDs Severity/Risk on BMD and BSIs

Body mass index was significantly lower in red versus green 
and yellow traffic-light severity/risk status (p = 0.024 and 
p = 0.036, respectively) and ranged from 15.9 to 22.5 kg/
m2 in red traffic-light female athletes and 21.2 kg/m2 in 
red traffic-light male athletes (Fig. 1). There was a greater 
prevalence of lower spine BMD Z-scores across increasing 
REDs traffic-light severity/risk status [F(3,210) = 77.80; 
p < 0.001; partial η2 = 0.23; Fig. 2A]. For femoral neck 
BMD Z-scores, there was a significant interaction between 

n=18 failure to complete testing
within required time frame

n=4 perimenopausal or 
menopausal female athletes

n=1 calibre below required

n=1 hyperthyroidism

n=11 para athletes

REDs tra�ic light
classification (REDs risk)

Impact loading
classification

Green
n=118

76F, 42M

Yellow
n=75

51F, 24M

Orange
n=11

8F, 3M

Red
n=9

8F, 1M

Low impact
n=93

REDs risk: 52/33/3/5

Medium impact
n=82

REDs risk: 37/34/7/4

High impact
n=38

REDs risk: 29/8/1/0

Age (yrs)
Height (cm)
BM (kg)
BMI (kg/m2)
FFMdxa (kg)
FFMSF (kg)

24.0 (4.4)
176.7 (9.9)
71.7 (12.7) **
22.8 (2.5) **
55.5 (10.9)
63.1 (13.2) 

22.5 (3.6)
174.9 (9.4)
68.3 (11.5) 
22.3 (2.4) *
54.5(7.7)
58.2 (11.9) 

21.3 (2.7)
172.4 (7.3)
63.6 (8.5) 
21.4 (2.3) 
50.5 (8.5)
54.4 (3.3) 

22.2 (4.1)
169.9 (7.8)
57.6 (7.6) 
19.9 (2.1) 
51.6 (8.9)
46.4 (3.8) 

23.6 (4.1)
179.7 (9.8) ***###
75.3 (13.0) ***
23.2 (2.3) ***
66.4 (18.0) ***
65.3 (14.0)

22.8 (4.1)
172.2 (8.5)
62.1 (8.0) ###
20.9 (1.8) ###
49.6 (7.4) ##
54.2 (9.1)

23.2 (4.1)
172.6 (8.0)
71.2 (9.9) 
23.8 (2.6) 
58.7 (11.1)
58.3 (5.4) 

Age (yrs)
Height (cm)
BM (kg)
BMI (kg/m2)
FFMdxa (kg)
FFMSF (kg)

n=251 (165F, 86M) 
enrolled in the study

n=213 (143F, 75M) 
final analysis

Measurements (detailed in Table 1) and REDs CAT2 
assessment based on clusters of indicators:
Green light:
0 primary, ≤1 secondary
Yellow light:
0 primary & ≥2 secondary OR
1 primary & ≤2 secondary OR
2 primary & ≤1 secondary
Orange light:
1 primary & ≥3 secondary OR
2 primary & ≥2 secondary OR
3 primary & ≤1 secondary
Red light:
3 primary & ≥2 secondary OR
≥4 primary

Fig. 1   Flowchart of participant enrolment to final analysis with par-
ticipant characteristics across Relative Energy Deficiency in Sport 
(REDs) severity/risk traffic-light status and impact loading groups. 
BM body mass, BMI body mass index, CAT2 Clinical Assessment 
Tool-Version 2, F female, FFM fat-free mass, M male, yrs years. 
Fat-free mass is shown separately for dual-energy X-ray absorptiom-
etry (FFMdxa) and skinfold (FFMSF) measured athletes. Low impact: 

cycling, rowing, swimming. Medium impact: running, triathlon. High 
impact: rugby, soccer, volleyball, speed skating, field hockey, boxing, 
softball, judo. *p < 0.05; **p < 0.01 significantly different compared 
with red severity/risk traffic-light status; ***p < 0.001 significantly 
different compared with medium impact; ##p < 0.01; ###p < 0.001 sig-
nificantly different compared with high impact
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sex and REDs status [F(3,210) = 10.35; p < 0.001; partial 
η2 = 0.06; Fig. 2B], indicating that the association between 
REDs status and femoral neck Z-scores differ between male 
and female athletes. The number of high-risk BSIs in the 
previous 2 years was greater among higher severity/risk traf-
fic-light status [χ2(3) = 30.9; p < 0.001; Cramer’s V = 0.38; 
Fig. 2C]. A subset of 168 athletes responded to the follow-
up, which included 27 (16%) who reported sustaining a new 
BSI in the 6–24 months following baseline REDs testing. 
Here, n = 5 BSIs were confirmed radiographically, n = 18 
were confirmed by a physician but without imaging and 
for n = 4, the means of diagnosis was unconfirmed. Within 

this prospective group, higher REDs traffic-light severity/
risk at baseline testing was significantly associated with the 
incidence of new BSIs [χ2(3) = 30.9; p < 0.001; Cramer’s 
V = 0.38; Fig. 2D].

An exploration modelling analysis examined the effect 
of removing BMD from the IOC REDs CAT2 assessment 
on subsequent traffic-light outcomes. In male athletes, 
the removal of BMD from the assessment did not change 
the traffic-light outcome in the majority (81.3%) of cases 
(95% confidence interval [CI] 77.2–84.8) [K (Kappa coef-
ficient) = 0.7176, strong agreement between predicted and 
actual]. A sub-analysis showed that the most likely change 

Fig. 2   Mean and standard deviation of Relative Energy Deficiency 
in Sport (REDs) primary and secondary indicators across the various 
severity/risk traffic-light status groups. A Lumbar spine bone min-
eral density Z-score. B Femoral neck bone mineral density Z-score. 
C Number of high-risk bone stress injuries (BSIs) in the previous 
2  years. D Number of prospective BSIs in the 6–24  months post 

REDs assessment. *p < 0.05; **p < 0.01; ***p < 0.001 difference 
between all athletes pooled; ##p < 0.01, ###p < 0.001 significant dif-
ference between female groups; $$$p < 0.001 significant difference 
between male groups. Grey shaded areas represent the area within or 
below/above which the bone mineral density Z-score is interpreted as 
“presence of a REDs indicator”
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was the alternative classification of the original orange 
traffic-light, with 35 model combinations of orange being 
classified to a yellow traffic-light and 43 cases of orange 
alternatively classified as a red traffic-light. Similar results 
were seen in female athletes, with the removal of BMD 
achieving the same traffic-light outcome in 80.4% of cases 
(95% CI 76.9–83.8; K = 0.7087). Typical alternative clas-
sifications occurred with the orange traffic-light, with 49 
model combinations changing the classification to a yel-
low traffic-light and 60 cases resulting in a red traffic-light. 
Athletes whose REDs traffic-light category changed after 
removal of BMD had significantly lower BMD Z-scores 
than those whose classification remained unchanged. Mean 
lumbar spine Z-scores were − 1.32 ± 1.03 in athletes whose 
category changed versus 0.52 ± 1.03 in those whose cate-
gory remained the same (p < 0.001). Similarly, femoral neck 
Z-scores were − 0.32 ± 0.93 versus 0.79 ± 0.93, respectively 
(p < 0.001).

3.3 � ORs for Various Indicators on Retrospective 
or Prospective BSIs

There was no effect of body fat percentage, BMI, or age at 
menarche on BSI history or future BSI incidence (Table 2). 
In the initial unadjusted model, the odds of future BSIs 
were ~ 5.5-fold greater in athletes with recent (previous 
2 years) BSIs, but there was no effect of historical (all-time) 
BSIs on future risk. However, in our adjusted model, where 
an additional sensitivity analysis accounted for duration 
(days) as a covariate, the association between recent prior 
(last 2 years) BSI and future risk was attenuated and non-
significant (odds ratio [OR] = 3.05, 95% CI 0.63–14.48; 
p = 0.155; Table 2). An increasing athlete age decreased the 
odds of a future BSI by 14% (p = 0.016, Table 2). Including 
a performance tier as a covariate did not alter the association 
between age and future BSI, and the performance tier itself 
was not a significant predictor (p = 0.43).

When REDs traffic-light status was additionally included 
in the multivariable model for future BSIs, REDs status was 
not independently associated with future BSIs (all outcomes 
p > 0.18). In this adjusted model, the association between 
recent prior BSIs and future injury risk was attenuated to 
approximately three-fold and was no longer statistically 
significant [OR = 3.05, (0.63–14.48); p = 0.155], suggest-
ing an overlap between REDs status and prior injury his-
tory as predictors of future BSIs. In a further sensitivity 
analysis including days from baseline to follow-up reporting 
as a covariate, follow-up duration was not associated with 
future BSIs (p = 0.71) and did not alter the pattern of results.

Finally, a prior recent BSI (past 2 years) was associ-
ated with decreased spine BMD [OR = 0.04 (0.001–0.79); 
p = 0.047], but not with femoral neck BMD, and there was 
no association with BMD and the odds of a future BSI. As 

there were differences in body fat assessment methods (i.e. 
DXA vs skinfold; Table 1 and Table 1 of the ESM), we 
conducted logistic regression analyses including body fat 
percentage, measurement method (DXA vs skinfold) and 
their interaction in models predicting past bone stress injury. 
Neither body fat (p = 0.38), measurement method (p = 0.32), 
nor their interaction (p = 0.21) were statistically significant 
predictors.

3.4 � Effect of Low‑, Medium‑ and High‑Impact 
Loading on Bone Health Outcomes

In general, the low- and high-impact groups were pheno-
typically similar (similar BM, fat-free mass [FFM] and 
BMI), and both groups had greater BM, FFM, and BMI 
compared with the medium-impact group (Fig. 1). Ordi-
nal logistic regression revealed a significant association 
between the impact-loading category and REDs traffic-light 
status (linear trend: p = 0.028; quadratic trend: p = 0.002), 
indicating that REDs classification differed across sport 
impact groups. There were main effects of REDs traffic-
light status and sport impact-loading group on spine BMD 
Z-score [F(4,206) = 27.03; p < 0.001; partial η2 = 0.29; 
and F(4,206) = 40.25; p < 0.001; partial η2 = 0.29, respec-
tively; Fig. 3A, B], with no significant interaction between 
REDs traffic-light status and sport-impact grouping 
[F(4,206) = 0.54; p = 0.742; partial η2 = 0.01]. Post-hoc com-
parisons showed significantly lower spine BMD Z-scores 
in yellow, orange and red traffic-lights versus the green 
traffic-light (p < 0.001), whereas comparisons between 
yellow, orange and red traffic-lights showed no significant 
differences. A number of significant differences in spine 
BMD Z-score according to sport impact grouping were 
seen (Fig. 3B): high˃medium (estimate − 1.66, p < 0.001), 
high˃low (−  1.15, p < 0.001) and low˃medium impact 
(− 0.50, p = 0.0024).

There were significant main effects of REDs status 
[F(4,206) = 15.72; p < 0.001; partial η2 = 0.20] and impact 
loading on femoral neck BMD Z-score [F(4,206) = 16.17; 
p < 0.001; partial η2 = 0.14; Fig. 3C, D], with a significant 
interaction observed [F(4,206) = 3.45, p = 0.005; partial 
η2 = 0.08]. Overall, higher-impact loading was associated 
with greater femoral neck BMD Z-scores, but this effect 
was moderated by REDs status: increasing REDs risk cor-
responded to lower Z-scores, primarily in lower-impact 
sports. Accordingly, post-hoc comparisons indicated that the 
negative association between REDs traffic-light status and 
femoral neck BMD Z-score was most pronounced among 
the low- and medium-impact groups, and not in the high-
impact group (Fig. 3C). In support of this, the high-impact 
loading groups in the green and orange traffic-light status 
had the highest Z-scores, with nearly all other low- and 
medium-impact groups being significantly (p < 0.016) lower 
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regardless of REDs traffic-light status. In the case of femoral 
neck BMD Z-scores (Fig. 3D), regardless of REDs sever-
ity/risk status, the high-impact loading group was signifi-
cantly greater than the low-impact group (estimate − 0.83, 
p < 0.001) and medium-impact group (− 0.87, p < 0.001).

Overall, there was a significant linear relationship 
between the mean sport loading score (see ELS by sport 
in methods) and femoral neck BMD Z-score (p < 0.01), but 
not for the spine BMD Z-score (p = 0.064). Spine Z-scores 
were higher in the rowers in comparison to cyclists and 
swimmers (0.3 ± 1.0 vs − 0.4 ± 1.3, respectively; p = 0.05), 
probably due to the compressive and shear forces inherent 
to the sport of rowing [25]. However, removing rowers 

from the analysis did not result in a different outcome. In 
an exploratory analysis of athletes with zero to low risk 
of REDs (i.e. green and yellow CAT2 traffic-light assess-
ment athletes only), femoral neck BMD Z-scores across 
the low-, medium- and high-impact sports were 0.4 ± 0.9, 
0.5 ± 0.9 and 1.4 ± 1.0, respectively (p < 0.01). Conversely, 
spine BMD Z-scores for low-, medium- and high-impact 
sports were 0.2 ± 1.0, − 0.2 ± 1.0 and 1.6 ± 1.2, respec-
tively (p < 0.01).

Table 3 summarises sex differences in anthropometry, 
raw BMD and BMD Z-scores. Overall, female athletes 
were shorter and lighter but had greater body fat percentage 

Table 2   Odds ratios of past 
(previous 2 years) or future 
(6–24 months post baseline 
assessment) BSIs based on 
various indicators

Training volume: low =  < 10  h/week (n = 68); medium = 10–16  h/week (n = 65); high =  > 16  h/week 
(n = 80); menarche: late menarche = first period at age 15  years or older; normal menarche = first period 
earlier than 15 years of age; future BSI = incidence of new BSI in the 6–24 months following the baseline 
assessment
Bold italics indicate parameters with p < 0.05
BMD bone mineral density, BMI body mass index, BSI bone stress injury, DXA dual-energy x-ray absorpti-
ometry, REDs Relative Energy Deficiency in Sport, SF skinfold
a Odds ratios reflect the odds of an outcome in one group compared to another, with an odds ratio of 1.0 
indicating no association

Outcome Indicator Odds ratioa (95% confi-
dence interval)

p-Value

Past BSI (n = 21) Body fat percentage via DXA 0.94 (0.79–1.11) 0.38
Body fat percentage via SF 1.05 (0.94–1.17) 0.32
Spine BMD 0.04 (0.001–0.79) 0.047
Femur BMD 0.25 (0.01–5.46) 0.39
Age 1.02 (0.91–1.13) 0.76
Training volume (low vs high) 1.19 (0.37–3.89) 0.77
Training volume (medium vs high) 2.02 (0.68–5.99) 0.95
Training volume (low vs medium) 0.59 (0.16–2.19) 0.42
Age of menarche 1.94 (0.62–5.68) 0.61
BMI 0.87 (0.71–1.04) 0.95
Low sex drive 3.82 (0.45–26.84) 0.11

Future BSI (n = 27) Body fat percentage via DXA 1.08 (0.95–1.22) 0.18
Body fat percentage via SF 1.02 (0.91–1.14) 0.69
Spine BMD 0.42 (0.03–4.44) 0.48
Femur BMD 2.70 (0.16–43.38) 0.48
Age 0.86 (0.75–0.96) 0.016
Training volume (low vs high) 0.77 (0.22–0.2.69) 0.62
Training volume (medium vs high) 1.39 (1.28–4.44) 0.89
Training volume (low vs medium) 1.81 (0.51–6.37) 0.75
Age of menarche 2.34 (0.83–6.37) 0.09
BMI 0.96 (0.79–1.14) 0.65
Low sex drive 0.26 (0.14–0.64) 0.27
Historical BSI 2.25 (0.98–5.26) 0.12
Past BSI (previous 2 years) 3.05 (0.63–14.48) 0.16
REDs status (yellow vs green) 1.07 (0.28–3.94) 0.92
REDs status (orange vs green) 4.12 (0.48–33.61) 0.18
REDs status (red vs green) 3.42 (0.45–22.84) 0.21
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compared with male athletes, with a significant group dif-
ference for lumbar spine Z-score (p < 0.01).

As there were differences in DXA equipment by study-
site location (Table 1 and Table 1 in the ESM), we con-
ducted additional analyses including study location (proxy 
for DXA type) and its interaction with impact-loading cat-
egory in the BMD models. Location was not a significant 

predictor of BMD (F(2,206) = 0.17, p = 0.84), and the inter-
action between impact-loading category and location was 
also not significant (F(2,206) = 1.34, p = 0.26). Importantly, 
the association between impact-loading category and BMD 
remained statistically significant after adjusting for location 
(F(2,206) = 9.87, p < 0.001). Given the uneven distribution 
of sport categories across sites (Table 1 of the ESM), we 
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Fig. 3   Bone mineral density Z-score for lumbar spine (A) and femo-
ral neck (C) across green (n = 52/44/22), yellow (n = 33/35/7), orange 
(n = 3/7/1) and red (n = 5/4/0) traffic-light athletes divided into low-, 
medium- or high-impact load groups, respectively. Bone mineral 
density independent of Relative Energy Deficiency in Sport (REDs) 
risk status for lumbar spine (B) and femoral neck (D) across low-, 
medium- and high-impact load groups. †Significant group-level dif-
ferences for REDs severity/risk traffic-light category compared with 
the green-light category (p < 0.001). There were no other group-level 

statistically significant comparisons. **p < 0.01; ***p < 0.001 signifi-
cant difference between low-, medium- and high-impact load groups 
(B and D) or within a given REDs traffic-light status (C); #p < 0.01 
significantly greater than every single other traffic-light and sport 
impact-load groups (C); &p < 0.01 significantly greater than every 
single other traffic-light and sport impact-load group except the 
orange traffic-light high-impact group (C). Grey shaded areas repre-
sent the area within or below/above which the bone mineral density 
Z-score is interpreted as “presence of a REDs indicator”
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additionally conducted a sensitivity analysis restricted to 
athletes assessed at the largest single site using the same 
DXA system (Victoria, n = 116, Hologic Horizon W, Table 1 
of the ESM). Within this single-scanner subset, the associa-
tion between impact-loading category and BMD remained 
statistically significant (F(2,186) = 5.18, p = 0.0065).

4 � Discussion

This large-cohort study concurrently analysed BMD, BSIs 
and REDs severity/risk traffic-light status while investigat-
ing the effect of osteogenic sport-specific impact loading as 
a key moderating factor in BMD outcomes across a diverse 
group of sports. We showed that the association of spine 
or femoral neck BMD Z-scores to REDs severity/risk sta-
tus did not differ between impact loading groups. However, 
sport-specific low-, medium- and high-impact loading was 
statistically associated with greater spine and femoral neck 
BMD values (Fig. 3). We had an emerging association that 
an athlete with a BSI in the past 2 years had an adjusted 
approximately three-fold greater risk of a new BSI during 
this study (p = 0.16; Table 2), highlighting evidence that 
more recent activities may have more predictive power in 
predicting future bone concerns. Furthermore, for clinicians, 
our analysis highlights the importance of sport-specific bone 
loading in interpreting each individual athlete’s BMD values 
as relevant to a REDs diagnosis.

4.1 � Chronic Weight‑Dependent Impact Loading 
Affects BMD Independent of REDs Severity/Risk

Although BMD/bone health is impacted by both genetics 
and the environment [26], problematic LEA appears to be 
an important influenceable factor associated with impaired 
bone health in athletes [18]. This is supported by consist-
ent cross-sectional evidence from studies reporting a greater 
history of BSIs and low BMD in female [1, 4, 8] and male 
[4, 7, 9] athletes associated with LEA and/or REDs or Triad 
indicators. However, bone can also positively adapt to high-
amplitude weight-dependent mechanical loading (e.g. jump-
ing, sudden start/stops), and is an important overall factor 
for bone health [27]. Our data show significant relationships 
between sport impact loading group and BMD (Fig. 3), 
which is an expected biological result. Indeed, this outcome 
of ELS based impact-loading and BMD supports previous 
findings that athletes from high-impact loading sports have 
higher BMD than athletes from low-impact sports [3, 13, 
23, 28]. However, the novelty of our analysis is the interac-
tion of sport impact loading with REDs outcomes (Fig. 3), 
showing sport-specific impact loading significantly influ-
ences BMD independent of REDs risk/severity status. It is 
also important to note, that despite having 200 + athletes, the Ta
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ELS groups were mainly made of only a few specific sports 
(Table 1 of the ESM). For example, the high-impact group 
(n = 38) was nearly exclusively (71%) made up of speedskat-
ers (n = 11), rugby players (n = 8) and judo (n = 8), while 
volleyball (by far the greatest ELS score), only featured two 
participants. Conversely, the medium ELS impact group was 
by far represented by a single sport of track and field, and 
nearly all runners (84%), while the sport of rowing was 65% 
of the low-impact group. Therefore, outcomes from our ELS 
analysis should be considered exploratory, as they were pri-
marily made up of a small number of different sports, and 
more data across other sports are required.

Interestingly, there were fewer retrospective (Fig. 2C) and 
prospective (Fig. 2D) BSIs in the red traffic-light group com-
pared with the orange traffic-light group, even though injury 
frequency should theoretically be greater in the higher-risk 
group. Several explanations may be relevant, including (a) 
the very small sample size for the red traffic-light group 
(n = 9); (b) survivorship bias, whereby the most severely 
affected athletes may have already withdrawn from sport 
prior to the follow-up period; or (c) increased medical sur-
veillance post REDs assessment reducing subsequent injury 
risk. At times there can be a dissociation between BMD 
and BSI outcomes, as DXA-derived BMD does not account 
for bone quality/strength. However, several previous stud-
ies implementing high-resolution peripheral quantitative 
computed tomography have demonstrated that LEA/REDs 
can also negatively impact bone quality, estimated strength 
and aspects of bone microarchitecture [12, 13, 22, 29]. Our 
data also support this, as there was no increase in the odds 
of sustaining a future BSI with low spine or femoral neck 
BMD (Table 2). Conversely, low spine raw BMD, but not 
femoral neck raw BMD, significantly increased the odds of 
a past BSI. Indeed, many athletes who sustain a BSI have 
normal BMD [30–32], showing the multi-factorial nature 
of injury aetiology, or that DXA-derived BMD does not 
capture bone quality or estimated strength (e.g. as via high-
resolution peripheral quantitative computed tomography) or 
the fact that absolute BMD may fall within the normal range, 
but still be low relative to the expected BMD for a given ath-
lete’s sport and their individual loading or personal genetics.

In an exploratory analysis to further develop the con-
cept of athlete normative BMD Z-scores by sport impact 
loading, we analysed Z-score outcomes exclusively in our 
healthy and low-risk REDs athletes (i.e. green and yellow 
CAT2 traffic-light athletes). Accordingly, low-, medium- 
and high-impact sport “healthy” athletes had mean femoral 
neck BMD Z-scores of 0.4 ± 0.9, 0.5 ± 0.9 and 1.4 ± 1.0, 
respectively (p < 0.01). Interestingly, low-, medium- and 
high-impact sport “healthy” athletes had spine Z-scores of 
0.2 ± 1.0, − 0.2 ± 1.0 and 1.6 ± 1.2, respectively (p < 0.01). 
It is important to note that our low- and high-impact groups 
were, generally, phenotypically comparable (similar BM, 

FFM and BMI), and both groups had greater BM, FFM 
and BMI compared to the medium-impact group (Fig. 1). 
This unique phenotypic outcome is probably explained by 
the large numbers (~ 62% of our cohort) of shorter/lighter 
body weight-dependent middle- to long-distance runners 
(n = 69; weight: 61.0 ± 7.7 kg; height: 171 ± 8 cm) in the 
medium-impact group, as well as taller/heavier body weight-
supported (i.e. sitting in a scull) rowers in the low-impact 
group (n = 60; weight: 78.1 ± 12.6 kg; height: 181 ± 10 cm). 
This unusual skewing of cohorts resulted in no statistical 
differences in body weight outcomes on BMD. Furthermore, 
DXA assesses a real rather than volumetric BMD, meaning 
BMD will be underestimated in shorter athletes and over-
estimated in taller athletes [33], which has relevance to our 
runner- and rower-dominant cohort. In addition, middle-to 
long-distance running (unlike sprinting or multi-directional 
sports) does not typically result in exceptionally high-impact 
loading [20] and is not considered an overly osteogenic 
mode of exercise [34].

Bone mineral density values are not exclusively due to 
age, sex, ethnicity and sport impact loading, as genetic her-
itability of BMD is estimated to be ~ 50–85% [26], which 
adds considerable variability to any BMD cohort outcomes. 
One of the REDs CAT2 severity/risk criteria is a BMD 
Z-score < − 1.0, based on normative non-athlete age and sex-
specific populations. However, owing to the lack of estab-
lished, evidence-based, sport-specific BMD Z-scores, there 
is a potential risk of athletes from low-impact sports (e.g. 
swimming), potentially resulting in lower normative BMDs, 
being clinically misclassified into a higher REDs severity/
risk traffic-light status despite having limited or no REDs 
signs or symptoms. Conversely athletes from moderate- or 
high-impact sports (e.g. running or volleyball) could be mis-
classified into a lower REDs severity/risk traffic-light status 
because of a sport-specific impact elevated BMD, despite 
underlying REDs signs and symptoms. Supporting this, our 
analysis showed distinctly different spine and femoral neck 
Z-scores across various impact loading groups independent 
of the traffic-light category (Fig. 3C, D).

4.2 � Predicting Prospective BSIs from Retrospective 
Indicators

Bone stress injuries are a well-known REDs outcome of 
problematic LEA [1–11]. Previous studies have reported 
a greater probability of past or future BSIs in female ath-
letes with oligomenorrhea [10, 35] or delayed menarche 
[10, 31] and in athletes with higher training volumes [6, 
10]. Our previous publication demonstrated a significant 
relationship between BSIs and REDs severity/risk, where 
the odds of having a prospective BSI was 7.7-fold higher 
in athletes classified as an orange traffic-light compared 
with a green traffic-light [5].
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Interestingly, none of the body composition indictors 
(BM, BMI or %BF; Table 2) in the current investigation 
demonstrated any increased odds of a previous or future 
BSI. It is interesting to note that previous studies showing 
low BMI as a risk factor for prospective BSIs were all con-
ducted in developing adolescent subjects [6, 10, 36]. Con-
versely, the current study (age range of ~ 21.3–24.0 years; 
Fig. 1) and prior studies featuring post-pubertal adults [9, 
37] have shown no association between BMI and previous 
or future BSIs. Although more data are required, these 
outcomes suggest that the utility of BMI and other associ-
ated body composition metrics may be more relevant in 
developing adolescent populations rather than fully-devel-
oped adults. Alternatively, self-selection or survivorship 
bias may be present, in which athletes with better bone 
characteristics are over-represented in senior-age high-
performance sport.

An all-time career history of previous BSIs has gener-
ally been shown to predict future BSIs [9, 10, 31, 36], but 
not always [8]. In the unadjusted model, the current study 
found that a recent BSI, in the last 2 years, was associated 
with a 5.5-fold significantly greater probability of a new 
BSI in the subsequent 6–24 months. However, with an 
additional sensitivity analysis accounting for duration as a 
covariate during the 6-to-24-month period, this association 
was attenuated (OR = 3.05, 95% CI 0.63–14.48; p = 0.155; 
Table 2). Conversely, historical (i.e. all-time career his-
tory) BSIs were not associated with future incidence and 
none of the other indicators influenced the probability of 
either past or future BSI. Although more data are required, 
this suggests that clinicians should focus primarily on BSI 
history from the previous several years during screening/
participation tests. In addition to circumventing the chal-
lenges and biases with athlete recall over extended time 
periods [38], this strategy may better align with the typical 
aetiology and time frame of development and healing of a 
BSI [39, 40] and also aligns with the suggested 2-year BSI 
history for REDs BSI assessment in the REDs CAT2 [17].

4.3 � Exploratory Analysis: How Does Eliminating 
BMD from the IOC REDs CAT2 Assessment 
Impact Subsequent Traffic‑Light Outcomes?

A DXA-derived assessment of BMD in non-high-risk 
osteoporotic patients is rare in many countries, owing to 
factors such as DXA machine scarcity, radiation protection, 
and ethical considerations (especially in younger athletes) 
and health insurance rules limiting access for many ath-
letes [41]. Indeed, the DXA assessments undertaken in this 
study were novel experiences for the majority of athletes in 
this Canadian-based study. Therefore, we also conducted 

an exploratory analysis of the impact of eliminating BMD 
from the IOC REDs CAT2 [17] traffic-light outcome. The 
model showed strong accuracy and agreement, noting that 
the exclusion of a BMD assessment preserved ~ 80% accu-
racy in the assignment of the REDs CAT2 risk/status for 
both female and male athletes. Nevertheless, a risk of type 
I and type II errors is present when BMD is not included; 
and a sub-analysis of these errors partitioned them both 
into “underestimation” (~ 45% of errors; orange-traffic light 
athletes would be misclassified as yellow traffic-light) and 
“overestimation” of risk (55% of errors: orange traffic-light 
would be misclassified as red traffic-light). Taken together, 
and despite the lack of recognition of sport-specific effects 
of impact loading on BMD, it is recommended that physi-
cians continue to implement the REDs CAT2 screening even 
if they do not have access to DXA-derived BMD informa-
tion, with the understanding that athletes may be misclassi-
fied ~ 20% of the time.

4.4 � Limitations

First, as this study features a cross-sectional study design, 
findings are limited to associations and do not permit 
causal inference. Further, to fully ascertain REDs preva-
lence, we implemented an open and rolling recruitment 
process, with limited exclusion criteria. However, there 
was still the potential for subject recruitment biases (e.g. 
athletes with suspected REDs being directed to the study 
for assessment). Because of the multi-centre nature of our 
investigation, our DXA-derived BMD analyses relied on 
collating data from various DXA machines, completed by 
multiple technicians. We implemented strategies to mini-
mise variability by enforcing strict standardised data col-
lection protocols across each centre and technician. We also 
appreciate that there are some brand-specific DXA Z-score 
systematic biases that can occur, especially relating to the 
lumbar spine, so we have transparently highlighted the site-
specific methodologies in Table 1 of the ESM. However, 
the association between impact-loading category and BMD 
remained statistically significant after adjusting for location. 
Because of logistical constraints (mainly long wait times), 
BSI radiological confirmation was not feasible. Neverthe-
less, ~ 85% of retrospective and prospective BSIs were con-
firmed by a physician, reducing the likelihood of substantial 
athlete over- or under-reporting. Additionally, the follow-
up period for prospective bone stress injuries ranged from 
approximately 6 to 24 months, and because prospective BSI 
reporting was a secondary study outcome (captured with 
a single questionnaire), the exact timing of injury occur-
rence was not recorded. As a result, analyses treated injury 
as a binary outcome within the follow-up window rather 
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than a time-to-event variable. Although a sensitivity analy-
sis including days from baseline to follow-up reporting as 
a covariate did not alter the pattern of results, differences 
in exposure time between athletes remain a limitation. The 
acute ELS ratings established by Weeks and Beck [20] did 
not feature loading scores for judo (n = 8 athletes) or boxing 
(n = 1 athlete) and instead the ELS loading score for kung-
fu was applied. This is a limitation, but as kung-fu features 
both combat striking and floor grappling, we felt both boxing 
and judo would have a similar ELS profile. We acknowl-
edge that Weeks and Beck [20] also highlight that several 
sport loading movements were not measured directly from 
a force plate, but estimated from other movements. Finally, 
we acknowledge that this study was originally designed as 
a large cohort IOC REDs CAT2 prevalence study [5], and 
thus, we did not collect weekly sport frequency data, which 
is required to use the entire Bone-Specific Physical Activity 
Assessment Questionnaire algorithm established by Weeks 
and Beck. Accordingly, we only applied the ELS loading 
factor to each athlete’s primary sport. However, as the entire 
athlete cohort performance status was Tier 3 (highly trained, 
competing for national teams) or greater, we assume they 
would be highly sport specialised over > 5 previous years 
and be nearly maximizing training loads and frequencies, 
and thus, potentially maximizing their sport-specific osteo-
genic stimulus. Nevertheless, future studies should be spe-
cifically designed that implement the entire Bone-Specific 
Physical Activity Assessment Questionnaire algorithm 
in elite athletes, who demonstrate extreme training loads 
compared with the Weeks and Beck [20] cohort, to future 
established normative estimated bone loading algorithms, 
normative athlete sport-specific BMD and how this relates 
to REDs diagnosis.

5 � Conclusions

A BSI can be a significant and serious REDs outcome, typi-
cally resulting in at least a 6- to 12-week interference in 
an athlete’s training programme, along with performance 
impairments that may impact an entire competition season. 
Furthermore, a past BSI increases the odds of a future BSI 
(Table 2), with the potential to commit the athlete into a 
cycle of repeated BSIs if the underlying root cause is not 
addressed. Regardless of long-term LEA/REDs status and/
or the impact loading of a given sport, there is large diver-
sity in BMD across humans including a large (~ 50–85%) 
hereditary contribution [26] and a complex multi-factorial 
aetiology underpinning BSI presentation. This study involv-
ing 220 + athletes clearly demonstrates the influence of 
sport impact loading on BMD, despite the athlete’s REDs 
severity/risk status (Fig. 3) and supports the recent ‘call’ 
by Jonvik et al. [21] for sports-specific BMD guidelines. A 

large international BMD database of diverse healthy ath-
lete cohorts should be created to develop athlete-focused 
BMD Z-scores that feature age, sex and ethnicity across 
low-, medium- and high-impact loading sports, which would 
improve our ability to interpret BMD scans in the context of 
bone-related diseases/syndromes, such as a REDs diagnosis.
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