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ABSTRACT:

The aim of this study was to assess the impact of running discipline, competitive level (COMP),
and age on body composition measures in female athletes. A total of n=51 female runners
(age: 30.9 £ 5.7 years, stature: 166.7 £ 5.7 cm, body mass (BM): 57.1 £ 8.2 kg) completed a
full body dual energy x-ray absorptiometry (DXA) scan in a cross-sectional design. One-way
ANOVA or Kruskal-Wallis was used to identify differences in DXA measures and independent
variables. Stepwise regression determined the contribution of independent variables on DXA
measures. Body fat percentage (BF%) and fat mass (FM) differed based on COMP (BF%: H(
= 17.451; FM: Hz) = 17.406, both p<0.0001). COMP modestly predicted BF% and FM (BF%:
R?aq = 0.316, F(1,50) = 22.660; FM: R2,q; = 0.300, F(150) = 21.029, both p<0.0001). Bone mineral
density (BMD) and BMD Z-score (BMDz) did not differ between age, running discipline or
COMP (Age: BMD: Fp50) = 2.825, BMDz: F250) = 2.215; running discipline: BMD: Fs0) =
1.145, BMDz: F350) = 1.474; COMP: BMD: F(250) = 0.074, BMDz: F250) = 1.297, all p<0.05).
Age and running discipline modestly predicted BMD and BMDz (BMD: R2,q = 0.179, F(150) =
5.264; BMDz: R%q = 0.173, F(1.50) = 4.545, both p<0.05). These findings indicate COMP may
be a predictor of BF% and FM. Age and running discipline appear predictors of bone health
markers. Such findings may enable medical and sport science practitioners to tailor

interventions relating to realisation of training adaptations, performance and health.

Keywords: DXA, Lean Mass, Bone Mineral Density, Endurance Athletes



21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

48

INTRODUCTION:

Body composition is often assessed to provide an indication of an athlete’s fitness and health
status (44). Traditionally, body composition is estimated using two- (e.g., skinfolds; SF,
bioelectrical impedance; BIA, air displacement plethysmography; ADP) or, three- (e.g., BIA,
dual-energy X-ray absorptiometry; DXA) compartment models to calculate fat-free mass
(FFM), lean mass (LM), fat mass (FM), and in the case of DXA, bone mineral density (BMD)
and bone mineral content (BMC) (43,44). Multicompartment model measurement techniques
provide an accurate measure of body composition, and tracking changes in such indices can
be useful for evaluating the effectiveness of dietary and/or conditioning interventions, with
such body composition alterations associated with enhancements in cardiorespiratory fitness

(2,5) and strength (26,39) which may be deemed favorable in certain sporting contexts.

When compared to other methodologies of measuring body composition, DXA is widely
regarded as the gold standard non-invasive method of measuring FM, FFM and separating
FFM into LM and bone (40). Likewise, the method has also shown greater accuracy when
ascertaining body composition measures relative to ADP (21,22), BIA (33) and SF (45)
analyses, with DXA being highly correlated with both magnetic resonance imaging and
computed tomography when measuring muscle mass (11). For these reasons, and by
accounting for the variability in bone density that often exists in female populations, DXA may
be a superior methodology for use with athletic females (44). In relation to female athletes,
DXA scan technology has been previously used to monitor both body composition and bone
health in collegiate and high-level endurance runners (4,6,9,13,16) however further data
pertaining to body composition and bone health markers within these cohorts is still relatively
scarce compared to their male counterparts. Accurate measurement and assessment of bone
health in female athlete populations is of increasing importance due to the growing awareness
of low energy availability (LEA) and the consequences of this on bone mineral content (18,35).
Negative bone health consequences potentially arising from LEA are well identified in
physically active women (30,32) with female athletes experiencing LEA more likely to develop
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low BMD (30,32). For this reason, it is therefore beneficial to have accurate information
concerning measures of body composition in athletes for both health and performance

purposes.

With this in mind, the aims of this study were to a) profile whole body and regional body
composition and bone health markers via DXA in female middle distance and endurance
runners within the United Kingdom across differing age, running discipline and competitive
level (COMP), b) determine potential differences between whole body and regional body
composition and bone health markers within these cohorts and c) to determine whether the
running discipline undertaken, age or COMP are predictors of whole body and regional body
composition and bone health markers within these cohorts. Such outcomes may enable
medical, sport science and nutrition practitioners to tailor suitable interventions and advice

relating to the realization of training adaptations and performance.
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METHODS:

Experimental approach to the problem:

Using a cross-sectional approach, body composition markers of female middle and endurance
runners were measured via DXA scans. The study obtained institutional ethical approval and
informed consent was sought from participants prior to study involvement. Whole body and
regional body composition variables of body mass, FM, LM, BMD and BMC were collected via
DXA scans as a one-off measure. Notably, DXA technology offers high precision and reliability
when compared to other body composition methods such as BIA and anthropometry (11,29).

All scans were performed by the same qualified technician, between July and August 2021.

Participants:

Participants were recruited from local athletics or running clubs via social media
advertisements and word of mouth, using a convenience sampling method. Participants were
athletes aged 18 - 40 years, who participated in regular running activities at a recreational or
competitive level, who were not currently pregnant, with no injuries nor experiencing any peri
menopausal or menopausal symptoms. Participants were asked to self-report their COMP. As
per the methods of Sharps et al. (38), professional athletes (COMPpro) were defined as any
athlete undertaking 210 h of training per week whose athletic performance has achieved the
highest level of competition (e.g. Olympics, international/national representation) and
receiving a full-time wage for sport undertaken. Competitive athletes (COMPcowe) were
defined as any athlete undertaking =26 hours of training per week with a view to participate in
official competitions (e.g. university, club level athletes or higher) and whose full-time job was
not that of a full-time athlete (23,38). Recreational athletes (COMPrec) were defined as those
undertaking =4 hours of training per week who did not receive any money for partaking in sport
and participated for enjoyment (23,38). Participants were grouped into one of the following
age categories; 18 — 24 years, 25 — 30 years and 31 — 40 years. Primary running discipline

undertaken was also self-reported (<3000m, 3000 m to 10 km, 10 miles to half-marathon, and
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marathon/ultramarathon) and then categorized based on participant responses as per the

methods of Dervish et al. (8) for the purpose of analysis.

Dual-energy X-ray absorptiometry (DXA):

For each measurement, participants were asked to attend the laboratory in a rested state
(minimum of 12 hours since last high intensity exercise session) and having fasted overnight
(minimum of 12 hours), to eliminate changes in lean and total mass that corresponded to a
volume of food/drink consumed prior to scanning (27,28,29). Prior to scans being undertaken,
participants were screened for any existing injuries and/or pregnancy that may have precluded
them from the scan. Anthropometric variables of stature and body mass were measured via
portable stadiometer (Seca, Hamburg, Germany) to the nearest 1 mm and a calibrated
weighing scales (Seca, Hamburg, Germany) to the nearest 0.1 kg, respectively. These data

were inputted into the DXA computer for initial participant characteristics.

DXA scans (DPX-L Lunar Prodigy, GE Medical Systems, Lunar Madison, Wisconsin, USA)
assessed whole body and regional FM, LM, body fat percentage (BF%), BMD and BMC
through tissue X-ray absorption from two X-ray energy peaks (enCORE 2008, version
12.30.008 software) (40). During the DXA procedure, participants were exposed to low levels
of ionizing radiation (0.4 uGy per 1 full-body scan); thus posing minimal risk to health with
exposures being comparable to that of everyday activity over a 24 h period at sea level (28,29).
During the scans, participants were required to lay supine on the DXA bed, with their hands
in a pronated position by their sides (as per manufacturer instructions) and to wear minimal
clothing to improve the accuracy of scan results as per the methods of (28,29). Regions of
interest were automatically created with Encore™ software, before being manually checked,
and then adjusted if necessary, by the same researcher each time to avoid measurement

errors.
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Statistical Analysis:

All data were analyzed via SPSS (IBM Corp. Released 2017. IBM SPSS Statistics for
Windows, Version 25.0. Armonk, NY: IBM Corp). Normality was assessed via Shapiro-Wilks
test. A one-way ANOVA was used to identify differences in whole body DXA variables (LM,
BMD, BMD Z-scores (BMDz) and BMC means between primary running discipline, age
category and COMP) and regional DXA variables for the arms, legs, trunk, android and gynoid
(regional fat percentage; RF%, LM, BMC). Kruskal-Wallis was used to identify differences in
whole body DXA variables (body mass (BM), BF% and FM means between primary running
discipline, age category and COMP) and regional DXA variables for the arms, legs, trunk,
android and gynoid (RF%, Total Tissue, FM, BMC). Post-hoc testing was conducted where
appropriate. Following this, a stepwise regression analysis was carried out to determine the
contribution of age category, primary running discipline and COMP to body composition and
bone variables from the DXA scan. A variance inflation value (VIF) of less than five was

considered acceptable (34).
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RESULTS:
Participant demographics can be seen in Table 1. A total of n=51 female runners were
recruited. All 51 female runners (age: 30.9 £ 5.7 years, stature: 166.7 = 5.7 cm, body mass

(BM): 57.1 + 8.2 kg) completed the study.

Whole Body - Body Composition Markers:

Results of body composition markers via a whole body DXA scan can be seen in Table 1. LM
did not differ based on age (LM: F2,50) = 0.789, p=0.05), running discipline (LM: Fs0) = 1.974,
p=0.05) or COMP (LM: F250) = 0.074, p=0.05). BM differed based upon age (Age: Hiz) = 7.362,
p<0.05) and COMP (Comp: H2) = 14.433, p<0.005). BF% and FM differed based upon COMP
(BF%; Comp: Hz) = 17.451, p<0.0001, FM; Comp: H(2) = 17.406, p<0.0001). Post-hoc pairwise
comparisons indicated that COMPcowve had lower BF% and FM vs. COMPRrec (both p<0.0001).
Stepwise multiple regression demonstrated COMP modestly predicted BF% and FM (BF%:
R%q = 0.316, F50) = 22.660, p<0.0001, VIF = 1.00; FM: R?%q = 0.300, F(150) = 21.029,
p<0.0001, VIF = 1.00; Table 2). Both age and COMP modestly predicted BM (R%q = 0.313,

F,50 = 12.386, p<0.0001, VIF = 1.00; Table 2).

Whole Body - Bone Health Markers:

Results of bone health markers via a whole body DXA scan can be seen in Table 1. BMD and
BMD; did not differ based on age (BMD: F@250) = 2.825, BMDz: F(250) = 2.215, both p=0.05),
running discipline (BMD: F50) = 1.145, BMDz: F350) = 1.474, both p=0.05) or COMP (BMD:
F2s50 = 0.074, BMDz: F(250) = 1.297, both p=0.05). BMC differed based on age (Age: F(250) =
4.273, p<0.05) and COMP (COMP: F(250) = 5.347, p<0.05). Tukey’s post-hoc tests showed
that COMPcowmr athletes had lower BMC than COMPgrec athletes (p<0.05). Stepwise multiple
regression demonstrated age and running discipline modestly predicted BMD and BMD;

(BMDZ Rzadj = 0.179, F(1,5o) = 5.264, pS0.05, VIF = 1.00, BMDzZ Rzadj = 0.173, F(1,50) = 4.545,
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p<0.05, VIF = 1.00; Table 2), with both age and COMP modestly predicted BMC (R2,q = 0.256,

Fes) = 9.471, p<0.001, VIF = 0.94; Table 2).

Regional Analysis — Body Composition Markers:

Results of regional body composition analysis via a whole body DXA scan be seen in Table
3. RF% for arms, legs, android or gynoid did not differ based upon age (RF%ams: F@a7) =
0.289, RF%Legs: F(3.47) = 2.182, RF%androia: F3,47) = 1.406, RF%gynoid: F3.47) = 2.293, all p=0.05)
and running distance (RF%ams: F347) = 1.929, RF%Legs: F3a7) = 2.099, RF%android: F3.47) =
2.272, RF%cynoia: F3.47) = 2.140, all p=0.05), however did differ based upon COMP (RF%arms:
Fa7) = 7.198, RF%Legs: F(2.47) = 7.347, RF%android: F3.47) = 5.229, p=20.05 RF%cynoia: F(2,47) =

7.135, all p<0.05). RF%Twnk did differ based upon COMP (RF%runk: Hi2) = 9.696, p<0.05). Total
tissue for arms, legs, trunk, and gynoid differed based upon COMP (Tissueams: H2) = 13.443,
Tissueregs: H) = 12.097, Tissuetmunk: Hiz) = 13.107, Tissuegynoia: Hz) = 13.298, all p<0.05), with
total tissue for android differing based upon age and COMP (age: Tissueandroid: Hi2) = 6.406,
COMP: Tissueandroid: He) = 12.428, both p<0.05). LM for arms, legs and trunk did not differ
based upon age (LMams: F247) = 2.405, LMLegs: F(2.47) = 0.298, LMrrunk: LM: F247) = 0.147, alll
p=0.05), running discipline (LMams: F3.47) = 0.423, LMiegs: F(3.47) = 0.256, LMtrunk: F347)= 1.300,
all p20.05) or COMP (LMams: F247) = 2.957, LMLegs: F2.47) = 0.856, LMrrunk: LM: F(2.47) = 0.296,
all p=0.05). LMandroia OF LMgynoid did not differ based age (LMandroia: Hi2) = 1.470, LMgynoida He2) =
0.131, both p=0.05), COMP (LMandroia: H) = 1.182, LMgynsia Hiz) = 1.184, both p=0.05) or
running distance (LMandgroia: H2) = 3.934, LMaynoia Hi2) = 1.340, both p=0.05). Stepwise multiple
regression demonstrated that age and COMP modestly predicted total android tissue and total
fat in arms and total android tissue, respectively (Fatams: R%q = 0.179, F(1,47)= 5.778, p<0.05,

VIF = 1.00, Tissu€anroia: R%q = 0.286, F1.47) = 19.823, p<0.0001, VIF = 1.00; Table 2).
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Regional Analysis — Bone Health Markers:

Results of regional bone health marker analysis via a whole body DXA scan be seen in Table
3. BMC for arms and legs did not differ by age (BMCams: F247) = 1.605, BMClegs: F247) =
0.781, both p=0.05) or running distance (BMCams: F(2,47) = 0.158, BMClegs: F(2,47) = 0.567, both
p20.05), however did differ by COMP (BMCams: F247) = 5.911, BMClegs: F(247) = 4.158, both
p=<0.05). BMC for trunk, android or gynoid did not differ based upon age (BMCrwun: H) = 2.477,
BMCandroia: H2) = 1.896, BMCagynoid: Hi2) = 2.342, all p=0.05) or running distance (BMCrunk: Hp2)
= 1.492, BMCandroid: Hi2) = 1.108, BMCaynoia: Hi2) = 3.927, all p=0.05), however did differ based
upon COMP (BMCrunk: Hz) = 10.832, BMCandroia: Hz) = 9.696, BMCgynoia: H2) = 7.834, all

p<0.05).

***INSERT TABLE 1 ABOUT HERE****

***INSERT TABLE 2 ABOUT HERE****

10
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DISCUSSION:

The primary aims of this study were to profile body composition and bone health markers via
DXA in female middle-distance and endurance runners within the United Kingdom across
differing age, running discipline and COMP, to determine potential differences between body
composition and bone health markers within these cohorts. Additionally this study aimed to
determine whether running discipline, age or COMP are predictors of body composition and
bone health markers within these cohorts. For body composition, our whole body findings
suggest BF% differs based upon COMP in female athletes, and that COMP is a predictor of
BF% and FM (~30%; Table 2). Similarly, differences in BM between female athletes differs
based upon age and COMP, with these variables being modest predictors (~30%; Table 2) of
BM. LM appears to be unaffected by age, running discipline and COMP. From a regional
analysis perspective total android tissue appears to be influenced by both age and COMP.
Regarding whole body bone health markers, both BMD and BMD; differ based upon athlete
age and running discipline, and these variables being a modest predictor (17 — 18%) of both
BMD and BMDz. Our findings show that COMPcowmp athletes have lower BMC when compared
to recreational counterparts (p<0.05), and both age and COMP were a modest predictor of
BMC (~26%; Table 2). Regional analysis of BMC indicates that trunk, android and gynoid are

influenced by COMP.

Despite emphasis often placed on the importance of body composition from a sports
performance and health perspective (2,39,44), data pertaining to body composition and bone
health markers in female athletes is still relatively scarce. Further female-specific research is
needed in relation to these markers, specifically as the number of women participating in sport
and exercise is increasing in many countries (10). In relation to body composition and bone
health markers, Santos et al. (36) developed body composition reference values for male and
female athletes from both SF and DXA-derived measurements. However, despite a range of
sports being represented in the Santos et al. (36) study, runners were grouped with athletes
from other track and field disciplines (including sprinting, hurdling, and field-events), therefore

11
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any interpretation from these findings against the findings in the present study may not be
suitable comparisons. Whilst further research in females across a range of sports, age
categories and COMP is still required, the present study offers novel information in relation to
body composition and bone health of female middle-distance and endurance runners. To the
best of the authors’ knowledge, this is the first study to identify independent variables of age,
running discipline and COMP as a predictor of body composition and bone health markers

within these cohorts.

Body Composition Markers:

Our findings indicate that both whole body and regional body composition markers of body fat
and total tissue (i.e. whole body: BF% and FM, regional: RF%ams, RF%trunk, TiSSU€aAms,
Tissueregs, Tissuetnk and Tissuegynoid) Were primarily influenced by COMP (~11% - 30%;
Table 2) for female runners included within this study. The mean FM values for runners
observed in the present study were comparable with those observed by both Carbuhn et al.
(4) and Herbert et al. (13) (FM: 11.9 £ 0.9 vs. 12.2 + 3.2 kg vs. 12.6 £ 7.1 kg). The values
presented by Herbert et al. (13) were measured within high-level runners, and further support
our findings and subsequent post-hoc comparisons, that COMP may be influencing factors of
FM variables within female running cohorts. More specifically to BF%, our post-hoc testing
indicated that COMP is a factor of difference between BF%. The differences in BF% observed
within the present study are comparable to those observed by Carbuhn et al. (4) in female
collegiate runners. Similarly, our LM findings are higher than those observed by Herbert et al.
(13) (LM: 38.7 + 3.6 vs. 41.8 £ 3.7 kg). The exact reasons underpinning these similarities (in
the case of BF%) and discrepancies (in the case of LM) require further investigation, however,
speculatively, higher training load, training volumes and seasonal training phases in
increasing levels of COMPpro vs. COMPcome vs. COMPRrec may explain these findings (14).
Within a sporting context, where performance outcomes are often based upon physiological
determinants, such as maximal power or speed for a given duration, relative to BM (12,13)
and time to complete a specific distance (i.e. middle or endurance running) is often viewed as

12
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a desirable objective, aiming to optimize LM and BF%, with body fat often viewed as ‘dead

weight’ (18) may be viewed as favorable training optimization for athletes.

Bone Health Markers:

The total BMD values presented in the current study are lower than those observed by
Klomsten Andersen et al. (19) in both runners and cyclists (Runners: 1.283 + 0.09 g-cm? vs.
1.174 £ 0.1 g-cm?, Cyclists: 1.195 + 0.1 g-cm? vs. 1.156 + 0.1 g-cm?), and those observed by
Herbert et al. (13) for both BMD and BMD; in female runners (BMD: 1.203 + 0.08 g-cm?; BMDz:
1.05 + 0.9) and their non-athlete controls (BMD: 1.191 + 0.1 g-cm?; BMDz: 1.02 + 1.2). It should
be noted that within the Klomsten Andersen et al. (19) study, a mix of male and female athletes
were included within the study design, with DXA-derived indices not presented by sex,
meaning that any direct comparison must be treated with caution. Exercise can be considered
osteogenic, with athletes that have higher BMD exhibiting favorable adaptations of bone
microarchitecture, particularly at weight-bearing sites, and greater bone strength than their
sedentary counterparts (1,32,37). These findings are supported from our regional analysis that
indicates that COMP is a modest predictor of BMC across both android and gynoid measures.
It has previously been suggested that athletes involved in sports involving lower-impact,
repetitive loading cycles (e.g. endurance running) or non-weight-bearing sports (e.g. cycling
and swimming) do not typically elicit any exercise-induced skeletal benefits (33) when
compared to athletes from sports that generate higher intensity loading forces which enhance
bone mineral accretion (17,20). This may explain the findings in the present study in relation
to BMD. Negative bone health outcomes are associated with LEA and are well identified in
physically active women and are discussed in relation to conditions such as the female athlete
triad (7,30) or relative energy deficiency in sport (25). More specifically, female athletes
experiencing LEA are likely to develop low BMD (30) and alterations in bone microarchitecture
and bone strength (1), which may increase risk of osteoporosis and fractures (25). Research
in female athletes has suggested that 18 — 24 year olds have a higher risk of LEA and
disordered eating than their older counterparts (8,38). Whilst LEA was not assessed within the

13
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present study, our findings indicate that 18 — 24 year olds have the lowest total BMD within
the tested age categories of the present study, and speculatively, may suggest that medical
professionals and practitioners may wish to consider LEA screening or targeted interventions
within these cohorts in relation to low BMD and associated health implications alongside body
composition monitoring, and presents an area of future research development. Additionally,
our regional analysis indicates differences were observed between COMP groups, and COMP
was a predictor of BMC. These findings suggest that practitioners may wish to consider
competitive level as a potential factor in conjunction with the potential of LEA when screening

for bone health markers in female runners.

Limitations and Future Directions:

The present study is not without limitations. Firstly, the study aimed to recruit female runners
from a range of differing age categories (between 18 — 40 years) and competitive levels,
however, 18 — 24 year olds and professional-level athletes are under-represented in the
current study (Table 1). Therefore, whilst these data provide some insight into body
composition and bone health markers of these cohorts, translating these findings to all athletes
within these under-represented categories must be done so with caution. Due to the low
sample size of professional endurance runners recruited to this study, further sub-group
analysis could not be undertaken (e.g. effects of age and running distance with COMP as the
ranking or dominant factor). As a result, this in itself presents an area of direction for future
research within higher levels of competitive female endurance runners. Secondly, despite
DXA being widely deemed the gold standard method for body composition analyses due to its
accuracy and repeatability (37), the method is not without its limitations. Our findings suggest
the possible role of age and COMP on FM within these cohorts. Research indicates that with
increasing fat mass comes increased risk of error via DXA (3). Additionally, the potential
effects of the menstrual cycle on indices of body composition were not considered within this
study. Although the effects of such changes on the accuracy of body composition measures
via DXA scan are not fully understood (28), the influence of menses on the reliability of body

14
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composition estimates appears minimal in a cohort of pre-menopausal females (15,31,41),
and within accepted measurement error of a DXA scan; whether this is true for female runners,
remains to be investigated. Within these limitations, is the fact that DXA manufacturers’ body
composition estimation algorithms are not developed from athletic populations — meaning that
values for more competitive and professional level athletes are compared against ‘general
population’ reference values (29). Therefore, refining algorithms to better reflect body
composition and bone health characteristics of athletic cohorts (both male and female) may
increase the resolution and accuracy of future research. Lastly, additional screening for low
energy availability (via validated tools such as the Low Energy Availability in Females
Questionnaire; LEAF-Q; devised by Melin et al. (24)) or the inclusion of biochemical and/or
exercise testing within female runners alongside body composition and bone health screening
would further support findings from present study, and in itself, remains an opportunity for

future research.
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PRACTICAL APPLICATION:

Our findings suggest that running discipline undertaken has minimal influence on differences
in body composition and bone health markers in female runners, with age and competitive
level appearing to exercise greater influence on certain whole body and regional DXA
variables, namely FM, BF%, BMD, BMDz, BMC (whole body) and Tissueandroid, BMCrrunk,
BMCandroia and BMCaynoid (regional). Such findings may be of interest to medical, sport science
and nutrition practitioners to tailor suitable educational resources and interventions, based
upon age and competitive level of the athlete/s and advice relating to the realization of training

adaptations, performance and health.

16



326

327

328

329

330

331

332

333

334

335

ACKNOWLEDGMENTS:

The authors received no financial support for the research, authorship, and/or publication of
this article. The authors declare that they have no conflicts of interest relevant to the contents
of this review. The results of the present study do not constitute endorsement of the product

by the authors or the NSCA.

Ethical approval: All procedures performed in studies involving human participants were in
accordance with the ethical standards of the institutional and/or national research committee
and with the 1964 Helsinki declaration and its later amendments or comparable ethical

standards.

17



336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360

361

362

REFERENCES

1.

Ackerman, K.E., Putman, M., Guereca, G., Taylor, A.P., Pierce, L., Herzog, D.B.,
Klibanski, A., Bouxsein, M., Misra, M. (2012) Cortical microstructure and estimated
bone strength in young amenorrheic athletes, eumenorrheic athletes and non-athletes.
Bone. 51(4): 680—687. https://doi.org/10.1016/j.bone.2012.07.019

Alvero-Cruz, J.R., Garcia Romero, J.C., Ordonez, F.J., Mongin, D., Correas-Gémez,
L., Nikolaidis, P.T., Knechtle, B. (2022) Age and Training-Related Changes on Body
Composition and Fitness in Male Amateur Cyclists. International Journal of
Environmental Research and Public Health. 19: 93.
https://doi.org/10.3390/ijerph19010093

Buckinx, F., Landi, F., Cesari, M., Fielding, R.A., Visser, M., Engelke, K., Maggi, S.,
Dennison, E., Al-Daghri, N.M., Allepaerts, S., Bauer, J., Bautmans, I., Brandi, M.L.,
Bruyére, O., Cederholm, T., Cerreta, F., Cherubini, A., Cooper, C., Cruz-Jentoft, A.,
...Kanis, J.A. (2018) Pitfalls in the measurement of muscle mass: a need for a
reference standard. Journal of Cachexia, Sarcopenia and Muscle. 9(2): 269-278.
https://doi.org/10.1002/jcsm.12268

Carbuhn, AF., Yu, D., Magee, L.M., McCulloch, P.C., Lambert, B.S. (2022)
Anthropometric Factors Associated With Bone Stress Injuries in Collegiate Distance
Runners. Orthopaedic. Journal of Sports Medicine. 10(2).
https://doi.org/10.1177/23259671211070308

Cipryan, L., Dostal, T., Litschmannova, M., Hofmann, P., Maffetone, P.B., Laursen,
P.B. (2021) Effects of a Very Low-Carbohydrate High-Fat Diet and High-Intensity
Interval Training on Visceral Fat Deposition and Cardiorespiratory Fitness in Overfat
Individuals: A Randomized Controlled Clinical Trial. Frontiers in Nutrition. 8: 785694.

https://doi.org/10.3389/fnut.2021.785694

Dengel, D. R., Keller, K.A., Stanforth, P.R., Oliver, J.M., Carbuhn, A., Bosch, T.A.

(2020). Body composition and bone mineral density of division 1 collegiate track and

18


https://doi.org/10.3389/fnut.2021.785694

363

364

365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387

388

10.

11.

12.

field athletes, a consortium of college athlete research (c-car) study. Journal of Clinical

Densitometry. 23(2): 303-313. https://doi.org/10.1016/j.jocd.2019.07.008

De Souza, M.J., Nattiv, A., Joy, E., Misra, M., Williams, N.I., Mallinson, R.J.,Gibbs,
J.C., Olmsted, M., Goolsby, M., Matheson, G. (2014) Female Athlete Triad Coalition
Consensus Statement on Treatment and Return to Play of the Female Athlete Triad:
1st International Conference held in San Francisco, California, May 2012 and 2nd
International Conference held in Indianapolis, Indiana, May 2013. British Journal of
Sports Medicine. 48(4): 289. https://doi.org/10.1136/bjsports-2013-093218

Dervish, R.A., Wilson, L.J., Curtis, C. (2022) Investigating the prevalence of low energy
availability, disordered eating and eating disorders in competitive and recreational
female endurance runners. European Journal of Sports Science. 23(5):869-876.

https://doi.org/10.1080/17461391.2022.2079423

Dobrosielski, D. A., Leppert, K.M., Knuth, N.D., Wilder, J.N., Kovacs, L., Lisman, P.J.
(2021). Body Composition Values of NCAA Division 1 Female Athletes Derived From
Dual-Energy X-Ray Absorptiometry. Journal of Strength and Conditioning Research.
35(10): 2886 - 2893. https://doi.org/ 10.1519/JSC.0000000000003213

Elliott-Sale, K.J., Minahan, C.L., Janse de Jonge, X.A.K., Ackerman, K.E., Sipila, S.,
Constantini, N.W., Lebrun, C.M., Hackney, A.C. (2021) Methodological Considerations
for Studies in Sport and Exercise Science with Women as Participants: A Working
Guide for Standards of Practice for Research on Women. Sports Medicine. 51(5): 843-
861. https://doi.org/10.1007/s40279-021-01435-8

Erlandson, M.C., Lorbergs, A.L., Mathur, S., Cheung, A.M. (2016) Muscle analysis
using pQCT, DXA and MRI. European Journal of Radiology. 85(8): 1505-1511.
https://doi.org/10.1016/j.ejrad.2016.03.001

Haakonssen, E.C., Barras, M., Burke, L.M., Jenkins, D.G., Martin, D.T. (2016) Body

composition of female road and track endurance cyclists: Normative values and typical

19


https://doi.org/10.1080/17461391.2022.2079423

389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415

416

13.

14.

15.

16.

17.

18.

19.

changes.  European  Journal of Sports  Science. 16(6):  645-653.
https://doi.org/10.1080/17461391.2015.1084538

Herbert, A.J., Williams, A.G., Lockey, S.J., Erskine, R.M., Sale, C., Hennis, P.J. Day,
S.H., Stebbings, G.K. (2021) Bone mineral density in high-level endurance runners:
part A—site-specific characteristics. European Journal of Applied Physiology. 121:
3437-3445. https://doi.org/10.1007/s00421-021-04793-3

Heydenreich, J., Kayser, B., Schutz, Y., Melzer, K. (2017) Total Energy Expenditure,
Energy Intake, and Body Composition in Endurance Athletes Across the Training
Season: A Systematic Review. Sports  Medicine - Open. 3(1): 8.
https://doi.org/10.1186/s40798-017-0076-1

Hicks, C.S., McLester, C.N., Esmat, T.A., McLester, J.R. (2017) A comparison of body
composition across two phases of the menstrual cycle utilizing dual-energy x-ray
absorptiometry, air displacement plethysmography, and bioelectrical impedance
analysis. International Journal of Exercise Science. 10(8): 1235-1249.

Ihalainen, J. K., Kettunen, O., McGawley, K., Solli, G.S., Hackney, A.C., Mero, A.A., et
al. (2021). Body composition, energy availability, training, and menstrual status in
female runners. International Journal of Sports Physiology and Performance. 16(7):
1043-1048. https://doi.org/10.1123/ijspp.2020-0276

Ikedo, A., Ishibashi, A., Matsumiya, S., Kaizaki, A., Ebi, K., Fujita, S. (2016)
Comparison of Site-Specific Bone Mineral Densities between Endurance Runners and
Sprinters in Adolescent Women. Nutrients. 8(12): 781.
https://doi.org/10.3390/nu8120781

Kasper, A.M., Langan-Evans, C., Hudson, J.F., Brownlee, T.E, Harper, L.D.,
Naughton, R.J., Morton, J.P., Close, G.L. (2021) Come Back Skinfolds, All Is Forgiven:
A Narrative Review of the Efficacy of Common Body Composition Methods in Applied

Sports Practice. Nutrients. 13: 1075. https://doi.org/10.3390/nu13041075

Klomsten Andersen, O., Clarsen, B., Garthe |., Mgrland, M., Stensrud, T. (2018) Bone
health in elite Norwegian endurance cyclists and runners: a cross-sectional study. BMJ

20


https://doi.org/10.3390/nu13041075

417
418
419
420
421
422
423
424
425
426
427

428

429
430
431
432
433
434
435
436
437
438
439
440
441

442

20.

21.

22.

23.

24.

25.

26.

Open Sport & Exercise Medicine. 4(1):e000449. https://doi.org/ 10.1136/bmjsem-
2018-000449

Kohrt, W.M., Bloomfield, S.A., Little, K.D., Nelson, M.E., Yingling, V.R. (2004)
American College of Sports Medicine Position Stand: Physical activity and bone
health. Medicine and Science in Sports and Exercise. 36: 1985-1996.
https://doi.org/10.1249/01.mss.0000142662.21767.58

Lowry, D.A., Tomiyama, J.A. (2015) Air displacement plethysmography versus dual
energy x-ray absorptiometry in underweight, normal-weight, and overweight/obese
individuals. PLoS ONE. 10(1): e011508. https://doi.org/10.1371/journal.pone.0115086
Marks, P., Van Meel, M., Robinson, J., Robinson, C.L. (2015) Body composition
differences by assessment methods such as DEXA, hydrostatic, bio-impedance and

skin fold. International Journal of Exercise Science Conference Proceedings. 8(3): 39.

McKinney, J., Velghe, J., Fee, J., Isserow, S. Drezner, J.A. (2019) Defining Athletes
and Exercisers. The American Journal of Cardiology. 123(3): 532-535.
https://doi.org/10.1016/j.amjcard.2018.11.001

Melin, A., Tornberg, A.B., Skouby, S., Faber, J., Ritz, C., Sjédin, A., Sundgot-Borgen,
J.. (2014) The LEAF questionnaire: a screening tool for the identification of female
athletes at risk for the female athlete triad. British Journal of Sports Medicine. 48(7):
540-545. https://doi.org/10.1136/bjsports-2013-093240

Mountjoy, M., Sundgot-Borgen, J., Burke, L.M., Carter, S., Constantini, N., Lebrun, C.,
Meyer, N., Sherman, R., Steffen, K., Budgett, R., Ljungqvist, A. (2014) The 10C
consensus statement: beyond the Female Athlete Triad-Relative Energy Deficiency in
Sport (RED-S). British Journal of Sports Medicine. 48(7). 491-497.
https://doi.org/10.1136/bjsports-2014-093502

Mujika, ., Rgnnestad, B.R., Martin, D.T. (2016) Effects of Increased Muscle Strength

and Muscle Mass on Endurance-Cycling Performance. International Journal of Sports

21



443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459

460

461
462
463
464
465
466
467

468

27.

28.

29.

30.

31.

32.

Physiology and Performance. 11(3): 283-289. https://doi.org/10.1123/IJSPP.2015-
0405

Nana, A., Slater, G.J., Hopkins, W.G., Halson, S.L., Martin, D.T., West, N.P., Burke,
L.M. (2016) Importance of Standardized DXA Protocol for Assessing Physique
Changes in Athletes. International Journal of Sports Nutrition and Exercise
Metabolism. 26: 259—-267. https://doi.org/10.1123/ijsnem.2013-0111

Nana, A., Slater, G.J., Hopkins, W.G., Burke, L.M. (2012) Effects of daily activities on
DXA measurements of body composition in active people. Medicine and Science in
Sports and Exercise. 44(1): 180-189.
https://doi.org/10.1249/MSS.0b013e318228b60e

Nana, A., Slater, G.J., Stewart, A.D., Burke, L.M. (2015) Methodology Review: Using
Dual-Energy X-ray Absorptiometry (DXA) for the Assessment of Body Composition in
Athletes and Active People. International Journal of Sports Nutrition and Exercise
Metabolism. 25: 198-215. https://doi.org/10.1123/ijsnem.2013-0228

Nattiv, A., Loucks, A.B., Manore, M.M., Sanborn, C.F., Sundgot-Borgen, J., Warren,
M.P. (2007) American College of Sports Medicine position stand. The female athlete
triad. Medicine and Science in Sports and Exercise. 39(10): 1867-1882.

https://doi.org/10.1249/mss.0b013e318149f111.

Ong, J.N., Ducker, K.J., Furzer, B.J., Dymock, M., Landers, G.J. (2021) Measures of
body composition via Dual-energy X-ray absorptiometry, ultrasound and skinfolds are
not impacted by the menstrual cycle in active eumenorrheic females. Journal of
Medicine and Science in Sport. 25(2), 115 - 121.
https://doi.org/10.1016/j.jsams.2021.09.192

Papageorgiou, M., Dolan, E., Elliott-Sale, K.J., Sale, C. (2018) Reduced energy
availability: implications for bone health in physically active populations. European

Journal of Nutrition. 57: 847-859. https://doi.org/10.1007/s00394-017-1498-8

22



469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488

489

490

491

492

493
494

495

33.

34.

35.

36.

37.

38.

39.

40.

Rockamann, R.A., Dalton, E.K., Arabas, J.L., Jorn, L., Mayhew, J.L. (2017) Validity of
arm-to-arm BIA devices compared to DXA for estimating % fat in college men and
women. International Journal of Exercise Science. 10(7): 977-988.

Ruengvirayudh, P., Brooks, G.P. (2016) Comparing Stepwise Regression Models to
the best-Subsets Models, or, the Art of Stepwise. General Linear Model Journal. 41(1):
1-14

Sale, C., Elliott-Sale, K.J. (2019) Nutrition and Athlete Bone Health. Sports Medicine.
49 (Suppl. S2): 139—-151. https://doi.org/10.1007/s40279-019-01161-2

Santos, D.A., Dawson, J.A., Matias, C.N., Rocha, P.M., Minderico, C.S., Allison, D.B.,
Sardinha, L.B., Silva, A.M. (2014) Reference values for body composition and
anthropometric measurements in athletes. PLoS ONE. 9(5): e97846.
https://doi.org/10.1371/journal.pone.0097846.

Scofield, K.L., Hecht, S. (2012) Bone health in endurance athletes: runners, cyclists,
and swimmers. Current Sports Medicine Reports. 11(6): 328-334.
https://doi.org/10.1249/JSR.0b013e318277919

Sharps, F.R.J., Wilson, L.J., Graham, C.A.M., Curtis, C. (2022) Prevalence of
disordered eating, eating disorders and risk of low energy availability in professional,
competitive and recreational female athletes based in the United Kingdom. European
Journal of Sports Science. 22(9): 1445 - 1451.

https://doi.org/10.1080/17461391.2021.1943712.

Skrypnik, D., Bogdanski, P., Madry, E., Karolkiewicz, J., Ratajczak, M., Krysciak, J.,
Pupek-Musialik, D., Walkowiak, J. (2015) Effects of Endurance and Endurance
Strength Training on Body Composition and Physical Capacity in Women with

Abdominal Obesity. Obesity Facts. 8(3): 175-187. https://doi.org/10.1159/000431002

Tewari, N., Awad, S., Macdonald, I.A., Lobo, D.N. (2018) A comparison of three
methods to assess body composition. Nutrition. 47: 1-5.

https://doi.org/10.1016/j.nut.2017.09.005

23


https://doi.org/10.1016/j.nut.2017.09.005

496
497
498
499
500
501
502
503
504
505
506

507

508

509

510
511
512

513

41.

42.

43.

44,

45.

Thompson, B.M., Hillebrandt, H.L., Sculley, D.V., Barba-Moreno, L., Janse de Jonge,
X.AK. (2021) The acute effect of the menstrual cycle and oral contraceptive cycle on
measures of body composition. European Journal of Applied Physiology. 121(11):
3051-3059. https://doi.org/10.1007/s00421-021-04771-9

Toombs, R.J., Ducher, G., Shepherd, J.A., De Souza, M.J. (2012) The impact of recent
technological advances on the trueness and precision of DXA to assess body
composition. Obesity. 20(1): 30-39. https://doi.org/10.1038/0oby.2011.211

von Hurst, P.R., Walsh, D.C.I., Conlon, C.A., Ingram, M., Kruger, R., Stonehouse, W.
(2016) Validity and reliability of bioelectrical impedance analysis to estimate body fat
percentage against air displacement plethysmography and dual-energy X-ray
absorptiometry. Nutrition and Dietetics: Journal of Dieticians Australia. 73(2): 197—204.

https://doi.org/10.1519/JSC.0000000000002999

Warner, E.R., Fornetti, W.C., Jallo, J.J., Pivarnik, P.M. (2004) A skinfold model to

predict fat-free mass in female athletes. Journal of Athletic Training. 39(3): 259 — 262

Zemski, A.J., Broad, E.M., Slater, G.J. (2018) Skinfold prediction equations fail to
provide an accurate estimate of body composition in elite rugby union athletes of
Caucasian and Polynesian ethnicity. International Journal of Sports Nutrition and

Exercise Metabolism. 28(1): 90-99. https://doi.org/10.1123/ijsnem.2017-0251

24



514

515

516

517

518
519

520
521

522

523

524

LEGENDS:

Table 1. Absolute values for all dependent variables derived from dual energy X-ray

absorptiometry (DXA) scans.

Table 2. Results from regression analysis of independent predictors on dependent variables
of whole body and regional analysis from a dual energy X-ray absorptiometry (DXA) scan of

female, middle-distance and endurance runners

Figure 1. Grouped scatterplot depicting Body Fat Percentage plotted against Running
discipline. A; < 3,000 m, B; 3,000 — 10,000 m, C; 10 miles — Half Marathon, D; Marathon to

Ultradistance.

Figure 2. Grouped scatterplot depicting Fat Mass plotted against Running discipline. A; <

3,000 m, B; 3,000 — 10,000 m, C; 10 miles — Half Marathon, D; Marathon to Ultradistance.
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525 Table 1. Absolute values for all dependent variables derived from dual energy X-ray absorptiometry (DXA) scans.

Body Composition Marker Bone Health Marker
DXA variable BM (kg) BF% FM (kg) LM (kg) BMD (g-cm?) BMD; BMC (kg)
Total (n=51) 57.1+8.1 21.3+82 126+71 418+37 1174+01 0609 2490+04
< 3000m (n=8) 546+36 18736 102+25 416+24 1.219%0.1 1.2+0.7 2595+0.3
3000m — 10,000m (n=10) 56.3+6.9 192+85 11.1+6.3 425+33 1.168+x01 05+1.0 2424+04

Running Discipline
10 miles — Half-marathon (n=21) 57.3+8.3 242 +6.6 142+59 405+39 1.158 £ 0.1 04+1.0 245604

Marathon/Ultra (n=12) 589+11.0 19.8+115 126+109 436+37 1178201 07+10 2536+04

18 — 24 (n=5) 506+38 157+14 7.9%07 403+35 1.136+01 02+07 2224+0.2

Age (years) 25 — 30 (n=18) 553+55" 203+6.2 114+43 414+35 1.149+01 03+09 2357+0.3
31— 40 (n=28) 50.4+9.3" 230+95 142+86 423+39 1.197+01 09+1.0 2624+04

Recreational (n=18) 63.0+10.0 276+88 180+90 421+38 1199201 09+10 2712+04

COMP Competitive (n=31) 539+45 181+55° 98+33 416+38 1.158+01 05+09 2.369+0.3
Professional (n=2) 519+25 147+43 77+26 418+00 1.201+01 11+08 2490+0.3

526 BF% = body fat percentage; BM = body mass (kg); BMC = bone mineral content (kg); BMD = bone mineral density (g-cm2); BMDz = bone mineral density Z-scores; COMP =

527 competitive level. FM = Fat Mass; LM = Lean Mass. All date are presented as mean + SD. ” = denotes significance from 18 — 24 years, 2 = denotes significance from COMPRec

26



528 Table 2. Results from regression analysis of independent predictors on dependent variables of whole body and regional analysis from a dual

529  energy X-ray absorptiometry (DXA) scan of female, middle-distance and endurance runners

Whole Body Regional Analysis

B SE (B) B R? B SE (B) B R?
Predictor — BM Predictor - Tissueandroia 0.419 0.174  0.334* 0.112
Age (years) & COMP 3.128 1.456  .257* .340 Age (years)
Predictor — BF% Predictor - Fatarms
COMP -8.487 1.783 -562** .316 COMP -0.569 0.128 -0.549** 0.301
Predictor — FM
COMP -7.188 1.567 -.548** .300

Predictor — BMD

Age (years) & Running discipline  -.025 .01 -307*  .179
Predictor - BMD;

Age (years) & Running discipline  -.317 .140 320 173
Predictor - BMC

Age (years) & COMP .183 .074 313 .256

530 BF% = body fat percentage; BM = body mass (kg); BMC = bone mineral content (kg); BMD = bone mineral density (g-cm™); BMDz = bone mineral density Z-scores; COMP =

531 competitive level, Fatarms = Total Arm Fat, Tissueandroid = Total Android Tissue; * indicates statistical differences at p<0.05 level; ** indicates statistical differences at p<0.005 level

532
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534  Figure 1. Grouped scatterplot depicting Body Fat Percentage plotted against Running discipline. A; < 3,000 m, B; 3,000 — 10,000 m, C; 10 miles

535 — Half Marathon, D; Marathon to Ultradistance.

28



50

45 0O

40

O

O Recreational

w
o

O Competitive

Fat Mass (kg)

N
(6]
O

A Professional

O

8

N
o

-
(6)]

10

0mT oo a

O
CiA

S
A

D

o oouty @ P

O
O

B

Running Discipline
536

537  Figure 2. Grouped scatterplot depicting Fat Mass plotted against Running discipline. A; < 3,000 m, B; 3,000 — 10,000 m, C; 10 miles — Half

538 Marathon, D; Marathon to Ultradistance.
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