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Abstract

Introduction: The routine assessment of body composition is common practice in athletic
populations, particularly at the elite level. DXA is a criterion method of body composition
assessment, providing precise measurements of bone mineral content (BMC), lean mass
(LM) and fat mass (FM) from the standard total-body scan. More recently, a new scan
application has been introduced, which measures body composition excluding the head
region. The aim of this study was to investigate the precision of the new total-body less head
(TBLH) application for the measurement of total body composition in athletes and compare
precision with that of the standard total-body scan. The second aim was to compare the
differences in total body composition outcomes between standard DXA total-body scans and
TBLH scans.

Methods: This study compared in-vivo precision and total body composition outcomes from
the standard total-body scan and the new TBLH scan (Lunar iDXA, GE Healthcare, Madison,
WI). A total of 95 athletes (mixed sports) received repeated TBLH scans and 58 of these
athletes also received standard total-body scans (overall mean age: 26.3 £ 8.8 years; male n =
63, female n=41). Participants ranged in body mass (42.7 to 129.1 kg), stature (1.55 to 2.04
m) and BMI (16.4 to 46.9 kg/m2). Precision was derived from repeat scans with re-
positioning, and precision error was reported as the root mean square standard deviation
(RMS+SD) and percentage co-efficient of variation (%CV).

Results: Precision error ranged from 0.38 % to 1.15 % (%CV) for standard total-body and
0.39 % to 1.28 % (%CV) for the TBLH application, depending on the body composition
compartment. Body composition outcomes for the TBLH were significant lower than for the
standard total body for BMC (2,865 g v 2,308 g), LM (50,276 g v 46,954 g) and FM (15,888
g v 15,183 g) , all p<0.05. Regional composition precision error was consistently lower for
the TBLH application, particularly at the trunk region (TBLH = 0.54 - 2.86 %CV vs. standard
total body = 0.78 - 2.57 %CV).

Conclusion: In-vivo total body composition precision of the TBLH iDXA scan is comparable
to that of the standard total-body scan, and superior for regional composition assessment, in a
mixed cohort of athletes. The TBLH scan may be particularly useful for monitoring body

composition in athletes due to the exclusion of the head. However, new baseline



measurements should be performed if centres are to adopt the TBLH method, in order to
ensure consistency and validity of longitudinal measurements for the monitoring of athlete
body composition. Previous body composition assessments implementing the standard total-

body application should not be compared with assessments using the TBLH application.
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1.0 Introduction

1.1 Background

Dual energy X-ray Absorptiometry (DXA) is an imaging technique recognised by the World
Health Organisation for the assessment of bone mineral density (BMD), osteoporosis and
fracture risk (Blake & Fogelman, 2007). The central sites for DXA BMD assessment are
lumbar spine L1-L4 and proximal femur (hip) whilst the peripheral site for assessment is the
forearm (wrist), which should be used if spine and hip are not available (Abdelmohsen,
2017). However, over the last decade DXA has increased in popularity for the assessment of
body composition, particularly for elite athletes in sports medicine and in sport and exercise
science (Marra et al., 2019). The increase in the application of DXA imaging for the
assessment of body composition has been suggested to reflect low precision error and the
accurate estimation BMD, lean mass (LM) and fat mass (FM), known as the three-
compartment model (Bilsborough et al., 2014). Although there are numerous other
techniques available to measure body composition, such as skinfold callipers and
bioelectrical impedance analysis, total-body DXA is widely utilised as a criterion method
(Gomes et al., 2018).

DXA is also recognised by the International Olympic Committee as the preferred method for
measuring body composition in athletes (Meyer et al., 2013) and for the measurement of
BMD in athletes suspected of having relative energy deficiency in sport (RED-S) (Mountjoy
et al., 2014). DXA scans are non-invasive and provide a rapid assessment of body
composition, with typical scan time of approximately 6.5 to 14 minutes, depending on scan
mode and DXA system. Further advantages of DXA include the provision of in-depth and
detailed analysis for total and regional body composition and the ability to simultaneously
assess BMD and body composition (Lees et al., 2017; Thurlow; 2018). DXA outputs can be
of great value to strength and conditioning coaches and sport nutritionists (Hall et al., 2016),
for goal setting at the onset of a training/dietary intervention and to gauge the success of
interventions (Georgeson et al., 2012; Milanese et al., 2015). In elite sport, athletes are often
required to achieve a specific body composition for their discipline, achieving an optimum
physique has been argued to be key for successful performance (Salter & Kerr, 2018). While
there is a lack of evidence linking body composition to performance outcomes, it is accepted
that greater LM and lower FM are important, with absolute quantities dependent on the sport

(Charlton et al., 2015). In early studies, Claessens et al., (1994) reported an inverse
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association between FM and performance, suggesting that athletes with lower body fat
percentage had greater performance. Stoggl et al., 2010, reported that greater proportions of
LM are more positively associated with performance than FM, suggesting that LM is more

important.

DXA assessment of body composition can also forewarn on possible health implications and
injury risks. For example, in weight category and aesthetic sports, individuals can develop
disordered eating from purposeful energy restriction (Sundgot-Borgen et al., 2013). Another
health concern in athletes and active populations is RED-S, which refers to potential health
and performance consequences of insufficient energy intake for training and competition,
termed low energy availability (Mountjoy et al., 2018). Bartlet et al., (2019) and Keay et al
(2019) have reported the negative associations between RED-S and sports performance.
Research has shown that RED-S may alter hormonal pathways and can lead to negative
physiological adaptions, such as thyroid hormone signalling pathways, carbohydrate
metabolism and growth hormone/insulin like factor, which has been reported for both sexes
(Dipla et al., 2021). A webinar on https://iscd.org hosted by Dr Karen Hind, with speaker, Dr
Gary Slater focused on key aspects of measuring athletes body composition using DXA. Dr
Slater is the national performance nutrition network lead at Australian Institute of Sport and
has published multiple papers on the relevant research topic. During this webinar Slater
highlighted evidence to suggest that changes in FM can influence power-to-weight ratio and
heat tolerance (Garthe et al., 2011). Changes in LM were proposed to alter power-to-weight
ratio, power generation capacity, thermoregulation and substrate metabolism. Furthermore,
Slater highlighted some of the unique challenges when assessing athletes. Examples of
complications include the extreme physiques of athletes, the high daily energy requirements
and body water influx and the habitual use of dietary supplements that can influence muscle
solute content (Slater, G, (2021) ISCD, Webinar, Body Composition).

Total-body DXA scans

Standard total-body DXA scans begin at the head and end at the feet, measuring three
compartment body composition (bone mineral content, fat mass and lean mass). There are
three modes, which are dependent on the body thickness. Standard total-body scans are
recognised as the criterion technique for the assessment of bone mineral density (BMD) and
body composition in athletic and clinical populations. A new application by GE Healthcare

has recently been introduced for the current version of Lunar DXA encore software (GE
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https://iscd.org/

Healthcare, Madison WI; encore version 18.0). This new software has total-body-less head
(TBLH) as an assessment option which excludes the head from the scanning region, thereby
reducing overall scan time and ionising radiation dose. TBLH imaging starts at the mandible
and ends at the feet. It is plausible to hypothesise that the TBLH scan option might provide
more sensitive detection of meaningful change in body composition and BMD Bone and soft
tissue in the head region is unlikely to respond to exercise training and nutrition
interventions, given the predominant cortical component of the skull and the tissue of the

brain.

Given the infancy of this new software, to date, there have been no studies evaluating
precision error of the TBLH application. Precision error is important to enable understanding
of the performance of this method and to enable interpretation of meaningful change (Nana et
al., 2016). This is particularly relevant when working with elite athletes. Outcome measures
from training or dietary interventions for athletes seek to observe small changes in
physiological adaptations (Nana et al., 2015). Such minor changes, especially in athletes at
the elite level who are at or near their optimal conditioning could have a meaningful impact

on sports performance. (Binkley et al., 2015).

1.2 Research aims and questions

The primary aim of the study was to compare DXA precision of the standard total-body scan
with the new GE TBLH scan, for the measurement of total body composition variables. The
precision error calculated lean mass (LM), fat mass (FM), fat free mass (FFM) percentage
body fat (%BF), bone mineral content (BMC), bone mineral density (BMD) and bone area
(BA) were also compared between the two scan applications.

The specific research questions were:
1.) What is the precision error for DXA TBLH body composition scans in athletes?
2.) What are the differences between standard DXA total-body scans and TBLH scans
for the assessment of total LM, FM and bone mass in athletes?
3.) What is the precision error for standard DXA total-body scans and TBLH scans for

the assessment of regional body composition in athletes?
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2.0 Literature Review

In this literature review, the published evidence relevant to the current investigation is
appraised. The primary focus is the importance of body composition in sport, for both
performance and health. The review also looks to identify the available methods for the
assessment of body composition, evaluating the advantages and disadvantages for use in
athletic populations. The precision and best practice protocols of these methods for DXA

assessment of body composition is also discussed.

2.1 Body composition in athletes

2.1.1 Desired goals for athletes in specific sports

In elite sport, a minor advantage can be a major factor influencing performance. Although
there are many factors that contribute to overall athletic success, body composition is likely a
key characteristic with regards to optimal performance. The routine assessment of body
composition is common practice in most sports to inform and monitor dietary, training, and
injury rehabilitation programmes (Chaabene et al., 2019; Reale et al., 2019). Non-injured
elite athletes are presumed to have a body composition which enables them to perform at
their best. However, through the vast spectrum of sport disciplines, e.g., team, athletics,
combat, racket etc., the body compositions of individuals across the sports will vary.
Different sports have specific requirements, typically to achieve optimum performance, the
athlete may need to adapt their body composition to suit the sport they participate in. Callister
et al., (1991) researched the physiological characteristics in elite Judo athletes. Assessments
of body composition, strength and aerobic capacity were made in male and female athletes,
across multiple weight categories. Results identified that as the weight categories increased,
percentage body fat (%BF) and muscle fibres (Type | & Type I1A) cross-sectional area
increased, however aerobic capacity decreased. This study highlighted the divergent
physiological profiles between lower and upper weight classes and suggests that factors
governing success may vary even within individual sports. These data also suggest an athlete

needs to compromise between making weight and maximising physiological capabilities.

Research also suggests that assessment of body composition in elite athletes is key for
developing training programs. Ramana et al., (2004) investigated the training loads and

physiological responses of national level distance runners. Body composition was measured
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at a rested state, two types of ergometers were used (treadmill & cycling) for the assessment
of V0zmax and maximum work rate performance (WRmax). Physiological variables measured
included heart rate and skinfold at four sites, these were performed during test and in
recovery phase. Athletes with a lower body mass were able to perform at a 23% lower
training load than the heavier athletes, meaning the athletes with the greater body mass need
to work at a higher intensity to be able to achieve the same performance. This highlights the
importance of accurate assessment of body composition in elite athletes, as a consideration of
body composition is required before a training intervention to prescribe the necessary training
load. Conversely, when athletes are aiming to achieve an undesirable body composition,
meaning a target of %BF or LM which is not realistic, it could potentially have a negative
effect on an athlete’s anthropometry and performance. For instance, in the nutritional
intervention by Garthe et al (2012) that aimed to increase lean body mass, some participants
experienced FM gain, which was associated to impaired aerobic performance. Identifying the
importance of accurately monitoring body composition, allowing the creation of realistic
goals for an athlete to achieve, without having a negative effect on performance and body

composition.

2.1.2 Body composition and athletic performance

Physiological attributes are key to athletic performance and considered the primary training
factor in sport (Stone; 2002). Body composition has been associated with competitive success
across a range of sports. For athletes competing in sports requiring high force production, LM
appears to be related to performance outcomes (Stoggl et al., 2010). Gains in LM are
associated with improvements in lower body speed and power in cyclists (Ronnestad et al.,
2010) and rugby players (Waldron et al., 2014). Contact sports athletes, who are involved in
repeated high force collisions, could gain an advantage by increasing lean body mass
(Morehen et al., 2019). Newtons second law of motion (Force = Mass x Acceleration)
explains why athletes aim to develop lean muscle mass. The simultaneous increases in total-
body mass and lower body power can improve acceleration and lead to an overall increase in
force production (Granacher et al., 2016). In male soccer players, Silvestre et al., (2006)
assessed physical performance through a battery of tests (countermovement jump, running
etc.,) and body composition with DXA during pre- and post-season. During the season, the
athletes completed a strength and conditioning intervention that aimed to increase muscle
mass while maintaining percentage body fat (%BF). Across the whole team, the mean

increase in body mass was 1.5+0.4 kg, while overall LM increased 0.9+0.2 kg. This body
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composition modification was associated with 17.3% and 10.7% increase in total-body and
lower body power, respectively, with a lack of change to all other physical performance
measures. This research also identified that athletes who entered pre-season with high levels
of fitness, maintained body composition variables such as %BF and had the ability to adapt

and improve physiological attributes, which could result in improved performance.

Low total-body mass and body FM can be an advantage to endurance sport performance,
such as distance running, given a reduction in energy costs (Larsen 2003). However, very low
body mass and FM can be a consequence of RED-S, which is associated with both health and
performance detriments (Mountjoy et al., 2014; Keay et al., 2019). Romana et al., (2004)
assessed the body composition of long-distance runners during transition, pre-competition,
and competition stages, alongside measures of VOzmax and work performance. During the
transition to competition stage, lower body muscle mass increased by 4.7%, respectively
there was also an increase in VO2max 0f 18% and work performance of 37%. This study
demonstrates that body composition is an important component in training-induced

adaptations, influencing physiological parameters and enhancing athletic performance.

In weight-class sports, such as Judo, boxing and Olympic lifting, athletes may be required to
reduce their total-body mass to compete in a lower weight category, to provide an optimum
chance of achieving success, through physical and psychological advantages (Pettersson et
al., 2013). Hence, it is important for the athlete to maintain lean muscle mass and reduce FM
for competition to avoid any negative effect on performance (e.g., fatigued, force production,

movement techniques) (Gallot et al., 2019).

2.1.3 Body composition and athlete health

The assessment of body composition in athletes is not solely focused on performance.
Literature states that health implications may arise when athletes aspire for unrealistic body
composition, which may go unnoticed if body composition is not monitored or assessed
correctly. Sundgot-Borgen et al., (2013) reviewed research aiming to minimise health risks in
weight sensitive sports. Athletes in weight sensitive sports typically focus on trying to
maintain a low body mass and consistent low body fat percentage. Whilst there is not a single
ideal body composition across a range of sports, athlete support teams should be able to
identify and manage athletes aiming to achieve unrealistic body composition, typically to

prevent potential eating disorders. Therefore, precision and accuracy in the assessment of
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body composition in elite athletes is critical when monitoring individual’s body composition
to help identify potential eating disorders. Which could adversely affect performance in
weight sensitive sports, even if the athlete believes competing at a specific weight is gaining

an advantage to achieve success.

Research also suggests that athletes may not struggle only with physical health but also
mental health, when trying to maintain a low body fat percentage. Hagmar et al., (2013)
performed a cross sectional investigation in male Olympic athletes. DXA, blood biomarkers
(steroid hormone and biomarkers of nutritional status) and state of mood were assessed, and
athletes were split into two groups dependent on leanness sensitive sport or not. Results
indicated that the group striving for leanness had higher POMs score for depression and
anger, results also showed that this group also had higher frequency of illness. Therefore,
athletes in sports that emphasised the requirement to reduce body fat for a pro-longed period
of time were more likely to be subjected negative health effects. To avoid physical and
mental health issues, it is recommended that athletes should aim to lose body fat only within
a professionally supervised and sustainable programme (Reale et al., 2018). For athletes and
practitioners to achieve this, precision in the assessment of body composition is important to
accurately monitor and set realistic targets for athletes to reduce body fat in pre-competition
phase. Elsewhere, Fortes et al., (2011) demonstrated that even a slight energy deficit
calculated using DXA- derived LM and FM, caused a negative effect to individuals body
composition and performance. Similarly, another study identified that a negative energy

balance had a decrease in lower body strength and power (Murphy et al., 2018).

The assessment of body composition has allowed practitioners to identify that LM mass can
be increased when an athlete is in an energy deficit, even when adequate protein intake in
consumed (Carbone et al 2019). However, studies have highlighted that longer term energy
deficit (sustained daily over extended duration), is associated with a suppressed resting
metabolic rate (RMR) and health implications associated with RED-S. Examples of this are,
higher body fat, higher risk of injury and impaired physical performance (Schlabach et al.,
1994; Saltzman et al., 1995; Benardot et al., 1996; Murphy et al., 2018). Bartlett et al., (2019)
suggests that DXA assessment of body composition can be implemented to monitor longer
term variations in energy balance, which in practice can be used as an assessment of training
and nutrition practice/behaviours. This additional information can support practitioners to

adapt interventions for athletes, making a desired body composition more easily obtainable.
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Evidence suggests that the assessment of body fat in athlete is ineffective in monitoring the
progression of an injury or even potentially identifying an injury or weakness in athletes.
Duthie et al., (2006) focused on professional rugby players individual health and injury
prevention. A framework for elite athletes’ physical preparation to develop the performance
and physical progression. Physical profiling of athletes identifies strengths and weaknesses,
assessment of body composition is a part of physical profiling and is important to monitor
physiology development. Athletes carrying injuries or weakness can be highlighted in
preparation through body composition measurements. If injury or weakness has occurred
using regular body composition assessment, practitioners are able to return the individual

back to full fitness without gaining body fat or losing lean muscle.

2.1.4 Manipulation of body composition

In sport, body composition is manipulated for goals specific to the sport (Duthie, 2006). Two
common interventions are strength and conditioning or nutrition, with the aim of improving
physical performance (Sousa 2019; Trakman et al., 2019). In their meta-analysis, Preterson et
al., (2014) investigated dose-response effects from strength interventions in athletes (37
studies). The general consensus was that 85% of 1 rep maximum (1RM) for 8 sets, 2 days a
week, brings about a positive adaption in muscles and an ideal dose response to increase
muscular strength. In another study, Robinson et al., (2015) carried out a 14-week strength
and conditioning and nutrition program for a 21-year-old male natural (no performance
enhancing drugs) body builder. The overall goal was competition preparation, reducing total-
body mass through diet and exercise, but ensuring appropriate rest. Total body mass
decreased by 11.7 kg, FM decreased 6.7 kg and LM decreased by 5 kg.

Witard et al., (2019) reviewed track and field athletes aiming to lose FM but retain lean
muscle, through manipulation of dietary protein intake g/kg/day. From this review, protein
intake was a large factor for the athletes aiming to achieve optimal body compositions, whilst
allowing athletes to maintain and improve performance. Furthermore, Garthe et al., (2012)
showed how nutrition interventions can adapt body composition across a mixture of
disciplines, in addition to individual sports. This experiment split the elite athletes into two
groups, a nutrition consultant group and an ab libitum group, where the objective of the

intervention was to increase body mass through strength and conditioning interventions.
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DXA was used to measure body composition and 1RM, jump and speed testing were
performed, pre- and post-intervention. Whilst results indicated increased 1RM strength for
each group, total body mass increased only for the nutrition consultant group (3.9+0.6% vs.
1.5+0.4%).

A common technique to manipulate body composition is diet supplementation, elite athletes
use a wide range of these to aid recovery/muscle growth, strength, and energy requirements
(Garthe & Ramsbottom, 2020). Bone et al., (2016) investigated the manipulation of muscle
creatine and glycogen, and body composition was assessed using DXA. The male athletes
were divided into two groups, both groups participated in glycogen loading but only one
group supplemented creatine loading. Results indicated that glycogen loading in both groups
led to an increase in total LM (3.0 £ 0.7% and 2.0 £ 0.9%) leg LM (3.1 + 1.8%, 2.6 + 1.0%),
total-body water, glycogen loading (2.3 + 2.3%) and creatine (1.4% 1.9%).

2.2 Measurement of body composition in athletic populations

Valid and reproducible body composition assessment methods are required for use in
athletes, given the importance of detecting the smallest meaningful change (Slater et al.,
2005). Popular methods for the assessment of body composition in athletes are bioelectrical
impedance analysis (BIA), skinfolds, air-displacement (BOD-POD) and DXA (Meyer et al.,
2013). These are generally the preferred methods for the assessment, due to low cost,
practicality and portability, although DXA is widely assumed as a criterion method
(Bilsborough et al., 2014).

2.2.1 Bioelectrical impedance

BIA is a non-invasive, inexpensive, and portable assessment technique, which measures the
electrical properties of body tissue, estimating body composition parameters as total-body
water and fat free mass. The transit time of a low voltage current is dependant of the body
composition characteristics, BIA works by this principle (Kyle et al., 2004).

The protocol developed by Kyle et al., (2004) supports best practice procedures for the
assessment of body composition using BIA. Prior to assessment, athletes body mass and
height are measured, and standardised conditions are encouraged and address positioning,

exercise status, food and fluid intake and skin temperature (Kyle et al., 2004). Precision has
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been found to be lower for BIA assessments of body composition in elite athletes,
(Bilsborough et al., 2014). When compared to DXA and air displacement (BOD POD), BIA
has a higher precision error. Kyle et al suggests that factors such as food and fluid intake,
physical activity, or medical conditions have an impact on TBW and hence BIA outcomes
(Kyle et al., 2004).

2.2.2 Air displacement plethysmography

Air displacement plethysmography is a method of body composition assessment which
consists of two chambers, one the subject chamber and other the reference chamber. The
pressure changes between the test chamber and reference chamber, this will determine the
volume of the test chamber. Best practice protocols require athletes to be tested in lycra
clothing and silicone swimming cap, with all jewellery and metal objects removed before
assessment (Dempster & Aitkens, 1995). This is to avoid erroneous data, air displacement
plethysmography manufacturers recommend that assessment should be performed when the
participant is dry and rested, also the testing environment remains a stable temperature
(Operators Manual, 2000). Best practice guidelines should be implemented to avoid potential
under or overestimations of body compositions components.

The estimation of body composition is calculated through the application of the Siri equation
as follows:

D(density) x Mass(scale) = Volume (BOD POD)

Body fat percentage (BF%) = (497.1 / body density) — 451.9

The Siri equation is applied to calculate body fat percentage (BF%) via estimated values of
LM and FM (Siri, 1961).

Air displacement Plethysmography assessment has been shown to have good agreement with
DXA. Farley et al., (2020) reported low precision errors for LM and FM, results were similar
to precision error for LM and FM in DXA. The use of the BOD POD is widely applied in
athletic populations, due to it precision in estimation body composition variables, when pre-

scan preparation is correctly followed (Ballard et al., 2004).

2.2.3 Skinfolds
The standard approach to the estimation of body composition using skinfolds, is to take

skinfold measurements at the following eight sites: triceps, biceps, subscapular, iliac crest,
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supraspinal, abdominal, quadricep and calf, using calibrated skinfold callipers (Norton et al.,
1996). A calculation formula is then applied to the skinfold measurements to provide athletes
%BF (Sutton et al., 2008). Typically, skinfold measurements sites are duplicated, as
instructed and advised as the preferred practice technique by the International Society of the
Assessment of Kinathropometry. In applied practice, it is also common to use the sum of
skinfolds (5 or 8). Advantages of anthropometric techniques, such as skinfolds, include
widespread use for assessing body composition in athletes (Ackland et al., 2012). Research
by Farley et al., (2020) identified that skinfold method of assessment for both consecutive
day and same day testing had a lower precision error for LM, when compared to DXA, air

displacement and BIA.

2.2.4 Dual energy X-ray absorptiometry

DXA uses two X-ray beams of different energies that are diversely attenuated by soft tissue
and bone (Marra et al., 2019). DXA involves ionising radiation, but the corresponding dose is
small, where effective dose of a single standard mode, total-body scan is ~ 2 usv, which is
lower than one day of natural background radiation in the UK (~ 5-8 usv) (Hind et al., 2018;
Public Health England, 2020). Scans are non-invasive and provide a rapid assessment of
body composition with a scan time of approximately 6.5 minutes or 12.5 minutes, depending
on scan mode (Lees et al., 2017; Thurlow et al., 2018). DXA models are fan beam or pencil
beam. Fan beam uses wider X-ray beams, which leads to shorter scan time and better
resolution of the image (Soriano et al., 2004; Ackland et al., 2015). In pencil beam system the
X-ray passes through a narrow collimator, the data is acquired by a rectilinear pattern
separated by millimetres over the patient’s longitudinal axis (Pludowski et al., 2010). DXA is
an imaging technique historically used for the assessment of bone mineral density (BMD)
and the diagnosis of osteoporosis. Over the last three decades, it has also emerged as a
leading method for the assessment of body composition through total-body scans. These
scans distinguish three components of body composition: 1. Fat mass (FM) 2. Lean mass
(LM) 3. Bone mineral content (BMC) (Thurlow et al., 2018). These components can be
measured for total-body composition and regional composition (arms, legs and trunk). DXA
is now widely recognised as the gold standard method (Gomes et al., 2018) and as the
preferred assessment for body composition by the International Olympic Committee (Meyer
etal., 2013).
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DXA is more expensive and less accessible than other methods of body composition
assessments, but it has been found to be effective in detecting changes in body composition
in highly trained athletes (Bilsborough et al., 2014), more so than other available methods
(Farley et al., 2020). Lean mass and bone mass measurements are the most reliable outputs
from DXA, which is relevant given that small changes in lean may positively impact athletic
performance (Stewart, 2001). This is also supported by Lohman et al., (2006), research
indicated that in a healthy non-athletic population, the use of DXA to assess fat free soft
tissue mass and fat mass, results in greater level of precision compared to skinfolds and BIA

measures.

2.2.5 Precision of body composition assessments

Technical and biological error can influence the precision of all body composition assessment
methods (Fields et al., 2000; Vescovi et al., 2002). Technical error can be affected by the
level of technical expertise, equipment calibration, clothing and positioning (Marfell-Jones et
al., 2012). Whereas biological variation arises as a result of food and fluid ingestion or
exercise prior to assessment (Bone et al., 2017; Kerr et al., 2017). Given both technical and
biological error, standardised protocols should be followed for all body composition
assessments (Norton et al., 1996; Nana et al., 2016; Hind et al., 2018, Farley et al., 2020).

Farley et al., (2020) investigated precision error from different methods of body composition
assessment in athletes, following standardised pre-scan preparation protocols (Table 1). Their
findings demonstrated greater precision error for FM than LM measurements. There was
variation in precision between methods especially measurements, with superior precision for

DXA and skinfolds, indicating high test-retest accuracy and reliability.

Table 1. Comparison of precision error for different body composition assessment methods,

with best practice protocols in place (from Farley et al., 2020)

Fat mass Lean mass
Method %CV LSC %CV LSC
BIS 5.2 14.4 0.6 1.6
BOD-POD 25 6.9 0.5 1.3
DXA 15 4.2 0.5 1.3
Skinfolds 1.0 2.9 0.2 0.4
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(%CV = Percentage Coefficient of Variation, LSC = Least Significant Change (%CV * 2.77),

all methods assessed under best practice conditions)

In addition to FM and LM, DXA also measures bone mineral content (BMC). This has an
advantage compared to the other methods, in athletes where an assessment of bone mass is

also useful.

2.3 DXA in sport and exercise sciences

2.3.1 Application of DXA in athletic populations

DXA is currently considered the criterion method of the assessment for body composition
(Hind et al., 2018). This method provides an in-depth and detailed analysis for total and
regional body composition and bone density (Lees et al., 2017). The data derived from DXA
can be of great value to strength and conditioning practitioners and sport nutritionists (Hall et
al., 2016) for guiding training/dietary interventions and gauging their success (Georgeson et
al., 2012; Milanese et al., 2015). DXA is also valuable for the assessment of bone health in
athletes presenting with bone stress injuries, fracture and/or RED-S (Mountjoy et al., 2015).
As such, the use of DXA in athletes has become increasingly popular (Bilsborough et al.,
2014; Prokop et al., 2016; Hind et al., 2018; Keay et al., 2018).

In the past two decades, there has been an increase in published literature on the assessment
of total and regional body composition in athletes, and specifically, an increased number of
studies providing information on precision error (Hind et al., 2018). The increase in
popularity amongst athletic populations may be linked to the additional advantages of DXA

in comparison with other methods for body composition assessment (Table 2).

There are a number of important considerations to make when conducting DXA scans. DXA
is prone to technical error and biological variation for example, varying hydration levels,
which can impact estimates of LM (Kerr et al., 2017). Reduction in technical error can be
achieved by minimising movement during the scan, the use of straps can be implemented,
around the ankle above the foot and around the trunk at the level of mid forearms (Kerr et al.,
2016; Farely et al., 2020).
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Table 2. Advantages and limitations for body composition assessment utilising DXA

Advantages (adapted from Nana et al., 2015) | Limitations

Suitable for most athletes Not portable

Fast (~5-14 min for fan beam depending on Not always accessible for all clubs/sports
scan mode) organisations

Can provide an assessment of regional body Higher cost than other methods
composition Regulatory requirements due to use of
Low radiation dose (~0.5 uSv) and safe for ionising radiation

sequential measurements

Nonintrusive

2.3.2 Specific measurements of DXA in athletic populations

DXA assesses three compartments of body composition, namely fat mass, lean mass and
bone mineral content. The precision error of these measures may be increased in athletic
populations due to their unique somatotype (Van Der Ploeg et al., 2003). Further, there is a
difference in the body composition, size and thickness of athletes across various disciplines,
which can affect total and regional X-ray attenuation characteristics (Hind et al., 2018). In
comparison with general populations, athletes tend to have a greater volume of muscle mass,
resulting in an increase in LM, which can enhance the conductivity during assessment
(Stewart & Hannah., 2000). Hind et al., (2018) and Barlow et al., (2015) highlighted that

assessing individuals with greater LM can lead to greater error in LM estimates.

There are specific considerations to make when applying DXA in practice. Athlete must be
able to be positioned within the scan boundaries but this can be challenging when working
with athletes from sporting disciplines such as basketball or powerlifting, when athletes tend
to be taller and heavier, respectively (Silva et al., 2013). One method to address this is to
perform two scans, with at least half the body included in each scan. The total body estimate
is then obtained from the sum of the outputs of each side. However, this technique has
disadvantages such as, time consuming (multiple scans), increase of radiation exposure and
increase in technical error due to several steps of analysis (Hangarter et al., 2013; Nana et al.,
2015).

Precision

Precision error can be determined from repeat measurements on a population sample of n =
30 (Hangartner et al., 2013; Hind et al., 2018). Precision error can be presented as root mean
squared (RMS-SD) and percentage coefficient variation (%CV) (Lees et al., 2017). Once the
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precision error of the DXA measurement is generated, the least significant change (LSC)
value can be established (LSC = 2.77 * Precision Error) (Hangartner et al., 2013; Hind et al.,
2018). The LSC infers 95 % confidence that actual change has occurred between the first and
second DXA measurement (Baim et al., 2005). The ISCD outline minimal acceptance limits
for precision error (CV%) as follows; total FM = 3%, total LM = 2% and body fat % = 2%
(Hangartner et al., 2013; Hind et al., 2018).

Table 3 reports precision error for FM, LM and BMC from published literature dated 2000 -
2020 assessing the body composition in athletic populations. Precision error is given as a
percentage coefficient of variation (%CV) and least significant change (LSC). Although,
some studies did not provide a value for BMC, which suggests the investigation was
primarily focused on FM and LM. The data clearly indicate that %CV and LSC for LM are
lower than for FM, suggesting the measurement of LM is more precise than FM in athletic

populations.

Table 3. Precision error data from studies using DXA for the assessment of body
composition in athletes

Fat mass Lean Mass Bone Mineral Content
Study %CV LSC %CV LSC %CV LSC
Stewart & Hannah (2000) 3.0 8.31 0.9 2.5 0.9 2.5
Hind et al., (2011) 0.8 2.3 0.5 14 0.6 1.7
Barlow et al., (2015) 2.3 6.4 1.6 45 1.7 4.6
Nana et al., (2016) BP 35 9.6 0.3 0.9 N/A N/A
Nana et al., (2016) RP 3.8 104 0.6 1.8 N/A N/A
Lee at al., (2016) 2.3 6.4 1.6 45 1.7 4.6
Zemski et al., (2018) 1.8 5.1 0.3 0.9 0.6 1.7
Tinsley et al., (2018) 3.6 10 0.9 25 15 4.2
Farely et al., (2020) BP 15 4.2 0.5 13 N/A N/A
Farely et al., (2020) RP 24 6.6 0.5 1.5 N/A N/A

Studies are in date order; %CV = Percentage Coefficient of Variation, LSC = Least
significant change (%CV * 2.77); Best Practice (BP) = Standardised pre-scan protocols
followed, technical error present; Random Practice (RP) = Non-standardised pre-scan
protocol followed, technical error and biological variation present

When assessing BMC in athletes, the %CV is low and studies obtain similar values between

BMC and LM, showing that DXA precisely measures BMC. The recent study by Farley et
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al., (2020) highlighted the difference between best practice pre-scan protocol and random
practice pre-scan protocols, by directly comparing technical error with technical and
biological error. Results did not show much difference in LM with both %CV being 0.5%.
However, the measurement of FM highlights a major difference in %CV between best and
random practice protocols (1.5 vs 2.4 %CV). Nana et al., (2016) also compared best and
random practice protocols, though the results were not in agreement with Farley et al.,
(2020). When following best practice protocols, both LM and FM demonstrated lower
precision error compared to random practice protocol. All the studies in Table 3 describe the
application of pre-scan protocols, following the guidance from Nana et al., (2016) and Hind
etal., (2018).

2.4 Optimising DXA precision

Precision error can arise from both technical and biological factors (Nana et al., 2015).
Therefore, care must be taken in order to standardise scan protocols, particularly in athletes
where it is important to detect small changes. Sources of technical error include the subject
positioning, region of interest (ROI) placements technician error, clothing, cross-comparison
between DXA machines, scanning mode/speed. Sources of biological error include the
effects of daily food and fluid intake, effects of exercises sessions. Nana et al., (2014)
highlighted that technical error and biological variation are the key factors that directly affect
precision error. Therefore, to allow best practice and obtain the highest precision athletes are

asked to follow standardised pre-scan protocols (Nana et al., 2016).

Optimum and standardised protocol procedures must be followed to minimise precision error.
To achieve the precision to detect small but meaningful changes in body composition,
athletes should be in a fasted state, rested state, wearing minimal clothing, no jewellery and
euhydrated (Nana et al., 2016; Hind et al., 2018). Furthermore, athletes should be provided
with detailed guidance on training, diet and supplements used (e.g. creatine monohydrate) to
facilitate athletes presenting in a glycogen repleted and euhydrated state. Nana & Slater
(2015) reported that food and fluid intake substantially alters total and regional body
composition measurements and can increase typical error by 10%. Furthermore, Nana
suggests avoiding circadian rhythm effect, by the participant presenting in a fasted and rested

state, at the same time of day.
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Farley et al., (2020), investigated biological variation and the influence on precision error,
this was performed through same-day testing scan (scan, reposition and scan) (technical
error), following this a 24 - hour consecutive day scan was also performed (biological
variation). The consecutive day scan meant the athletes could consume food and fluid and
exercise without restrictions, thus increasing the chance of biological error. Results for the

DXA same day shown in Table 4a and consecutive shown in Table 4b.

Table 4.a. Precision error DXA same day testing (Farley et al., 2020)

Fat mass Fat Free Mass
RMS-SD 435 528
%CV 15 0.5

Table 4.b. Precision error DXA consecutive day testing (Farley et al., 2020)

Fat mass Fat Free Mass
RMS-SD 585 710
%CV 2.4 0.5

RMS-SD = Root Mean Squared — Standard Deviation, %CV = Percentage Coefficient
Variation, iDXA system used = GE enCORE software (version 13.60; GE Healthcare)

Precision error appears greater for FM with consecutive DXA assessments with little
difference in precision for FFM. However, Nana et al., (2015) stated that biological variation,
with regards to food and fluid intake has no influence on measurements for BMC and FM.
Although Farley et al (2020) results clearly show a change in FM, suggesting biological

variation can affect precision in only 24 hours.

2.4.1 Biological variation
Biological variation can cause changes in body composition that are attributed to variation in
tissue hydration and gastrointestinal tract contents (microbiome and undigested dietary

components) (Vilaca et al., 2009).

Effects of food and fluid intake
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To limit the effect of biological variation, best practice requires athletes to present themselves
rested, overnight fasted and voided bladder (Nana et al., 2015). However, this is not always
possible if athletes are assessed in the afternoon or evening. Specific standardised protocols
depending on the athlete appointment time are therefore recommended (Australia Institute of
Sport Guidelines). The three key points that should be considered are 1.) meal size, 2.)
content of food, 3.) time of consumption (Nana et al., 2012). Additionally, Nana et al., (2012)
highlighted individuals that consumed food within an hour of assessment, the results for total
mass and LM mass increased. Consequently, a predicted “cut-off” for volume of food that
can be consumed to not detect a change in body composition, could not be found. A study
conducted by Vilaca et al., (2009) reported no changes in body composition when elderly
subjects were scanned one hour after ingesting a small meal (50 g bread roll, 6 g butter and
500 ml orange juice). Similarly, in young healthy subjects, Horber et al., (1992) reported no

changes in body composition one hour post ingestion of 400 ml fluids.

Effects of exercise

Lohman et al., (2000) reviewed the hydration status of LM in humans and reported a range
72-74.5%. This is important as DXA technology identifies soft tissues as normally hydrated
to accurately distinguish between fat and LM (Plank, 2005). However, earlier literature
suggests a greater range in LM hydration, 67-85%, this variation can cause inaccuracies in
the estimation of LM, directly influencing estimates for FM (Moore & Boyden, 1963). Nana
et al., (2014) states that exercise influences tissue hydration status, which directly effects the
whole-body hydration levels. During exercise the athlete could increase hydration through
fluid intake or specifically decrease through fluid lose due to sweating. Exercise can also
affect tissue hydration, given that exercise is associated with fluid shifts from one region to
another (Maughan et al., 2007). Typically, an increase in blood flow to the muscles due to
blood vessel vasodilation, leads to greater muscle tissue hydration in the working area
(Coyle, 2004). Going et al., (1993) established that blood shifts in body compartments can
affect results of fluid hydration in the muscle and this could have an impact on lean mass
assessment. Similar to the effect that food and fluid intake has on the body, after exercise a
muscle or region of the body, blood volume will shift to that compartment, this is known as
blood shunting (Rowell, 2004).

2.4.2 Technical/system error
Positioning
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Lambrinoudaki et al., (1998) studied subject positioning in a non-athlete healthy population,
with the aim to illustrate the impact of positioning and establish the most accurate technique
for DXA scans. The two positions assumed by the athletes were prone (lying face down) and
supine (lying face up). Results reported a difference in total-body FM and LM by 5% and
3%, also a difference in estimates for trunk LM between prone and supine, precision error
results for the supine position being the lowest. A potential reason for the differences in
estimations could the loss of lower energy photons throughout the DXA assessment as a
result of increased body thickness (Proir et al., 1997). Lohman et al., (2009) studied the effect
of subject positioning (supine vs prone), results identified that upper and lower limb
estimations had a weak correlation (r = 0.72). Lohman et al., (2009), explained the
discrepancies as the beam hardening effect, due to an alteration in tissue depth and

attenuation ratios.

Literature suggests even a small variation in positioning, will illustrate a difference in
precision error results. Thurlow et al., (2017) investigated the influence hand positioning had
on regional and total-body composition parameters and to identify protocol specific precision
errors. Where the hand positions of the subjects were assumed as prone and mid prone,
highlighted in Figure 1. Total-body and arm BMC were the major differences, as a result of
the arm being in the mid-prone position, the ulna and radius is identified as one bone. Results
for body composition variables at the arm region reported a significant decrease in FM and a
significant increase in LM, when the hand was placed in the mid-prone position. This led to
an overall difference in total-body composition parameters between prone and mid-prone
positioning. Precision error results identified for fat mass and lean mass the mind prone
position had lower precision error, however, for bone mineral content the mid-prone

precision error was higher than the prone position.
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(A) mid-prone (B) prone

Figure.l. Total-body DXA hand mid-prone and hand prone (NHANES) position. NHANES,
National Health and Nutrition Examination Survey. (Thurlow et al., 2017).

Thurlow further concluded that published studies using DXA for the assessment of body
compositions, should fully describe subject positioning and standardised hand position

remains consistent.

Regional body composition

Nana et al., (2014) reviewed literature focusing on how technical and biological error
effected precision error. There was only one study identified that investigated the reliability
of analysis of regional composition, between automatic or manual. The DXA software would
automatically estimates regional composition (Trunk, Arms, Legs), however a technician can
manually mark segmental lines on the scan. Lohman et al., (2009) established that better
reliability for regional composition was reported when the DXA scans were analysed

manually by a technician, (Automatic r = 0.74-0.98 vs Manual r = 0.93-0.95).

Clothing
Limited studies have researched the effected and influence clothing has on DXA precision

error. However, the benefit of having standardised protocols for what the subject is wearing,
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i.e. minimal clothing (underwear), is placement of segmental lines, which makes it easier to
line up the subject on the DXA scan bed. Also, clothing fabrics may contain chemicals, such

as salt, water etc, which can change ratios in DXA energies (Nana et al., 2015).

DXA manufacturer and model

Literature suggests that a key limitation is the differences in estimates of body composition of
DXA variables when comparing DXA manufactures (Soriano et al., 2004). The typical
differences in manufactures are beam technology, scan mode, machine type and software
version. Guo et al., (2004) reported significant variations in body fat percentage when using
two Lunar prodigy machines with different scan speeds. Hull et al., (2009) demonstrated a
centre-specific-cross-calibration in order to obtain regression equations, allowing results from
longitudinal investigation to be interpreted precisely. This allows for direct comparison of
scans from one study to another, for where the DXA software has been upgraded. However,
the Hull (2009) equation only applied to a general population and not athletic. Highlighting
that when using the centre-specific regression equations, the regression equations should also

be population-specific.

Scan mode

Prior to the DXA scan, the subject’s height (cm) and body mass (kgs) are measured and body
mass index (BMI) is derived. The DXA machine has three scan modes, thin (<13 cm),
standard (13-25 cm) and thick (>25 cm), the mode is initially selected from the BMI of the
individual. However, the technician can override this at any stage and select another scan
mode. The automatic selection on scan mode/speed is based on BMI, which is technically
estimating body thickness. Some participants with high levels of muscle mass could
automatically be selected for thick mode, however, these participants may be better suited to
standard (Nana et al., 2014).

2.5 Total-body less head DXA application

Previous research has investigated the effect of different subject positions on scan outcomes,
such as hand positioning from prone with mid-prone and whole body prone with supine
(Lambrinoudaki et al., 1998; Thurlow et al., 2018). However, no study has yet investigated
precision error utility of the total-body less head (TBLH) DXA scans.
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In some sports, height can be an advantage (basketball, rowing), however one limitation of
DXA is that whole body scans can only be performed on individuals who do not exceed the
scan area (typically 195cm) (Evans, Prior & Modlesky, 2005). To address this, Silva et al.,
(2004) instructed subjects to bend their knees at 90° to allow the subject to fit within the scan
area. However, some DXA scanning arms can be too low and make contact with the subject’s
knees. Another method performed was a partial scan method using a Hologic DXA systems,
this is the sum of two separate scans, one starting at the neck and one starting at the hip.
Results provided accurate estimations for body composition components, although the
validity could be questioned as the technique was performed on 19 non-athletes (Evans et al.,
2005). Santos et al., (2013) reported the most accurate technique to assess BMC, FM and
LM, when using the sum of two scans, was the method that used a head scan and the other
trunk and limb scan, also referred to as the subtotal. An investigation into this method was
performed on males and females from athletic (31 subjects) and non-athletic (65 subjects)
population, with an age range 16-55 years old. The study excluded obese subjects (>30kg.m

2) and subjects taller than 195 cm.

Table 5. Precision of whole-body and subtotal DXA scans

Whole-Body (%CV) Subtotal (%CV)

Bone Mineral Content 1.40 1.66
Fat Mass 3.70 4.05
Fat Free Mass 1.09 1.20

%CV = Coefficient of Variation

Santos et al., (2013) reported results from whole-body scan and the subtotal scan and
highlighted that the new technique provided accurate valuations, although the whole-body
scans had greater precision (Table 5.). The subtotal method reported greater precision in
comparison to the knee at a 90°, that was implemented by Silva et al., (2005). The subtotal
scan technique highlighted individual error as it overestimated FM by 0.94 kg or
underestimate it by 1.07 kg. The previous studies (Silva et al., 2004; Evans et al., 2005)
aiming to resolve the limitation of a subject exceeding the scan area, both were in agreement
as the two investigations overestimated and underestimated FM compared to BMC and LM.
The main limitation to the subtotal method for assessment in taller athletes is the requirement

of two separate scans, which can be time consuming and increases radiation exposure.
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DXA is suggested to accurately estimate the composition of the head, due to the head
presenting less sources of systematic error for FM and LM estimations. Since DXA excludes
pixels that contain bone in addition to soft tissue to calculate FM and LM, values are
estimated based on composition of the pixels on the adjacent soft tissue (Pietrobelli et al.,
1996). However, no study has investigated the contribution of the head region to body

composition analyses using DXA.

2.6 Summary

The routine assessment of body composition is common practice among elite athletic
populations. Is widely recognised that body composition is associated with athletic
performance and has an important role in monitoring athlete health. There are several
methods available for assessing body composition in athletes, deriving LM, FM, %BF and
FFM such as BIA, skinfolds and DXA- which all have specific advantages and
disadvantages. However, DXA is recognised as the criterion method due to its superior
precision and ability to assess three-compartments (FM, LM and BMC). It is important to
optimise precision with DXA by controlling technical and biological variation where possible
through quality assurance and standardised protocols. A number of studies have investigated
DXA precision for standard total-body scans in athletic and general populations, with reports
of good to excellent precision depending on the population studied and the compartment of
assessment. The TBLH application is a recent development in DXA technology which
reduces scan time and ionising radiation exposure, compared to the standard total body scan.
This new scan may also be particularly useful in tall athletes who exceed the DXA scan
boundaries. Therefore, as the first to do so, this study examined the precision of TBLH DXA
for the assessment of body composition in athletes, and compared outcomes with the standard

total-body scan.
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3.0 Methodology

3.1 Study design and approach

This investigation was a methods study, designed to determine the precision of lean mass, fat
mass and bone mass measurements derived using DXA standard total-body and TBLH scans
in a heterogeneous cohort of male and female athletes. The research program adopted a
realist approach, where one truth exists and cannot be changed, given that the current
research performed direct physical measurements of the human body and produced objective,
quantitative data to inform on the composition of body compartments. The precision error of
the measurement was a key outcome and differences between repeated scans were calculated
from the data. These results can be generalised to athlete populations similar to the sample
used in the current study, using the same measurement method, and applied to other research
and practice in sports science. The objective approach indicated that there was no direct
influence with the data collection, assuming correct best practice protocol guidelines
followed. The pattern followed in this research was observing from the outside, measuring
the data and then performing and reporting the data analysis (Pike, 1967). The two different
DXA assessment methods, standard total-body and TBLH, provided two separate results for
precision error and directly compared. The study was methodically planned to eliminate
contextual factors and used quantitative research for data collection, aimed to make

generalisations based on the results reported.

3.2 Study sample

3.2.1 Participants

Participants were competitive male and female athletes, recruited from the University and
local community. Athletes represented a range of different sporting disciplines, including
high weight sports (for example, rugby) to low weight sports (for example, distance running),
and were reflective of the athlete population usually scanned in the University Imaging Suite,
in accordance with the ISCD recommendations for studies of precision (Hangartner et al.,
2013).

3.2.2 Inclusion and exclusion criteria
The inclusion criteria for this research is given in Table 6. Male and female athletes were

invited to take part in the study and were aged between 18 and 60 years. The broad range of
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age and multiple sporting disciplines was important for the validation of this study as to
minimise bias in the inclusion criterion, alongside a large sample size of participants,
including male and female, allowing the generalisability of results. The exclusion criteria
followed standard DXA protocol guidelines, including pregnancy and orthopaedic metal

devices.

Table 6. Participant inclusion and exclusion criteria

Inclusion criteria Exclusion criteria
e Over 2 years of training experience e Pregnancy
e Competed at national or regional e Long term injury causing the
level in your discipline individual to be absent from training
e Between 18 — 60 years of age e Under 18 years of age
e Orthopaedic or metal devices

3.2.3 Sample size
The ISCD recommend that precision error should be derived from duplicate measures on a
minimum of 30 participants or triplicate measure on 15 participants

(https://iscd.org/knowledge-base/precision-assessment-calculator-fags/). Blake & Fogelman

(2010) argue that there are two important considerations to make when deciding on sample
sizes for precision studies in medical imaging. First, that optimal assessment conditions can
create an unrealistic optimistic setting, that is hard to replicate in general practice. The second
consideration is that precision studies restricted to sample sizes of 30 participants, can have a

wide variation error (Gleur et al., 1995).

It has also been argued that a greater sample size than 30 is required when there are wide
ranges in body size and mass (Meredith-Jones et al., 2018). This is plausible because DXA
precision has typically been found to be lower in higher weight groups. For example, in 45
elite level rugby league players (mean BMI: 27.8 £ 2.5 kg/m2) Barlow et al., (2015) reported
the root mean squared standard deviation (%CI) for total-body LM: 321 g (1.6%), FM: 280 ¢
(2.3%) and BMC: 24 g (1.7%). Furthermore, a study by Rothney et al., (2012) reported FM:
1.0 % & LM: 0.5% precision in non-obese adults compared to s a study by Stantos et al.,
(2013) reported FM = 3.70 %, LM = 1.09 % and BMC = 1.04 % precision in athletes from

mixed disciplines.
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Given the potential for variation in precision due to body mass and size, and in order to
acquire representation of the usual population of athletes scanned at the University,
recruitment targeted athletes from a range of sporting disciplines to reflect low (e.g. light
weight rowing) and high weight sports (e.g. rugby). Therefore, the target sample size for this
study was expanded to 60. A further consideration was the sex of the athletes in the study
sample. The majority of precision studies in athletes have included predominantly males
(Bilsborough et al., 2014; Barlow et al., 2015; Keil et al., 2016; Nana et al., 2016; Thurlow et
al., 2018; Zemski et al., 2019; Farley et al., 2020). Therefore, equal representation from male
and female athletes was sought.

3.2.4 Sampling approach and recruitment

Participants were recruited from elite level sports teams and clubs at the University and from
the local community. Recruitment was facilitated through word of mouth, invitations sent to
sports clubs via email, and through a call for participants various social media platforms
including Twitter and Facebook. This non-probability, convenience sampling approach was
primarily adopted to enable access to the target population. However, there was an element of
purposive sampling, given that participants needed to be competitive athletes and fit the
inclusion criteria. Sampling also aimed to increase diversity within the sample by recruiting
athletes from various sporting disciplines, ages, sexes and ethnicities. Finally, another non-
probability type implemented was cumulative. Those individuals who were recruited may
then spread information by word of mouth, as body composition in elite sport is desirable

information for athletes.

3.3 Ethical considerations and ethical approval process

The research received ethical approval from the NHS Research Ethics Committee, Newcastle
upon Tyne. This study also received ethical approval from the University of Durham
Department of Sport and Exercise Science Ethics Sub-Committee and NRES, given the
involvement of ionising radiation. Particular considerations were given in light of COVID-19
and risk assessments and risk mitigation protocols were followed. Participants provided full
written consent and were informed that they could withdraw from the study at any time

without needing to give a reason.
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The main ethical considerations associated with this study included primarily confidentiality
and anonymity of each participant. All data protection techniques were adhered to ensure
privacy. Participants were informed of what the study entailed, including potential risks and
benefits of their involvements, through an information sheet (Appendix A) and they had an

opportunity to ask any questions, before, during and after the data collection.

Another critical ethical consideration was the dignity of the participant. This research
required the participant to wear minimal clothing (eg shorts and vest/t-shirt) when being
assessed. To ensure the maintenance of dignity, the imaging suite provided a safe assessment
environment and a private room, which the participants were informed of prior to their
appointment. Participants were also provided with instructions (Appendix C) on how to

prepare for the scan, including clothing.

One of the most important ethical considerations for this study was the ionising radiation
from the DXA scans. Risk assessments were conducted, and ethical approval was obtained
before any assessments using the equipment were performed. These measures ensured the

safety of the participants and anyone else in the imagining suite at the time of the assessment.

3.3.1 Covid-19 precautions

Throughout the study the government and university COVID-19 guidelines were followed.
Testing was conducted in the imaging suite at Maiden Castle, where the DXA machine was
located. If a participant showed COVID-19 symptoms, the individual was to self-isolate for
14 days, as per government guidelines. These considerations were addressed by a booking
system being implemented to use the imaging suite, enabling individual time slots for each
athlete to be appointed. Following this, on arrival to Maiden Castle athletes were required to
wear a face mask at all times when inside. Furthermore, participants were required to self-
assess their temperature and sanitise their hands upon arrival. In addition, participants and
staff were required to practice social distaining (2 m) when possible and adhere to a
maximum occupancy of 3 persons in the imaging suite. After data collection from the DXA
scans had been completed, all surfaces and equipment used during the testing were cleaned
and sanitised. All individuals followed the one-way system when entering and exiting

Maiden Castle, which was clearly marked out by arrows and signs.
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3.4 Protocol
3.4.1 Calibration and quality assurance

Before using the DXA, a quality assurance (QA) was performed daily to assess the accuracy
of the iDXA. importance of performing a daily QA is to ensure the iDXA is assessing body
composition variables with precision and accuracy. If the results of the variables of the
calibration block conform with the expected values, this provides the ability to assess
participants with confidence. The QA was performed under the supervision of the research
supervisor. The following procedure was followed to assess the calibration block and carry
out QA-

1. Select the QA and start button on the computer.

2. Place the calibration block on the scan table.

3. Reset the laser light needed to be on the centre of the block, facing up and the brass
facing down.

4. Select “ok” was selected on the computer and follow the screen prompts to complete

a scan (all QA results were saved).

Figure 2. QA calibration block
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The calibration block consists of three chambers simulating BMD values of 0.500, 1.000 and
1.500 g/m2. If the results from the QA are within 0.030g/m?, then the iDXA scanner is
considered accurate. The results are reported as precision error, either as a standard deviation

(SD) in g/cm? or percentage Coefficient Variation (%CV).

3.4.2 Pre-scan preparation

Prior to the appointment, athletes were asked to follow standardised pre-scan protocols to
reduce biological variation (Nana et al., 2015), thus increasing precision (Hind et al., 2018).
Athletes were required to wear minimum clothing or a gown and were asked to remove all
jewellery/watches and other removeable metal objects prior to the scan (Nana et al., 2016).
Athletes were assessed in an overnight fasted or 5 hours fasted, and euhydrated state, to
minimise variation in tissue hydration and gastrointestinal tract contents (Horber et al.,1992;
Convertino et al., 1996). If overnight fasting was not achievable due to appointment time
being in the afternoon or evening, the participants were required not consume food or fluid 5
hours before the scan, following Australia Institute of Sport (AlS) recommended protocol on
food and fluid intake. The DXA scan was performed with the athlete in a rested state, as
recent exercise is associated with fluid shifts between body compartments and increased
blood flow to muscle fibres due to capillary dilation (Maughan, Shirreffs & Watson, 2007,
Nana et al., 2016). Evidence-based, standardised protocols were followed for pre scan

preparation, scan acquisition and scan analysis (Nana et al., 2015; Hind et al., 2018).

3.4.3 Anthropometry

Anthropometric measurements were recorded (stature, body mass, waist circumference) to
generate the participant’s body mass index (BMI). BMI was calculated using a the Quetelet
formula of (mass/height?) (Kg/m?). The DXA software automatically identified scan mode
based on the participant height and weight, either standard scan mode (153 mm/s) or thick
scan mode (80 mm/s). The manufacturer’s protocol states that if abdominal thickness is
between 16 — 25 cm standard mode is selected and if abdominal thickness is greater than 25
cm thick mode is selected. Some athletes have thick mode automatically selected even if their
abdominal thickness is < 25 cm, the mode was then manually changed to standard (Thurlow
etal., 2016).
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3.4.4 DXA scanning

The DXA scans were performed using a GE Lunar iDXA (GE Healthcare, Madison, WI),
which is a narrow fan beam densitometer with 64 — channel detector, with is a multi-element
detector. The scans performed consisted of the standard total-body and new total-body less
head. DXA equipment is made up of two main systems, the computer (software) and the
scanner (hardware). The computer runs enCORE software, controls the scanner, and provides
data storage and data analysis. The scanner contains the X-ray source, detector, patient table
and mechanical system. The iDXA has an imaging performance of 1.2 — 1.6 Ip/mm and is
limited by iDXA detector pitch of 0.8 mm at 3.3 times magnification (Version 18. Encore
Manual).

Estimations for total-body variables require consistent participant positioning for accurate
results. In those individuals with orthopaedic metal devices or previous surgical

interventions, results can be difficult to interpret.

QP Durham

University

Department of Sport
and Exercise Science-

Figure 3. GE Lunar iDXA
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3.4.5 Standard total-body positioning

The athlete mounted the scanning table and lay in a supine position. The hand position
assumed by the athlete was mid-prone with no contact to the legs. Velcro-straps were
positioned around the ankles to ensure a consistent position for the two scans, with the
participants feet in a dorsiflexion position (Thurlow et al., 2018). This subject scanning
positioning has been approved and implemented elsewhere (Nana et al., 2012a; Farley et al.,
2020). In agreement with iDXA manual v18.0, the participants body was positioned in line
with the central axis, and the head was positioned 3cm below the horizontal line in the
frankfort plane. After the first scan was complete, the participant dismounted the scan table,

then was re-positioned using the same method.

3.4.6 Total-body less head positioning

The TBLH scan process was carried out as described for the standard total-body scan, with
the exception of head exclusion from the scan region. The scanner arm was manually
positioned on the participants mandible, making sure the centre of the scanning arm was over
the participants chin, this was performed via the controls on the scanner arm (Version 18
Encore manual). Following the first scan was complete, the participant dismounted the scan

table and then be repositioned.

2V AN WL S NNTTC

c\se Scienrne

Figure 4. GE Lunar iDXA scanner arm highlighting the control systems to manually position
the laser for the DXA scan
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3.4.7 Precision study

DXA scan techniques were duplicated to generate the precision error following ISCD
guidelines. A direct comparison between the standard total-body and the TBLH techniques
could be made examine any relationship between these two methods. This method was used
in previous research, where different hand positions were compared and its effect on
precision error (Thurlow et al., 2017). The participant positioning and re-positioned method
applied in this research replicates previous work, which reported good accuracy and low
precision error (Barlow et al., 2015; Nana et al., 2016). The methods from these studies
required the participant to fully dismount the scanning bed between each scan and re-
positioned, with the aim of achieving the same positioning for every scan. Technical and
biological factors were taken into consideration and strategies were made to minimise the
influence these factors had on precision. Biological error was minimised by participants
being emailed pre-scan guidance in advance to their appointment, which included
information on food and fluid intake and exercise levels prior to the scan, previously

mentioned in section 3.4.2.

3.4.8 Scan analysis

For both the total-body scan and the TBLH scans, the positioning, acquisition and regions of
interest (ROI) were scrutinised following each scan. The software system (enCORE Version
18.0) frequently positioned the cut-off point lines correctly (Figure 5). However, if there was
an inaccuracy, manual adjustments were made. Point typing determined the placement of the
bone edges, enCORE analysis automatically assigns point typing to an image, which

identified cuts.

The software system automatically provides a total of 10 cuts:

Head

Left and right arm
Left and right forearm
Left and right elbow
Left and right spine

o g kr wbdF

Left and right pelvis
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7. Pelvis top
8. Leftand right leg
9. Leftand right knee
10. Centre leg

Figure 5. GE Lunar enCORE Version 18.0 user manual 10 cuts identifying the regions of

interest

For body composition analysis, after selecting the analysis window followed by the
composition tab to provide results, which included a multiple of derived DXA variables.
Firstly, fat mass as a % of total tissue mass (tissue%fat) and as a % of total tissue mass and
bone mass (region%fat). Other results include total mass in kg of soft tissue, fat tissue, lean

tissue and bone mineral content (BMC). Participants BMI was reported, and the individual
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centile and Z-score were compared with reference population. For the specific regional

analysis, individual cuts were applied and adjusted where necessary, to define tissue regions.

3.5 Statistical analysis

Statistical analysis was performed using the software programs Microsoft Excel (Version
16.50 (21061301), Product ID: 02954-089-861911) and IBM SPSS Statistics (Version 27,
SPSS Inc, US). The distribution of the data was checked using SPSS descriptive statistics
analysis. Data were found to be normally distributed and so presented as the mean and the
standard deviation (SD) of the mean for all variables including the paired total-body and
TBLH DXA scans. A Bland- Altman plot was used to compare repeated measurements for
levels of agreement, with upper and lower limits of 95% CI, for bone mineral content, fat
mass and fat free mass. The linear regression analysis from the Bland-Altman was to
calculate proportional bias and the level of agreement of repeated scans, presented a p value

and a beta mean.

Total and regional body composition precision error for both methods reported as the root
mean square standard deviation (RMS£SD) and percentage co-efficient of variation (%CV),
was calculated using the ISCD advance precision calculator. %CV was derived from the
equation (%CV = (SD/mean) * 100). The least significant change (LSC) was derived from
precision error (LSC = RMS-SD * 2.77), LSC at 95% confidence intervals (95% CI)
(www.iscd.org) (Barlow et al., 2015).

Paired t-tests were computed to investigate differences in total body composition outcomes
between the TBLH and the standard total body scan. Significance was identified at p <0.05.
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4.0 Results

4.1 Descriptive statistics

The total study sample comprised of 104 participants (n = 43 females, n = 61 males) from a
range of sports (rugby n = 46, rowing n = 18, running n = 12, CrossFit n = 10, triathlon n = 8,
athletics n = 2, resistance training n = 2, hockey n = 1, climbing n = 1, badminton n =1,
swimming n = 1, kick boxing n = 1 and equestrian dressage n = 1). Four athletes were
scanned using thin mode, 97 athletes were scanned using standard mode, and 3 athletes were
scanned using thick mode. From 104 participants, 95 received repeat TBLH scans and 58
received repeated standard total-body scans (precision measurements). Overall, 57
participants received both a TBLH and a standard total-body scan which enabled
comparisons between the two methods. The descriptive data for the total study sample are
shown in Table 7. Athlete body size varied across sports, with BMI for the sample ranging
from 16.4 to 46.9 kg/m?.

Table 7. Descriptive results for the total study sample (n=104, males = 61, females =43)

Mean Std. Deviation Minimum Maximum
Age (years) 26.3 8.8 16 60
BMI (kg/m2) 25.9 4.8 16.4 46.9
Height (cm) 177.1 10.9 155.2 204
Weight (kg) 82.2 21.3 427 129.1

BMI = body mass index, n = number of participants

4.2 Paired measurements

Table 8a and Table 8b present results for the repeat scans using the standard total body scan
(n=58) and for the TBLH scan (n=95), respectively.
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Table 8.a. Total-body composition in male and female athletes (n=58) from two consecutive

GE Lunar iDXA measurements with re-positioning

Measurement 1

Measurement 2

Body fat (%0)

Fat mass (g)

Lean mass (g)

Fat free mass (g)

Bone mineral content (g)

Bone mineral density
(g/cm?)

Bone area (cm?)

23.08 + 6.86
8.49 - 38.17

16,045.9 + 5,594.3
6,428.17- 31,153.8

50,997.1 +£12,607.5
29,596.3 - 83,838.4

53,898.1 +£13,201.2
31,413.3-88,236.1

2,901.0 +640.8
18,16.6 — 4,465.8

1.33+0.15
1.02 - 1.69

2,156.8 + 268.9
1,732.0 - 2,740.8

23.11 +6.85
8.64 - 38.39

16,057.1 + 5,560.1
6,408.2 - 30,648.7

50,978.3 £12,629.45
29,713.86 - 83,879.49

53,879.0 £ 13,219.57
31,530.17 — 88,277.90

2,900.6 +637.9
1,816.3 —4,434.7

1.33+0.15
1.01-1.69

2,157.8 + 269.3
1,732.8 -2,726.0
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Table 8.b. Total-body composition in male and female athletes from two consecutive GE

Lunar iDXA total-body less head measurements with re-positioning (n=95)

Measurement 1 Measurement 2
215+6.5 215+6.5
Body fat (%0) 8.5-38.5 8.8-38.2
16,493.4 £ 5,995.5 16,443.7 £ 5,969.3
Fat mass (g) 5,727.0 — 32,003.7 5,661.0 — 31,994.2
57,414.4 £ 16,603.8 57,486.6 £ 16,619.0
Lean mass (9) 26,878.2 —92,474.3 26,745.1 —93,538.9
60,298.4 + 17,456.6 60,368.4 £ 17,468.9
Fat free mass (Q) 28,262.0 — 97,037.2 28,134.8 —98,078.8
2,884.0 +884.0 2,881.8 +£882.1
Bone mineral content (g) 1,355.0 - 5,281.4 1,358.1 - 5,252.8
Bone mineral density 1.32+0.21 1.32+0.21
(9/cm2) 0.83-1.87 0.82-1.83
2,131.2 + 349.6 2,132.0 £ 354.8
Bone area (cm2) 1,521.7 —2,888.0 1,508.6 — 2,893.7

Presented as the mean + SD, SD = standard deviation of the mean

Bland-Altman plots are presented in Figures 6 - 11. The mean axis unit for all figures is
grams (g). Linear regression analysis was computed to assess agreement between the repeat
measurements and the results are presented in Table 9. The difference between the two
measurements was the dependant variable and the mean was the independent variable. For
both the standard total-body and the TBLH method, there was no proportional bias (p>0.05).

The B mean values were close to zero, indicating acceptable levels of agreement.
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Figure 6. Standard total-body bone mineral content Bland-Altman Plot
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Figure 7. Total-body less head bone mineral content Bland-Altman Plot
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Figure 8. Standard total-body fat free mass Bland-Altman plot

1000.00
« * %
[ ]
.
500.00 .
[] []
[ ]
L] . 'L e L]
LA T ] ® ¢ . :
P B 0
o 00 a 208 h [] hd 8
] 23 + * - v
c Y O N
g *® ¢’ r ] . I
. »
é' [] . . . .o .
o . L]
-500.00 s " ' L
L) .
[ ]
-1000.00 3
-1500.00
20000.00 40000.00 £0000.00 80000.00 100000.00

Mean

Figure 9. Total-body less head fat free mass Bland-Altman plot
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Figure 10. Standard total-body fat mass Bland-Altman plot.
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Figure 11. Total-body less head fat mass Bland-Altman plot

Bland-Altman Key:

Red Line = Mean difference for standard total-body

Blue Line = Mean differences for TBLH

Green Line = Upper and Lower Limits

Blue dot = Standard total-body the mean with the difference of the repeated scan

Red dot = TBLH the mean with the difference of the repea;tle7d scan



Table 9. Linear regression proportional bias from Bland-Altman plot for standard total-body

and total-body less head in athletes, analysing level of agreements between paired

measurements

Standard total-body TBLH
BMC Mean £ = 0.005 p=0.213 Mean £ = 0.002 p=0.424
FFM Mean /5 =-0.001 p=0.621 Mean £ =-0.001 p=0.734
FM Mean £ = 0.006 p =0.263 Mean £ = 0.004 p =0.366

TBLH = total-body less head, BMC = bone mineral content, FFM = fat free mass, FM = fat
mass, = Beta

4.3 Total body composition precision error

The precision error is represented as %CV and RMS-SD, The least significant change (LSC)

is given at 95% confidence intervals (CI).

Precision error (%CV) values for the standard total-body scan outputs (n=58) are presented in
Table 10.a and ranged from 0.38 to 1.15 %CV. Precision errors were all less than 1% apart
from %BF and FM at 1.15%CV and 1.13%CV respectively (Table 10.a).

Table 10.a. Precision error for standard total body composition GE Lunar iDXA scans in
athletes (n=58). Data are presented as the %CV and RMS-SD with corresponding LSC

LSC - 95% ClI
%CV RMS-SD  %CV RMS-SD

Body Fat (%) 1.15 0.25 3.19 0.68

Fat Mass (g) 1.13 160.78 3.12 445.35
Lean Mass (g) 0.42 202.15 1.15 559.94
Fat Free Mass () 0.38 194.45 1.05 538.61
Bone Mineral Content () 0.44 12.38 1.21 34.29
Bone Mineral Density (g/cm2) 0.69 0.01 1.90 0.03

Bone Area (cm2) 0.72 15.35 2.00 42.51
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The precision results for TBLH body composition outputs (n=95) are presented in Table 10.b
and ranged from 0.39 to 1.28 %CV. Precision error was less than 1% for all outputs except
%BF and FM, at 1.19 %CV and 1.28 %CV respectively.

Table 10.b. Precision error for Total-body less head GE Lunar iDXA scans in athletes
(n=95). Data are presented as the %CV and RMS-SD, with corresponding LSC

LSC - 95% CI
%CV RMS-SD  %CV RMS-SD

Body Fat (%) 1.19 0.22 3.31 0.62
Fat Mass (g) 1.28 199.41 3.53 552.38
Lean Mass (Q) 0.41 254.30 1.14 704.42
Fat Free Mass (g) 0.39 251.08 1.07 695.49
Bone Mineral Content (g) 0.49 15.57 1.37 43.14
Bone Mineral Density (g/cm2) 0.71 0.01 1.98 0.03
Bone Area (cm2) 0.86 19.20 2.38 53.18

%CV = Percentage coefficient variation, RMS-SD = Root mean square — successive

differences, LSC = Least significant change, Cl = 95% confidence intervals

4.4 Differences between GE Lunar iDXA total-body and total-body less head body

composition outcomes

Comparisons in body composition outcomes between the standard total-body scan and the
TBLH scan (taken from measurement 1) in 57 athletes are shown in Table 11. There were
significant differences for all outcomes (p < 0.05). Reflecting the inclusion of the head
region, the standard total-body scans reported greater values for all the body composition
variables measured except for %BF. The TBLH application reported 0.13% higher %BF than
the standard total-body method. The greatest difference between the two methods was found
for FFM.
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Table 11. Comparison of total-body and total-body less head body composition outcomes in
athletes (n=57) using the GE Lunar iDXA

Standard total-body TBLH _Mean
difference

Body fat (%0) 23.2+6.9 23.3+£7.0 0.13 0.01
Fat mass () 15,888.3 + 5,485.3 15,183.3 £ 5,491.2 705.01  <0.001
Lean mass (Q) 50,275.5+12,108.5 46,954.5 + 11,783.2 3,321.10 <0.001
Fat free mass () 53,140.5+12,670.9 49,262.6 £ 12,297.4 3,877.97 <0.001
Bone mineral

content (g) 2,864.9 £ 610.4 2,308.1 £551.6 556.87  <0.001
Bone mineral

density (g/cm2) 1.33+0.15 1.19+0.16 0.14 <0.001
Bone area (cm2) 2,139.9 +254.1 1,914.1 £235.9 225.6 <0.001

Data are presented as the mean + SD

4.5 Regional analysis precision error

The precision error is represented as %CV and RMS-SD, The LSC is given at 95%
confidence intervals. Results from regional analysis for total-body regional and total-body

less head regional analysis are reported in Table 12a and 12b.

Table 12a. Precision error for standard regional body composition from GE Lunar iDXA

scans in athletes (n=58).

LSC - 95% ClI
%CV RMS-SD %CV RMS-SD
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Arms

Fat Mass 2.63 45.69 7.29 126.57
Lean Mass 1.69 91.42 4.68 253.22
Fat-free Mass 1.62 94.38 4.48 261.42
Bone Mineral 2.04 0.02 5.65 0.06
Density

Bone Mineral 1.21 4.47 3.35 12.38
Content

Bone Area 2.06 7.80 5.70 21.60

Legs

Fat Mass 1.50 98.17 4.16 271.94
Lean Mass 1.03 177,51 2.86 491.69
Fat-free Mass 0.97 178.41 2.70 494.18
Bone Mineral 1.19 0.02 3.28 0.04
Density

Bone Mineral 0.52 5.38 1.44 14.91
Content

Bone Area 1.24 9.17 3.42 25.41

Trunk

Fat Mass 2.57 154.49 7.13 427.94
Lean Mass 0.97 241.75 2.68 669.66
Fat-free Mass 0.93 241.12 2.59 667.90
Bone Mineral 0.78 0.01 2.17 0.02
Density

Bone Mineral 1.29 11.31 3.58 31.34
Content
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Bone Area 1.15 8.83 3.20 24.47

Table 12b. Precision error for Total-body less head regional GE Lunar iDXA scans in
athletes (n=95).

LSC - 95% CI
%CV RMS-SD %CV RMS-SD
Arms

Fat Mass 1.93 31.91 5.35 88.39
Lean Mass 1.64 77.47 453 214.58
Fat-free Mass 1.57 79.64 4.35 220.62
Bone Mineral 1.23 0.01 3.40 0.034
Density

Bone Mineral 0.93 3.16 2.57 8.76
Content

Bone Area 1.52 571 4.20 15.82

Legs

Fat Mass 1.23 65.01 3.42 180.08
Lean Mass 0.86 138.77 2.37 384.39
Fat-free Mass 0.80 137.82 2.21 381.77
Bone Mineral 0.72 0.01 2.00 0.03
Density

Bone Mineral 0.49 454 1.37 12.58
Content

Bone Area 0.68 4.85 1.88 13.42
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Trunk

Fat Mass 1.86 111.88 5.16 309.91
Lean Mass 0.84 205.87 2.32 570.26
Fat-free Mass 0.81 207.05 2.25 573.52
Bone Mineral 0.54 0.01 1.50 0.02
Density

Bone Mineral 0.88 7.59 2.44 21.03
Content

Bone Area 0.91 7.00 2.52 19.40

Precision error was greatest for arm region assessment, for both the standard and TBLH
method. This was particularly apparent for arm fat mass (standard total-body = 2.63%CV;
TBLH =1.93%CV). The lowest precision error for both methods of assessments was for bone
mineral content of the legs (standard total body = 0.52%CV; TBLH = 0.49%CV). Regional
composition precision error was improved for the TBLH method compared to the standard
total body approach. This was especially apparent at the trunk region (TBLH = 0.54-
2.86%CV vs. standard total body = 0.78-2.57%CV).
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5.0 Discussion

This study had two main aims. First, to investigate the precision of the new GE Lunar iDXA
TBLH scan for the assessment of total body composition in athletes. Second, to compare
body composition outcomes between the standard total-body scan and the TBLH scan. The
precision of both scan types was excellent, with total body composition precision ranging
from 0.38 — 1.15 %CV and 0.39 — 1.28 %CV for the total-body and TBLH scan respectively.
Regional body composition precision error was lower with the TBLH method. Direct
comparison between the two methods indicated differences in derived body composition
outcomes between the standard total-body scan and the TBLH scan, with all standard
measurements providing greater values than TBLH scans, except for %BF. This study
demonstrates that the TBLH DXA scan application can precisely measure body composition
in athletes. However, if centres were to adopt the TBLH as default, then new baseline
measurements would need to be performed for TBLH, due to the significant differences in
body composition measurements compared to the total-body method. Similarly, any previous
assessments implementing the standard total-body application cannot be compared with

assessments made using the TBLH scan.

5.1 Precision

This study reported total and regional body composition precision derived from repeat
measures for total-body and TBLH techniques, utilising a same-day scan approach. This
consisted of test-retest with re-positioning between each scan, providing a total of four body
composition scans per participant. Body composition values from the paired measurements
for both the standard total-body and the TBLH scan, were comparable between measurement
1 and measurement 2 (Table 8.a. & 8.b.). Kerr et al., (2016) reported mean differences for
repeated measurements in a healthy adult population, results for FM = 71 g, LM = 47 g and
BMC = 4 g, using the standard total-body scan in the current study, the mean differences
were less: FM = 11.2 g, LM = 18.8 g and BMC = 0.4 ¢, and for TBLH repeated
measurements, FM =49.7 g, LM =72.2 g and BMC = 2.2 g.

In the current study, precision error was lowest for total FFM in both total-body (CV%:
0.38%) and TBLH application (CV%: 0.39%). The highest total body precision error for
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standard total-body was %BF (1.15 %) and for TBLH was FM (1.28%), but this is still within
acceptable limits for precision error: FM = 3 %, LM = 2 % and %BF = 2 % (Hangartner et
al., 2013). This study is also in agreement with previous research that reported precision error
for LM was lower compared to FM, and that regional precision errors were higher than total
precision errors (Hind et al., 2011; Beuhring et al., 2014; Bilsborough et al., 2014; Barlow et
al., 2015; Thurlow et al., 2015; Kerr et al., 2016; Farley et al., 2020).

The results of the current study are comparable to those reported by Beuhring et al., (2014).
The authors studied a similar sample of athletes from a variety of sports, and, the precision
error was 0.3%CV for LM and 1.5%CV for FMThese results suggest that results are
comparable, this may be due the study sample being similar to the current research. Barlow et
al., (2015) reported greater precision errors for LM = 1.6 %, FM = 2.3 % and BMC = 1.7 %,
which is likely explained due to the study sample specifically focusing on high performance

rugby players and not across a range of sporting disciplines.

When comparing the results to average population, Hind et al., (2011) reported DXA (GE
Lunar iDXA) precision error for adults, LM = 0.5 %, FM = 0.8 % and BMC = 0.6 %. Similar
results to this study, apart from FM, precision error was lower for the non-athletic population.
The TBLH precision was as follows: FM = 1.28 %, LM = 0.41 % and BMC = 0.49 % (Table
10.b.). Santos et al., (2013) investigated precision errors in athletes for multiple sporting
disciplines. Precision error for FM = 3.70 %, LM = 1.09 % and BMC = 1.04 %, these three-
precision errors for total-body scans are higher than the TBLH application in this study.
When the TBLH precision error was compared with results from a single sporting discipline
presented by Bilsborough et al., (2014), which researched Australian football players.
Precision error for FM = 2.5 %, LM = 0.3 % and BMC = 0.6 %, providing similar results for
LM and BMC with TBLH precision errors, whilst the FM results are significantly higher
compared the current study. Rothney et al., (2012) reported precision errors in non-obese
adults, FM = 1.0 % and LM = 0.5 %. These results are comparable to the precision error
produced by the TBLH application in the current study, with LM more precise than FM.
However, results for FM precision error in a non-athletic population are lower than an
athletic population, except in an obese population (Hind et al., 2011; Rothney et al., 2012).

In summary, this is the first study to report precision error for the new TBLH DXA
application in comparison with the standard total-body scan. The precision error for both

methods was excellent, supporting use in athletic populations.
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5.2 Differences in precision between the standard total-body scan and the TBLH scan

The new TBLH scan was found to have similar precision as the standard total-body scans in
athletes (Table 13).

Table 13. Comparison of precision error presented as %CV, between total-body and total-

body less head application in athletes

Total-Body (%CV)  TBLH (%CV)

(n=58) (n=95)
Percentage body fat (%6) 1.15 1.19
Fat mass (g) 1.13 1.28
Lean mass (9) 0.42 0.41
Fat free mass (g) 0.38 0.39
Bone mineral content (g) 0.44 0.49
Bone mineral density (g/cm2) 0.69 0.71
Bone area (cm2) 0.72 0.86

%CV = Percentage coefficient variation, TBLH = Total-body less head

The results presented in this study indicated that total-body and TBLH application are unable
to interchange, this is in agreement with previous research studying two different assessment
protocols (Kerr et al., 2016). However, studies researching the difference between prone and
supine position for the assessment of body composition using DXA, suggest that results of
the two separate methods are interchangeable (Lambrinoudaki et al., 1998; Lohman et al.,
2009). Lohman et al., (2009) found excellent repeatability in repeated measurements in the
supine position, however found that the comparison between supine and prone scan
repeatability to be slightly poorer. In comparison to this study the total-body to TBLH scan

repeatability were significantly different.

Lambrinoudaki et al., (1998) investigated the difference between DXA scans implementing a
full body supine and full body prone positioning. Results showed that the full body prone
position reported lower values for BMC and FM measurements and higher values for LM

measurements, in comparison to full body supine. The results from the study are illustrated in
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Figure 12, which directly compares to full body supine and full body prone values. Figure 12
also compares the differences for measurement 1 LM, FM and BMC, between total-body and
TBLH application. This graph indicates that measurements for LM is greater for the total-
body application compared to the TBLH application. Similar results were reported by
Lambrinoudaki et al (1998), where LM had the greatest difference in comparison to BMC
and FM, between full body supine and full body prone positions. This comparison between
the two studies, suggests that LM is greater influenced that FM and BMC, when a new DXA
protocol is utilised.

70000

£ LTV
"mETM
|mBMC

30000

supine

Fig 1. Mean values for body composition sstimates by DEXA in
the supine and prone position

Figure 12. Mean values for body composition variables measurements for total-body and
TBLH & Figure 1. Derived from Lambrinoudaki et al., (1998)

This study compared precision error between total-body and TBLH DXA scans, there is
limited directly comparable published data. However previous research data is available that

provides data of scans that excluded the head (Table 14).

Table 14. Lambrinoudaki et al., (1998) difference in mean body composition measurements

between total-body and head excluded

Total-body Head excluded Mean difference

Percentage body fat (%) 37.4 39.1 1.7
Fat mass (g) 25,949 25,128 821
Lean mass (g) 40,381 38,246 2,135
Bone mineral content (g) 2,231 1,738 493

Values for total-body and head excluded reported in Table 2 of Lambrinoudaki et al., 1998,

mean difference calculated separately.
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Table 14 shows results calculated from the data presented by Lambrinoudaki et al., (1998).
This research did not aim to investigate TBLH scans, however, calculating the mean
differences in body composition variables between total-body and TBLH enabled direct
comparison to be made (Table 10) (%BF = 1.7 % vs 0.3 %, FM =821 g vs 705.01 g, LM =
2,135 g vs 3,321.10 g and BMC = 493 g vs 556.87 g) (Lambrinoudaki et al., (1998) vs
present study). The comparison highlights a difference in the mean differences for %BF and
LM, with similar results for FM and BMC between the two studies. An explanation for the
clear differences between Lambrinoudaki investigated healthy adults and this study
investigated athletes. Referring to Figure 12, LM has the greatest difference between total-
body and TBLH application, in this study when the head was excluded LM decreased by 4.71
times compared to FM (3,321.10 / 705.01 = 4.71) and LM decreased by 5.96 times more
compared to BMC (3,321.10 / 556.87 = 5.96).

5.3 Differences in body composition outcomes between the standard total-body DXA
scan and the TBLH DXA scan

This was the first study to directly compare the standard total-body DXA and the TBLH
DXA scan for the assessment of body composition in athletes. The two techniques were
directly compared by identifying the mean differences between standard total-body
measurement 1 and TBLH measurement 1, body composition variables (Table 11). The
paired sample t-test indicated that there was a significant difference between the two methods
for all body composition measurements. The results suggests that the head has an influence
on body composition assessment. When the two methods of assessment were directly
compared, results reported that the measurements for all body composition variables were
significantly different (p < 0.05). BMC, LM and FM were greater for the standard total-body
scan compared to the TBLH scan (Table 15).
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Table 15. Differences in total body composition outcomes from the TBLH and standard

total-body scan in athletes (n=57)

Body composition variable Mean difference
Body fat (%) 0.13

Fat mass () 705.01
Lean mass () 3321.10

Fat free mass (Q) 3877.97
Bone mineral content (g) 556.87
Bone mineral density (g/cm2) 0.14

Bone area (cm2) 225.59

The mean differences were: FFM = 3,877.97 g, FM = 705.01 g and BMC = 556.87 g,
reflecting the contribution of the head region to standard total-body composition outcomes.
There is very little research available on DXA-derived composition of the head region which
comprises the cranium, brain, meninges, cerebrospinal fluid (CSF) and musculature. The
meninges lay between the skull and the brain and are made up of three layers of tissue, dura
matter, arachnoid matter, and pia matter, which protect the brain. The brain is protected by
CSF, this is a watery fluid that cushions the brain and the spinal fluid. The cranium is made
up of 22 bones, having two regions, the neurocranium and the viscerocranium (Bradley et al.,
2021). The head also consists of striated muscle under voluntary innervation - these muscles
are used for facial expressions and give the ability to speak (Westbrook et al., 2021). The
present study adds to existing knowledge on the imaged composition of the head, indicating
that the head is predominantly imaged as fat free mass. Further research is needed to
investigate if DXA-derived composition of the head region is static or changes in response to

varying hydration for example.

In terms of scan procedure, the TBLH scan begins at the mandible and this is achieved by
positioning the scanner arm laser directly above the chin. This ensured that the neck muscles
were included in the DXA image. The trapezius is a major neck and shoulder muscle, that has
different blood supply, muscle fibres and the mitochondrial distribution (Lindman et al.,
1990); Eriksson et al., 1999). Athletes who engage in strength training, may have interest in
the lean mass of this region, particularly in sports such as rugby, where neck strength is
important (Yamada et al., 1989; McCormick & Schultz, 1992). Currently, DXA does not
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provide a separate region of interest for the neck, but this would be possible with the head in
the frankfort plane and with both the standard and the TBLH scan.

5.4 Rationale for the use of the TBLH scan in athletes

The TBLH application may have advantages in a specifically athletic population. Firstly there
is less radiation exposure due to a reduction of scan duration. A total-body DXA radiation
exposure is generally accepted for being low, as one standard total-body scan is 2 uSv (Public
Health England, 2013). However, any reduction of radiation is advantageous, to align with
the 'as low as reasonably practicable’ (ALARP) guidance directing radiation protection
protocols (IRMER and IRR17; CQC, 2022). The reduction in radiation exposure utilising the
TBLH method is important, especially for individuals or sports teams that are longitudinally

monitored.

Secondly, certain sporting disciplines require athletes to have a tall stature (basketball and
rugby), taller athletes may exceed the DXA scan boundaries for total-body application (Nana
et al.,, 2012; Santos et al., 2013). Previous studies, Nana et al., (2012) and Santos et al.,
(2013) researched whole-body DXA scans for taller individuals, the method for this was the
sum of two-three partial scans. Results indicate accurate estimation utilising this method,;
however, this technique is time consuming in comparison to one TBLH scan. The TBLH
scan allows participants >195 cm to fit in the scan boundary and provides accurate
measurements for meaningful body composition components. This in turn allows for
standardised procedures for all athletes, especially within sports teams that have a range of
different heights.

Thirdly, it could be hypothesised that the TBLH may be more relevant to measure the
development of body composition, due to the head composition being more static (cortical
bone of the cranium and constant tissue of the brain and fluid) and thus not changing with a
training/diet intervention. There is currently no published research on the effects of training
and diet interventions on the composition of the head region. The head composition is mainly
identified as FFM, however the brain is a different organ to LM and has high cortical bone

composition of the cranium.

60



Fourthly, technical differences between paediatric (under 20 years) and adult DXA scans are
worth consideration when monitoring growth and development in athletes. TBLH body
composition is the standard output for under 20's and the ISCD official paediatric position
(2013) recommends the TBLH and posterior-anterior spine as the scan sites for individuals
under the age of 20 years. Crabtree et al., (2017) reported sex and ethnic reference ranges for
TBLH BMD. In relation to the present study, athletes usually start their competitive sports
career before 20 years. In some sports individuals perform on a competitive level before 10
years, this is known as the initiation stage, then moving into the development stage and
finally starting the mastery stage of the sporting discipline at 18 — 19 years (Wylleman et al.,
2010). If the TBLH approach is only used for athletes under 20 years, comparisons with
scans made post 20 years of age (standard scan, including the head) are not valid. However, if
TBLH was implemented for the assessment of body composition measurement across all age

groups, TBLH (not standard total-body) baselines are important.

Given that athletes at the highest level are at optimal physique, changes in body compositions
after an intervention will be small, because the body is close to maximum adaptation. If the
head does not develop throughout an intervention and it then becomes a common
denominator, this will make it harder to identify the meaningful changes in body
composition. When the head is removed, percentage increase or decrease will increase,
allowing practitioners to identify if a strength and conditioning or a diet has been successful

or not.

5.5 Study considerations

The current study utilised the same-day scan approach which produces lower precision error
than consecutive day assessment. Up to 25% greater error has been previously reported using
the consecutive day approach (Farley et al., 2020). Zemski et al., (2019) also found greater
precision error with consecutive day scanning (FM: 1,216 g vs 660 g; LM: 2,083 g vs 617 g).
The greater variability with consecutive day scan measurements is likely attributed to
biological variation and technical error. While this study reported superior precision for the
standard total-body scan and the TBLH scan, it should be considered that this was for same

day scans and not consecutive scans.
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A further consideration for this current study is that the total sample size was greater than for

previous DXA precision studies in athletes (n = 12 — 60; Table 16). Precision studies are

required to have a duplicate measure on a minimum of 30 participants or a triplicate measure
on 15 participants, following ISCD guidance (2013) (Hind et al., 2018). Reflecting this, the

average sample size for previous precision studies is n = 33. A larger sample size provides

confidence in the results for precision error and repeated measures.

day scans and not consecutive scans.

Table 16. Published DXA precision studies in athletes (2013 to 2020)

Study n M F Age (yr) Sport
Jones et al., 2021 97 16 - 60 Mixed disciplines
Behring etal., 2013 60 30 30 M=18.3-234,F=18.1-227  Mixed disciplines
Barlow et al., 2015 45 45 0 21.8+54 Rugby
Zemski et al., 2019 39 39 0 25.7+3.1 Rugby
Bilsborough et al., Australian
36 36 0 22.7+3.0
2014 football
Thurlowetal., 2018 38 38 0 27.1+12.1,18-59.9 Physically active
Resistance
Farley et al., 2020 32 32 0 31+7 o
training > 2 yr
Santos et al., 2013 31 13 18 16 - 55 Mixed disciplines
_ Resistance training > 3
Tinsley et al., 2020 27 17 10 M=260+65F=258+5.4
yr
] Resistance training >1
Zemski et al., 2019 21 11 10 N/A
yr
Nana et al., 2016 21 21 0 202+16 Cyclist
Keil et al., 2016 12 12 0 31+7 Wheelchair basketball

The study sample in this research included both sexes, which was representative of the

population usually scanned at this centre. Male and female naturally have wide differences in

body composition which varies significantly between the two sexes (Bredella et al., 2017).
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Previous research reports that the majority of studies only include male athletes. Similarly,
Hind et al., (2018) reviewed literature focusing on precision error from 1980 - 2013 and
identified that only 25 studies were accepted by the review’s inclusion criteria. Out of these
25 studies only 3 studies were female only, 12 males only and 10 included both sexes. This
highlights a lack of research specifically on female athletes. Several studies have included
both male and female athletes (Santos et al., 2013; Behring et al., 2014; Zemski et al., 2019;
Tinsley et al., 2020).

This research also included a wide range of sporting disciplines, this was done in accord with
ISCD guidance that the study population should be similar to those usually scanned at the
centre - so that precision is relevant and useable (Hangartner et al., 2013). The variety of
sports gave the opportunity to measure different types of physiques (Table 15). The majority
of previous DXA precision investigations in athletes have focused on a single sport, such as
rugby, cycling and football (Bilsborough et al., 2014; Barlow et a., 2015; Nana et al., 2016;
Lees et al., 2017).

5.6 Implications and future research considerations

This current research reported valid precision errors for TBLH body composition variables,
providing values that correlate with the current standard total-body scan precision errors.
After extensive scanning it was quite evident that the precision and validity could be
improved in the future through positioning, study sample size and best practice adherence.
The TBLH application needs an adjustment to accurately line up the start position.
Throughout the assessment of the TBLH application, the start position was always manually
positioned to the centre of the chin between the participants bottom lip and mandible. This
created room for technical error, as there was no focus point to accurately achieve a
repeatable start position. A simple laser or reference markers on the scanning arm would
improve this, and thus reduce potential technical error, similar to the approach used on a hip

or AP spine scan.

A potential improvement for future work comparing total-body and TBLH application, would
be performing an equal number of repeat measurements techniques. This study provided
precision error results from a total of 95 participants for TBLH and 58 for total-body

techniques. For future work these numbers would ideally be the same, to get a direct
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comparison. However, for this current study the number of participants with duplicate
measures (58) for both methods still exceed the required value needed for a precision study
(Hangartner et al., 2013).

Due to COVID-19 government guidelines the opportunity for data collection was reduced,
scanning did not start until June and ended on the first week of August. In addition, access to
the imaging suite was limited to weekdays, resulting in only a month based on selective days
to scan participants. Typically, some participants had late afternoon appointments, therefore
making an overnight fast impossible, instead these participants had pre-scan guidance which
instructed no food intake 5 hours prior to the appointment. However, it is well documented
that overnight fasting is the best-practice pre-scan guidance, hopefully any future precision
studies will have less time constraints and the standardised protocol can be fully implemented

for all participants (Nana et al., 2016), thus improving precision errors.

It should also be considered that traditional body composition assessment methods (BIA,
skinfolds, air displacement) cannot be compared to DXA as the criterion method, if TBLH is
implemented. As discussed in the literature review (2.5), other body composition methods of
assessment make assumptions which include the head, for the estimation of body
composition variables. In athletes, the standard total-body DXA scan is widely accepted as
the criterion method, for the assessment of FM and FFM (Stewart & Hannan, 2000). This is a
potential reason why practitioners may prefer to continue utilising standard total-body scans,
so that previous body composition data using BIA, skinfolds or air displacement can be

compared to the standard total-body technique.

This study provided precision errors for regional analysis of body composition derived from
the standard total-body and TBLH approach. Results for this analysis identified that precision
error from both applications were higher when measuring the arm region. This may be caused
by the set-up position before starting the scan, arm position must consistently be set in the
mid-prone position, however, participants throughout the scan may move due the arms not be
strapped in position. Another similarity highlighted in the regional analysis was the lowest
precision error score for both methods was generated when measuring the bone mineral

content of the legs.
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Regional composition precision error was consistently lower for the TBLH method compared
to the standard total body approach. The lower precision error was especially apparent at the
trunk region (TBLH = 0.54 - 2.86 %CV vs. standard total body = 0.78 - 2.57 %CV). This
may reflect a greater accuracy when using the TBLH approach for deriving trunk regional
assessment. With the TBLH scan, the scanner arm is manually positioned to the edge of the
mandible. The leg region had the least difference in precision error results between the two
methods of assessment. The leg starting position is consistent for both approaches and utilises

the Velcro straps to support consistent positioning, for both methods.

An important area of interest for future work utilising the TBLH application is to investigate
longitudinal changes in body composition across a sporting season. The research could
implement both total-body and TBLH techniques, then directly compare percentage changes
after various competition and interventions. This research could determine if the TBLH
application can identify more meaningful changes, as a result of the head being removed
from assessment. The current study only reported the precision error and repeat
measurements for these techniques at one point in time, not multiple measurements across a
prolonged period of time. Additionally, future research in the assessment of head
composition, where a longitudinal study could be applied, aiming to establish any changes of

the head composition throughout an intervention.

6.0 Conclusion

In conclusion, this study found that total-body less head DXA scans yield similar precision
errors for assessments of total body composition compared to those derived from standard
total-body DXA scans. Further, the total and regional precision errors for both methods of
assessments were well within acceptable ranges recommended by the ISCD. The results from
this study indicate that precision error for the TBLH DXA is acceptable for the assessment of
body composition in an athletic population and is superior for the assessment of regional
composition. Measurements for LM, FM and BMC were significantly different between
TBLH scans and standard total-body scans. The effect of exclusion of the head region

resulted in significantly lower LM, BMC and FM.

The TBLH scan may be particularly useful for monitoring body composition in athletes due

to the exclusion of the head which reduces scan time and suitability for assessments in taller
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individuals. However, new baseline measurements should be performed utilising the TBLH
method to ensure consistency and validity of longitudinal measurements for athlete body
composition monitoring. Finally, previous body composition assessments implementing the
standard total-body application should not be compared with assessments using the TBLH

application.

66



References
Aans.org. 2022. AANS Patient Resources - Neurosurgical Conditions and Treatments.
[online] Available at: <https://www.aans.org/Patients/Neurosurgical-Conditions-and-

Treatments> [Accessed 12 January 2022].

Abdelmohsen, A.M., 2017. Comparison of central and peripheral bone mineral density
measurements in postmenopausal women. Journal of chiropractic medicine, 16(3), pp.199-
203.

Ackland, T.R., Lohman, T.G., Sundgot-Borgen, J., Maughan, R.J., Meyer, N.L., Stewart,
A.D. and Muller, W., 2012. Current status of body composition assessment in sport. Sports
medicine, 42(3), pp.227-249.

Anderson, B.W., Kortz, M.W. and Al Kharazi, K.A., 2021. Anatomy, head and neck, skull.

Baim, S., Wilson, C.R., Lewiecki, E.M., Luckey, M.M., Downs Jr, R.W. and Lentle, B.C.,
2005. Precision assessment and radiation safety for dual-energy X-ray absorptiometry:
position paper of the International Society for Clinical Densitometry. Journal of Clinical
Densitometry, 8(4), pp.371-378.

Ballard, T.P., Fafara, L.A.U.R.A. and Vukovich, M.D., 2004. Comparison of Bod Pod® and
DXA in female collegiate athletes. Medicine and science in sports and exercise, 36(4),
pp.731-735.

Bartlett, J.D., Hatfield, M., Parker, B.B., Roberts, L.A., Minahan, C., Morton, J.P. and
Thornton, H.R., 2020. DXA-derived estimates of energy balance and its relationship with
changes in body composition across a season in team sport athletes. European journal of
sport science, 20(7), pp.859-867.

Barlow, M.J., Oldroyd, B., Smith, D., Lees, M.J., Brightmore, A., Till, K., Jones, B. and
Hind, K., 2015. Precision error in dual-energy X-ray absorptiometry body composition
measurements in elite male rugby league players. Journal of Clinical Densitometry, 18(4),
pp.546-550.

67



Benardot, D., 1996. Working with young athletes: views of a nutritionist on the sports
medicine team. International Journal of Sport Nutrition and Exercise Metabolism, 6(2),
pp.110-120.

Bilsborough, J.C., Greenway, K.G., Opar, D.A., Livingstone, S.G., Cordy, J.T., Bird, S.R.
and Coultts, A.J., 2015. Comparison of anthropometry, upper-body strength, and lower-body
power characteristics in different levels of Australian football players. The Journal of
Strength & Conditioning Research, 29(3), pp.826-834.

Bilsborough, J.C., Greenway, K., Opar, D., Livingstone, S., Cordy, J. and Coutts, A.J., 2014,
The accuracy and precision of DXA for assessing body composition in team sport athletes.
Journal of sports sciences, 32(19), pp.1821-1828.

Binkley, T.L., Daughters, S.W., Weidauer, L.A. and Vukovich, M.D., 2015. Changes in body
composition in Division | football players over a competitive season and recovery in off-
season. The Journal of Strength & Conditioning Research, 29(9), pp.2503-2512.

Blake, G.M. and Fogelman, I., 2007. The role of DXA bone density scans in the diagnosis
and treatment of osteoporosis. Postgraduate medical journal, 83(982), pp.509-517.

Blake, G.M. and Fogelman, 1., 2010, January. An update on dual-energy x-ray
absorptiometry. In Seminars in nuclear medicine (Vol. 40, No. 1, pp. 62-73). WB Saunders.

Bone, J.L., Ross, M.L., Tomcik, K.A., Jeacocke, N.A., Hopkins, W.G., & Burke, L.M. 2017.
Manipulation of muscle creatine and glycogen changes DXA estimates of body composition.
Medicine & Science in Sports & Exercise, 49(5), pp.1029-1035.

Bredella, M.A., 2017. Sex differences in body composition. Sex and gender factors affecting

metabolic homeostasis, diabetes and obesity, pp.9-27.

Buehring, B., Krueger, D., Libber, J., Heiderscheit, B., Sanfilippo, J., Johnson, B., Haller, 1.
and Binkley, N., 2014. Dual-energy X-ray absorptiometry measured regional body
composition least significant change: effect of region of interest and gender in athletes.
Journal of Clinical Densitometry, 17(1), pp.121-128.

68



Callister, R.O.B.I.N., Callister, R.J., Fleck, S.J. and Dudley, G.A., 1990. Physiological and
performance responses to overtraining in elite judo athletes. Medicine and science in sports
and exercise, 22(6), pp.816-824.

Callister, R., Callister, R.J., Staron, R.S., Fleck, S.J., Tesch, P. and Dudley, G.A., 1991.
Physiological characteristics of elite judo athletes. International Journal of Sports Medicine,
12(02), pp.196-203.

Carbone, J.W., McClung, J.P. and Pasiakos, S.M., 2019. Recent advances in the
characterization of skeletal muscle and whole-body protein responses to dietary protein and

exercise during negative energy balance. Advances in Nutrition, 10(1), pp.70-79.

Carlsson, M., Carlsson, T., Hammarstrom, D., Malm, C. and Tonkonogi, M., 2014.
Prediction of race performance of elite cross-country skiers by lean mass. International

journal of sports physiology and performance, 9(6), pp.1040-1045.

Chaabene, H., Prieske, O., Lesinski, M., Sandau, I. and Granacher, U., 2019. Short-term
seasonal development of anthropometry, body composition, physical fitness, and sport-

specific performance in young olympic weightlifters. Sports, 7(12), p.242.

Charlton, K., Batterham, M., Langford, K., Lateo, J., Brock, E., Walton, K., Lyons-Wall, P.,
Eisenhauer, K., Green, N. and McLean, C., 2015. Lean body mass associated with upper
body strength in healthy older adults while higher body fat limits lower extremity
performance and endurance. Nutrients, 7(9), pp.7126-7142.

Claessens, A.L., Hlatky, S., Lefevre, J. and Holdhaus, H., 1994. The role of anthropometric
characteristics in modern pentathlon performance in female athletes. Journal of sports
sciences, 12(4), pp.391-401.

Clarys, J.P., Martin, A.D., Marfell-Jones, M.J., Janssens, V., Caboor, D. and Drinkwater,
D.T., 1999. Human body composition: A review of adult dissection data. American Journal
of Human Biology: The Official Journal of the Human Biology Association, 11(2), pp.167-
174.

69



Convertino, V.A., Armstrong, L.E., Coyle, E.F., Mack, G.W., Sawka, M.N., Senay Jr, L.C.
and Sherman, W.M., 1996. American College of Sports Medicine position stand. Exercise

and fluid replacement. Medicine and science in sports and exercise, 28(1), pp.i-vii.

Coyle, E.F., 2004. Fluid and fuel intake during exercise. Journal of sports sciences, 22(1),
pp.39-55.

Crabtree, N.J., Arabi, A., Bachrach, L.K., Fewtrell, M., Fuleihan, G.E.H., Kecskemethy,
H.H., Jaworski, M. and Gordon, C.M., 2014. Dual-energy X-ray absorptiometry
interpretation and reporting in children and adolescents: the revised 2013 ISCD Pediatric

Official Positions. Journal of Clinical Densitometry, 17(2), pp.225-242.

Crabtree, N.J., Shaw, N.J., Bishop, N.J., Adams, J.E., Mughal, M.Z., Arundel, P., Fewtrell,
M.S., Ahmed, S.F., Treadgold, L.A., Hogler, W. and Bebbington, N.A., 2017. Amalgamated

reference data for size-adjusted bone densitometry measurements in 3598 children and young

adults—the ALPHABET study. Journal of Bone and Mineral Research, 32(1), pp.172-180.

De Lorenzo, A., Bertini, I. and Pagliato, L.1.E., 2000. Body composition measurement in
highly trained male athletes: A comparison of three methods. Journal of sports medicine and
physical fitness, 40(2), p.178.

Dempster, P.H.I.L.I.P. and Aitkens, S.U.S.A.N., 1995. A new air displacement method for
the determination of human body composition. Medicine and science in sports and exercise,
27(12), pp.1692-1697.

Dipla, K., Kraemer, R.R., Constantini, N.W. and Hackney, A.C., 2021. Relative energy
deficiency in sports (RED-S): Elucidation of endocrine changes affecting the health of males
and females. Hormones, 20(1), pp.35-47.

Duthie, G.M., 2006. A framework for the physical development of elite rugby union players.
International journal of sports physiology and performance, 1(1), pp.2-13.

70



Elliott-Sale, K.J., Tenforde, A.S., Parziale, A.L., Holtzman, B. and Ackerman, K.E., 2018.
Endocrine effects of relative energy deficiency in sport. International Journal of Sport
Nutrition and Exercise Metabolism, 28(4), pp.335-349.

Epstein, H., 1974. Prenoblysis: Special brain and mind growth periods: 1. Human brain and

skull development. Developmental Psychobiology, 1, pp.297-316.

Evans, E.M., Prior, B.M., & Modlesky, C.M. 2005. A mathematical method to estimate body
composition in tall individuals using DXA. Medicine and Science in Sports and Exercise,
37(7), pp.1211-1215.

Farley, A., Slater, G.J. and Hind, K., 2020. Short-Term Precision Error of Body Composition
Assessment Methods in Resistance-Trained Male Athletes. International Journal of Sport
Nutrition and Exercise Metabolism, 31(1), pp.55-65.

Fields, D.A., Higgins, P.B. and Hunter, G.R., 2004. Assessment of body composition by air-
displacement plethysmography: influence of body temperature and moisture. Dynamic
Medicine, 3(1), pp.1-7.

Fields, D.A., Hunter, G.R., & Goran, M.I. 2000. Validation of the BOD POD with
hydrostatic weighing: Influence of body clothing. Densitometry, 20(1), pp. 50-57.

Fischer, H. and Lembcke, B., 1991. Die Anwendung der bioelektrischen Impedanzanalyse
(BIA) zur Beurteilung der Kérperzusammensetzung und des Erndhrungszustandes. Inn.
Med, 18(1), pp.13-17.

Fogelholm, M. and van Marken Lichtenbelt, W., 1997. Comparison of body composition
methods: a literature analysis. European Journal of Clinical Nutrition, 51(8), pp.495-503.

Fortes, M.B., Diment, B.C., Greeves, J.P., Casey, A., Izard, R. and Walsh, N.P., 2011.
Effects of a daily mixed nutritional supplement on physical performance, body composition,
and circulating anabolic hormones during 8 weeks of arduous military training. Applied
Physiology, Nutrition, and Metabolism, 36(6), pp.967-975.

71



Gallot, M., Zorgati, H., Prieur, F., Rebot-Vibarel, N., Collomp, K. and Rieth, N., 2019. Effect
of weight-control practices of high-level female judokas over competition period on body

composition and factors of performance. Science & Sports, 34(5), pp.305-312.

Garthe, 1., Raastad, T., Refsnes, P.E., Koivisto, A. and Sundgot-Borgen, J., 2011. Effect of
two different weight-loss rates on body composition and strength and power-related
performance in elite athletes. International journal of sport nutrition and exercise
metabolism, 21(2), pp.97-104.

Garthe, 1., Raastad, T., Refsnes, P.E. and Sundgot-Borgen, J., 2013. Effect of nutritional
intervention on body composition and performance in elite athletes. European journal of
sport science, 13(3), pp.295-303.

Garthe, I., Raastad, T. and Sundgot-Borgen, J., 2011. Long-term effect of weight loss on
body composition and performance in elite athletes. International journal of sport nutrition

and exercise metabolism, 21(5), pp.426-435.

Garthe, 1. and Ramsbottom, R., 2020. Elite athletes, a rationale for the use of dietary

supplements: A practical approach. PharmaNutrition, p.100234.

Georgeson, E.C., Weeks, B.K., McLellan, C. and Beck, B.R., 2012. Seasonal change in bone,
muscle and fat in professional rugby league players and its relationship to injury: a cohort
study. BMJ open, 2(6), p.e001400.

Gluer, C.C., Blake, G,, Lu, Y., Blunt, B.A., Jergas, M. and Genant, H.K., 1995. Accurate
assessment of precision errors: how to measure the reproducibility of bone densitometry

techniques. Osteoporosis international, 5(4), pp.262-270.

Going, S.B., Massett, M.P., Hall, M.C., Bare, L.A., Root, P.A., Williams, D.P. and Lohman,
T.G., 1993. Detection of small changes in body composition by dual-energy x-ray

absorptiometry. The American journal of clinical nutrition, 57(6), pp.845-850.

Gomes, A., Landers, G., Binnie, M., Goods, P., Fulton, S. and Ackland, T., 2018. Body

composition assessment in athletes: comparison of a novel ultrasound technique to traditional

72



skinfold measures and criterion DXA measure. Journal of Science and Medicine in Sport, 21,
pp.S89-S90.

Granacher, U., Lesinski, M., Bisch, D., Muehlbauer, T., Prieske, O., Puta, C., Gollhofer, A.
and Behm, D.G., 2016. Effects of resistance training in youth athletes on muscular fitness and
athletic performance: a conceptual model for long-term athlete development. Frontiers in

physiology, 7, p.164.

Guo, Y., Franks, P.W., Brookshire, T. and Tataranni, P.A., 2004. The intra-and
inter-instrument reliability of DXA based on ex vivo soft tissue measurements. Obesity
research, 12(12), pp.1925-1929.

Hagmar, M., Berglund, B., Brismar, K. and Hirschberg, A.L., 2013. Body composition and
endocrine profile of male Olympic athletes striving for leanness. Clinical Journal of Sport
Medicine, 23(3), pp.197-201.

Hall, K.D., Chen, K.Y., Guo, J., Lam, Y.Y., Leibel, R.L., Mayer, L.E., Reitman, M.L.,
Rosenbaum, M., Smith, S.R., Walsh, B.T. and Ravussin, E., 2016. Energy expenditure and
body composition changes after an isocaloric ketogenic diet in overweight and obese men.

The American journal of clinical nutrition, 104(2), pp.324-333.

Hangartner, T.N., Warner, S., Braillon, P., Jankowski, L. and Shepherd, J., 2013. The Official
Positions of the International Society for Clinical Densitometry: acquisition of dual-energy
X-ray absorptiometry body composition and considerations regarding analysis and

repeatability of measures. Journal of Clinical Densitometry, 16(4), pp.520-536.

Heitmann, B.L., 1994. Impedance: a valid method in assessment of body composition?.
European journal of clinical nutrition, 48(4), pp.228-240.

Hind, K., Slater, G., Oldroyd, B., Lees, M., Thurlow, S., Barlow, M. and Shepherd, J., 2018.
Interpretation of dual-energy X-ray Absorptiometry-Derived body composition change in
athletes: a review and recommendations for best practice. Journal of Clinical Densitometry,
21(3), pp.429-443.

73



Hind, K., Oldroyd, B. and Truscott, J.G., 2011. In vivo precision of the GE Lunar iDXA
densitometer for the measurement of total-body composition and fat distribution in adults.

European journal of clinical nutrition, 65(1), pp.140-142.

Horber, F.F., Thomi, F., Casez, J.P., Fonteille, J. and Jaeger, P.H., 1992. Impact of hydration
status on body composition as measured by dual energy X-ray absorptiometry in normal
volunteers and patients on haemodialysis. The British journal of radiology, 65(778), pp.895-
900.

Hull, H., He, Q., Thornton, J., Javed, F., Allen, L., Wang, J., Pierson Jr, R.N. and Gallagher,
D., 2009. iDXA, Prodigy, and DPXL dual-energy X-ray absorptiometry whole-body scans: a
cross-calibration study. Journal of clinical densitometry, 12(1), pp.95-102.

Ispoglou, T., White, H., Preston, T., McElhone, S., McKenna, J. and Hind, K., 2016. Double-
blind, placebo-controlled pilot trial of L-Leucine-enriched amino-acid mixtures on body
composition and physical performance in men and women aged 65-75 years. European

journal of clinical nutrition, 70(2), pp.182-188.

Ivy, J.L., 2004. Regulation of muscle glycogen repletion, muscle protein synthesis and repair
following exercise. Journal of sports science & medicine, 3(3), p.131.

Jenner, S.L., Trakman, G., Coutts, A., Kempton, T., Ryan, S., Forsyth, A. and Belski, R.,
2018. Dietary intake of professional Australian football athletes surrounding body
composition assessment. Journal of the International Society of Sports Nutrition, 15(1), pp.1-
8.

Jin, SW., Sim, K.B. and Kim, S.D., 2016. Development and growth of the normal cranial
vault: an embryologic review. Journal of Korean Neurosurgical Society, 59(3), p.192.

Kadi, F., 1999. Eriksson A, Holmner S, Butler-Browne GS, Thornell LE. Cellular adaptation
of the trapezius muscle in strength-trained athletes. Histochem Cell Biol, 111, pp.189-195.

Keay, N., Francis, G., Entwistle, I. and Hind, K., 2019. Clinical evaluation of education

relating to nutrition and skeletal loading in competitive male road cyclists at risk of relative

74



energy deficiency in sports (RED-S): 6-month randomised controlled trial. BMJ open sport &
exercise medicine, 5(1), p.e000523.

Keil, M., Totosy de Zepetnek, J.O., Brooke-Wavell, K. and Goosey-Tolfrey, V.L., 2016.
Measurement precision of body composition variables in elite wheelchair athletes, using

dual-energy X-ray absorptiometry. European journal of sport science, 16(1), pp.65-71.

Kerr, A., Slater, G.J. and Byrne, N., 2017. Impact of food and fluid intake on technical and
biological measurement error in body composition assessment methods in athletes. British
Journal of Nutrition, 117(4), pp.591-601.

Kerr, A.D., Slater, G.J. and Byrne, N.M., 2018. Influence of subject presentation on
interpretation of body composition change after 6 months of self-selected training and diet in

athletic males. European journal of applied physiology, 118(6), pp.1273-1286.

Kerr, A., Slater, G., Byrne, N. and Chaseling, J., 2015. Validation of bioelectrical impedance
spectroscopy to measure total-body water in resistance-trained males. International journal of

sport nutrition and exercise metabolism, 25(5), pp.494-503.

Kerr, A., Slater, G.J., Byrne, N. and Nana, A., 2016. Reliability of 2 different positioning
protocols for dual-energy X-ray absorptiometry measurement of body composition in healthy
adults. Journal of Clinical Densitometry, 19(3), pp.282-289.

Knapp, K.M., Welsman, J.R., Hopkins, S.J., Shallcross, A., Fogelman, I. and Blake, G.M.,
2015. Obesity increases precision errors in total-body dual-energy x-ray absorptiometry

measurements. Journal of Clinical Densitometry, 18(2), pp.209-216.
Kushner, R.F., Gudivaka, R. and Schoeller, D.A., 1996. Clinical characteristics influencing
bioelectrical impedance analysis measurements. The American journal of clinical nutrition,

64(3), pp.423S-427S.

Kyle, U.G., Bosaeus, I., De Lorenzo, A.D., Deurenberg, P., Elia, M., Gomez, J.M.,
Heitmann, B.L., Kent-Smith, L., Melchior, J.C., Pirlich, M. and Scharfetter, H., 2004.

75



Bioelectrical impedance analysis—ypart I1: utilization in clinical practice. Clinical nutrition,
23(6), pp.1430-1453.

Lambrinoudaki, 1., Georgiou, E., Douskas, G., Tsekes, G., Kyriakidis, M. and Proukakis, C.,
1998. Body composition assessment by dual-energy x-ray absorptiometry: comparison of

prone and supine measurements. Metabolism, 47(11), pp.1379-1382.

Lees, M.J., Oldroyd, B., Jones, B., Brightmore, A., O'Hara, J.P., Barlow, M.J., Till, K. and
Hind, K., 2017. Three-compartment body composition changes in professional rugby union
players over one competitive season: a team and individualized approach. Journal of Clinical
Densitometry, 20(1), pp.50-57.

Leslie, W.D., Derksen, S., Prior, H.J., Lix, L.M., Metge, C. and O’neil, J., 2006. The
interaction of ethnicity and chronic disease as risk factors for osteoporotic fractures: a
comparison in Canadian Aboriginals and non-Aboriginals. Osteoporosis international, 17(9),
pp.1358-1368.

Lindman, R., Eriksson, A. and Thornell, L.E., 1990. Fiber type composition of the human
male trapezius muscle: Enzyme-histochemical characteristics. American Journal of

anatomy, 189(3), pp.236-244.

Lohman, T.G., Harris, M., Teixeira, P.J. and Weiss, L., 2000. Assessing body composition
and changes in body composition: another look at dual-energy x-ray absorptiometry. Annals
of the New York Academy of Sciences, 904(1), pp.45-54.

Lohman, M., Tallroth, K., Kettunen, J.A. and Marttinen, M.T., 2009. Reproducibility of dual-
energy x-ray absorptiometry total and regional body composition measurements using
different scanning positions and definitions of regions. Metabolism, 58(11), pp.1663-1668.

Lukaski, H.C., 2013. Evolution of bioimpedance: a circuitous journey from estimation of

physiological function to assessment of body composition and a return to clinical research.
European journal of clinical nutrition, 67(1), pp.S2-S9.

76



MacArthur, D.G. and North, K.N., 2005. Genes and human elite athletic performance.
Human genetics, 116(5), pp.331-339.

Marfell-Jones, M.J., Stewart, A.D. and De Ridder, J.H., 2012. International standards for

anthropometric assessment.

Marra, M., Sammarco, R., De Lorenzo, A., lellamo, F., Siervo, M., Pietrobelli, A., Donini,
L.M., Santarpia, L., Cataldi, M., Pasanisi, F. and Contaldo, F., 2019. Assessment of body
composition in health and disease using bioelectrical impedance analysis (BIA) and dual
energy X-ray absorptiometry (DXA): a critical overview. Contrast Media & Molecular

Imaging, 2019.

Matias, C.N., Santos, D.A., Judice, P.B., Magalhaes, J.P., Minderico, C.S., Fields, D.A.,
Lukaski, H.C., Sardinha, L.B. and Silva, A.M., 2016. Estimation of total-body water and
extracellular water with bioimpedance in athletes: A need for athlete-specific prediction
models. Clinical Nutrition, 35(2), pp.468-474.

Maughan, R.J., Shirreffs, S.M. and Watson, P., 2007. Exercise, heat, hydration and the brain.
Journal of the American College of Nutrition, 26(sup5), pp.604S-612S.

Mazess, R.B., Barden, H.S., Bisek, J.P. and Hanson, J., 1990. Dual-energy x-ray
absorptiometry for total-body and regional bone-mineral and soft-tissue composition. The

American journal of clinical nutrition, 51(6), pp.1106-1112.

McCormick, K.M. and Schultz, E., 1992. Mechanisms of nascent fiber formation during

avian skeletal muscle hypertrophy. Developmental biology, 150(2), pp.319-334.
McCrory, M.A., Molé, P.A., Gomez, T.D., Dewey, K.G. and Bernauer, E.M., 1998. Body

composition by air-displacement plethysmography by using predicted and measured thoracic
gas volumes. Journal of Applied Physiology, 84(4), pp.1475-1479.

Meyer, N.L., Ackland, T.R. and Lohman, T.G., 2013. Body composition for health and
performance: a survey of the Ad Hoc Research Working Group on Body Composition,

77



Health and Performance, under the auspices of the IOC Medical Commission. Br J Sports
Med, 47, pp.1044-53.

Milanese, C., Cavedon, V., Corradini, G., De Vita, F. and Zancanaro, C., 2015. Seasonal
DXA-measured body composition changes in professional male soccer players. Journal of
sports sciences, 33(12), pp.1219-1228.

Morehen, J.C., Clarke, J., Batsford, J., Highton, J., Erskine, R.M., Morton, J.P. and Close,
G.L., 2020. Development of anthropometric characteristics in professional Rugby League
players: Is there too much emphasis on the pre-season period?. European journal of sport
science, 20(8), pp.1013-1022.

Moore, F.D. and Boyden, C.M., 1963. Body cell mass and limits of hydration of the fat-free
body: Their relation to estimated skeletal weight. Annals of the New York Academy of
Sciences, 110(1), pp.62-71.

Morris, F.L. and Payne, W.R., 1996. Seasonal variations in the body composition of

lightweight rowers. British journal of sports medicine, 30(4), pp.301-304.

Mountjoy, M., Sundgot-Borgen, J., Burke, L., Carter, S., Constantini, N., Lebrun, C., Meyer,
N., Sherman, R., Steffen, K., Budgett, R. and Ljungquvist, 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), pp.491-497.

Murphy, N.E., Carrigan, C.T., Karl, J.P., Pasiakos, S.M. and Margolis, L.M., 2018.
Threshold of energy deficit and lower-body performance declines in military personnel: a

meta-regression. Sports Medicine, 48(9), pp.2169-2178.

MVL, S.K., 2004. EFFECT OF CHANGES IN BODY COMPOSITION PROFILE ON VO 2
max AND MAXIMAL WORK PERFORMANCE IN ATHLETES. Journal of Exercise
Physiology Online, 7(1).

Nana, A., Slater, G.J., Hopkins, W.G. and Burke, L.M., 2012. Techniques for undertaking

dual-energy X-ray absorptiometry whole-body scans to estimate body composition in tall

78



and/or broad subjects. International Journal of Sport Nutrition and Exercise Metabolism,
22(5), pp.313-322.

Nana, A., Slater, G.J., Hopkins, W.G., Halson, S.L., Martin, D.T., West, N.P. and Burke,
L.M., 2016. Importance of standardized DXA protocol for assessing physique changes in
athletes. International Journal of Sport Nutrition and Exercise Metabolism, 26(3), pp.259-
267.

Nana, A., Slater, G.J., Stewart, A.D. and 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 sport nutrition and exercise metabolism, 25(2),
pp.198-215.

Nijholt, W., Scafoglieri, A., Jager-Wittenaar, H., Hobbelen, J.S. and van der Schans, C.P.,
2017. The reliability and validity of ultrasound to quantify muscles in older adults: a

systematic review. Journal of cachexia, sarcopenia and muscle, 8(5), pp.702-712.

Norton, K., Whittingham, N., Carter, L., Kerr, D., Gore, C. and Marfell-Jones, M., 1996.

Measurement techniques in anthropometry. Anthropometrica, 1, pp.25-75.

Oatway, W.B., Jones, A.L. and Holmes, S., 2016. lonising radiation exposure of the UK
population, 2010 review. Centre for Radiation, Chemical and Environmental Hazards, Public
Health England.

Pace, N. and Rathbun, E.N., 1945. Studies on body composition Ill. The body water and
chemically combined nitrogen content in relation to fat content. Journal of Biological
Chemistry, 158(3), pp.685-691.

Pettersson, S., Ekstrom, M.P. and Berg, C.M., 2013. Practices of weight regulation among

elite athletes in combat sports: a matter of mental advantage?. Journal of athletic training,
48(1), pp.99-108.

79



Peterson, M.D., Rhea, M.R. and Alvar, B.A., 2004. Maximizing strength development in
athletes: a meta-analysis to determine the dose-response relationship. The Journal of Strength
& Conditioning Research, 18(2), pp.377-382.

Pieper, C., Redman, L., Racette, S., Roberts, S., Bhapkar, M., Rochon, J., Martin, C., Kraus,
W., Das, S., Williamson, D. and Ravussin, E., 2011. Development of adherence metrics for

caloric restriction interventions. Clinical trials, 8(2), pp.155-164.

Pietrobelli, A.N.G.E.L.O., Formica, C., Wang, Z.I.M.l.A.N. and Heymsfield, S.B., 1996.
Dual-energy X-ray absorptiometry body composition model: review of physical concepts.

American Journal of Physiology-Endocrinology And Metabolism, 271(6), pp.E941-E951.

Pike, K.L., 2015. Language in relation to a unified theory of the structure of human behavior
(Vol. 24). Walter de Gruyter GmbH & co KG.

Plank, L.D., 2005. Dual-energy X-ray absorptiometry and body composition. Current
Opinion in Clinical Nutrition & Metabolic Care, 8(3), pp.305-3009.

Pludowski, P., Jaworski, M., Matusik, H., Kobylinska, M., Klimek, P. and Lorenc, R.S.,
2010. The evaluation of consistency between body composition assessments in pediatric
population using pencil beam and fan beam dual-energy x-ray absorptiometers. Journal of
Clinical Densitometry, 13(1), pp.84-95.

Powers, M.E., Arnold, B.L., Weltman, A.L., Perrin, D.H., Mistry, D., Kahler, D.M.,
Kraemer, W. and Volek, J., 2003. Creatine supplementation increases total-body water

without altering fluid distribution. Journal of athletic training, 38(1), p.44.
Prior, B.M., Cureton, K.J., Modlesky, C.M., Evans, E.M., Sloniger, M.A., Saunders, M. and
Lewis, R.D., 1997. In vivo validation of whole body composition estimates from dual-energy

X-ray absorptiometry. Journal of applied physiology, 83(2), pp.623-630.

Prokop, N., 2015. Seasonal Changes in Whole Body, and Regional Body Composition
Profiles of Elite Collegiate Hockey Players. McGill University (Canada).

80



Rajamanohara, R., Robinson, J., Rymer, J., Patel, R., Fogelman, I. and Blake, G.M., 2011.
The effect of weight and weight change on the long-term precision of spine and hip DXA

measurements. Osteoporosis international, 22(5), pp.1503-1512.

Reale, R., Slater, G. and Burke, L.M., 2018. Weight management practices of Australian
Olympic combat sport athletes. International journal of sports physiology and performance,
13(4), pp.459-466.

Reale, R., Burke, L.M., Cox, G.R. and Slater, G., 2020. Body composition of elite Olympic

combat sport athletes. European journal of sport science, 20(2), pp.147-156.

Roche, A.F., 1987. Some aspects of the criterion methods for the measurement of body

composition. Human biology, pp.209-220.

Robinson, S.L., Lambeth-Mansell, A., Gillibrand, G., Smith-Ryan, A. and Bannock, L., 2015.
A nutrition and conditioning intervention for natural bodybuilding contest preparation: case

study. Journal of the International Society of Sports Nutrition, 12(1), pp.1-11.

Rothney, M.P., Martin, F.P., Xia, Y., Beaumont, M., Davis, C., Ergun, D., Fay, L., Ginty, F.,
Kochhar, S., Wacker, W. and Rezzi, S., 2012. Precision of GE Lunar iDXA for the
measurement of total and regional body composition in nonobese adults. Journal of Clinical
Densitometry, 15(4), pp.399-404.

Rowell, L.B., 2004. Ideas about control of skeletal and cardiac muscle blood flow (1876—

2003): cycles of revision and new vision. Journal of applied physiology, 97(1), pp.384-392.

Rozenek, R., Ward, P., Long, S. and Garhammer, J., 2002. Effects of high-calorie
supplements on body composition and muscular strength following resistance training.
Journal of Sports Medicine and Physical Fitness, 42(3), pp.340-347.

Rennestad, B.R., Hansen, E.A. and Raastad, T., 2010. Effect of heavy strength training on

thigh muscle cross-sectional area, performance determinants, and performance in well-trained

cyclists. European journal of applied physiology, 108(5), pp.965-975.

81



Saltzman, E. and Roberts, S.B., 1995. The role of energy expenditure in energy regulation:

findings from a decade of research. Nutrition Reviews, 53(8), pp.209-220.

Santos, D.A., Gobbo, L.A., Matias, C.N., Petroski, E.L., Gongalves, E.M., Cyrino, E.S.,
Minderico, C.S., Sardinha, L.B. and Silva, A.M., 2013. Body composition in taller
individuals using DXA: A validation study for athletic and non-athletic populations. Journal
of sports sciences, 31(4), pp.405-413.

Santos, D.A,, Silva, A.M., Matias, C.N., Fields, D.A., Heymsfield, S.B. and Sardinha, L.B.,
2010. Accuracy of DXA in estimating body composition changes in elite athletes using a four

compartment model as the reference method. Nutrition & metabolism, 7(1), pp.1-9.

Schlabach, G., 1994. Carbohydrate strategies for injury prevention. Journal of Athletic
Training, 29(3), p.244.

Schoenfeld, B.J., 2010. The mechanisms of muscle hypertrophy and their application to
resistance training. The Journal of Strength & Conditioning Research, 24(10), pp.2857-2872.

Sievert, R.M. and Failla, G., 1959. Recommendations of the international commission on

radiological protection. Health Physics (England), 2.

Silva, A.M., Baptista, F., Minderico, C.S., Rodrigues, A.R., Pietrobelli, A., Teixeira, P.J. and
Sardinha, L.B., 2004. Calibration models to measure body composition in taller subjects
using DXA. International Journal of Body Composition Research, 2(4), pp.165-173.

Silva, A.M., Heymsfield, S.B. and Sardinha, L.B., 2013. Assessing body composition in
taller or broader individuals using dual-energy X-ray absorptiometry: a systematic

review. European journal of clinical nutrition, 67(10), pp.1012-1021.

Siri, W.E., 1956. Body composition from fluid spaces and density: analysis of methods.

Slater, G., O’Connor, H. and Kerr, A., 2018. Optimising physique for sports performance. In
Best Practice Protocols for Physique Assessment in Sport (pp. 27-36). Springer, Singapore.

82



Slater, G.J., Rice, A.J., Mujika, 1., Hahn, A.G., Sharpe, K. and Jenkins, D.G., 2005. Physique
traits of lightweight rowers and their relationship to competitive success. British journal of
sports medicine, 39(10), pp.736-741.

Soriano, J.M.P., loannidou, E., Wang, J., Thornton, J.C., Horlick, M.N., Gallagher, D.,
Heymsfield, S.B. and Pierson Jr, R.N., 2004. Pencil-beam vs fan-beam dual-energy X-ray
absorptiometry comparisons across four systems: body composition and bone mineral.
Journal of Clinical Densitometry, 7(3), pp.281-289.

Sousa, T., 2019. The role of a strength and conditioning coach. In The Sports Medicine
Physician (pp. 107-119). Springer, Cham.

Stewart, A.D., 2001. Assessing body composition in athletes. Nutrition (Burbank, Los
Angeles County, Calif.), 17(7-8), pp.694-695.

Stewart, A. and Hannan, W.J., 2000. Prediction of fat and fat-free mass in male athletes using
dual X-ray absorptiometry as the reference method. Journal of sports sciences, 18(4), pp.263-
274.

Stewart, A., Marfell-Jones, M., Olds, T. and Ridder, D.H., 2011. International Society for
Advancement of Kinanthropometry. International standards for anthropometric assessment.
Lower Hutt, New Zealand: International Society for the Advancement of Kinanthropometry,
50-3.

Stoggl, T., Enqvist, J., Muller, E. and Holmberg, H.C., 2010. Relationships between body
composition, body dimensions, and peak speed in cross-country sprint skiing. Journal of

sports sciences, 28(2), pp.161-1609.

Stone, M.H., Moir, G., Glaister, M. and Sanders, R., 2002. How much strength is necessary?.
Physical Therapy in Sport, 3(2), pp.88-96.

Sundgot-Borgen, J., Meyer, N.L., Lohman, T.G., Ackland, T.R., Maughan, R.J., Stewart,
A.D. and Muller, W., 2013. How to minimise the health risks to athletes who compete in

weight-sensitive sports review and position statement on behalf of the Ad Hoc Research

83



Working Group on Body Composition, Health and Performance, under the auspices of the
IOC Medical Commission. British journal of sports medicine, 47(16), pp.1012-1022.

Sutton, L., Scott, M., & Reilly, T. 2008. Validation of a new anthropometric equation for the
prediction of body composition in elite soccer players. Paper presented at the Proceedings of

the 1st World Conference on Science and Soccer, Liverpool.

Swainson, M.G., Batterham, A.M. and Hind, K., 2020. Age-and sex-specific reference

intervals for visceral fat mass in adults. International Journal of Obesity, 44(2), pp.289-296.

Thurlow, S., Oldroyd, B. and Hind, K., 2016. Scan mode selection on the GE-Lunar iDXA

densitometer. Journal of Clinical Densitometry, 20(4), p.533.

Thurlow, S., Oldroyd, B. and Hind, K., 2018. Effect of hand positioning on DXA total and
regional bone and body composition parameters, precision error, and least significant change.
Journal of Clinical Densitometry, 21(3), pp.375-382.

Tinsley, G.M., Moore, M.L. and Graybeal, A.J., 2020. Precision of dual-energy x-ray
absorptiometry reflection scans in muscular athletes. Journal of Clinical Densitometry, 23(4),
pp.647-655.

Trakman, G.L., Forsyth, A., Hoye, R. and Belski, R., 2019. Australian team sports athletes
prefer dietitians, the internet and nutritionists for sports nutrition information. Nutrition &
Dietetics, 76(4), pp.428-437.

Ulijaszek, S. 2003. Obesity: Preventing and Managing the Global Epidemic. Report of a
WHO Consultation. WHO Technical Report Series 894. Pp. 252. (World Health
Organization, Geneva, 2000.) Journal Of Biosocial Science, 35(4), pp.624-625.

Van Der Ploeg, G.E., Withers, R.T. and Laforgia, J., 2003. Percent body fat via DEXA:

comparison with a four-compartment model. Journal of applied physiology, 94(2), pp.499-
506.

84



Vilaga, K.H.C., Ferriolli, E., Lima, N.D.C., Paula, F.D. and Moriguti, J.C., 2009. Effect of
fluid and food intake on the body composition evaluation of elderly persons. JINHA-The
Journal of Nutrition, Health and Aging, 13(3), pp.183-186.

Venkata Ramana, Y., Surya Kumari, M.V.L., Sudhakar Rao, S. and Balakrishna, N., 2004.
COMPARISON OF TRAINING LOADS AND PHYSIOLOGICAL RESPONSES IN
ATHLETES: CONSIDERATION OF BODY WEIGHT IMPLICATIONS. Journal of
Exercise Physiology Online, 7(3).

Vescovi, J.D., Zimmerman, S.L., Miller, W.C. and Fernhall, B.O., 2002. Effects of clothing
on accuracy and reliability of air displacement plethysmography. Medicine and science in

sports and exercise, 34(2), pp.282-285.

Waldron, M., Worsfold, P., Twist, C. and Lamb, K., 2014. Changes in anthropometry and
performance, and their interrelationships, across three seasons in elite youth rugby league
players. The Journal of Strength & Conditioning Research, 28(11), pp.3128-3136.

Westbrook KE, Nessel TA, Hohman MH, Varacallo M. StatPearls [Internet]. StatPearls
Publishing; Treasure Island (FL): Sep 25, 2021. Anatomy, Head and Neck, Facial Muscles.

Witard, O.C., Garthe, I. and Phillips, S.M., 2019. Dietary protein for training adaptation and
body composition manipulation in track and field athletes. International Journal of Sport
Nutrition and Exercise Metabolism, 29(2), pp.165-174.

World Health Organization, 1994. Assessment of fracture risk and its application to
screening for postmenopausal osteoporosis: report of a WHO study group [ meeting held in
Rome from 22 to 25 June 1992]. World Health Organization.

Wylleman, P. and Reints, A., 2010. A lifespan perspective on the career of talented and elite

athletes: Perspectives on high-intensity sports. Scandinavian journal of medicine & science in
sports, 20, pp.88-94.

85



Yamada, S., Buffinger, N., DiMario, J. and Strohman, R.C., 1989. Fibroblast growth factor is
stored in fiber extracellular matrix and plays a role in regulating muscle

hypertrophy. Medicine and science in sports and exercise, 21(5 Suppl), pp.S173-80.

Yoon, B.H., Do Koh, Y., Yoo, J.I., Kim, S., Lee, G.Y., Park, S.B. and Ha, Y.C., 2021. Does
Bone Mineral Density Differ between Fan-Beam and Pencil-Beam?: A Meta-Analysis and

Systemic Review. Journal of bone metabolism, 28(1), p.67.

Zemski, A.J., Hind, K., Keating, S.E., Broad, E.M., Marsh, D.J. and Slater, G.J., 2019. Same-
day vs consecutive-day precision error of dual-energy X-ray absorptiometry for interpreting
body composition change in resistance-trained athletes. Journal of Clinical Densitometry,
22(1), pp.104-114.

Zemski, AJ., Keating, S.E., Broad, E.M. and Slater, G.J., 2019. Longitudinal changes in
body composition assessed using DXA and surface anthropometry show good agreement in
elite rugby union athletes. International journal of sport nutrition and exercise metabolism,
29(1), pp.24-31.

86



Appendix A: Participant information sheet
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Study title
Participant Information Sheet

Evaluation of the total-body-less-head dual energy X-ray absorptiometry (DXA) scan for bone and
body composition assessment

Section 1 - Background
Invitation and brief summary

You are invited to take part in this study which aims to evaluate a new dual energy X-ray
absorptiometry (DXA) scan application to measure bone density and body composition. The study will
compare the standard total-body DXA scan with the new total-body-less-head scan. We will examine
how precise the new scan is compared to the standard scan and what the differences are in
measured outcomes (lean mass, fat mass and bone density). We will also explore if the new scan can
predict bone density at the lumbar spine and femur (hip) and so identify people who may be at risk of
low bone density.

Why have | been invited to take part?

You have been invited to take part in this study because you are aged between 18 and 60 years. We
are recruiting to two main groups - athletes (competing at club level or above) and non-athletes (not
involved in competitive sports).

Do | have to take part?

The decision to take part in this study is completely up to you and should you decide to take part, you
are free to withdraw at anytime without giving a reason. If you decide to take part, you will be given
this information sheet to keep for your further reference and you will be asked to sign a consent form
at your appointment. You will be able to ask questions at any time before, during or after the study.

Why are you doing this research?

DXA is recognised as the 'gold standard' method for the measurement of bone and body composition.
We are doing this research to evaluate a new DXA scan application: total-body-less-head. The
standard total-body DXA scan includes the head region. However, the head is a generally static
region of the body in terms of lean mass and bone mass and therefore it will not change significantly
in response to exercise, diet or other factors.

Our first aim is to identify the precision of this new scan, and we will directly compare it to the
standard total-body scan. Our second aim is to find out if the new scan is better able to predict bone
density at the lumbar spine and femur, which are areas of the body that are scanned for the clinical
assessment of bone density. On the basis of this study, we will be able to make recommendations for
the use of this new scan in practice.
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What is involved?

If you would like to take part in this study, you will be invited to attend one appointment at the Sports
and Wellbeing Park at Maiden Castle, Durham University, DH1 3SE.

This appointment will involve:

e e [Imeasurement of height, weight and waist circumference,
e o [11 x bioelectrical impedance assessment (BIA) of body water and body composition (~10
seconds).

The BIA device is a stand on system, which involves holding the hand grips while a very small
electric current is transmitted through your body to assess body composition. This is the
standard device used in gyms.

e e [Ibone and body composition DXA scans as follows:
- 1 - 2* x standard total-body scans (7 - 14 minutes per scan)
- 1 - 2* x new total-body less head scans (7 - 14 minutes per scan) - 1 x lumbar spine scan (1
minute)
- 1 x total hip scan (<1 minute)
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* |f you agree to take part in the precision part of the study you will receive 2 x total-body and 2 x
TBLH scans.

The DXA machine is a GE Lunar iDXA (GE Healthcare, Madison, WI) (please see figure 1 overleaf)
Figure 1. DXA scanner, Truscott Imaging Suite, Maiden Castle.

The DXA scans involve lying on a couch, while the DXA scanner moves over your body (without
touching it and with little noise). The DXA assessments will be performed and interpreted by a trained
densitometrist. All scans will be overseen by Dr Karen Hind who has 18 years experience in DXA and
is a certified clinical densitometrist.

The appointment will last around 45 - 90 minutes and free parking is available on site.
What are the possible benefits of taking part

The benefits of taking part in this study include receiving information about your body composition,
bone density. You will be able to take a copy of your DXA results home with you. This research will
also contribute wider benefits to society through increasing knowledge about the new DXA scan
technique.
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What are the possible risks of taking part?

There is a small dose of radiation associated with DXA.
The total amount of radiation for participation in the complete study (including precision study- repeat
total

body and TBLH scans) is 21uSv. This is similar to 3 days of natural background radiation (22uSv).
The dose for completion in the study (without the precision study) is 17uSv. This is 212 days of
natural

background radiation (18uSv) .

The dose associated with participation in this study has been formally assessed by a Medical Physics
Expert and a Clinical Radiation Expert. We will not perform a DXA scan on you if you are a woman
who is pregnant or if you suspect that you may be pregnant. If you are a woman of child-bearing
potential (‘child-bearing potential' excludes the following: i) abstention, ii) using a recognised
contraception, iii) confirmed medical conditions whereby you do not have periods and are unable to
become pregnant) you will be asked to confirm your pregnancy status prior to the scans by taking a
pregnancy test.

What steps are being taken for preventing the spread of Covid-19?

If, within 14 days prior to your appointment, you have experienced any symptoms of Covid-19 or have
been in close contact with anyone who has tested positive for Covid-19, you must not attend. Instead,
you should rearrange for a later date. We are maintaining a list of all visitors to the research site in
order to support the 'track and trace' system.

During your appointment, a distance of 2 metres will be observed between the researcher and
yourself apart from when the physical tests are carried out. Hand hygiene will be followed at all times
and hand sanitiser
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stations are in place and the researcher team will wear a face covering. A face covering should be
worn when in the University building, unless you are exempt from wearing a face covering. All
equipment will be sanitised between appointments.

Section 2 - Supporting information
What if something goes wrong?

All procedures used in this study are routinely conducted in our research centre and our researchers
are highly skilled. In the unlikely event of you experiencing any problems that may be caused by this
study, please tell us immediately and we will do our utmost to address these.

What if | don't want to continue with the study?

You are free to withdraw from the study at any time until the results have been submitted as a
research paper for publication. If you decide to withdraw from the study, we will remove your data.

Will my taking part in the study be kept confidential?

All data collected will be kept strictly confidential. Any information that leaves Durham University will
have names and addresses removed so that you cannot be recognised from it. In spreadsheets, your
data will be coded and no names will be used.

What will happen to the results of the study?

The results will be analysed and written up for publication in medical and/or scientific journals and for
conference abstracts and presentations.

Who is organising, conducting and funding this study?

This study is organised and managed by Dr Karen Hind in the Department of Sport and Exercise
Sciences at Durham University. The research team involves Dr Caroline Dodd-Reynolds, Dr Lindsay
MacNaughton, Mr William Jones and Miss Annie Williams.

Who has reviewed the study?

This study has been reviewed by the Durham University and NHS research ethics committees.
Section 3 - Data Protection and GDPR

This section explains how we will collect, store and use information provided in line with GDPR.

What type of data will be collected? Personal data will be recorded and held confidentially in secured
storage. This data will be your name and email address, linked to your participant code. Data stored
on the DXA scanner PC will include your participant code, date of birth, ethnicity, height, weight, waist
circumference, body composition, and bone density. The DXA scan also generates an image of your
body/region scanned. You are not able to be identified from these images. The data will be collected
on the lawful basis through provision of participant consent.

How will my data be stored and processed? All data will be kept strictly confidential. The data
collected will be stored in coded form on the DXA computer which is password protected and in a
controlled access room. Data will also be stored electronically and this will be coded. These data will
therefore be anonymous. Information that identifies you will be stored separately, electronically and
on a password protected computer. This document will only be available to the researchers named on
this information sheet.
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The data collected for the DXA scan (including your participant code and date of birth) will be stored
on the DXA computer which is password protected and in a controlled access room. The file for this
project will have an additional password. Only authorised staff and postgraduate researchers have
access to this room. Only the direct research team will know the project file password. The consent
form will include your name and will be stored in paper version in locked storage in Durham
University. We will hold identifiable data for up to 10 years. After this point, personal identifying
information will be destroyed.
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How to object to the processing of your personal data: If you have any concerns regarding the
processing of your personal data, or you wish to withdraw your data from the project, please contact
the Lead Investigator.

Section 4 - Further information and contact details:

If you have any questions related to this study or your participation, please contact the Lead
Investigator:

Dr Karen Hind, email karen.hind@durham.ac.uk.
Address: Department of Sport and Exercise Sciences, 42 Old Elvet, Durham, DH1 3HN.

Independent contact/Sponsor: Mr Niall O'Loughlin, Head of Research Policy, Research and
Innovation Services, Durham University, Mountjoy Centre, Durham, DH1 3LE. Email;
niall.c.o'loughlin@durham.ac.uk
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Appendix B: Consent form
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IRAS ID: 293387 Participant Identification Number:
CONSENT FORM

Title of Project: Evaluation of the total-body-less-head dual energy X-ray absorptiometry application
for bone and body composition assessment

Please initial box

1. 1 confirm that | have read the information sheet for the above study. | have had the
opportunity to consider the information, ask questions and have had these answered
satisfactorily.

2. lunderstand that my participation is voluntary and that | am free to withdraw at any time
without giving any reason.

3. lunderstand that the information collected about me may be shared anonymously with other
researchers.

4. | understand that the information held and maintained by Durham University may be used to
help contact me.

5. lunderstand that | will be advised to contact my General Practitioner if my results indicate low
bone density.

6. Women participants: | confirm that | am not pregnant and | do not suspect that | am pregnant.
| confirm that | am not of child-bearing potential (please see definition in the Participant
Information Sheet).

7. | agree to take part in the study

8. OPTIONAL I agree to take part in the precision part of the study which involves a repeat total-
body and total-body less head scan.

Name of Participant Date Signature

Name of Person Date Signature taking consent
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Appendix C: Pre-scan guidance

U] ]
W Durham

University
Department of Sport and
Exercise Sciences

Important Information

Pre-DXA Scan Preparation Guidance

The following pre-scan preparation protocol ensures that your DXA scan results will be as
accurate as possible.

Please follow this guidance before attending your DXA scan appointment and if you have
any questions, please contact: Dr Karen Hind karen.hind@durham.ac.uk.

e [JMy appointment is before 11am = Please fast overnight (last meal no later than
10pm)

e [IMy appointment is 11am or later = Please fast for 5 hours prior to your scan
appointment

e [1Drink 500ml of water 2 hours before your appointment

¢ [INo moderate-vigorous exercise in the 12 hours before your appointment

¢ [INo caffeine in the 5 hours before your appointment

¢ [INo alcohal in the 24 hours before your appointment

e [JPlease wear /bring light weight, close-fitting clothing that does not contain metal,
underwire, plastic or reflective strips. Ideal clothing could lightweight shorts and t-
shirt.

A drinking water station (single use cups) is available for you to use following your
scan.

Please bring a snack with you for after your scan.
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