1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Int J Sports Med. Author manuscript; available in PMC 2022 June 01.

-, HHS Public Access
«

Published in final edited form as:
Int J Sports Med. 2021 June ; 42(7): 588-601. doi:10.1055/a-1373-5881.

New Frontiers of Body Composition in Sport

Henry C. Lukaskil, Christiana J. Raymond-Pope?

1Department of Kinesiology and Public Health Education, University of North Dakota, Grand
Forks, North Dakota 58201

2School of Kinesiology, University of Minnesota, Minneapolis, Minnesota 55455

Abstract

The body composition phenotype of an athlete displays the complex interaction among genotype,
physiological and metabolic demands of a sport, diet, and physical training. Observational studies
dominate the literature and describe the sport-specific physique characteristics (size, shape, and
composition) of adult athletes by gender and levels of competition. Limited data reveal how body
composition measurements can benefit an athlete. Thus, the objective is to identify purposeful
measurements of body composition, notably fat and lean muscle masses, and determine their
impact on the health and performance of athletes. Areas of interest include relationships among
total and regional body composition measurements, muscle function, sport-specific performance,
risk of injury, return to sport after injury, and identification of activity-induced fluid shifts.
Discussion includes the application of specific uses of dual x-ray absorptiometry and bioelectrical
impedance including an emphasis on the need to minimize measurement errors and standardize
protocols, and highlights opportunities for future research. This focus on functional body
composition can benefit the health and optimize the performance of an athlete.

Keywords

body fat; fat-free mass; lean soft tissue mass; muscle; performance; injury; muscle asymmetry;
hydration; dual x-ray absorptiometry; bioimpedance; return to sport

Introduction

Interest in athletes’ body composition has flourished for at least 70 years with peer-reviewed
publications exceeding 12,000 in the multi-disciplinary field of exercise science [1]. These
reports catalog diverse phenotypes of athletes, including body weight, size, shape, body

fat percentage (%fat), fat mass (FM), fat-free mass (FFM), lean soft tissue mass (LSTM),
and muscle mass, by sport, gender, and competitive level. The initial focus of these studies
was %fat [2], but the research scope has broadened to stress evaluating athletes’ total and
regional skeletal muscle mass, measured historically as FFM and more recently as LSTM,
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particularly as it relates to improving athletes’ sport performance and minimizing injury risk

3].

Purposeful body composition assessment necessitates a focused and solution-oriented
application to benefit the individual athlete [4]. This innovative approach transcends the
basic description of compositional measurements and emphasizes the identification of

total and regional (e.g., arms, legs, trunk) body compositional characteristics associated
with sport-specific performance, increased injury risk, return to sport (RTS) after injury,
and training progression [5,6]. When evaluated in conjunction with strength and force
measurements and sport-specific outcomes, functional body composition assessment enables
the applied use of compositional measurements to aid an athlete in preparation for
competition. This review summarizes newer and novel body composition assessment
techniques more commonly employed in the sport performance setting, the role of body
composition on physical performance, risk of injury and safe RTS after injury, classification
of sport performance level, and practical monitoring of fluid balance in response to training
and competition. It also highlights limitations in body composition assessment across the
literature and opportunities for future research on body composition assessment in sport.

Applications of Body Composition Assessment in Sport

Body composition—Athletes and coaches are aware that skeletal muscle mass and
body fat are related to competitive performance [3]. Skeletal muscle mass, historically
measured as FFM and more recently measured as LSTM, represents functional mass and
positively contributes to strength and force production, thus improving sport performance
[7]. Conversely, FM is considered non-functional mass, with increasing amounts of FM
mechanically and metabolically hindering sport performance [8] and adversely affecting
thermoregulation [9].

The terms FFM and LSTM are often used interchangeably, but their meaning is different
[10]. Fat-free mass refers to total body mass minus FM and therefore includes quantification
of bone and skeletal muscle, organs, and connective tissue [10]. FFM is measured using
assessment methods which divide the body into two components, namely FM and FFM.
These methods include anthropometry (circumferences and skinfold thickness), total-body
densitometry (underwater weighing, air displacement plethysmography), isotope dilution,
and bioelectrical impedance analysis (BIA). Recent advancements in body composition
technology allow for dividing the body into three components, namely LSTM, FM, and
bone. Simply stated, LSTM is FFM minus bone mineral content, with total body water,
total body protein, carbohydrates, non-fat lipids, and soft tissue minerals also included in
LSTM measurements [10]. As such, LSTM is considered a proxy for skeletal muscle mass.
Three-component body composition models include dual x-ray absorptiometry (DXA),
magnetic resonance imaging (MRI), computerized tomography (CT), and ultrasound (US)
imaging. Although CT, MRI, and ultrasound provide information pertaining to muscle
cross-sectional area (CSA) and muscle volume (MV), these methods are costly, require
high investigator expertise, and results may be difficult to analyze; thus, these methods

do not offer practicality in the sport performance setting [11]. As such, the most widely
used three-component model for measuring athletes’ body composition is DXA due to
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its quick and non-invasive assessments and, perhaps more importantly, its accuracy and
reliability [11,12] particularly when compared to measurements obtained using the gold
standard four-component body composition model [4,13]. The more recent use of DXA
in the sport performance setting [14] provides sport practitioners immediate information
regarding athletes’ total and regional body composition measurements, useful for tracking
changes over time in LSTM and FM, particularly in association with strength and sport
performance measures.

Total and regional lean soft tissue mass (L STM): Widespread availability and utility of
DXA in the sport performance environment stimulated the growth of body composition
assessment, notably LSTM, among various groups of athletes (14). One key outcome is the
progress in understanding the importance of regional body composition in sport performance
and the potential to identify injury risk.

Numerous reports describe the body composition of professional and collegiate male and
female athletes by position within the same sport [15-26]. They indicate minimal within-
sport variability in total and regional body composition in some sports such as men’s hockey
[18], women’s softball [20], and soccer [27] with marked differences by position in other
sports, including American football and basketball [7,15-17,21,22,25]. Some important
findings emerge from the preceding investigations. In American football, “mirroring”
positions, such as opposing offensive and defensive positions, demonstrate similar total and
regional LSTM measurements, while football athletes in other “non-mirroring” positions
have significant regional LSTM and FM differences [15,16]. In collegiate male basketball
athletes, centers demonstrate the highest arm and leg LSTM and FM compared to all

other positions except power forwards [21]. These observations suggest there may be

a relationship between measures of total and regional body composition and sport- and
position- specific demands (i.e., kicking, shooting, speed). Future study is warranted to
investigate this potential relationship.

Few reports, however, describe longitudinal DXA changes in athletes’ total and regional
body composition during training over one or more competitive seasons [27-35]. The trend
is a decrease in fat with a related increase in total body and regional LSTM in sports such

as hockey and soccer, among others. For example, Prokop et al. [36] found a decrease in
total %fat from pre- to mid- season with an increase in leg LSTM among elite hockey
players. Additionally, elite soccer players have been reported to display increased body mass
(BM) with 60% of this increase attributable to a LSTM gain in the trunk and legs [30,33].
These studies suggest that although total body compaosition changes are important to monitor
over time, the region of the body in which these changes occur may be more informative,
particularly for developing effective sport- and position- specific training programs. Future
investigation is warranted to evaluate how changes over time in total and regional body
composition affect sport- and position- specific performance outcomes.

Growing awareness of sport- and position- specific regional body composition augments
interest in the distribution of LSTM and its significance in sports [7]. Lean mass distribution
can be expressed as: (a) upper- to lower- body (U/L) ratios, compared across positions and
athletes in the same position; and (b) contralateral asymmetries, informative for optimizing
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performance and minimizing injury [11]. Some examples of regional composition ratios,
calculated from LSTM measurements obtained using DXA, are available for a handful

of sports, including American football [15,16], baseball and softball [19,20], men’s and
women’s basketball [21], men’s and women’s track and field [22], and equestrian [24].
Among professional American football players, the U/L of total body mass is consistent
across positions, but the U/L LSTM differs by position [16]. Specifically, offensive and
defensive linemen have demonstrated the lowest U/L LSTM ratios, indicating higher relative
lower-body LSTM, while quarterbacks and punters/kickers have exhibited the highest U/L
LSTM ratio [16]. Collegiate female basketball athletes also demonstrate ratio differences
across positions [21]. The U/L LSTM ratio is highest in point guards and lowest in power
forwards and centers. Therefore, LSTM distribution may be more critical than total LSTM
evaluation for performance prediction. These data are also aligned with biomechanical
principles that involve jumping and change of direction. In most sports, the lower-body
supports the upper-body during movement. Thus, upper-body mass affects the amount of
lower-body force production (e.g., higher leg LSTM) needed to counteract upper-body
momentum to change direction [11], with lower LSTM amounts and increased body fat
detrimental to athletes in weight-supported sports. Ratios can therefore provide insight into
modifying training programs to optimize athletes’ biomechanics, and thus performance,
according to positional needs. Research is warranted to examine how regional composition
ratios impact sport- and position- specific performance.

In summary, these findings suggest total-body assessments of LSTM are related to sport-
and position- specific performance. Importantly, however, these observations also highlight
that regional body compaosition estimates can play specific beneficial roles in biomechanical
aspects and power characteristics that differentiate performance levels in many sports.

Bioelectrical impedance vector analysis (BIVA): Qualitative body composition

and performance assessment: Bioelectrical impedance analysis [BIA] is a safe and
practical method for body composition assessment of athletes [37]. BIA provides direct
measurements that allow non-invasive assessment of soft tissue hydration and cell
membrane integrity. It measures the impedance (Z) or hindrance of an applied, 50 kHz
alternating current that is related to water and electrolytes in body fluids and tissues, in
addition to the delay of current entry into cells and across adjacent tissues. Impedance has
two components: resistance (R) and reactance (Xc). Resistance is the opposition of the flow
of alternating current by intra- and extra-cellular (ICF and ECF) fluid. Reactance refers

to the delay in current flow by cell membranes and tissue interfaces. Phase angle (PhA),
which is the arc tan of Xc/R, is a composite indicator of ICF and ECF distribution and cell
mass. A common application of BIA in sport is the estimation of total body water (TBW),
ECF, and FFM using multiple regression equations that include BIA measurements, BM,
height (H), age, and gender [37]. The assumptions of constant hydration of FFM, constant
body geometry, and inter-correlation among the independent variables contribute to the high
variability in estimation of TBW and FFM (3 to 8%) for an individual that precludes the
identification of important changes in sport [38—41].

Bioelectrical impedance spectroscopy (BIS) uses a range of frequencies (4 to 1000 kHz)
to estimate Z and PhA, from which Xc is calculated, then used in non-linear mathematical
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models to estimate intra- and extra-cellular resistance values. These values are included

in a mixture theory model to estimate fluid volumes [42]. Current application of BIS in
sport includes prediction of TBW for inclusion in multi-component models to estimate body
composition of adults [43]. An initial use of BIS is assessment of fluid changes associated
with glycogen loading and depletion, and exercise-induced muscle damage [44-46].

A promising use of BIA in sport is performing bioelectrical impedance vector analysis
(BIVA). BIVA illustrates the relationships among 50 kHz, phase-sensitive R and Xc
measurements, normalized for height and plotted on a RXc graph, and shows an impedance
(2) vector (Figure 1). Length of the vector (Z/H) is inversely related to TBW, and its
position on the RXc graph that is depicted as the PhA, which indicates fluid distribution
(ECF/ICF) [47]. Individual or group vectors are compared to the distribution of vectors from
healthy, gender-matched individuals (50, 75 and 95% distribution) to enable classification

of hydration (hypo-, normal and over-hydration) and cell mass (muscular, obese or lean,
depleted). Although developed to identify fluid overload and malnutrition in clinical patients
[47,48], BIVA can provide novel information for use in sport.

Sport phenotype: Metabolic and physical demands of different sports shift the vectors

of athletes to the upper left quadrant compared to age- and gender- matched non-athletes
[49]. Endurance, compared to power, athletes exhibit a longer mean vector, indicative of
less TBW, and smaller PhA suggestive of lower ECF/ICF, hence less LSTM [50-57].

Mean vector position can discriminate performance levels within a sport. Elite athletes have
greater PhA values (decreased ECF/ICF) with greater Xc/H (more muscle) and lesser R/H
(greater TBW) than inexperienced and less successful athletes [52-54]. Thus, elite athletes
tend to have higher LSTM, ICF, and TBW levels. Therefore, BIVA provides a “target” zone
of body composition for elite performance in a sport.

Observational studies reveal the vectors of elite athletes were outside of the 50% reference
ellipse or the normal range of hydration of the general population [50-60]. Thus, sport-
specific RXc plots and tolerance ranges to classify hydration are needed for athletes.

Muscle quality, strength and power—PhA is an indirect measure of ECF/ICF and
related to measures of muscular strength [61-63]. Resistance training significantly increased
(5 to 8%) total-body PhA independent of gender and smaller increases in FFM (2%)
[64-67]. Conversely, detraining significantly decreased PhA (-8%) and FFM (-2%) [65].
The training-induced increase in PhA was attributed to a significant increase in Xc and a
measured gain in ICW with a smaller decrease in R and increased TBW. Training-induced
improvements in strength, jump height and LSTM among elite athletes are significantly
related to increased ICF [68] and generally independent of LSTM [69,70]. The increase in
PhA can be explained by an increase in Xc associated with increased ICF and hence muscle
cell volume. Thus, BIA measurements are more sensitive in detection of training-induced
improvements in muscle size and function than LSTM estimates.

BIVA and acute and chronic hydration changes: BIVA is sensitive to monitor small
changes (<500 mL) in fluid volumes [47] and can be a practical monitor of fluid changes in
sport. For example, a bout of prolonged exercise in the heat has been shown to decrease BM
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(2%), significantly increase plasma osmolarity, R/H and Xc/H, and lengthen the impedance
vector (4%) [71]. The change in Xc/H was significantly related to the change in plasma
osmolarity, an indicator of hypohydration, indicating a loss of ECF. An intense swim
training session elicited similar changes in BIA measurements and reduction in BM [72].
The impedance vector lengthened significantly with 5 kg loss in BM after completion of a
marathon, then shortened significantly after 48 hours of recovery with a 4 kg gain in BM
[73]. These BIVA findings are consistent with fluid loss reported during the long-distance
race and replacement of lost fluids during the recovery phase, with corresponding significant
increases in R/H and Xc/H after the race, subsequently followed by significant decreases 48
hours after the race. Interestingly, significant predictors of race time were pre-race R/H and
Xc/H, changes in R/H and Xc/H post-race, and 48-hour recovery values. Thus, runners with
better fluid status (e.g., lower R/H and Xc/H) had faster marathon times.

BIVA also identifies altered fluid distribution predictive of injury risk [74]. Marathon
runners at risk of acute kidney injury (AKI) had significantly elevated markers of muscle
damage and inflammation with significantly shortened vectors and reduced Xc/H indicating
expansion of ECF 48-hours after the race. Runners with Xc/H <30.5 ohm predicted AKI
stage 1 with 85.5% sensitivity and 91.7% specificity. These findings highlight the potential
value of BIVA to detect fluid imbalances associated with inflammation concurrent with
muscle damage after prolonged endurance exercise.

Additionally, BIVA allows for tracking serial training-dependent changes in fluid
distribution. Vector length shortened significantly during pre-season training then Xc/H and
PhA increased significantly at mid-season among male professional soccer players [75].
Investigators speculated that the significant decreases in vector length indicated an increase
in TBW and an increase in Xc associated with increased ICW due to glycogen accumulation
in muscle. Impedance vectors also shortened significantly among cyclists throughout a

21-d road race along with self-reports of increased fatigue and decreased estimates of
power output during heavy mountain climbs and an end-of-race time trial [76]. Researchers
surmised that inflammation and muscle edema were causes of fluid accumulation and

hence vector shortening. Similar findings were reported in another 21-d road race in which
whole-body PhA consecutively decreased with greater decreases in leg PhA [77], consistent
with increased ECF/ICF in the legs but with no change in BM. Follow-up studies using
tracer dilution methods are needed to confirm the apparent fluid changes and to validate
these interpretations.

Implementation of BIA measurements and BIVA: cautionsand limitations: BIA
measurements and BIVA are suitable for use in the laboratory or the field. However, water
and electrolyte levels affect BIA values, so it is imperative to standardize conditions and
measurement protocols to ensure valid estimates of body composition and assessments

of acute changes in fluid distribution and to monitor recovery [78]. Specifically, to

obtain control or baseline values, athletes should avoid exercise (>24 h) before testing to
eliminate the influence of muscle damage or injury, elevated body and skin temperatures,
diaphoresis, and sweat and skin electrolyte accumulation. Technical requirements include
the use of appropriate electrodes and limb position, a non-conductive measurement surface,
and a phase-sensitive impedance device. Care is required to attain normal body and skin
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temperature and clean electrode sites by removal of sweat and electrolyte build up on the
skin with alcohol wipes as sites of electrode placement. A brief, cool water whole-body
shower is a means to achieve these ideal conditions. Alternatively, reclining supine in a cool
environment and cleaning the skin enables valid measurements in field conditions.

Preliminary data suggest that muscle glycogen loading and depletion also may affect

BIA measurements [44,45]. However, these initial observations require confirmation, with
additional data on the variability of BIA measurements associated with graded levels of
voluntary food and fluid intake with details on timing of food and beverage intake to ensure
proper hydration and muscle glycogen content.

Certain assumptions limit the application of BIA in sport. Translation of BIA measurements
to fluid volumes and LSTM relies on the two-component model that assumes a constant
hydration of the fat-free body (73.2%), although the normal range of hydration is 68 to 75%
[79]. Adipose tissue contains ~20% water, thus differences in adipose tissue can contribute
to errors in prediction of LSTM [36]. The physical basis for BIA is Ohm’s Law, which states
the volume of a conductor depends on the length and cross-sectional area of a cylindrical
conductor with constant geometry and composition (specific resistivity). The human body,
however, consists of five cylinders (arms, legs and trunk) with different lengths and
cross-sectional areas. Thus, BIA measurements have random error due to inter-individual
differences in body size, geometry, and composition, resulting in non-uniform conductivity
[37]. Although standardizing Z, R, and Xc with height is an initial remedy, the addition

of regional anthropometric measurements to BIA measurements might accommodate inter-
individual differences in specific-resistivity and improve the sensitivity of BIA and BIVA in
sport.

Interpretation of BIA and BIVA findingsin sport: consensus: The majority of studies
using BIVA in sport report BIA measurements and postulate fluid changes. Reference
tracer dilution estimates of fluid volumes are needed to validate the interpretations. Recent
reports confirm some significant associations among BIA measurements and reference
determinations of fluid volumes in female and male athletes over a competitive season
[59]. Vector lengths shortened (p<0.01) and were correlated (p<0.01) with increases in TBW
and ICW (r =-0.718 and r = —-0.630, respectively) and decreases (p<0.05) in ECW/ICW
(r=0.344) after adjusting for age, height, and sex. PhA changes were associated (p<0.01)
with TBW and ICW (r=0.458 and r=0.564, respectively) and negatively (p<0.01) related to
ECWI/ICW (r=—0.436). PhA increased (p<0.01) in the male but not the female athletes in
whom TBW decreased. Although these findings are reassuring, future research should use
tracer dilution methods and verify interpretations of BIA and BIVA in studies examining
fluid alterations in response to different types of training.

Figure 2 illustrates general patterns of impedance vectors and BIA measurements in
response to acute exercise and resistance training. Compared to the pre-exercise vector,
acute exercise lengthens the impedance vector and increases R/H, Xc/H, and PhA,
suggesting a decrease in ECF and TBW with increased cell density. In contrast, muscle
hypertrophy, which is a chronic response, shortens the impedance vector and decreases R/H,
Xc/H, and PhA, indicating an increase in ICF and TBW and gain in muscle cell volume.
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Some key points should be emphasized. Exercise-induced changes in BIA measurements
are dynamic, coordinated, and occur concurrently. Importantly, interpretation of PhA must
consider hydration status to achieve an understanding of fluid status (ICF compared to ECF).
Also, the proportional changes in ECF and ICF are greater than the changes in TBW or BM.
Thus, measurements of Xc and R represent key indicators of fluid responses in sport.

Muscle asymmetry and risk of injury

L ean mass and muscle function: Whereas total and regional body composition describes
the physique of an athlete, the relationship between LSTM and muscle-specific and
explosive (time- restricted force production during a ballistic task) strength is a significant
performance attribute. Combined LSTM measurement and purposeful strength assessments
provide information pertaining to athlete’s relative muscle functionality (strength produced
per unit lean mass). Many investigations, however, have primarily reported LSTM and
strength measurements separately in healthy and previously injured athletes, with fewer
studies [80-83,90] evaluating the relationship between these measures. Investigation of the
LSTM-strength relationship may be informative to: (a) assess relative muscle functionality
in response to training and rehabilitation programs; (b) identify large asymmetries that may
limit performance and increase injury risk; and (c) evaluate readiness to RTS following
rehabilitation [11,81,83,90].

Open Kinetic chain assessments are generally employed to assess muscle strength, most
frequently using isokinetic dynamometry, particularly within the rehabilitation setting [84].
Isokinetic testing allows for determination of maximal strength (normalized peak torque,
Nm/kg) of specific muscle groups (e.g., quadriceps, hamstrings) at a constant velocity

in a given plane of motion (e.g., knee extension/flexion). Thus, this method provides an
assessment of contralateral and ipsilateral dynamic strength ratios, and thus identification
of asymmetry of specific muscle groups. However, isokinetic testing lacks translation to
sport performance characteristic of closed kinetic chain tests, such as vertical jumping (i.e.,
countermovement [CMJ] and squat [SJ] jumps), which incorporate movements across a full
range of motion. Recent widespread availability of, and advancements in, force platform
technology provide trainers with immediate information of force and power production
and rate of force development for each leg [11]. Although less common, athletes” muscle
function, measured using the preceding methods, has also been examined in combination
with LSTM.

It is well known that skeletal muscle CSA and MV, evaluated using CT, MRI, and
ultrasound, are strong determinants of muscle strength [85,86]. To examine skeletal muscle
in relation to strength/force, researchers have largely evaluated the relationship between
either: (a) muscle CSA or MV and isokinetic/isometric strength; or (b) standard frontal

view DXA-measured LSTM and force/power produced during vertical jumping or anaerobic
testing. Studies evaluating elite soccer players [80,82] reported non-significant correlations
between ratios of quadriceps/hamstring CSA and isokinetic knee extensor/flexor strength
(r=-0.33 to 0.28). Other studies found significant, albeit moderate, correlations between
quadriceps and hamstring CSA (examined separately) and isokinetic extensor (/=0.54 to
0.60) and flexor (r=0.54 to 0.64) peak torque, respectively [86]. More recently, investigators
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have used DXA to quantify total-body and lower extremity LSTM, reporting a positive
association between LSTM and jump height (+=0.73) and power (r=0.72 to 0.83) during the
CMJ and SJ in healthy individuals [81,87,88]. Chiarlitti et al. [18] also noted significant
relationships between DXA-measured lower-body LSTM and maximal power during the
Wingate anaerobic test and long jump (/=0.54 and 51, respectively) among elite hockey
players. Yet, as mentioned, while CT, MRI, and ultrasound can provide muscle cross-
sectional area and volume measurements, the use of DXA is becoming more common

and may be more advantageous for evaluating skeletal muscle mass due to its widespread
availability, quick and non-invasive assessments, and its ability to provide total and regional
body composition assessments.

A recent methodological advancement and alternative to the standard frontal DXA scan
method is the lateral view scan method that recently demonstrated accuracy and reliability in
quantifying upper-leg compartmental (anterior/posterior) LSTM using the GE Lunar iDXA
[89]. Moderate to strong correlations were reported between collegiate athletes’ anterior
and posterior upper-leg compartmental LSTM and isokinetic extensor (+=0.56 to 0.72) and
flexor (r=0.53 to 0.84) peak torque, respectively, with stronger correlations reported at
60°/s, and SJ-measured peak force, rate of force development, and jump height (/=0.58 to
0.95) [90]. Thus, the combination of muscle-specific and explosive strength assessments
and the lateral DXA scan measurements may offer unique advantages compared to standard
frontal view DXA scan evaluations. Specifically, this scan method may allow for identifying
location-specific ipsilateral upper-leg (quadriceps, hamstring) LSTM asymmetries that
contribute to an understanding of the role asymmetries may play in negatively impacting
function and sport performance and increasing injury risk. Importantly, this lateral scan
method demonstrated accuracy on the GE Lunar iDXA but not on the Hologic Horizon
[91]. Divergent findings are likely due to differences in scanner geometry (i.e., fan beam

vs. narrow fan beam); scanner software and capabilities in creating manual regions of
interest; and the manufacturers’ differing proprietary algorithms to quantify composition.
Longitudinal investigations are warranted to ascertain the utility of this lateral scan method
to examine changes in upper-leg compartmental LSTM in relation to muscle function in
healthy and previously injured athletes. Additionally, investigation is warranted to evaluate
the feasibility of using the lateral scan method to examine upper extremity compartmental
composition. These assessments may provide insight into structural etiological factors, such
as regional asymmetries, that may contribute to decreased performance and increased injury
risk.

Effects of L STM asymmetries and function on performance: Technical descriptions of
asymmetries differ across studies. Contralateral limb asymmetries can be characterized

as weaker vs. stronger [92], dominant vs. non-dominant [84], right vs. left [81], and

injured vs. non-injured [83,93]. Ipsilateral asymmetries are designated as between antagonist
muscle groups of the same limb (e.g., quadriceps vs. hamstrings) [84,94]. Some degree

of asymmetry is considered normal and results from limb dominance (i.e., laterality) and
sport-specific training (e.g., kicking vs. non-kicking leg strength, throwing vs. non-throwing
arm LSTM) [19,95,96]. Strength, force, and power asymmetries >10% have been associated
with a negative impact on performance measures (e.g., decreased vertical jump height and
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change of direction speed) [81,96-98], although equivocal findings have been noted [99].
However, a threshold of LSTM asymmetry that negatively impacts performance is still
largely unknown.

There are limited data examining the relationship between contralateral LSTM asymmetries
and function on performance. In non-injured collegiate athletes, Bell et al. [81]

evaluated asymmetries with the limb symmetry index (LSI) calculated as LSI=[(right—
left)/0.5(right+left)x100%] and found that contralateral lower extremity LSTM asymmetry
accounted for 20% and 25% of the variance in CMJ-measured force and power asymmetries,
respectively. Additionally, power asymmetries >10%, likely partially due to LSTM
asymmetry, resulted in a decreased jump height of 9 cm (effect size = ¢>0.8). In

Australian footballers, similarly calculated asymmetries between “kicking” and “support”
limbs identified a 3% deficit in DXA-measured leg LSTM asymmetry that was associated
with an 8% decrement in strength asymmetries and reduced kicking accuracy; greater
symmetry was related to better kicking performance [95]. These data suggest that LSTM
asymmetries may partially contribute to strength and power asymmetries and can, in turn,
negatively impact performance-related outcomes. It is noteworthy, however, that Bell et al.
[81] reported 95% of their athlete sample to demonstrate a large range of force (-11.8% to
16.8%) and power (—9.98% to 11.45%) asymmetries. Thus, additional research is needed
to establish sensitive and specific thresholds at which asymmetries in strength, force, and
LSTM negatively affect performance.

Asymmetriesand injury risk: Measurement of regional LSTM, strength, and force
asymmetries as predictors of injury risk and incidence is critical. Reducing the risk of
primary injury (i.e., first) and secondary injury (i.e., re-injury of ipsilateral limb or injury

of contralateral limb) and determining the optimal symmetry thresholds and timing for RTS
clearance are major challenges in sports medicine [100,101]. The lower extremity is the
most commonly reported injury site in athletes [102,103]. Anterior cruciate ligament (ACL)
injury and localized muscle injuries, such as a hamstring strain injury (HSI), are among the
most common injuries, particularly in sports requiring sprinting, jumping, and cutting (e.g.,
track, soccer, American football, basketball). Various modifiable and non-modifiable risk
factors have been suggested to increase athletes’ primary and secondary ACL and HSI injury
risk, including muscle strength asymmetries, dysfunctional neuromuscular activation, degree
of joint laxity and flexibility, age, and gender, among others [104-106]. Specific to ACL
injury, hamstring flexibility and decreased hamstring vs. quadriceps strength of the same leg
(“quadriceps dominance™) are primary injury risk factors [107-109], while secondary injury
risk factors include prior ACL injury, persistent quadriceps strength asymmetry and muscle
atrophy (e.g., CSA deficits), and neuromuscular dysfunction [109-113].

Return to sport (RTS): Strength and force are common indicators to evaluate progress
during rehabilitation and to clear an athlete for RTS. However, despite RTS guidelines
recommending sport-specific neuromuscular screening and quadriceps strength and jump
asymmetry <10-15% [112-115], athletes have exhibited =15% asymmetries in the
preceding measures at the time of RTS and >10-15% asymmetries up to two years
following ACL reconstruction [83,116-119]. In fact, quadriceps strength asymmetry has

Int J Sports Med. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lukaski and Raymond-Pope Page 11

been reported as a major limitation up to two years following ACL reconstruction [117] and
is associated with an increased secondary injury risk [110]. In vertical jump evaluations,
Paterno et al. [119] reported athletes to exhibit ~15% force asymmetries during the landing
phase of a drop vertical jump, with greater force placed on the non-injured leg, while the
previously injured leg produced lower force during the jump’s takeoff phase. Although
these researchers did not examine LSTM asymmetries or report how force asymmetries
may predict secondary injury risk, their findings suggest dependence on the non-injured
leg as a compensatory mechanism, possibly increasing athletes’ secondary injury risk
[120,121]. Considering athletes’ secondary ACL injury rate is up to 30% within two years
following RTS, sole examination of strength and force asymmetries may be insufficient
for determining athletes’ readiness to RTS [122,123]. Thus, an assessment approach that
evaluates LSTM in combination with function, ultimately to examine relative muscle
functionality, may be critical to guide RTS decisions.

While many strength/force investigations have been reported in previously injured athletes,
fewer investigations have noted the relationship between asymmetries in LSTM and strength
following primary ACL injury, with many of these investigations having been conducted

in physically active non-athletes. In this sample population ~14 months post-ACL injury,
Konishi et al. [112] reported lower isokinetic extensor peak torque produced per unit
quadriceps MV in the previously injured vs. non-injured leg (0.086+0.019 Nm/cm3 vs.
0.100+0.016 Nm/cm3; p<0.05), and in both legs vs. controls (p<0.01), similar to others’
observations [111,113]. Thomas et al. [113] also reported that quadriceps CSA deficits

six months following ACL reconstruction explained ~31% of the variance in quadriceps
strength deficits in the previously injured leg (p=0.011). Thus, quadriceps mass and strength
deficits post-reconstruction may increase secondary injury risk, but this hypothesis has not
yet been proven.

Investigators more recently have used DXA to examine the relationship between
asymmetries in LSTM and force produced during vertical jumping in athletes with previous
ACL injury. Jordan et al. [83] examined asymmetry differences by calculating an asymmetry
index for contralateral DXA-measured upper-leg LSTM and impulse (area under the force
vs. time curve) during the CMJ and SJ in elite alpine skiers two years following ACL
reconstruction versus healthy skier controls. Observations revealed moderate relationships
between the asymmetry index of upper leg LSTM and CMJ and SJ impulse (+=0.57 to 0.66;
£<0.01). Moreover, significant impulse asymmetry index differences between ACL and
control groups were noted during the CMJ’s concentric phase (6.5% vs. 0.5%, respectively)
and the second half of the SJ’s concentric phase (8.8% vs. —1.0%, respectively). More
recently, Raymond-Pope et al. [124] reported female adolescent athletes one-year following
ACL reconstruction and RTS had significant asymmetries in anterior and posterior upper

leg LSTM, measured using the lateral DXA scan method, in addition to asymmetries

of ~20% and 21% in quadriceps isokinetic peak torque and squat jump peak vertical

ground reaction force, respectively. Relative muscle functionality ratios also revealed muscle
function deficits in the previously injured leg vs. the non-injured leg in relation to LSTM
during isokinetic and squat jump testing indicating persistent muscle dysfunction. Further
investigation is warranted following ACL and muscle injuries to examine the relationship
between DXA-derived LSTM and muscle function in different sample populations, how
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relative muscle functionality changes throughout rehabilitation and following RTS, and how
asymmetries in LSTM and function may predict injury risk.

In summary, studies reporting an association between asymmetries and injury risk have
primarily focused on asymmetries in function (strength, force, power) rather than muscle
size/LSTM [97,109]. Quantifying regional LSTM and calculating U/L body mass ratios
would allow sports practitioners to examine LSTM asymmetries that may hinder sport
performance and contribute to functional asymmetries, which may increase athlete’s
primary or secondary injury risk [110]. Further, although contralateral asymmetries in DXA-
measured LSTM have been more recently noted in the literature in healthy and previously
injured athlete populations, with reports of concurrent strength and force assessments,
evaluating ipsilateral differences in the upper and lower limbs may be more beneficial in
examining muscle-specific changes in response to training and rehabilitation. The ability to
quantify athletes’ LSTM in ipsilateral compartments (e.g., quadriceps/hamstrings) using the
lateral DXA scan method [89], and to evaluate these measurements in relation to strength/
force to determine relative muscle functionality, would allow for developing more effective
sport- and position- specific training and rehabilitation programs [97]. Further, the ability

to examine longitudinal ipsilateral muscle functionality changes may provide greater insight
into factors, such as regional asymmetries, contributing to injury [11]. These evaluations
may allow for determining relative muscle functional asymmetry thresholds that negatively
affect performance and perhaps predict injury/re-injury risk.

Muscle asymmetry with regional BIA: A promising and practical alternative to DXA

for identification of muscle asymmetry is regional BIA. This technology employs multi-
electrode systems with source and detector contact electrodes located at the hands

and feet or other anatomical locations. Commercial systems introduce either a 50 kHz

or multiple-frequency alternating current and may include phase-sensitive measurement
devices. Subjects are either in a supine or standing position [125-131]. Regional estimates
of FFM and FM of the arms, legs and trunk are generated using proprietary software
requiring input of measurements of impedance variables at body segments, BM, height, age,
and gender.

Initial validation studies of the various regional BIA devices found significant differences for
total-body and regional estimates of LSTM compared to values from standard reference
methods [16,125-131]. These reports failed to report regional BIA measurements and
specific resistivity largely due to lack of determination of limb geometry. Thus, their
findings demonstrate that the proprietary prediction equations for LSTM and muscle

mass are questionable. While total-body BIA measurements are significant predictors of
gains in muscle function following resistance training [63], an evaluation of regional BIA
measurements as indicators of muscle asymmetry merits investigation. Regional BIA can
be a novel approach to characterize muscle quality and determine asymmetry of PhA
measurements in relation to muscle function and sport-specific performance attributes and
injury risk.

L ocalized muscleinjury: Localized muscle injuries are common in sport and account for
more than 30% of all injuries. More than 90% of these injuries occur in the lower extremity,
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affecting the hamstrings (37%), adductors (23%), quadriceps (19%), and gastrocnemius and
soleus (13%) muscles [132,133]. Muscle injuries ensue after either excessive tensile force
applied to a muscle results in rupture at the myotendinous junction or a sudden compressive
force causing contusion of the muscle. MRI and US are commonly used to determine the
presence and extent of muscle injury. Recently, localized BIA (L-BIA) was evaluated as a
practical addition to evaluate soft tissue injuries.

Localized BIA is an adaptation of the total-body technique. It uses four electrodes placed
on the skin near the injury, and it is sufficiently sensitive to detect changes in soft tissue
hydration and cell membrane integrity and structure [134]. Nescolarde et al. [135] reported
a significant percentage difference in R, Xc and PhA between the injured and non-injured
contralateral muscle measured 24-hr after injury. The relative difference increased with
MRI-determined severity of the muscle injury (grade I, Il and I11). The increases in %R
difference, indicative of inflammation-induced fluid accumulation, were not proportional to
the severity of injury (typel1=10.4%, type 11=18.4%, type 111=14.1%) and consistent with
findings that edema is not correlated with MRI-graded injury severity [136,137]. Disruption
of muscle structure, characterized by %Xc difference, however, increased significantly with
injury severity (type 1=17.5%, type 11=32.9%, type 111=52.9%). These changes exceeded the
observed reproducibility of localized BIA measurements of the quadriceps and hamstrings
(1.2 to 1.8%) and adductors (2.1 to 3.5%) [135]. Asymmetry (right vs left) of localized Xc
of uninjured muscles at usual sites of injury (quadriceps, hamstring and adductor) averaged
13.8% as compared to observed differences in Xc with grade I, Il and Il injures (17.5, 32.9
and 52.9%, respectively). Thus, disrupted muscle tissue structure was associated with the
largest disparity in %Xc between the injured and non-injured paired muscles.

Controversy exists about prognostic indicators for RTS. Edema is one factor and the severity
of the muscle injury [138], which depends on the MRI-determined muscle gap or retraction
of muscle fibers, is another. Male soccer players exhibited MRI-determined edema in type

| (<10% CSA) and Il injuries (10 to 50% CSA) [139]. MRI revealed type |1 injuries with
different structural characteristics: a feather-like image without (11-f) or with a muscle gap
(11-g). The L-BIA muscle measurements revealed a progressively greater increase in %R
difference from type I to type I1-f and 11-g (10.2, 12.8 and 19.9%, respectively). The largest
increase was in %Xc from Type | to II-f and I1-g (13.4, 23.5 and 27.5%, respectively)

with a comparable trend in PhA (3.2, 11.2 and 20.5%, respectively). Athletes with the type
I1-g injury had significantly longer RTS (48 d) compared to other athletes with type I1-f

(14 d) that was greater than type I injuries (10 d). These findings suggest that L-BIA can
distinguish severity of muscle tears in type Il injuries and reveal the muscle gap that predicts
longer RTS. Importantly, L-BIA can provide a practical tool to identify muscle gap that is
not always found with MRI [140].

Methodological Errors and Standardization

Assessment of human body composition requires indirect methods that measure a physical
characteristic and mathematically transform it into a specific body component (e.g., FM,
FFM, LSTM, bone). Awareness and control of the sources of error, therefore, are critical
to understanding whether a method can determine a biologically meaningful change.
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Therefore, body composition studies to benefit athletes require attention to experimental
errors and have sensitivity and power to make sound conclusions.

Biological errors are random and comprise deviations from the basic assumptions of

a method or model and can impact the validity of an individual’s body composition
assessment. Common assumptions include constant hydration of FFM, differences in density
of FFM, attenuation of photon energy from x-rays related to soft tissue density and
thickness, and other norms. Implementation of standardized preparation protocols prior

to testing are advised to limit measurement errors. For example, in the case of DXA, it

is recommended that athletes are scanned in an overnight fasted and rested state, do not
participate in exercise the day of testing and ideally within ~24 hours of testing, and wear
minimal clothing [141].

In contrast, technical errors are non-random and relate to the accuracy and precision

of the instrument to perform measurement(s). Accuracy depends on the validity of a
measurement. It utilizes an inanimate standard and determines the equivalence of the
device measurement to the value of the standard. For example, DXA must be calibrated
using an anthropomorphic phantom equivalent for soft tissue and bone. Additionally,
BIA measurements can be validated by including an internal or external parallel circuit
containing a high-precision resistor and capacitor to assess technical accuracy.

A critical technical factor is the /n vivo reproducibility or precision of the measurement.

In contrast to accuracy, precision is operator dependent. Precision should be determined

for the test administrator(s) in a sample of the individuals under study. Coefficients of
variation should also be calculated to determine the inter- and intra- rater reliability of
device-specific compositional measurements. Measurement precision is an essential factor in
use of a method to assess the body composition of an athlete; it should be considerably less
than the expected change [142]. Description of both technical validation and measurement
error should be included in any report of body composition estimates in athletes [143,144].

Some specific concerns arise with BIA and DXA. Not all BIA instruments report the same
measurements [145]. Low-impedance electrodes are recommended for reliable and accurate
assessment of hydration [146]. Similarly, body composition measurements with different
DXA instruments are not interchangeable [147]. Proprietary software is another non-random
source of error of body composition estimates. Studies of athletes, observational and
interventional, should use the same instrument to avoid inter-device variability.

SUMMARY

Differences in total-body composition impact performance in sport. Increased LSTM and
muscle can be advantageous in sports requiring strength and power. Much of this evidence
comes from traditional methods (e.g., anthropometry, densitometry, ultrasound) that did
not consider inter-individual differences in chemical composition of the fat-free body;
confirmation using more advanced techniques (e.g., three-component models) tends to
support these initial generalized conclusions.
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Evolving research seeks to ascertain the role of regional body composition on sport-

and position- specific biomechanical attributes, increased risk of injury, graded muscle
injury, and objective criteria for return to play for injured athletes. Whereas early research
emphasized asymmetry in muscle function (strength, force and power), contemporary efforts
seek to determine the interaction of muscle size and mass with function. New findings

of discernment of competition level with body composition characteristics derived with
innovative methods and tracking of hydration status during training and competition afford
new prospects in sport.

All methods of human body composition assessment are indirect and, thus, have limited
accuracy. Optimization of body composition measurement must minimize technical or
measurement errors, standardize test procedures and establish stable physiological status
to enable high reliability of assessments. Attention to these test conditions will enhance
reproducibility of findings are their application to individual athletes.

RESEARCH OPPORTUNITIES

Assessments of FM, FFM, and LSTM provide practical evidence of a role for body
composition in sport. Availability and advancement of body composition methods allow
valid and reliable estimation of total-body and regional LSTM and muscle mass, and
measurements of passive bioelectrical characteristics that permit critical evaluation of their
specific roles in performance, function, injury risk, and recovery from injury. Utilizing these
body composition methods to assess total and regional LSTM in conjunction with muscle-
specific and explosive strength measurements, in addition to sport performance outcomes,
provides future research opportunities in multiple areas.

Total body LSTM can be used to predict performance in power sports, with differences in
regional distribution associated with improved performance. Additionally, regional LSTM
and ratios of these measurements (e.g., U/L LSTM) can provide insight to modify training
programs to enhance athletes’ biomechanical function and optimize sport- and position-
specific performance. Notably, only a handful of studies have evaluated U/L LSTM ratios,
and therefore further investigations are needed to quantify these ratios across sports and
positions within each sport to optimize athletes’ sport- and position- specific performance.
Additionally, future studies should seek to identify relationships between total and regional
body composition measurements and sport- and position- specific characteristics linked to
improved performance (i.e., kicking, shooting, sprinting, etc.). Future investigations should
employ longitudinal total and regional LSTM assessments in athletes using large sample
sizes across sports and identify relationships among LSTM changes with variations in
strength and sport performance outcomes. This assessment would enable the development of
prediction equations, which may allow for optimizing athletes’ sport performance.

Investigation of the effects of regional LSTM asymmetry on training, performance,

and injury/re-injury risk is a research priority. Thus, it is reasonable to determine the
thresholds of contralateral and ipsilateral LSTM asymmetry that negatively affect training
and performance; and identify sensitive and specific thresholds at which asymmetries in
strength, force, and LSTM adversely impact training and performance and contribute to
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injury/re-injury risk. Although asymmetries in muscle-specific and explosive strength and
LSTM may contribute to injury risk, investigations are needed to determine interactions of
ipsilateral and contralateral asymmetries, strength, and sport-specific functional measures on
injury/re-injury risk.

Novel bioelectrical measurements of body regions as indicators of muscle quality

merit investigation. The combination of low-impedance surface electrodes with advanced
modeling of conductor volumes can discriminate physiological characteristics of the
upper-and lower-limbs and trunk. These measurements provide qualitative assessments
of regional tissue hydration, and muscle damage that can guide physical training and
identify imbalances between contralateral limbs as related to severity of injury. There is
a conspicuous lack of data indicating the validity of BIA to detect changes in ECF/ICF
with muscle glycogen loading and depletion as well as the sensitivity to identify changes
in ECF including plasma volume in response to physical activity. Future studies could
provide ranges of acceptable regional bioimpedance values related to performance goals
and thresholds indicative of cellular perturbation and, hence, increased risk of impaired
performance or injury. They also should ascertain the validity of regional bioelectrical
measurements as practical indices of muscle asymmetry.

These areas of investigation offer new applications of body composition measurements to
support the health and performance of athletes. Additionally, these newer, more advanced,
and non-invasive methods for evaluating skeletal muscle mass allow athletes, trainers, sports
medicine professionals, and researchers to track changes in athletes’ skeletal muscle mass
over time, such as over the course of a season or career. This information, combined with
evaluation of sport- and position- specific performance and strength/force measurements,
can be used to examine the efficacy of a new training, rehabilitation, or diet regimen to
enhance athletes’ health and sport performance, identify and minimize injury/re-injury risk,
and predict a safe return to play.
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Figurel.
Iustration of an RXc plot of healthy adult male Caucasians for bioelectrical impedance

vector analysis to classify and track status of soft tissue and fluids. R/H = resistance/height,
Xc/H = reactance/height, Z/H = impedance/height. Adapted from Lukaski and Piccoli [47].
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General description of changes in bioelectrical vector positions (A) and bioelectrical
impedance measurements (B) in response to acute bout of exercise and muscle hypertrophy

after resistance training.
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