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CHAPTER 1: INTRODUCTION
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The body and its tissues can be measured using a variety of devices. Typical body
composition measurement devices separate the body into multiple compartments (i.e., 2-
compartment, 3-compartment, and 4-compartment). A 2-compartment body composition
measurement device separates the body into fat mass and fat-free mass and the most
common devices used are skinfolds, air displacement plethysmography, hydrostatic
weighing, and bioelectrical impedance analysis (BIA) (Roubenoff & Kehayias, 1991). A
3-compartment body composition measurement device further separates the fat-free mass
into lean and bone mass (Heymsfield et al., 2015). Therefore, the tissues measured by a 3-
compartment device are lean, bone, and fat. The most widely used 3-compartment device
is dual X-ray absorptiometry (DXA). Lastly, a 4-compartment device separates the body
tissues into lean, fat, bone, and water. Each addition of a body tissue allows for more
accurate the assessment of body composition due to fewer assumptions being made
(Roubenoff & Kehayias, 1991; Wang et al., 2005). An in vivo 4-compartment model
requires the use of multiple body composition devices — DXA for bone, lean, and fat;
bioelectrical impedance spectroscopy for body water; air displacement plethysmography
or hydrostatic weighing for volume.

To date, researchers have explored the use of DXA to measure only total body
volume, thus only requiring the use of two body composition devices (Blue et al., 2018;
McLester et al., 2018; Ng et al., 2018; Nickerson et al., 2017; Smith-Ryan et al., 2017;
Sullivan et al., 2022; Tinsley, 2018; Wang et al., 2002; Wilson et al., 2012, 2013). It should
be noted that DXA does allow for the measurement of regional body composition.
However, few researchers have explored regional DXA derived volume (Brorson et al.,

2009; Fuller, Laskey, et al., 1992; Gjorup et al., 2010, 2017; Wilson et al., 2013). In the

11



previous studies that have assessed regional DXA derived volumes, the primary population
used were females with breast cancer related lymphedema. Therefore, assessing the
reliability of DXA derived regional volume in a larger population of both males and
females is warranted.

It is also noteworthy that even fewer researchers have examined the use of a
regional DXA derived 4-compartment model. The use of a regional DXA derived 4-
compartment model would allow for the accurate assessment of body composition in the
arms and legs. It would also allow for any assessment of contralateral differences between
right and left due to training, injury, or treatment. The inclusion of volume and body water
in the regional 4-compartment model may be of use for injuries or disease where volume
of specific areas is impacted most, for example, volumetric muscle loss or lymphedema.

Using DXA to assess body composition can provide information on the relationship
between the different body tissues and examination of how those relationships affect
overall health. Muscle places mechanical loading on the bone; this physiological stress then
results in adaptations of the bone, ultimately making them stronger (Anliker & Toigo,
2012; Schoenau et al., 2002). One way to assess the relationship between muscle and bone
is to divide the amount of muscle on a particular bone or combination of bones (i.e.,
muscle-to-bone ratio). To date, most researchers have primarily explored the muscle-to-
bone ratio (MBR) in athletes (Bernal-Orozco et al., 2020; Brocherie et al., 2014; Carvajal
et al., 2012; Gomez-Bruton et al., 2019; Holway & Garavaglia, 2009), with even fewer
studies using DXA to determine bone mass (Gomez-Bruton et al., 2019). To the best of our
knowledge, no studies have explored the MBR in children with obesity. This is noteworthy

as children with obesity have higher bone mass and bone density compared to their normal
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weight peers (Dimitri, 2019; Litwic et al., 2021; Rinonapoli et al., 2021; Rokoff et al.,
2019), however, are at a greater risk of fractures (Compston, 2013; Dimitri et al., 2010).
Therefore, the MBR may provide insight into these findings. In addition to the MBR, the
soft tissue (lean mass and fat mass)-to-bone ratio (SBR) may provide even further insight
into the impact excess mass has on bone health. Thus, this dissertation’s purpose was to:
(a) expand on DXA derived total volume by exploring DXA derived regional volumes and
to use DXA derived regional volumes in a 4-compartment model; and (b) to use DXA to
explore the MBR and SBR in children with obesity.

This dissertation’s specific aims were as follows:

1. Explore total and regional volumes derived from DXA and further compare the

DXA derived volumes to volumes measured from a traditional method.

a. Hypothesis: Total and regional DXA derived volumes will not
significantly be different from the traditional measure of volume —
underwater weighing for total body and water displacement for
regional).

2. Compare a total and regional 4-compartment model with DXA derived volume
to a 4-compartment model with volume measured from underwater weighing
(total) and water displacement (regional).

a. Hpypothesis: The total and regional 4-compartment model with DXA
derived volumes will not significantly differ from the four-compartment
model with volumes measured.

3. Examine the relationship between muscle and bone in children with obesity and

compare the MBR to their normal weight and overweight peers.
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a. Hypothesis: The MBR will be significantly different between the BMI
percentile groups of normal weight, overweight, and obesity; with the
obesity group having higher MBR.

This dissertation’s second chapter provides a review of the current literature related
to body composition compartments and the use of DXA to measure body composition.
Additionally, the relationship between muscle and bone will be explored.

The third chapter discusses a study exploring the use of DXA in measuring regional
volumes and comparing this DXA derived regional volumes to volumes traditionally
measured using water displacement.

The fourth chapter outlines an investigation evaluating the DXA derived regional
volume from chapter three in a regional 4-compartment model. Further, this study
compares the DXA derived total and regional 4-compartment model to a traditional total
and regional 4-compartment model where volume is measured with hydrodensitometry
(total) or water displacement (regional).

The fifth chapter reviews a study exploring differences in body composition
measures between body mass index (BMI) percentile groupings in children and
adolescents. Also, this study explores the MBR and SBR in children with obesity.

Finally, the sixth chapter is a summary of each study and pertinent observations.
Future research about the use to DXA for regional volumes and 4-compartment model and

the MBR and SBR is proposed.
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CHAPTER 2: LITERATURE REVIEW
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BODY COMPOSITION

The assessment of body composition is important as it can be a marker for disease,
such as cardiovascular disease, and it can also monitor changes related to aging (i.e.,
sarcopenia and osteoporosis). Notably, lean body mass decreases with age and assessing
body composition can monitor the degree of lean mass loss (Peiffer et al., 2010; Roubenoff
& Kehayias, 1991). Lastly, the assessment of body composition provides information on
the risk of injury, sport performance, and the response of an individual to exercise and
nutritional interventions (Roubenoff & Kehayias, 1991). The assessment of body
composition breaks the body down into soft tissue and bone, with soft tissue being further
divided into lean mass and fat mass. From there, devices that assess body composition can

use the different measured tissues and can determine other variables such as percent fat.

Body Composition Compartments

When assessing body composition, the body’s contents are split up into
compartments (i.e., 2-compartment, 3-compartment, 4-compartment, etc.). The number of
these compartments depends on the device(s) and what they are measuring. Direct chemical
analysis of cadavers is the most accurate way to measure body composition. This approach
analyzes the lipid (via ether extract), water, protein (via nitrogen), and bone mineral (via
phosphorous and calcium) of the body. However, direct chemical analysis is not practical
for wide scale use and cannot be done in vivo (Heymsfield et al., 2015). Therefore, multiple
methods have been developed to measure body composition in vivo, and they range in level

of complexity.
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2-Compartment Model

The 2-compartment body composition model separates the body into two
compartments: fat mass and fat-free mass. With this model, only one compartment is
measured and then it is subtracted from the total mass to determine the other compartment
(Roubenoff & Kehayias, 1991). Examples of a 2-compartment model include
anthropometric measures (i.e., skinfold thickness, bone dimension, and circumference
measures), hydrodensitometry, air displacement plethysmography, and bioelectrical
impedance (BIA) (Lohman et al., 1997). Anthropometric measurements use an equation or
series of equations to predict percent fat (Lohman et al., 1997). The accuracy of
anthropometric measures depends on the equation used, technician’s skill, and the location
of the measurement (Lohman et al., 1997). Hydrodensitometry uses equations to estimate
body density, which is then used to estimate percent fat. BIA and bioelectrical impedance
spectroscopy (BIS) uses a weak electrical current at multiple frequencies sent throughout
the whole body and can be used to measures total body water (TBW), fat mass, fat-free
mass, and percent fat (Cannon & Choi, 2019; Lohman et al., 1997). TBW is the sum of the
extracellular water and intracellular water and is a valid measure of TBW compared to
deuterium oxide dilution (Jaffrin & Morel, 2008; Moon et al., 2009). The 2-compartment
model assumes that the composition and density of fat-free mass is constant throughout the

body (Heymsfield et al., 2015).

3-Compartment Model

The 3-compartment model for body composition further breaks down the 2-

compartment model by separating fat-free mass into lean mass and bone mass (Heymsfield
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et al., 2015). An example of a 3-compartment includes DXA, which measures total and
regional lean mass, fat mass, and bone mass. Although DXA was originally developed for

clinical settings it is now used in laboratory as well as sports performance settings.

4-Compartment Model

The 4-compartment model further breaks the fat-free mass compartment into
protein, water, and mineral (Fuller, Jebb, et al., 1992; Heymsfield et al., 2015). The 4-
compartment model was developed based on elemental partitioning and in vivo chemical
analysis (Heymsfield et al., 2015). However, these methodologies require cadaver analysis,
high cost, and/or a high level of expertise, thus limiting its practical use as a 4-compartment
model (Heymsfield et al., 2015). As a result, researchers aimed to develop a 4-compartment
model that can be used in vivo (Heymsfield et al., 2015; Lohman & Going, 1993; Wang et
al., 2002; Wilson et al., 2012). An in vivo 4-compartment model has been developed by
measuring body mass, body volume, bone mineral, and TBW. Bone mineral can be
determined using DXA’s measurement of bone mineral content. However, most models
adjust the DXA bone measurements to reflect the bone ashing process — when bone mineral
is heated and labile elements are released (Heymsfield et al., 2015). TBW can be measured
by deuterium oxide dilution or BIS. Using BIS to measure TBW further simplifies the 4-
compartment model process because it is easy, quick, and inexpensive compared to
deuterium oxide (Moon et al., 2009). Notably, the 4-compartment model builds on the 2-
and 3-compartment model because it does not assume fixed hydration, and removes

assumptions about the proportions of fat-free mass (Fuller, Jebb, et al., 1992). Ultimately,
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by measuring multiple parts of fat-free tissue, it reduces measurement error and the amount

of assumptions in the model (Roubenoff & Kehayias, 1991; Wang et al., 2005).

Measuring Body Volume

One vital component of the in vivo 4-compartment model of body composition is
body volume. Multiple techniques have been created to measure body volume, including
air displacement plethysmography, hydrodensitometry, water displacement, and DXA.

Each of these methods has certain advantages as well as limitations.

Air Displacement Plethysmography

Air displacement plethysmography uses a pod like device, where the subject sits
inside. During this time, the chamber uses a system to create small pressure fluctuations
that are analyzed. From these pressure fluctuations, the air volume of the chamber can be
derived. The subject’s volume is estimated from the difference between the air volume of
the empty chamber and the air volume with the subject inside the chamber (Lohman et al.,
1997). Notably, the air in the lungs also impacts this measure. Therefore, lung volume is

either measured or predicted (Heymsfield et al., 2015).

Hydrodensitometry

Hydrodensitometry or underwater weighing (UWW) is a common laboratory
technique for measuring body volume. This method requires the participant to fully
submerge into a tank of water, during which their underwater weight is measured. UWW

is based on Archimedes’ principle that body volume can be estimated by the loss of mass
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in water. However, the derived weight needs to be corrected for water density and lung
volume (either measured or predicted) (Lohman et al., 1997). Thus, total body volume is
obtained by dividing mass by density. Also, measuring body mass underwater and dry body
mass, percent fat via the Siri equation can be estimated using a 2-compartment model

(Heymsfield et al., 2015).

Water Displacement

Water displacement is similar to UWW because it uses Archimedes’ principle of
measuring the volume of an object by measuring the water displaced. This method is
inexpensive and safe, however, it can have high intra- and inter-rater variation (Gjorup et
al., 2010). While this method cannot provide information about tissue composition, it

allows for regional (i.e., arms and legs) measurement of volume.

Dual X-ray Absorptiometry

Recently, investigators have explored DXA as a method to estimate body volume.
The DXA uses a calibration phantom of known densities that are equivalent to biological
material. These calibration equations are used to predict fat and lean mass from the
measured pixel attenuation values. By creating calibration equations to attenuate pixel
volume for total body estimates, this allows the DXA to be used to estimate body volume
(Heymsfield et al., 2015). Notably, this method does not require lung volume measures or

estimates, thus eliminating errors related to modeling estimation of this value.
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Dual X-Ray Absorptiometry

DXA is a minimally invasive measurement of fat mass, lean mass, and bone mineral
content. Each tissue type has a known ratio of mass attenuation (R value) and DXA uses
two different X-rays (low and high photon energy) to determine each tissue (Blake &
Fogelman, 1997; Pietrobelli et al., 1996). The R value is given to every pixel in the DXA
scan, and along with delineation of skeletal boundaries, the DXA system can solve for two
components in each pixel (i.e., fat and lean or soft tissue and bone mineral) (Blake &
Fogelman, 1997; Mazess et al., 1990; Pietrobelli et al., 1996). DXA software not only
allows for total body scan analysis, but also allows for regional (i.e., arms, legs, and trunk)
measures of fat mass, lean mass, and bone mass through the use of region of interest (ROI)
boxes (Fuller, Laskey, et al., 1992; Heymsfield et al., 2014). DXA has been shown to be
valid and reliable for total body as well as regional body measure of lean mass, fat mass,
and bone mass (Bilsborough et al., 2014; Haarbo et al., 1991; Mazess et al., 1990; Rothney
et al., 2012). Similarly, new advances in DXA technology allow for the quantification of
visceral adipose tissue (VAT) mass. DXA has been shown to be a valid and highly
reproducible method to measure VAT mass compared to computed tomography (Glickman
etal., 2004; Kaul et al., 2012). Notably, previous studies have explored DXA-derived VAT
as it relates to health (i.e., insulin resistance, fitness level, etc.) and thresholds for the
accumulation of VAT (Bantle et al., 2019; Bosch, Chow, et al., 2015; Bosch, Dengel, et
al., 2015; Bosch, Steinberger, et al., 2015; Kelly et al., 2020). The assessment of body
composition can assess disease, injury risk, and response to an exercise or nutritional

intervention. Measuring regional body composition allows for the assessment of potential
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muscle asymmetries and any changes during recovery from disease or injury and how each

limb is affected.

Dual X-ray Absorptiometry Derived 4-Compartment Model

A traditional in vivo 4-compartment model requires a minimum of 3 testing
procedures including: 1) DXA for measures of bone mineral content (BMC), 2) deuterium
dilution or BIS to measure total body water, and 3) air displacement plethysmography or
hydrostatic weighing for measures of body volume. Being able to use DXA to measure
BMC and body volume would not only decrease the total amount of equipment necessary
but would also decrease the total time spent on testing procedures. As a result, previous
studies have looked at a way to use DXA in a convenient 4-compartment model (Blue et
al., 2018; McLester et al., 2018; Ng et al., 2018; Nickerson et al., 2017; Smith-Ryan et al.,
2017; Sullivan et al., 2022; Tinsley, 2018; Wang et al., 2002; Wilson et al., 2012, 2013).
Wang et al. (Wang et al., 2002) proposed a new 4-compartment model to determine body
fat percent from body volume, total body water, bone mineral, and body mass. Other
studies then used the regression equation by Wilson et al. (Wilson et al., 2013) to validate
DXA’s use in the 4-compartment model (Blue et al., 2018; McLester et al., 2018;
Nickerson et al., 2017; Smith-Ryan et al., 2017; Sullivan et al., 2022; Tinsley, 2018).
Specifically, Smith-Ryan et al. (Smith-Ryan et al., 2017) created their own linear
regression equation based off Wilson et al., (Wilson et al., 2013) and used a larger
population to validate total body volume DXA from the traditional method of body volume
from air displacement plethysmography. From this study, other researchers used the Smith-

Ryan (Smith-Ryan et al., 2017) equation to in a variety of populations to validate total body
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volume from DXA (Blue et al., 2018; McLester et al., 2018; Nickerson et al., 2017,
Sullivan et al., 2022; Tinsley, 2018). While studies found total body volume from DXA to
be reliable using Smith-Ryan (Smith-Ryan et al., 2017) equation, some studies reported
significantly different fat mass and percent fat measures from the DXA derived 4-
compartment model (Blue et al., 2018; McLester et al., 2018; Tinsley, 2018). Thus,
creating a new linear regression equation to determine total body volume from DXA may
further expand previous literature.

As previously discussed, DXA allows for total and regional measures of body
composition. Therefore, the use to DXA to measure total body volume may be applied to
regional measures. Previous studies have explored the use of DXA to derive regional body
volume (Brorson et al., 2009; Fuller, Laskey, et al., 1992; Gjorup et al., 2010, 2017; Wilson
et al., 2013). Of these previous studies, three compared DXA-derived regional volume to
a traditional method of body volume measurement of water displacement (Brorson et al.,
2009; Gjorup et al., 2010) and anthropometry (Fuller, Laskey, et al., 1992). Only one study
used a population of presumably healthy adults (Fuller, Laskey, et al., 1992), while the
other studies examined females with breast cancer-related lymphedema (Brorson et al.,
2009; Gjorup et al., 2010). Notably, the equations to determine regional volume were
different between the study in the healthy adults and the studies in females with breast
cancer. Gjorup et al. (Gjorup et al., 2010) and Brorson et al. (Brorson et al., 2009) used the
same equations, however, only Gjorup et al. (Gjorup et al., 2010) reported differences
between DXA derived volume compared to volume from water displacement. Similarly,
Wilson et al. explored both arm and leg regional volumes, but did not report a different

equation from total body volume derived from DXA, and did not compare it to a traditional
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method (Wilson et al., 2013). In addition, regional volumes derived from DXA would
expand on previous literature as it would allow for a convenient regional 4-compartment
model. Thus, more research on regionally derived volume from the DXA and its

application in a 4-compartment model is warranted.

MUSCLE-TO-BONE RATIO

While more research on DXA’s application in a 4-compartment model is needed,
DXA is a valid and reliable way to measure total and regional lean mass, fat mass, and
bone mass. Therefore, DXA can be used to measure the relationship between tissues,
specifically the relationship between muscle and bone. Muscle and bone work together to
create movement and thus the unit is termed the “functional muscle-bone unit” (Anliker &
Toigo, 2012; Schoenau et al., 2002). Importantly, the force of muscle during contraction
places strain on the bones, which helps to strengthen them (Anliker & Toigo, 2012;
Schoenau et al., 2002). This functional muscle-bone unit can be explored in a variety of
ways. Some studies explore the functional muscle-bone unit by looking at the cross-
sectional area of muscle, total lean mass, or muscle function via single leg jump in relation
to bone mass (Anliker & Toigo, 2012; Bernal-Orozco et al., 2020; Brocherie et al., 2014;
Carvajal et al., 2012; Holway & Garavaglia, 2009; Ireland et al., 2013; Schoenau et al.,
2002; Withers et al., 1991). Both cross-sectional area of muscle and total lean mass are
structural components and not the functional components of muscle. One way to explore
the structural relationship between muscle and bone is through the MBR. The MBR
explores the physiological adaptations of bone as a result of the mechanical loading of

muscle. Previous studies have explored the MBR, specifically in animal science (Hopkins,
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1996) and in athletes (Bernal-Orozco et al., 2020; Brocherie et al., 2014; Carvajal et al.,

2012; Holway & Garavaglia, 2009; Ireland et al., 2013; Withers et al., 1991).

Muscle-to-Bone Ratio in Athletes

Studies in athletes exploring the MBR have primarily used the 5-way fractionation
method (Bernal-Orozco et al., 2020; Brocherie et al., 2014; Carvajal et al., 2012; Holway
& Garavaglia, 2009). The 5-way fractionation method uses skinfolds, girths, and breadths
to estimate adipose, muscle, residual, skeletal, and skin tissues (Holway & Garavaglia,
2009). Notably, the 5-way fractionation method only provides an estimate, rather than a
measure, of bone mass. DXA allows for the direct measurement of not only bone mass, but
also lean mass and fat mass. Thus, using DXA to explore the MBR may be beneficial as it
directly measures the tissues rather than estimating them through skinfolds, girths, and
breadths. A previous study in adolescent athletes used DXA to explore the relationship
between muscle and bone in swimmers and compared the swimmers’ MBR to a control
group (Gomez-Bruton et al., 2019). The study by Gomez-Bruton et al. (Gomez-Bruton et
al., 2019) observed that swimmers had significantly lower total and regional bone to lean
mass ratios compared to controls. This is indicative of either more lean mass to bone mass
or less bone mass to lean mass. This relationship is important as is shows the impact that
swimming may have on body composition. Since swimming is a non-weight bearing
activity, bone may not be receiving the strain that it needs to create more bone mass.
Therefore, swimmers have either more lean mass to bone or less bone to lean mass, when
compared to controls. This ratio of muscle to bone is especially of importance in children

with obesity.
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Bone Health in Children with Obesity

Studies exploring fracture risk in children with obesity have reported increased risk
of fracture (Compston, 2013; Dimitri et al., 2010). The exact reason for this relationship is
still unclear. Researchers have explored BMC and bone mineral density (BMD) in children
with obesity. These studies have reported higher BMC and BMD in children with obesity
compared to their normal weight peers (Dimitri, 2019; Litwic et al., 2021; Rinonapoli et
al., 2021; Rokoff et al., 2019). However, some studies have normalized bone mass to body
weight and observed lower values of BMC and BMD in children with obesity (Litwic et
al., 2021; L. N. Mosca et al., 2014). These observations are interesting because the excess
mass that is associated with obesity may artificially increase bone mass. This artificial
increase in bone mass may be through increased strain on bones by the higher amounts of
mass that load the bone. However, once normalized for weight, children with obesity may

not have more bone mass or denser bones compared to their normal weight peers.

Cardiometabolic Markers and Bone Health in Children with Obesity

There are cardiometabolic disease risk factors (i.e., insulin resistance, dyslipidemia,
and hypertension) that may accompany obesity. These risk factors may also have a negative
impact on bone health. Studies examining the relationship between DXA bone measures
and cardiometabolic risk factors have reported that BMC is negatively associated with
insulin, homeostatic model assessment for insulin resistance (HOMA-IR) (do Prado et al.,
2009; Hetherington-Rauth et al., 2019; Karimi et al., 2021; Kindler et al., 2019; Lawlor et

al., 2012; K. Lee, 2013; Pollock et al., 2011; Shawar et al., 2022), fasting glucose and total
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cholesterol (Pollock et al., 2011). There is also a positive association between BMC and
high-density lipoprotein (HDL) (Pollock et al., 2011). Notably, previous studies have
observed no significant associations between BMC and systolic or diastolic blood pressure,
triglycerides, and low-density lipoprotein (LDL) (Hetherington-Rauth et al., 2019; Pollock
et al., 2011). Thus, these observations indicate that obesity related cardiometabolic risk
factors may negatively impact bone health. Also, exploring these relationships may provide

additional insight into the bone health in children with obesity.

Muscle in Children with Obesity

Due to the physiological relationship between muscle and bone strength previously
described, exploring muscle function in children with obesity is important. Studies
exploring anthropometric aspects of muscle (e.g., muscle thickness and muscle cross-
sectional area) and muscular strength (e.g., grip strength, knee extensor and plantar flexor
strength, and voluntary contraction) in children with obesity have observed incongruent
findings. Depending on the methodology used to explore muscle, either a positive or
negative relationship has been observed. For example, previous studies using grip strength,
muscle thickness, muscle cross-sectional area, voluntary contraction and activation, and
elbow extensors have reported a positive relationship with obesity (Deforche et al., 2003;
Garcia-Vicencio et al., 2016; C. K. Lee et al., 2022; Thivel et al., 2016). Whereas, studies
that utilized knee extensor strength, and plantar flexor strength have reported negative
relationships with obesity (Bonney et al., 2018; Musalek et al., 2020; Singh et al., 2021;
Thivel et al., 2016; Tsiros et al., 2016). The relationship between anthropometric aspects

of muscle and muscular strength in children with obesity is important because previous
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studies have reported increased lean mass in children with obesity (Dimitri et al., 2010).
Similarly, previous studies have reported increased lean mass with increased fat mass (L.
Mosca et al., 2013; Rinonapoli et al., 2021). Therefore, increased fat mass may indirectly
have a positive effect on bone strength. To support this, previous studies have reported
positive correlations between bone mineral density and BMC with lean mass and fat mass
in females (Maimoun et al., 2016; L. N. Mosca et al., 2014). Bone variables were positively
correlated with only lean mass in males (L. N. Mosca et al., 2014). However, a previous
study reported that an increased proportion of fat mass relative to lean mass was negatively
associated with bone strength (Ducher et al., 2009). Therefore, these results suggest that
lean mass may have a greater impact on bone health compared to fat mass alone. Lean
mass directly impacts bone health through placing mechanical strain on the bone which
helps strengthen bones. When normalizing BMC to lean mass, a previous study reported
lower amounts of bone mass, which increases the risk of fractures (Golec & Chlebna-
Sokoét, 2014). Bone strength in children with obesity is important to assess as previous
studies have reported an increased risk of fractures in children with obesity (Compston,
2013; Dimitri, 2019; Dimitri et al., 2010). Notably, one study reported a 25% increase in
fracture risk (Dimitri, 2019). Thus, exploring the relationship between muscle and bone in
children with obesity may provide insight into bone adaptations to increased loading from

higher amounts of fat and lean mass.

Muscle-to-Bone Ratio in Children with Obesity

One way to explore the relationship between muscle and bone is to use the MBR.

The MBR explores the adaptations of bone as a result of mechanical loading from the
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muscle. Typically, mechanical loading from the muscle on the bone results in strengthening
of the bones. Notably, a previous study has explored the total and regional muscle-to-bone
relationship in children and how body fat percent impacts this relationship (Duran et al.,
2019). For regional muscle-to-bone, these researchers combined the arms and legs and
referred to their grouping as the appendicular muscle to bone unit. This study reported that
body fat percentage was negatively correlated with appendicular bone mineral content for
lean mass (Duran et al., 2019). These results suggest that as body fat percent increases, the
appendicular muscle bone unit decreases. This decreased muscle to bone unit indicates
either more lean mass for bone mass or less bone mass for lean mass. Increased lean mass
to bone mass may negatively impact bone health as the bones may not be able to handle
the strain that the muscles place on the bones. Thus, more research is warranted to explore
the impact of pediatric obesity on bone health and how other body composition tissues (i.e.,

muscle to bone ratio) may affect the physiological bone adaptations.
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CHAPTER 3. DUAL X-RAY ABSORPTIOMETRY-DERIVED TOTAL AND

REGIONAL BODY VOLUME
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Summary

Purpose: Although dual X-ray absorptiometry (DXA) has been used to determine total
body volume, using DXA to determine regional (i.e., arm and leg) volumes needs further
assessment. Thus, the aim of the present study is to evaluate the validity of total and
regional DXA-derived body volume compared to a traditional method for measuring body
volume. Methods: A total of 30 males and females (Age: 25.9 £+ 4.0 yrs.; Height: 1.75 £
0.10 m; Weight: 70.98 + 14.02 kg) underwent one whole body DXA scan, underwater
weighing, and regional measures of volume via water displacement. Manually created
DXA region of interest boxes were used to determine regional DXA body composition.
Total body volume was calculated by taking the participant’s dry weight and dividing it by
the average density from underwater weighing. Linear regression models with body
volume from underwater weighing for total body volume and water displacement for
regional volume as the dependent variable and DXA lean mass, fat mass, and bone mass
as independent variables created total and regional DXA-derived body volume. T-tests
assessed DXA-derived body volume to the traditional method of body volume assessment.
Regression models were cross-validated using the Repeated k-fold Cross Validation
method. Results: DXA-derived total body volume was not significantly (p=0.999)
different from total body volume measured via total body water displacement. In addition,
both arm and leg regional DXA-derived volume was not significantly different (p=0.999)
compared to regional volume measured by regional water displacement. Cross-validation
of each model produced R? values of 0.992, 0.923, and 0.932 for total body, arm, and leg,
respectively. Conclusions: The DXA may be used as valid method for estimating total and

regional body volume. Thus, these results expand the DXA’s capabilities and potentially
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allow for a convenient regional four-compartment model with DXA-derived regional

volume.
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Introduction

The assessment of body composition has been used to assess disease, injury, or
performance and has been used to monitor changes related to aging (i.e., sarcopenia),
exercise, or nutritional interventions (S. Y. Lee & Gallagher, 2008; Roubenoff & Kehayias,
1991). There have been many devices created to measure body composition, breaking
down the body into compartments (i.e., 2-compartment, 3-compartment, 4-compartment).
In particular, the measuring of body volume has been of interest as it allows researchers
the ability to use a 4-compartment model (i.e., fat mass, lean mass, bone mass, body water)
when assessing body composition (S. Y. Lee & Gallagher, 2008). Currently, there are a
variety of ways to measure total body volume, including air displacement
plethysmography, hydrodensitometry, water displacement, and more recently dual X-ray
absorptiometry (DXA) (Blue et al., 2018; Brorson et al., 2009; Gjorup et al., 2010; Ng et
al., 2018; Nickerson et al., 2017; Smith-Ryan et al., 2017; Tinsley, 2018; Wilson et al.,
2012, 2013).

DXA is a widely accepted and highly used device for the determination of body
composition as it separates the body tissue into three compartments (i.e., lean mass, fat
mass, and bone mass) (Ackland et al., 2012; Bilsborough et al., 2014; Blake & Fogelman,
1997; Glickman et al., 2004; Haarbo et al., 1991; Kaul et al., 2012; S. Y. Lee & Gallagher,
2008; Mazess et al., 1990). Notably, previous studies have explored the use of DXA-
derived total body volume compared to a traditional method (i.e., air displacement
plethysmography and hydrodensitometry) and have reported that DXA-derived total body
volume is highly correlated and not significantly different from the traditional methods of

air displacement plethysmography (Ng et al., 2018; Smith-Ryan et al., 2017; Wilson et al.,
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2012, 2013) and hydrodensitometry (Nickerson et al., 2017; Sullivan et al., 2022).
However, DXA allows for total body as well as regional (i.e., arms and legs) assessment
of body tissues. In addition, DXA software allows for further segmentation through the use
of manually created region of interest (ROI) boxes. Manually created ROIs allow for
examination of specific regions, such as the forearm or lower leg. Assessing regional body
composition provides important insight into tissue imbalances, deficiencies or excesses (S.
Y. Lee & Gallagher, 2008). Therefore, regional body composition can be useful when
evaluating disease, interventions, performance, injury risk, and rehabilitation. Previous
studies have explored the use of DXA to derive regional body volume (Brorson et al., 2009;
Fuller, Laskey, et al., 1992; Gjorup et al., 2010, 2017; Wilson et al., 2013). Of these studies,
only three compared DXA-derived regional volume to a traditional method of body volume
measurement of water displacement (Brorson et al., 2009; Gjorup et al., 2010) and
anthropometry (Fuller, Laskey, et al., 1992). Only one of these studies used a population
of presumably healthy adults (Fuller, Laskey, et al., 1992) and the other were in a
population of females with breast cancer-related lymphedema (Brorson et al., 2009; Gjorup
et al., 2010). Thus, the purpose of the present study is to derive total and regional (i.e., arm
and leg) body volume from the DXA and compare it to a traditional method of determining

total and regional body volume in a healthy population of males and females.

Methods
Participants

A total of 30 males and females (age range: 21.3 — 35.8 yrs.; body fat percent range:
13.4-33.7%) participated in this study. Participants were recruited from the Twin Cities

Metro area to complete one visit of body composition measures. Inclusion criteria included
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the age range of 18-55 years old, participants were under the weight limit of the scanner
table, have not undergone multiple X-rays in the past 12 months or any nuclear medicine,
and are not pregnant. All female participants were screened for a negative pregnancy test
prior to participation. All procedures were approved by the University’s Institutional
Review Board and all participants signed a written informed consent prior to testing.
Participants were asked to be fasted for at least 6 hours and abstain from caffeine, alcohol,
or nicotine for at least 14 hours prior to testing. Participants were also asked to not
participate in vigorous exercise 48 hours or moderate exercise 14 hours prior to testing.
Testing was conducted in the morning during the same time of day for all participants.
Dual X-Ray Absorptiometry

Height was measured using a wall-stadiometer (Seca, Hamburg, Germany), weight
was measured using an electronic scale (Tanita Corporation, Tokyo, Japan), and age was
recorded. Participants’ limb length was measured using a tape measure. Arm length was
measured from the ulnar styloid to acromion-clavicular junction, and leg length was
measured from the beginning of the inseam to the medial malleolus of the tibia. Arm and
leg length was used to determine 80% of each limb length and the 80% length was marked
on the participant for body volume measurements. Participants received one whole body
DXA scan (Hologic Horizon A; Hologic Inc., Marlborough, MA, USA) in the supine
position. To prevent interference with the scan, participants removed all metal and thick
clothing. All DXA scans were analyzed by the same technician using Hologic APEX
software (APEX Version 5.6.0.4, Hologic Inc., Marlborough, MA, USA). Prior to the scan,
metal markers were placed at 80% of limb length, which allowed for placement of manual

ROI boxes post scan. The use of metal markers to create boundaries for post-scan creation
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of manual ROI boxes have been previously described (Raymond-Pope et al., 2020).
Manual ROI boxes were defined as from the 80% mark of the limb to the middle of the
head of the ulna for the arms and the middle of the medial malleolus on the tibia for the
legs. Using the 80% mark as the boundary for the regional DXA scan allowed for
consistency in comparison of regions between methods of DXA and water displacement
for statistical analysis. Body composition variables included total mass, lean mass, fat
mass, body fat percent, bone mineral content (BMC) and bone mineral density for total
body and regional measurements. To derive body volume from DXA, prediction equations
for total-body and each limb followed the prediction equation proposed by Wilson et al.

(Wilson et al., 2013)

DXAVolume (mL) = vfq X fat + Vieqn X lean + vgyc X BMC + Vpegiqual

Where fat, lean, and BMC correspond to the DXA mass measures. The coefficients
correspond to the respective inverse densities for fat (vea), lean (Vican), and BMC (vewmc),
and Vresidual 18 the volume unaccounted for by DXA.
Underwater Weighing

Underwater weighing was performed using a specialized underwater weighing
system (EXERTECH, La Crosse, WI). Subjects wore tight fitting clothing and a nose clip.
Subjects were seated in the apparatus and were instructed to maximally exhale and slowly
submerge into the water. Residual volume was estimated based on subject’s height, sex,

and age. The average density of three trials of underwater weighing was used to derive
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total body volume. Total body volume was calculated by taking the participant’s dry weight
and dividing it by the averaged density.
Water Displacement

Limb volume was measured using water displacement via two custom designed
volumetric cylinders, one for the arm and one for the leg. The volumeters had a valve at
the top to control for water flow. At the beginning of measurements, the participant’s hands
and feet were tared. Once the hands and feet were zeroed, the participant slowly immersed
the rest of their limb until the 80% mark was in line with the valve on the volumetric
cylinder. The water displaced was collected and measured using graduated cylinders and
measured to the nearest 10 mL.
Statistical Analysis

Descriptive statistics were calculated for the participant population. Linear
regression using the step Akaike Information Criteria method with body volume from
underwater weighing for total body volume and water displacement for regional volume as
the dependent variable and fat mass, lean mass, and BMC from the DXA as independent
factors determined the coefficients for the prediction equations. Paired t-tests compared
DXA-derived regional volume to the regional volume measured by underwater weighing
and water displacement. The volume measured by underwater weighing and water
displacement was compared to the DXA-derived volume using constant error, total error,
standard error of the estimates, and Bland-Altman plots determined limits of agreement.
Regression models were cross-validated using the Repeated k-fold Cross Validation
method. All analyses were conducted using R software (R Foundation for Statistical

Computing, Vienna, Austria) with an alpha level of p < 0.05.
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Results

Subject demographics and anthropometrics are reported in Table 1. For total body
DXA-derived body volume, the coefficients are 1.21 (p<<0.001), 0.94 (p<0.001), and -1.17
(p=0.454) for fat, lean, and BMC, respectively, with a residual volume of -783.70 mL. A
total of 60 limbs were used for the leg and arm linear regression equation. Coefficients for
the DXA-derived arm volume equation are 0.66 (p<0.001), 0.68 (p<0.001), and 1.40
(p=0.539) for fat, lean, and BMC, respectively, with a residual volume of 311.99 mL. The
coefficients for the DXA-derived leg volume equation are 1.13 (p<0.001), 0.83 (p<0.001),
and 1.04 (p=0.586) for fat, lean, and BMC, respectively, with a residual volume of -24.96

mL.

Total Body Volume (mL) = 1.12 x fat + 0.94 x lean — 1.17 x BMC — 783.70
ArmVolume (mL) = 0.66 x fat + 0.68 x lean + 1.40 x BMC + 311.99

Leg Volume (mL) = 1.13 x fat + 0.83 x lean + 1.04 x BMC — 24.96

DXA-derived total body, arm, and leg volume were not significantly different
compared to volume measured by underwater weighing and water displacement (Table 2).
Table 3 presents the constant error, total error, standard error of estimate, and limits of
agreement between the two models for total body, arm, and leg. Bland-Altman plots for
validity are presented in Figure 1 for total body (Panel A), arm (Panel B), and leg (Panel

Q).
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Each model was cross-validated using the repeated k-fold cross-validation
approach, specifically, 3 repeats of a 10-fold cross-validation. The R? value for each model
15 0.992, 0.923, and 0.932 for total body, arm, and leg volumes, respectively.

Discussion

The current study aimed to quantify total and regional body volumes derived from
the DXA and compare it to a traditional method of measuring body volume (i.e.,
underwater weighing and water displacement). Notably, the current study observed no
significant differences between DXA-derived total and regional body volumes when
compared to the traditional method of measuring body volume. Additionally, the current
study cross-validated these regression models and reported high R? values, suggesting high
validity of the models.

Total Body DXA-Derived Volume

Previous studies that determined total body volume using DXA-derived have
reported DXA-derived total body volumes were highly correlated and not significantly
different from the traditional methods of determining body volume (i.e., air displacement
plethysmography and hydrodensitometry) (Ng et al., 2018; Nickerson et al., 2017; Smith-
Ryan et al., 2017; Sullivan et al., 2022; Wilson et al., 2012, 2013). The present study also
observed no significant differences between DXA-derived total body volume and total
body volume determined by underwater weighing. Notably, the present study observed
different linear regression coefficients/densities for the prediction equation proposed by
Wilson et al. (Wilson et al., 2013) and from another previous study (Smith-Ryan et al.,
2017; Wilson et al., 2013). The present study reports coefficients of 1.21, 0.94, and -1.17

for fat, lean, and BMC, respectively. These coefficients correspond with densities of 0.83,
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1.06, and 0.53 g/mL for fat, lean, and BMC, respectively. Studies conducted by Smith-
Ryan et al. and Wilson et al. have reported fat, lean, and BMC densities as 0.84 vs. 0.88,
1.03 vs. 1.05, and 11.63 vs. 4.85 kg/L (Smith-Ryan et al., 2017; Wilson et al., 2013). While
the densities for fat and lean are similar between studies, the density for BMC are not only
different between these studies, but also the present study. Both Wilson et al. (Wilson et
al., 2013) and Smith-Ryan et al. (Smith-Ryan et al., 2017) used Hologic Discovery-W
DXA scanners whereas the present study used Hologic Horizon A scanner.

Bland-Altman plots demonstrated a slight negative bias (-0.03 mL) between
underwater weighing and DXA-derived total body volume. The current study also
observed no significant differences between DXA-derived total body volume and total
body volume measured from underwater weighing. Thus, along with the high correlation
(R?=0.992) from the cross-validation models, these results suggest that total body volume
can be accurately derived from a single DXA scan.

Regional DXA-Derived Volume

The present study expands on previous literature by exploring regional DXA-
derived volumes. Previous studies have explored the use of DXA to derive regional
volumes of the arms and legs (Brorson et al., 2009; Fuller, Laskey, et al., 1992; Gjorup et
al., 2010, 2017; Wilson et al., 2013), however, only three of these studies compared the
DXA-derived regional volume to a traditional method for measuring volume (i.e., water
displacement and anthropometry) (Brorson et al., 2009; Fuller, Laskey, et al., 1992; Gjorup
et al., 2010). The study conducted by Fuller et al. compared DXA-derived regional volume
to volume estimated from circumference and length measures of the upper arm, forearm,

thigh, and lower leg (Fuller, Laskey, et al., 1992). Also, this previous study used the
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densities of fat mass (0.9 g/cm?) and fat-free mass (1.1 g/cm?) to derive regional volume
from the DXA, thus combining lean mass and bone mass together. The study by Fuller et
al. reported no significant differences between the anthropometric arm volume and the
DXA-derived arm volume (Fuller, Laskey, et al., 1992). However, Fuller et al. did report
significant differences in leg volume between the two measures (Fuller, Laskey, et al.,
1992). Notably, definitions of the regions measured were defined differently between the
two methods of DXA and anthropometry, ultimately limiting the comparison between the
two methods (Fuller, Laskey, et al., 1992). The authors did not report manual ROI for the
regional DXA volume, thus a typical arm region automatically defined by DXA consists
of the hand. Whereas anthropometry measures were taken at the upper arm and forearm,
suggesting there was no hand in the determination of arm volume. The present study used
the same defined arm and leg regions for measures of volume from the DXA and water
displacement. Thus, the present study expands on the previous study by using water
displacement — the gold standard for volume measures — to measure regional volume
instead of estimating volume from anthropometry.

In addition, the studies by Brorson et al. and Gjorup et al. only explored DXA-
derived regional volumes of the arm (Brorson et al., 2009; Gjorup et al., 2010). These
studies were also only conducted in females with breast cancer lymphedema. Therefore,
the current study adds to previous literature by exploring DXA-derived regional volumes
of both the arm and the leg and comparing both limbs to the gold standard of measuring
volume via water displacement in a population of presumably healthy adult males and

females.
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Notably, the previous study by Gjorup et al. observed arm volume from water
displacement was significantly underestimated compared to DXA-derived arm volume
(Gjorup et al., 2010). One possible explanation for this could be the equation they used to
estimate DXA-derive volume. Gjorup et al. used densities based on a previous study by
Brorson et al. (Brorson et al., 2009; Gjorup et al., 2010). While Gjorup et al. reported the
densities for each body composition measure they used, the equation for DXA-derived
volume proposed by Wilson et al. suggest a residual volume, which Gjorup et al. did not
report. The residual volume is the volume that is unaccounted for in the lean mass, fat mass,
and bone mass from the DXA. On the other hand, the study conducted by Wilson et al.
explored regional DXA-derived volumes of the trunk and legs, however, they did not
compare these volumes to a traditional method of measuring volume (Wilson et al., 2013).
They also did not report different densities used for total body and regional DXA-derived
volume, thus suggesting the densities they reported were used for both equations. The
current study observed different densities and residual volumes for total body, arm, and leg
DXA-derived equations. These observed differences in regional coefficients/densities from
total body coefficients may suggest total body, arm, and leg volume equations are not
interchangeable.

Bland-Altman plots demonstrated a slight negative bias between water
displacement and DXA-derived arm (-0.51 mL) and leg (-0.21 mL) volume. The current
study also observed no significant differences between regional DXA-derived volume and
regional volume measured by water displacement for both the arm and the leg. Thus, along

with the high correlation from the cross-validation models for both the arm (R?=0.923) and
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leg (R?=0.932), these data suggest that regional volume can be accurately derived from a
single DXA scan.

Limitations of the present study include the homogeneous sample population; thus,
the regional equations may not be generalizable to other populations (i.e., obesity, disease,
and older or younger populations). Also, measurement of limb volume via water
displacement required participants to stay still for long periods of time, which was
challenging for some participants. Lastly, the equations proposed were created only for
80% of limb length due to limitations of measuring the full limb by water displacement.
Thus, the full limb length that is defined by DXA automatically created ROI boxes could
not be used in the analyses.

Conclusion

The current study observed no significant differences between total and regional
DXA-derived volume compared to a traditional method for measuring volume. Therefore,
the results of the current study suggest that DXA can derive not only total but also regional
volumes. The development of a method to derive regional volumes from DXA can be
implemented in future clinical and research settings. DXA provides a quick assessment of
total body and regional body composition measures and thus being able to derive body
volume further expands DXA’s capabilities. Similarly, DXA-derived body volume allows
for a “convenient” DXA-derived 4-compartment model. It is more convenient than
traditional methods to determine body volume as hydrodensitometry and air displacement
plethysmography require specialized equipment, and body water from isotope dilution
requires multiple hours to complete (Smith-Ryan et al., 2017; Wang et al., 2002). Thus,

DXA-derived volume reduces the time and cost required to obtain body volume. In

44



addition, the use of DXA, along with bioelectrical impedance spectroscopy, may allow for
a regional 4-compartment model. A regional 4-compartment analysis can be used to track
regional changes due to site specific cancers, tumors, or trauma (e.g., volumetric muscle
loss). Future research should explore DXA-derived regional volume in a variety of

populations and its utility in a regional 4-compartment model.
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Table Legends
Table 1. Demographics and Anthropometrics of Cohort.
Table 2. Mean + standard deviation of total and regional volume derived from the DXA
and measured by water displacement.
Table 3. Constant error, total error, standard error of estimate, and limits of agreement of

body volume between water displacement and DXA-derived volume.
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Tables

Table 1. Demographics and Anthropometrics of Cohort.

Total Male (n=18) | Female (n=12)

Age (yrs) 259+4.0 24.6+3.8 264+44

Height (m) 1.75 +£0.10 1.82+£0.06 1.65 £ 0.04
Weight (kg) 7098 £14.02 | 7933 +11.24 | 58.46+ 6.15
Total Mass (kg) 71.0 £13.99 79.27+11.34 | 58.59+6.11
Total Fat Mass (kg) 14.16 £3.35 13.41 £2.80 15.28 £3.91
Total Lean Mass (kg) 56.84 £13.79 | 65.86£10.07 43.31 £3.36
Total BMC (kg) 2.57+£0.50 2.85+0.43 2.15+£0.21

Total BMD (kg) 1.18 £0.10 1.22+0.11 1.13+£0.06

Total Body Fat Percent (%) | 20.48 £5.67 16.96 £ 2.85 25.78 £4.62

Table demographics and anthropometrics are reported at mean + standard deviation.

Abbreviations: BMC, bone mineral content; BMD, bone mineral density
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Table 2. Mean + standard deviation of total and regional volume derived from the DXA

and measured by water displacement.

95%
Water Displacement Confidence
DXA Volume (mL) Volume (mL) p-value Interval
-557.47,
Total Body | 67040.13 +12895.87 | 67039.89 £12981.87 | 0.999 556.99
Arm 2300.26 £ 602.17 2300.25 + 628.94 0.999 | -46.91, 46.90
Leg 6528.73 £1299.95 6528.75 + 1354.64 0.999 | -98.40, 98.44

Abbreviations: DXA, dual X-ray absorptiometry
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Table 3. Constant error, total error, standard error of estimate, and limits of agreement of

body volume between water displacement and DXA-derived volume.

Constant | Total | Standard Error | Limits of Agreement
Error Error of Estimate
Total Body -0.24 1.31 0.38 -2925.13, 2924.65
(mL)
Arm (mL) -0.01 0.05 0.19 -355.90, 355.88
Leg (mL) 0.02 0.18 0.34 -746.73, 746.78

49



Difference in Total Body Volume (

Difference in Arm Volume (mL)

2000 . *
. - .
L ] L]
L ]
b )
0 - e L M 0 S S [
L ]
L]
L]
.0
L ] Y P
L ] L]
. . O.
® o

50000 60000 70000 80000 90000
Total Body Volume (mL)

400 -

o
|
*le

—— ey e ——— g —

2000 3000 400(
Arm Volume (mL)

50



.
el e - - - - o = - - g™ T = = = - .
I .
~— .".n"'.-
o 500
o o
=
2 .
[
(>D ‘.. ¢ ¢ e -
o_°
o 2o o, *e —
9 e - - - - w R
e © [ ]
c e o
- Y L]
o ° L™ ’ ° C ~
< * .
o [} . o °
[} 500 - ®
= .
O 1N U P E—_— S _ o _.
1000~
.
1] L} 1
4000 6000 8000

Leg Volume (mL)

Figure 1. Differences between DXA-derived volume and water displacement for A) total
body (mean difference = - 0.03 mL) B) arm (mean difference =-0.51 mL), and C) leg
(mean difference = -0.21 mL). Note: x-axis represents mean of volume measures from

DXA and water displacement for total body, arm, and leg, respectively.
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CHAPTER 4. TOTAL AND REGIONAL DUAL X-RAY ABSORPTIOMETRY

DERIVED FOUR-COMPARTMENT MODEL
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Summary

Purpose: Dual X-ray absorptiometry (DXA) software allows for total and regional (i.e.,
arms and legs) assessment of body composition, with recent advancements allowing for
DXA derived volume. The use of DXA derived volume allows for the development of a
convenient four-compartment model to accurately measure body composition. The purpose
of the current study is to evaluate the validity of a regional DXA derived 4-compartment
model. Methods: A total of 30 males and females underwent one whole body DXA scan,
underwater weighing, total and regional bioelectrical impedance spectroscopy, and
regional measures of water displacement. Manually created region of interest boxes
assessed regional DXA body composition. Linear regression models with fat mass from
the DXA as the dependent variable and body volume from water displacement, total body
water from bioelectrical impedance spectroscopy, and DXA bone mineral and body mass
as independent variables created regional 4-compartment models. Measures of fat-free
mass and percent fat were calculated using the 4-compartment derived fat mass. T-tests
assessed DXA derived 4-compartment model to the traditional 4-compartment model with
volume assessed by water displacement. Regression models were cross-validated using the
Repeated k-fold Cross Validation method. Results: Arm and leg regional DXA derived 4-
compartment model for fat mass (p=0.999, both arm and leg), fat-free mass (p=0.999, both
arm and leg), and percent fat (arm: p=0.766; leg: p=0.938) were not significantly different
from the regional 4-compartment model with regional volume measured via water
displacement. Cross-validation of each model produced R? values of 0.669 for the arm and

0.783 for the leg. Conclusions: The DXA can be used to create 4-compartment model for
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estimating total and regional fat mass, fat-free mass, and percent fat. Thus, these results

allow for a convenient regional 4-compartment model with DXA derived regional volume.
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Introduction

The body is composed of different tissues, or compartments, and there are a variety
of ways to measure those tissues (S. Y. Lee & Gallagher, 2008). For example, underwater
weighing separates the tissue into fat mass and fat-free mass and is called a 2-compartment
model (S. Y. Lee & Gallagher, 2008). Dual X-ray absorptiometry (DXA) further separates
fat-free mass into lean mass and bone mass, and is called a 3-compartment model
(Bilsborough et al., 2014; Haarbo et al., 1991; Heymsfield et al., 2015; Mazess et al., 1990;
Rothney et al., 2012). A 4-compartment model further separates the body tissues by
including body water, hence the compartments include fat mass, lean mass, bone mass, and
body water (Fuller, Jebb, et al., 1992; Heymsfield et al., 2015). Thus, body composition
measures can be classified based on the compartments they measure, typically ranging
from a 2-compartment model to a 4-compartment model (S. Y. Lee & Gallagher, 2008).
Accuracy of body composition measurement improves when increasing the number of
compartments. By increasing the amount of components (i.e., fat, lean, bone, and water)
measured, the overall measurement error is reduced and there are fewer assumptions in the
model (Roubenoff & Kehayias, 1991; Wang et al., 2005). A 4-compartment model requires
several different devices to measure each component. However, recent studies have
attempted to use a DXA derived 4-compartment model, ultimately, simplifying the process.

Previous studies have explored the use of DXA to measure total body volume, with
these studies reporting DXA derived body volume is highly correlated and not significantly
different from the traditional methods of air displacement plethysmography (Ng et al.,
2018; Smith-Ryan et al., 2017; Wilson et al., 2012, 2013) and hydrodensitometry

(Nickerson et al., 2017; Sullivan et al., 2022). Similarly, percent fat using DXA derived
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volume in a 4-compartment model is highly correlated and not significantly different from
a traditional 4-compartment model with either air displacement plethysmography or
hydrodensitometry as the traditional method for determining total body volume (Ng et al.,
2018; Wilson et al., 2012). Ultimately this demonstrates that DXA derived body volume is
valid and reliable (Blue et al., 2018; Nickerson et al., 2017; Tinsley, 2018) and that DXA
may be used to derive a 4-compartment model.

The DXA region of interest (ROI) box allows for the assessment of regional
measures including arm and leg fat, lean, and bone masses. Regional assessment of body
composition is important as it allows for assessment of any asymmetries and injury risk.
Previous studies have explored the use of DXA to derive regional volume. These studies
reported that DXA derived volume is not significantly different from a traditional method
of measuring volume (i.e., water displacement) (Brorson et al., 2009; Czeck et al., 2022;
Fuller, Laskey, et al., 1992; Gjorup et al., 2010). Therefore, while previous studies have
explored a DXA derived total body 4-compartment model, it is to the best of our knowledge
that previous studies have not explored a DXA derived regional 4-compartment model.

Thus, the purpose of the present study is to create a DXA derived regional 4-
compartment model and compare it to a traditional (i.e., water displacement) regional 4-
compartment model for fat mass, fat-free mass, and percent fat.

Methods
Participants

Participants were recruited from the Twin Cities metro area, and a total of 30 males

and females (Age: 25.9 + 4.0 yrs.; Height: 1.75 £ 0.10 m; Weight: 70.98 + 14.02 kg)

volunteered to participate in this study. Exclusion criteria included under 18 years old or
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over 55 years old, exceeding weight capacity of the scanner table, having undergone
multiple X-rays and/or nuclear medicine in the past 12 months, and being pregnant.
Participants completed body composition measures of DXA, bioelectrical impedance
spectroscopy (BIS), underwater weighing, and water displacement on the same day. All
testing was completed during the same timeframe in the morning. Prior to testing, all
participants signed a written informed consent. Participants were asked to arrive fasted for
at least 6 hour and not participate in vigorous exercise 48 hours or moderate exercise 14
hours prior to testing. In addition, participants were asked to abstain from caffeine, alcohol,
or nicotine for at least 14 hours prior to testing. The University’s Institutional Review
Board approved all procedures.
Dual X-Ray Absorptiometry

Participants’ weight was measured using an electronic scale (Tanita Corporation,
Tokyo, Japan), their height was measured using a wall-stadiometer (Seca, Hamburg,
Germany), and their age was recorded. Each participant had their limb length measured
using a tape measure to determine 80% of each limb as previously described by Czeck et
al. (Czeck et al., 2022). For the DXA scan, metal markers were placed at 80% of limb
length, which allowed for placement of manual ROI boxes post scan. Participants received
one whole body DXA scan (Hologic Horizon A; Hologic Inc., Marlborough, MA, USA)
using standard procedures in the supine position. To prevent interference with the scan,
participants removed all additional metal and thick clothing. All DXA scans were analyzed
by the same technician using Hologic APEX software (APEX Version 5.6.0.4, Hologic
Inc., Marlborough, MA, USA). Manual ROI boxes were defined as from the 80% mark of

the limb to the middle of the head of the ulna for the arms and the middle of the medial
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malleolus on the tibia for the legs. Body composition variables included total mass, lean
mass, fat mass, percent fat, bone mineral content (BMC) and bone mineral density (BMD)
for total body and regional measurements. To derive body volume from DXA, prediction
equations for total body and each limb followed the prediction equation proposed by Czeck

et al. (Czeck et al., 2022).

(1) Total Body Volume (mlL)
= 1.12(fat) + 0.94(lean) — 1.17(BMC) — 783.70
(2) ArmVolume (mL) = 0.66(fat) + 0.68(lean) + 1.40(BMC) + 311.99

(3) Leg Volume (mL) = 1.13(fat) + 0.83(lean) + 1.04(BMC) — 24.96

Where fat, lean, and BMC correspond to the DXA mass measures. The coefficients
correspond to the respective inverse densities for fat, lean, and BMC, and vresiqual is the
volume unaccounted for by DXA.
Bioelectrical Impedance Spectroscopy

BIS was used to measure total and regional body water (SFB7, ImpediMed,
Queensland, Australia). BIS to estimate TBW in adults has been observed to be valid (r =
0.98, standard error of estimate = 2.12L, total error = 2.21L) when compared to deuterium
oxide (Moon et al., 2008). Participants were in a relaxed supine position with space
between their arms and torso and between their legs. Two electrodes (one sensing and one
injection with 5 cm between each electrode) were placed at the subject’s left wrist/hand
and left ankle/foot for total body measures. For regional BIS, electrodes were placed at

each of the 80% marks (right arm, left arm, right leg, and left leg) and either the wrist or
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ankle for arm and leg regional, respectively. Length between electrodes was measured and
marked. In addition, circumferences at each sensing electrode (i.e., wrist and upper arm or
ankle and upper leg) were measured with a tape measure and recorded for regional body
water analysis. Resistivity coefficients for intracellular water and extracellular water were
provided by the software. In addition, the BIS company provided the equations to
determine regional body water.
Underwater Weighing

Total body volume was calculated by taking the participant’s dry weight and
dividing by their density in water. Body density was measured using underwater weighing.
Underwater weighing was performed in a specialized apparatus (EXERTECH, LaCrosse,
WI). Participants wore tight fitting clothing and a nose clip. Participants were seated in the
apparatus and were instructed to maximally exhale and slowly submerge into the water.
Residual volume was estimated based on subject’s height, age, and sex. The average of
three trials of underwater weighing was used to derive total body volume.
Water Displacement

Limb volume was measured using water displacement via two volumetric
cylinders, one for the arm and one for the leg, using methods previously described (Czeck
et al.,, 2022). After participant’s hands and feet were zeroed, the participant slowly
immersed the rest of their limb until the 80% mark was in line with the valve on the
volumetric cylinder. The water displaced was collected and measured using graduated
cylinders and measured to the nearest 10 mL.

Four-Compartment Model
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Total fat mass, fat-free mass, and percent fat was estimated using the 4-
compartment model described by Wang et al. (Wang et al., 2002)
(4) Fat Mass (kg) = 2.748(BV) — 0.699(TBW) + 1.129(Mo) — 2.051(BM)

(5) Fat — Free Mass (kg) = BM — Fat Mass

Fat Mass

6) P tF t=<
(6) Percent Fa M

)xlOO

A traditional 4-compartment model was derived using body volume (BV) from underwater
weighing, total body water (TBW) from BIS, bone mineral (Mo), and body mass (BM)
from DXA. Mo is calculated by dividing BMC from DXA by 0.9582. A convenient DXA
derived 4-compartment model was also assessed, where BV, Mo, and BM were derived
using DXA and TBW from BIS.

The equation (i.e., equation 4) from Wang et al. (Wang et al., 2002) for total body
fat mass resulted in negative fat mass values for regional measures of the arm and leg.
Therefore, this study explored new regional 4-compartment equations in the following
format

(7) Fat Mass (kg) = a(BV) + b(TBW) + c(Mo) + d(BM) + e
The variable a, b, ¢, and d correspond to the coefficients for BV, TBW, Mo, and BM. The
letter e represents the residual mass unaccounted for by DXA.
Statistical Analysis

Descriptive statistics were calculated for the participant population. An a priori
power calculation for the linear regression modeling was performed using a standard effect
size of 0.35 with four independent variables, a significance level of 0.05, and a power of
0.9. From this calculation, a sample size of 50 was required. Paired t-tests compared DXA

derived total body 4-compartment model to the four-compartment model measured by
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underwater weighing using the equation described by Wang et al. (Wang et al., 2002).
Regional four-compartment fat mass was determined using linear regression models.
Linear regression using the step Akaike Information Criteria method with fat mass from
the DXA as the dependent variable and BV from water displacement, TBW from BIS, and
Mo and BM from the DXA as independent factors determined the coefficients for the
prediction equations. Regression models were cross-validated using the Repeated k-fold
Cross Validation method. Paired t-tests compared DXA derived regional four-
compartment model to the regional four-compartment model measured by water
displacement. Analysis of Variance with Tukey’s Honestly Significant Difference assessed
differences between DXA, DXA derived, and traditional model measures of fat mass, fat-
free mass, and percent fat. Fat-free mass from the DXA was determined by adding lean
mass and BMC, whereas fat-free mass from the four-compartment model was determined
via equation 5. The four-compartment model calculated by water displacement was
compared to the DXA derived four-compartment model using constant error, total error,
standard error of the estimates, and Bland-Altman plots determined limits of agreement.
All analyses were conducted using R software (R Foundation for Statistical Computing,

Vienna, Austria) with an alpha level of p < 0.05.

Results

Participant demographics and anthropometrics are reported in Table 1. DXA
derived total body fat mass (p = 0.999, 95% CI [-3.52, 3.51]), fat-free mass (p = 0.999,
95% CI [-3.41, 3.52]), and percent fat (p = 0.947, 95% CI [-4.23, 4.51]) were not
significantly different compared to the 4-compartment model with volume measured by

underwater weighing (UWW). There were no significant differences between DXA
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derived, traditional model, and DXA results for total body percent fat (17.13 + 7.72 vs.
17.27 £ 12.43 vs. 20.48 £ 5.67, respectively) (Figure 1). In addition, there were no
significant differences between DXA derived, traditional model, and DXA results for total
body fat mass and fat-free mass (Table 2).

Linear regression equations were used to create regional 4-compartment models. A
total of 60 limbs were used for the linear regression. Coefficients for the arm 4-
compartment equation are 0.33 (p < 0.001), -0.43 (p <0.001), -3.94 (p <0.001), and 0.47
(p<0.001) for BV, TBW, Mo, and BM, respectively, with a residual mass of 0.32 kg. The
coefficients for the leg 4-compartment equation are 0.37 (p < 0.001), -0.43 (p < 0.001), -
3.96 (p < 0.001), and 0.39 (p < 0.001) for BV, TBW, Mo, and BM, respectively, with a
residual mass of 0.63 kg.
(8) Arm Fat Mass (kg) = 0.33(BV) — 0.43(TBW) — 3.94(Mo) + 0.47(BM) + 0.32

(9) Leg Fat Mass (kg) = 0.37(BV) — 0.43(TBW) — 3.96(Mo) + 0.39(BM) + 0.63

Regional 4-compartment fat mass (arm: p = 0.999, 95% CI [-0.02, 0.012]; leg: p =
0.999, 95% CI [-0.04, 0.04]), fat-free mass (arm: p = 0.999, 95% CI [-0.02, 0.02]; leg: p =
0.999, 95% CI [-0.04, 0.04]), and percent fat (arm: p = 0.766, 95% CI [-0.66, 0.49]; leg: p
=0.938, 95% CI [-0.53, 0.49]) were not significantly different between the DXA derived
model and the model with volume measured by water displacement. There were no
significant differences between DXA derived, traditional model, and DXA results for

percent fat for arm (22.41 £ 7.98 vs. 22.32 + 7.40 vs. 22.26 * 8.42, respectively) and leg

(22.57 £7.26 vs. 22.55 £ 7.09 vs. 22.54 £ 7.93, respectively) (Figure 1). In addition, there

were no significant differences between DXA derived, traditional model, and DXA results
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for fat mass and fat-free mass for the arm and leg (Table 2). Constant error of body volume
between water displacement and DXA derived volume for arm fat mass is -2.18 x 10 kg
and 8.43 x 10 kg for leg fat mass. The total error for arm fat mass is 1.69 x 10~ kg and
leg fat mass is 6.53 x 10 kg, with the standard error of estimate 0.01 for both the arm and
leg.

Bland-Altman plots for validity are presented in Figure 2 for total body (Panel A),
arm (Panel B), and leg (Panel C).

Each model was cross-validated using the repeated k-fold cross-validation
approach, specifically, 3 repeats of a 10-fold cross-validation. The R? value for each model
is 0.669 for the arm (equation 8) and 0.783 for the leg (equation 9).

Discussion

The purpose of the present study was to create a regional DXA derived 4-
compartment model for the estimation of fat mass, fat-free mass, and percent fat. The
present study also aimed to compare the regional DXA derived 4-compartment model to a
regional 4-compartment model where body volume was measured using water
displacement. A noteworthy observation of the present study includes no significant
differences between the regional DXA derived 4-compartment model estimations for fat
mass, fat-free mass, and percent fat compared to the traditional 4-compartment model.
Total Body DXA Derived Four-Compartment Model

Notably, previous studies have explored the use of DXA derived total body volume,
with these studies reporting DXA derived body volume is highly correlated and not
significantly different from the traditional methods of air displacement plethysmography

(Ngetal., 2018; Smith-Ryan et al., 2017; Wilson et al., 2012, 2013) and hydrodensitometry
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(Czeck et al., 2022; Nickerson et al., 2017; Sullivan et al., 2022). Particularly, one study
compared DXA derived total body equations from Smith-Ryan et al. (Smith-Ryan et al.,
2017) and Wilson et al. (Wilson et al., 2013). The previous study reported potential biases
with the equations based on BMI classification and waist circumference (McLester et al.,
2018). Thus, the present study used a DXA derived total body equation from a different
study (Czeck et al., 2022). In addition, previous studies have used DXA derived total body
volume in a 4-compartment model for determining fat mass and percent fat. They reported
that percent fat using DXA derived volume in a 4-compartment model is highly correlated
and not significantly different from a traditional 4-compartment model with either air
displacement plethysmography or hydrodensitometry as the traditional method for
determining total body volume (Ng et al., 2018; Wilson et al., 2012). The present study
also observed no significant differences between a DXA derived 4-compartment model
and a traditional 4-compartment model with underwater weighing as the source of total
body volume for fat mass, fat-free mass, and percent fat.
Regional DXA Derived Four-Compartment Model

In addition to a total DXA derived four-compartment model, the present study
explored a regional DXA derived 4-compartment model. The equation used for the total
body 4-compartment model was applied to the arm and leg. However, fat mass results for
each region provided negative mass values. Therefore, the present study used linear
regression to create regional 4-compartment models. Notably, the present study observed
no significant differences between the DXA derived 4-compartment model and the
traditional 4-compartment model for fat mass, fat-free mass, and percent fat. This present

study expands upon previous studies by including the use of DXA derived regional volume
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into a 4-compartment model. The present study used DXA derived regional volume
equations from Czeck et al. (Czeck et al., 2022) which the previous study showed to be
valid. The present study used the same regional definitions for measurements as Czeck et
al. (Czeck et al., 2022) to allow for use of their equations in the current study.

The current study observed a slight bias between the traditional 4-compartment and
the DXA derived 4-compartment arm (-2.2x10° kg) and leg (8.4x10° kg) fat mass as seen
by the Bland-Altman plots. In addition, the current study observed no significant
differences between regional DXA derived 4-compartment and a regional traditional 4-
compartment model for fat mass, fat-free mass, and percent fat for both the arm and the
leg. Therefore, the no significant difference between methods and the strong correlation
from the cross-validation models for both the arm (R? = 0.669) and leg (R? = 0.783),
suggest that a Hologic DXA scan can be used to in a regional 4-compartment model.

Limitations of the present study include the sample size and population. The subject
demographics were homogenous in nature, which limits the generalizability of the regional
4-compartment equations to other populations. Also, due to limitations of measuring the
full limb via water displacement, regional values were for 80% of the limb length.
However, the results from the present study provides the scientific community
methodology for the use of regional DXA derived 4-compartment model. This is
noteworthy as a DXA derived 4-compartment model is more convenient compared to the
traditional method. The proposed methodology is more convenient as it requires the use of
fewer equipment and considerably less time to complete the measurements.

In conclusion, the current study reported no significant differences between total

and regional DXA derived 4-compartment measures compared to a traditional 4-
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compartment model for measuring fat mass, fat-free mass, and percent fat. Thus, these
observations suggest that Hologic DXA can be used for a convenient DXA derived total
and regional 4-compartment model. A regional 4-compartment allows for tracking of
regional changes due to site specific tumors, cancers, or trauma (e.g., volumetric muscle
loss). Future research should explore Hologic DXA derived regional 4-compartment
measures of fat mass, fat-free mass, and percent fat in a variety of populations. Also, the

use of GE DXA scan in regional volume and regional 4-compartment measures.
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Table Legends
Table 1. Demographics (mean * standard deviation) of cohort and body composition
variables from DXA.
Table 2. Mean + standard deviation of body composition variables from DXA derived 4-

compartment model, traditional method 4-compartment model, and DXA.
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Tables

Table 1. Demographics (mean =+ standard deviation) of cohort and body composition

variables from DXA.
Total Male (n=18) Female (n=12)
Age (yrs) 259+4.0 24.6+3.8 264+t4.4
Height (m) 1.75 +£0.10 1.82+£0.06 1.65 +0.04
Weight (kg) 70.98 £14.02 | 79.33£11.24 58.46 £ 6.15
Total BMC (kg) 2.57+£0.50 2.85+0.43 2.15+£0.21
Total BMD (kg) 1.18 £0.10 1.22+0.11 1.13+0.06
Total Body Fat Percent (%) 2048 £5.67 16.96 £ 2.85 25.78 £4.62

Abbreviations: DXA, dual X-ray absorptiometry; BMC, bone mineral content; BMD,

bone mineral density



Table 2. Mean + standard deviation of body composition variables from DXA derived 4-

compartment model, traditional method 4-compartment model, and DXA.

DXA Derived

Traditional Method

DXA

Total Fat Mass (kg)

11.83 £5.14*

11.83 £9.14°

14.16 £ 3.35°

Total Fat-Free Mass (kg)

59.17 + 14.44*

59.17 £ 17.06

59.41 £ 14.25%

Arm Fat Mass (kg) 0.56 £0.14* 0.56 £0.12% 0.56 £0.15*
Arm Fat-Free Mass (kg) 2.13+0.81% 2.13+0.81% 2.13+0.81%
Leg Fat Mass (kg) 1.52 +0.43% 1.52 +0.42° 1.52+0.47*
Leg Fat-Free Mass (kg) 5.45 £ 1.50* 5.45 £ 1.50* 545+ 1.522

Note: Comparisons are made between groups within each row. Values that share a letter

denote no significant difference. Abbreviations: DXA, dual X-ray absorptiometry
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Figure 1. DXA derived, traditional model, and DXA variables for percent fat for total

body, arm, and leg.
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Figure 2. Differences between DXA derived 4-compartment model and traditional model
for A) total body fat mass (mean difference = -10.86 kg), B) arm fat mass (mean

difference = 0.78 kg), C) leg fat mass (mean difference = 0.16 kg).
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CHAPTER 5: MUSCLE-TO-BONE AND SOFT TISSUE-TO-BONE RATIO IN

CHILDREN AND ADOLESCENTS WITH OBESITY
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Summary

Introduction: To explore the total and regional muscle-to-bone ratio in children and
adolescents with obesity and compare the muscle-to-bone ratio (MBR) and soft tissue-to-
bone ratio (SBR) to their peers with normal weight or overweight. Methods: A total of219
male and female pediatrics (mean age=12.3+2.5 years) participated in this study. Body
composition was assessed with a total body dual X-ray absorptiometry. The MBR was
calculated by dividing lean mass by bone mineral content. The SBR was determined by
dividing the soft tissue mass (i.e., lean mass+fat mass) and by bone mineral content.
Differences in total and regional body composition measures between body mass index
(BMI) percentile groups was assessed by ANOVA. Results: The obesity group had
significantly higher MBR compared to the normal weight group for total (19.24£1.56 vs.
18.26+1.64), arm (17.11£1.67 vs. 15.88+1.81), and leg (18.41£1.68 vs. 16.62+1.55).
Similarly, the obesity group had significantly higher MBR in the leg (18.41+1.68)
compared to the overweight group (17.24+1.45). However, the overweight group was not
significantly different from the normal weight or the obesity group for total and arm MBR.
The total, arm, and leg SBR was significantly different between all BMI groups. Across
the entire sample, MBR) and SBR were negatively associated with high-density
lipoprotein. SBR was positively associated with insulin, HOMA-IR, low-density
lipoprotein, very low-density lipoprotein, triglycerides, and systolic blood pressure.
Conclusions: Children with obesity had a higher MBR and SBR compared to their normal
weight peers. In addition, there were significant associations between SBR, higher levels

of insulin, atherogenic lipoproteins, and increased systolic blood pressure. Thus, SBR may
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be useful as a marker for increased cardiometabolic disease risk, though more research in

this area is warranted.
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Introduction

Obesity is characterized by excess fat mass and associated with decreased levels of
physical activity (Maffeis et al., 1997; Stodden et al., 2008). Studies exploring muscular
strength in children and adolescents with obesity have reported incongruent findings. Some
studies have reported a positive relationship between obesity and grip strength, muscle
thickness and cross-sectional area, voluntary contraction and activation, and elbow
extensors (Deforche et al., 2003; Garcia-Vicencio et al., 2016; C. K. Lee et al., 2022; Thivel
et al., 2016). However, other studies have reported a negative relationship between obesity
and sit-ups, nine-minute walk test, knee extensor strength, plantar flexor strength, and 20
meter shuttle run (Bonney et al., 2018; Deforche et al., 2003; Musalek et al., 2020; Singh
et al., 2021; Thivel et al., 2016; Tsiros et al., 2016). These differences in results may be
due to differences in methodology for defining obesity. For example, some studies reported
using guidelines from the World Health Organization and other studies used the
International Obesity Task Force guidelines. However, despite these differences in
muscular performance, previous studies have also shown higher levels of lean mass with
children with obesity compared to their normal weight peers (Dimitri et al., 2010).
Increased lean mass results in greater strain on bones during muscle contraction, ideally
making them stronger. Therefore, increased lean mass as observed in children with obesity
may have a positive effect on bone, actually making them stronger (L. Mosca et al., 2013;
Rinonapoli et al., 2021) as well as increasing their bone mineral density (BMD) and bone
mineral content (BMC) (Dimitri, 2019; Litwic et al., 2021; Rinonapoli et al., 2021; Rokoff
et al., 2019). However, once normalized for body weight, children with obesity have lower

BMD and BMC (Litwic et al., 2021; L. N. Mosca et al., 2014). Previous studies have also
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reported significant positive correlations between bone measures (i.e., BMD, BMC, and
BMD z-scores) and lean mass in males and females, and fat mass in females (Maimoun et
al., 2016; L. N. Mosca et al., 2014). Therefore, as lean mass and fat mass increase, so do
measures of bone heath (i.e., BMC and BMD). However, once fat mass is normalized to
lean mass, increased fat mass has been reported to be negatively associated with bone
strength (Ducher et al., 2009).

Assessing BMC in relation to obesity is important, as previous studies have
reported increased risk of fractures (Compston, 2013; Dimitri et al., 2010). A previous
study normalizing BMC to lean mass reported lower values (i.e., less BMC per lean mass)
were indicative of poor skeletal adaptation and individuals were at an increased risk of
fractures (Golec & Chlebna-Sokol, 2014). Notably, obesity may be accompanied by
cardiometabolic disease risks (i.e., insulin resistance, dyslipidemia, hypertension) that may
negatively impact bone health. Previous studies have reported that BMC is negatively
associated with insulin, homeostatic model assessment for insulin resistance (HOMA-IR)
(do Prado et al., 2009; Hetherington-Rauth et al., 2019; Karimi et al., 2021; Kindler et al.,
2019; Lawlor et al., 2012; K. Lee, 2013; Pollock et al., 2011; Shawar et al., 2022), fasting
glucose and total cholesterol (Pollock et al., 2011). In addition, BMC is positively
associated with high-density lipoprotein (HDL) (Pollock et al., 2011). Studies have also
reported no significant associations between BMC and systolic or diastolic blood pressure,
triglycerides, and low-density lipoprotein (LDL) (Hetherington-Rauth et al., 2019; Pollock
et al,, 2011). Similarly, individuals with prediabetes have lower BMC compared to

individuals with normal-glucose levels (Pollock et al., 2010). Therefore, exploring the
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relationship between cardiometabolic risk factors associated with obesity and bone
measures may provide additional insight into bone health in children.

Muscle and bone form a functional unit for movement that ultimately strains and
strengthens the bones (Anliker & Toigo, 2012; Schoenau et al., 2002). This unit, or
relationship, can be explored by looking at muscle and bone as a ratio called the muscle-
to-bone ratio (MBR). The MBR has been proposed as a way to look at the physiological
adaptations of bone in response to the mechanical loading of muscle. Although MBR has
been used extensively in animal science (Hopkins, 1996; Purchas et al., 2002), recently it
has been used in athletes to examine possible adaptions to training and its relationship with
performance outcomes (Bernal-Orozco et al., 2020; Brocherie et al., 2014; Carvajal et al.,
2012; Holway & Garavaglia, 2009; Ireland et al., 2013; Withers et al., 1991). Studies in
athletes have used the fractionation method to determine adipose, muscle, residual,
skeletal, and skin tissue masses and ultimately the MBR (Holway & Garavaglia, 2009).
Dual X-ray absorptiometry (DXA) allows for the direct measurement of lean and bone
masses instead of estimation of these two masses through use of skinfolds, girths, and
breadths. DXA has been validated, concordance coefficients of 0.58-0.91, as an estimate
for total and regional lean and fat mass in children and adolescents (Bridge et al., 2009,
2011). A recent study used BMC and lean mass from DXA to look at the MBR between
adolescent swimmers and controls (Gomez-Bruton et al., 2019). To the best of our
knowledge only one study has used DXA to look at the effect of body fat percent on
regional muscle to bone relationship in adolescents (Duran et al., 2019). However, they
combined arms and legs and thus referred to it as appendicular muscle-to-bone unit.

Assessing regional body composition allows for determination of asymmetries in body
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composition that may result in increased risk of injury. Therefore, the purpose of this study
was to use DXA to explore the total and regional muscle-to-bone relationship in children
and adolescents with obesity. This study also further expands on the muscle-to-bone
relationship by exploring the impact of lean mass and fat mass on bone through the soft
tissue-to-bone ratio (SBR). To the best of our knowledge, this study is the first to explore
the SBR in children and adolescents with obesity. We hypothesize that children with
obesity will have higher MBR and SBR compared to their normal weight peers, indicative

of lower bone mass to lean mass.

Methods
Participants

A total of 219 (101 male, 118 female) children and adolescents participated in this
study (age: 12.3£2.5 years) between 2011 and 2016. Participants were recruited from
various pediatric clinics within the Minneapolis and St. Paul metropolitan area. Exclusion
criteria included untreated obstructive sleep apnea, obesity due to a genetic cause
determined by physician diagnosis, previous medical history of weight loss surgery, current
use of antihypertensive medications, type I and type II diabetes mellitus, medically
documented history of hypercholesterolemia, chronic kidney disease, Kawasaki disease,
autoimmune inflammatory diseases, and congenital heart disease. Study approval was
given by the University of Minnesota institutional review board. Parents and participants
provided informed consent and assent, respectively.
Body Composition

Age was self-reported. Sex and pubertal maturation stage were determined using

classical Tanner staging by a trained nurse or physician (Tanner & Whitehouse, 1976).
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Height and weight were measured using a wall-mounted stadiometer and a calibrated
electronic scale. Body mass index (BMI) was calculated by dividing body mass in
kilograms by height in squared meters. Obesity status was determined using BMI
percentiles from the Center of Disease Control (CDC) guidelines and the categories were
defined as: normal weight (i.e., >5th to <85th BMI percentile), overweight (i.e., >85th to
<95th BMI percentiles), obesity (i.e., >95th BMI percentiles). Body composition was
measured in the supine position using standard DXA (iDXA; General Electronic Medical
Systems, Madison, Wisconsin) procedures. DXA has been shown to have high precision
in individuals with and without obesity (Hind et al., 2011; Huizenga et al., 2007; Rothney
et al., 2012). Data were analyzed by the same technician using enCore software (platform
version 16.0; General Electric Medical Systems). DXA provided measures of lean mass,
fat mass, BMC, and BMD of total body, arm, and leg. The MBR was calculated by lean
mass divided by BMC. In addition, the SBR was calculated by adding lean mass and fat
mass to create soft tissue and then dividing soft tissue by BMC.
Cardiometabolic Risk Factors

Fasting (>10 hours) blood samples were collected. Samples were analyzed in the
Fairview Diagnostic Laboratories, Fairview-University Medical Center (Minneapolis,
Minnesota). Blood samples were analyzed for glucose, insulin, total cholesterol, high-
density lipoprotein (HDL), low-density lipoprotein (LDL), very low-density lipoprotein
(VLDL), and triglycerides. HOMA-IR was calculated by taking fasting insulin (mU/L)
times fasting glucose (mg/dL)/405 (Matthews et al., 1985). Seated blood pressure was

obtained on the right arm after 5 minutes of quiet rest, using an automatic
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sphygmomanometer and an appropriately fitted cuff. Three measurements were taken, and
the average of the final two was used.
Statistical Analysis

Descriptive statistics were summarized by mean (SD) or n (%) for continuous and
categorical covariates, respectively. Analysis of Variance (ANOVA) with Tukey’s
Honestly Significant Difference (HSD) post hoc assessed differences between BMI
percentile groups for measures of fat mass, lean mass, BMC, and BMD for total, arm, and
leg. Similarly, ANOVA with Tukey’s HSD assessed differences between BMI percentile
group and MBR and SBR for total, arm, and leg. Differences between BMI percentile
group and body composition measures, MBR, and SBR separated by sex were assessed by
t-tests. The overweight group was excluded from these analyses due to the small n when
separated by sex. Associations between MBR, SBR, and cardiometabolic risk factors were
assessed with linear regressions, p-values were adjusted for multiple testing. All analyses
were conducted using R, version 4.1.1 (R Foundation for Statistical Computing, Vienna,
Austria).
Results

Descriptive statistics of the study population are presented in Table 1. Body
composition variables of fat mass, lean mass, BMC, and BMD between BMI percentile
groups for total body, arm, and leg are contained in Table 2. The obesity group had
significantly higher MBR compared to the normal weight group for total body (19.24 +
1.56 vs. 18.26 + 1.64) and arm (17.11 £ 1.67 vs. 15.88 = 1.81) (Figure 1). However, the
overweight group was not significantly different from the normal weight and obesity group

for total body and arm MBR. The obesity group had significantly higher MBR in the leg
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(18.41 £ 1.68) compared to the normal weight (16.62 + 1.55) and overweight group (17.24
+ 1.45) (Figure 1).

Figure 2 shows the SBR between BMI percentile groups for total body, arm, and
leg. All groups were significantly different from each other for total body (35.04 £ 4.99 vs.
28.36 £ 3.14 vs. 24.48 £ 2.59), arm (32.83 £ 5.73 vs. 25.36 £ 3.67 vs. 22.32 £ 3.07), and
leg (33.90 £ 5.36 vs. 27.55 £ 4.35 vs. 24.05 £ 3.19), with the obesity group having the
highest SBR and the normal weight group with the lowest SBR (Figure 2).

Due to small number of adolescents in the overweight group in each sex, the
overweight group was excluded from statistical analyses separated by sex. Table 3 is the
body composition variables of fat mass, lean mass, BMC, and BMD between BMI
percentile groups for total body, arm, and leg for males. The normal weight group had
significantly lower total, arm, and leg fat mass, and BMD compared to the obesity group
(Table 3). They also had significantly lower total lean mass, leg lean mass, and leg BMC.
Total BMC, arm BMC, and arm lean mass were not significantly different between the two
groups. Figure 3 is the MBR and SBR between the normal weight and obesity BMI group.
Total (18.83 £ 1.50 vs. 19.46 £ 1.29, p = 0.042), arm (16.75 £ 1.44 vs. 17.50 £ 1.25,p =
0.012), and leg (17.00 £ 1.57 vs. 18.27 £ 1.79, p<0.001) MBR were significantly higher in
the obesity group compared to the normal weight group for males (Figure 3a). Total (24.31
+2.77 vs. 34.20 £ 4.34, p<0.001), arm (22.53 £ 3.19 vs. 31.97 £ 4.99, p<0.001), and leg
(23.53 £3.57 vs. 32.21 £ 4.66, p<0.001) SBR was also significantly higher in the obesity
group compared to the normal weight group for males (Figure 3c¢).

Body composition variables for fat mass, lean mass, BMC, and BMD between BMI

percentile groups for total body, arm, and leg for females are contained in Table 4. The
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normal weight group had significantly lower total, arm, and leg fat mass, lean mass, and
BMD compared to the obesity group (Table 4). Total, arm, and leg BMC was not
significantly different between the two groups. Figure 3 also displays the MBR and SBR
between the normal weight and obesity BMI group for females. Total (17.49 + 1.52 vs.
19.09 £ 1.70), arm (14.72 £ 1.61 vs. 16.85 £ 1.86), and leg (16.11 £ 1.37 vs. 18.42 £ 1.67)
MBR were significantly (p<0.001 for all) higher in the obesity group compared to the
normal weight group for females (Figure 3b). Total (24.72 £ 2.35 vs. 35.51 £ 5.24), arm
(22.04 £ 2.92 vs. 33.26 £ 6.03), and leg (24.74 + 2.48 vs. 34.80 £+ 5.48) SBR was also
significantly higher (p<0.001 for all) in the obesity group compared to the normal weight
group for females (Figure 3d).

The associations of cardiometabolic risk factors and MBR and SBR are in Table 5.
Both MBR (p = 0.007) and SBR (p<0.001) were negatively associated with HDL (Table
5). In addition, SBR was positively associated (p<0.001 for all) with insulin, HOMA-IR,
LDL, VLDL, triglycerides, and systolic blood pressure.
Discussion

The present study explored differences in body composition and body composition
ratios between BMI percentile groups in children and adolescents. Notably, the present
study observed significantly higher total and regional body composition measures in
children with obesity compared to their normal weight peers. In addition, children with
obesity had higher MBRs and SBRs compared to their normal weight peers. The present
study also observed significant associations between SBR and cardiometabolic risk factors.

Muscle-to-Bone Ratio
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The MBR is a way to explore bone health as a result of muscle mechanical loading.
Studies in athletes have used the MBR (Bernal-Orozco et al., 2020; Brocherie et al., 2014;
Carvajal et al., 2012; Holway & Garavaglia, 2009; Ireland et al., 2013; Withers et al.,
1991), but have primarily used the 5-way fractionation method to determine bone
measures. The 5-way fractionation method estimates adipose, muscle, residual, skeletal,
and skin tissues through skinfolds, girths, and breadths (Holway & Garavaglia, 2009).
However, a study in adolescent swimmers used DXA to determine BMC and lean mass for
the muscle-bone unit (Gomez-Bruton et al., 2019). The authors reported swimmers had
significantly lower total and regional ratios compared to controls, indicative of more lean
mass to bone mass or less bone mass to lean mass.

Body Composition Ratios between BMI Percentile Groups

Notably, the current study observed significant differences in the MBR between the
BMI percentile groups, specifically with the obesity group having higher ratios. These
relationships were maintained when separating males and females. A higher ratio suggests
that children with obesity have higher proportions of lean mass to bone mass or lower
proportions of bone mass to lean mass. To the best of our knowledge only one study has
looked at the effect of body fat percent on total and regional MBR (Duran et al., 2019).
However, they combined arms and legs and thus referred to it as appendicular muscle to
bone unit. This study observed a negative correlation between body fat percentage and
appendicular BMC for lean body mass (Duran et al., 2019). Therefore, as body fat percent
increased, the appendicular BMC for lean body mass decreased, indicating more lean mass
for bone mass. These results are similar to the present study where higher amounts of

adiposity are indicative of a higher proportion of lean mass to bone mass.
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This relationship between muscle and bone is important as bone strengthening
occurs because of mechanical loading from muscle. The MBR provides a possible way to
examine the mechanical adaptations of bone from muscular strain. However, a higher
amount of muscular strain on the bones, indicative of a higher ratio, may overload the bone.
Therefore, the excess mass observed in children with obesity may negatively affect bone
strength. A lower MBR would suggest that the proportion of muscle to bone are more equal
and that the bone can handle the torque from muscle. The negative impact of obesity on
bone health has been reported in previous studies. Specifically, after normalizing BMD
and BMC to weight, researchers have reported lower values in children with obesity
(Litwic et al., 2021; L. N. Mosca et al., 2014). This is important as lower amounts of BMD
may put children with obesity at a greater risk of obtaining fractures.

This study further expands on the relationship of muscle-to-bone by including the
SBR. The present study observed higher SBRs in children with obesity compared to the
overweight and normal weight BMI percentile group. A previous study explored the
relationship between fat mass, lean mass, and bone strength. They observed increased
amounts of fat mass, normalized for lean mass, was negatively associated with bone
strength (Ducher et al., 2009). Similarly, a previous study normalized BMC in regard to
lean mass and they reported that children with decreased bone mass had lower total body
BMC (Golec & Chlebna-Sokoét, 2014). Thus, increased loading of the bone as a result from
lean mass and fat mass may negatively impact bone mass. These results are indicative of
bone poorly adapting to increased loading and children with obesity may have an increased

risk of fractures.
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Muscle-to-Bone and Soft Tissue-to-Bone Ratio Associations with Cardiometabolic
Risk Factors

This study adds to the current literature by expanding on the association of obesity
and cardiometabolic risk factors with bone health. A previous study also reported a positive
association between HDL and BMC (Pollock et al., 2011). Thus, as HDL increases, so does
BMC. The present study observed a similar association between MBR and SBR with HDL,
as MBR and SBR decreased, HDL increased. Also previous studies have observed negative
associations between insulin, HOMA-IR (do Prado et al., 2009; Hetherington-Rauth et al.,
2019; Karimi et al., 2021; Kindler et al., 2019; Lawlor et al., 2012; K. Lee, 2013; Pollock
et al., 2011; Shawar et al., 2022), fasting glucose, total cholesterol and BMC (Pollock et
al., 2011). Indicating the higher the insulin, HOMA-IR, glucose and total cholesterol levels,
the lower the BMC values. The current study reported similar results with SBR having a
significant positive association with insulin, HOMA-IR, LDL, VLDL, and triglycerides.
Indicating that as SBR increases (i.e., more lean and fat mass relative to BMC), so do
insulin, HOMA-IR, LDL, VLDL, and triglyceride levels. Higher levels of insulin, insulin
resistance as assessed by HOMA-IR, and atherogenic lipoproteins are potential
cardiometabolic disease risk factors associated with obesity. Notably, the associations of
cardiometabolic risk factors are with SBR and not MBR. These observations suggest that
the addition of fat mass in the ratio is driving the significant associations. Thus, as the SBR
increases we observe a relative decrease in functional tissue (i.e., increasing fat mass
relative to lean mass and BMC). This decrease in functional tissue as assessed by the SBR
may be clinically significant as it may be used as an indicator for cardiometabolic disease

risk in children and adolescents.
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Body Composition between BMI Percentile Groups

The results of body composition differences between BMI percentile groups in the
current study are similar to those in previous studies. Children with obesity have been
reported to have increased fat mass, lean mass, BMC, and BMD compared to their normal
weight peers (Dimitri, 2019; Dimitri et al., 2010; Litwic et al., 2021; L. Mosca et al., 2013;
Rinonapoli et al., 2021; Rokoff et al., 2019). This relationship of increased fat mass, lean
mass, BMC, and BMD in children with obesity was also observed in females, but males
with obesity had increased fat mass, lean mass, and BMD compared to their normal weight
peers. However, when looking at bone measures, some studies normalized BMD and BMC
for body weight (Litwic et al., 2021; L. N. Mosca et al., 2014). They reported that once
normalized for body weight, children with obesity had lower BMC and BMD compared to
their normal weight peers (Litwic et al., 2021; L. N. Mosca et al., 2014). Thus, normalizing
bone measures to other body composition variables, such as fat mass and lean mass, may
provide additional insight into how obesity impacts bone health. One way to do this is by
looking at the impact of muscle on bone health through the MBR.

Limitations of the study include the cross-sectional nature of the study; therefore,
causality of the relationships of MBR and SBR with cardiometabolic risk factors cannot be
determined. The purpose of the current study was exploring MBR and SBR in a population
of children with obesity, however, due to the composition of the sample, the interpretation
of the results may be limited in their generalizability. Also, normative data for MBR and
SBR exist, thus limiting clinical interpretation.

In conclusion, the present study demonstrates higher total and regional MBR and

SBR in children with obesity compared to their normal weight peers. This study also
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observed significant associations of SBR with cardiometabolic risk factors. These results
suggest a relationship between increased adiposity and bone health in children and

adolescents with obesity.
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Table Legends
Table 1. Descriptive characteristics of the study population.
Table 2. Body Composition Variables between BMI Percentile Groups.
Table 3. Body Composition Variables (mean =+ standard deviation) between BMI
Percentile Groups for Males.
Table 4. Body Composition Variables (mean =+ standard deviation) between BMI
Percentile Groups for Females.

Table 5. Associations of cardiometabolic risk factors with MBR and SBR.
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Table 1. Descriptive characteristics of the study population.

Tables

Overall Females Males
(n=219) (n=118) | (n=101)
Age (yrs.) 123 (2.5) | 123(2.7) | 124 (2.2)
Tanner Stage
Stage 1 59 (26.9) | 24(20.3) | 35(34.6)
Stage 1I/III/IV 127 (58.0) | 78 (66.1) | 49 (48.5)
Stage V 25(11.4) | 12(10.2) | 13(12.9)
Missing Tanner 8(3.7) 43.4) 4(4.0)
Race/Ethnicity
African American or Black 17 (7.8) 12 (10.2) 5(5.0)
Asian 1(0.5) 0(0) 1(1.0)
White 182 (83.1) | 96 (81.3) | 86(85.1)
Other 6 (2.7) 4 (3.4) 2(2.0)
Latino/Hispanic 13 (5.9) 6(5.1) 7 (6.9)
BMI percentile category
Normal weight 103 (47) | 44(37.3) | 59 (58.4)
Overweight 18 (8.2) 11(9.3) 7(6.9)
Obesity 98 (44.7) | 63(53.4) | 35(34.7)

Descriptive statistics were summarized by mean (SD) or n (%) for continuous and

categorical covariates, respectively. BMI, Body Mass Index




Table 2. Body Composition Variables between BMI Percentile Groups

Normal (n=103) | Overweight (n=18) | Obesity (n=98)

Total

Fat mass (kg) 11.18 +£3.83? 18.71 £4.57° 32.29 £9.36¢

Lean mass (kg) | 34.18 £10.41° 41.40 + 12.72° 39.92 £9.89°

BMC (kg) 1.89 £ 0.60? 2.20+0.67% 2.09 + 0.54°

BMD (g/cm?) 0.99 £0.16* 1.08 £ 0.17° 1.07+0.16°
Arm

Fat mass (kg) 1.39 £0.43* 2.23+0.54° 3.81 £0.99¢

Lean mass (kg) 3.81£1.512 4.62 £1.75%® 434 +1.26°

BMC (kg) 0.24 £0.10? 0.28 £0.10? 0.26 £0.08°

BMD (g/cm?) 0.68 £0.15° 0.77 £ 0.14% 0.78 £ 0.14°
Leg

Fat mass (kg) 4.87 £ 1.64* 7.57 £ 1.70° 11.86 £ 3.53¢

Lean mass (kg) 11.51 £3.69° 14.52 +4.57° 14.45 +3.95°

BMC (kg) 0.70 £ 0.25% 0.85 + 0.30% 0.79 £ 0.23°

BMD (g/cm?) 1.03 £0.19* 1.14 + 0.20% 1.13+£0.18°

Abbreviations: BMI, Body Mass Index; BMC, Bone Mineral Content; BMD, Bone Mineral
Density. Note: Significant differences denoted by a letter correspond to with-in group
analyses. BMI percentile groups that share a letter within the same row denote no

significant difference.
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Table 3. Body Composition Variables (mean =+ standard deviation) between BMI

Percentile Groups for Males.

Normal Weight | Obesity p-value | 95% CI
(n=59) (n=35)
Total
Fat Mass (kg) 9.63 £2.66 31.04 £8.67 | <0.001 |-23.81,-19.00
Lean Mass (kg) | 35.84 £ 11.41 42.05+10.97 | 0.011 -10.98, -1.44
BMC (kg) 1.91 £0.62 2.16 £0.54 0.054 -0.50, 0.004
BMD (g/cm?) 0.99+0.15 1.07+£0.14 0.013 -0.14, -0.02
Arm
Fat Mass (kg) 1.22+0.33 3.65+0.94 <0.001 |-2.70,-2.17
Lean Mass (kg) | 4.14+1.73 4.68 +1.44 0.126 -1.23,0.15
BMC (kg) 0.25+0.11 0.27 £0.08 0.362 -0.06, 0.02
BMD (g/cm?) 0.69+£0.16 0.77+£0.13 0.008 -0.15, -0.02
Leg
Fat Mass (kg) 4.19+1.18 11.17+2.84 |<0.001 |-7.80,-6.14
Lean Mass (kg) | 12.04 £4.03 1529+4.41 |<0.001 |-5.03,-1.49
BMC (kg) 0.72 £0.27 0.84 £0.24 0.030 -0.23,-0.01
BMD (g/cm?) 1.03+0.19 1.13£0.18 0.008 -0.19, -0.03

Abbreviations: BMI, Body Mass Index; BMC, Bone Mineral Content; BMD, Bone

Mineral Density.




Table 4. Body Composition Variables (mean =+ standard deviation) between BMI

Percentile Groups for Females.

Normal Weight | Obesity p-value | 95% CI
(n=44) (n=63)
Total
Fat Mass (kg) 13.25+4.19 3298 £9.72 <0.001 |-22.82,-16.62
Lean Mass (kg) | 31.96 + 8.53 38.75+£9.11 <0.001 |-10.24,-3.32
BMC (kg) 1.86 £ 0.58 2.05+£0.54 0.080 -0.41, 0.02
BMD (g/cm?) 1.00 £0.17 1.08 £ 0.17 0.014 -0.15, -0.02
Arm
Fat Mass (kg) 1.62 £ 0.45 3.90+1.02 <0.001 | -2.60,-1.95
Lean Mass (kg) | 3.37+1.02 416+ 1.11 <0.001 |-1.21,-0.37
BMC (kg) 0.23 £0.08 0.25+£0.08 0.294 -0.05, 0.01
BMD (g/cm?) 0.68 +0.15 0.78 £ 0.15 <0.001 |-0.16,-0.05
Leg
Fat Mass (kg) 577+ 1.74 12.24 £ 3.83 <0.001 |-7.70,-5.24
Lean Mass (kg) | 10.8 £3.08 13.98 £3.62 <0.001 | -4.51,-1.85
BMC (kg) 0.68 £0.23 0.77 £0.22 0.057 -0.17, -0.003
BMD (g/cm?) 1.03 £0.20 1.12+0.18 0.017 -0.16, -0.02

Abbreviations: BMI, Body Mass Index; BMC, Bone Mineral Content; BMD, Bone

Mineral Density.
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Table 5. Associations of cardiometabolic risk factors with MBR and SBR.

Estimate | p-value | Adjusted | R%-value
p-value

MBR
Glucose (mg/dL) 0.010 0.452 >0.999 -0.002
Insulin (mU/L) 0.051 0.002 0.050 0.038
HOMA-IR 0.231 0.003 0.058 0.036
Total Cholesterol (mg/dL) 0.002 0.639 >0.999 -0.004
HDL (mg/dL) -0.028 <0.001 0.007 0.054
LDL (mg/dL) 0.008 0.099 >0.999 0.008
VLDL (mg/dL) 0.031 0.022 0.443 0.027
Triglycerides (mg/dL) 0.006 0.010 0.204 0.026
Systolic Blood Pressure (mmHg) | 0.015 0.131 >0.999 0.006
Diastolic Blood Pressure (mmHg) | -0.019 0.177 >0.999 0.004
SBR
Glucose (mg/dL) 0.117 0.015 0.293 0.023
Insulin (mU/L) 0.519 <0.001 <0.001 0.308
HOMA-IR 2.352 <0.001 <0.001 0.293
Total Cholesterol (mg/dL) 0.036 0.018 0.364 0.021
HDL (mg/dL) -0.231 <0.001 <0.001 0.269
LDL (mg/dL) 0.076 <0.001 <0.001 0.084
VLDL (mg/dL) 0.343 <0.001 <0.001 0.247
Triglycerides (mg/dL) 0.072 <0.001 <0.001 0.262
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Systolic Blood Pressure (mmHg)

0.216

<0.001

<0.001

0.147

Diastolic Blood Pressure (mmHg)

0.127

0.015

0.290

0.023

Abbreviations: MBR, muscle-to-bone ratio; SBR, soft tissue-to-bone ratio; HOMA-IR,

Homeostatic Model Assessment for Insulin Resistance; HDL, high-density lipoprotein;

LDL, low-density lipoprotein; VLDL, very low-density lipoprotein
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Figure 1. Muscle-to-bone ratio between BMI percentile groups for total, arm, and legs.
BMI percentiles that share a letter within group analyses are not significantly different.
BMI percentiles that do not share a letter are significantly different, within group (i.e., total,
arm, and leg) analyses. Normal weight is represented by a solid dark grey bar, overweight

by a solid light gray bar, and obesity by an open bar.
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Figure 2. Soft tissue-to-bone ratio between BMI percentile groups for total, arm, and leg.
BMI percentiles that do not share a letter are significantly different, within group (i.e., total,
arm, and leg) analyses. Normal weight is represented by a solid dark grey bar, overweight

by a solid light gray bar, and obesity by an open bar.
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Figure 3. Muscle-to-bone ratio for (Panel a) males and (Panel b) females by BMI

percentile group. Soft tissue-to-bone ratio for (Panel ¢) males and (Panel d) females by

BMI percentile group. In all figures normal weight is represented by solid gray bar and

obesity represented by an open bar. Significance denoted by * for p<0.05 and ** for

p<0.001.
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CHAPTER 6: CONCLUSION
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Research Results and Implications

DXA has been widely used to measure total and regional body composition
measures of lean mass, fat mass, and bone mass. While previous studies have explored the
use of DXA to measure total body volume, few studies have explored the use of DXA in
regional volume. Similarly, no studies have explored the use of DXA derived regional
volumes in a regional 4-compartment model. While studies have explored the relationship
of lean mass and bone health in children with obesity, few studies have explored the ratio
of muscle-to-bone and no studies have explored the relationship of soft tissue and bone.
Thus, this dissertation offered greater understanding of the use of DXA for regional
volumes and 4-compartment model and the use of DXA to explore bone health in children
with obesity.

First, DXA was used to assess total and regional volumes. Previous studies have
explored the use of DXA for total volume derived from a DXA scan. This dissertation’s
first study expanded on this topic by examining the use of regional DXA derived volumes.
In this study, total DXA derived volume was compared to total volume measured from
UWW. In addition, this study compared regional DXA derived volumes to the traditional
method of water displacement for regional volumes. The observations from the first study
suggest that DXA can be used to assess total and regional volumes as it was not
significantly different from the total (i.e., UWW) and regional (i.e., water displacement)
volumes measured. Thus, DXA derived regional volumes may be used when monitoring
body composition that may be impacted by changes in volume, such as, treatment or injury.
The observations from the first study allowed for the use of DXA derived total and regional

volumes for this dissertation’s second study.
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Second, this dissertation used the total and regional DXA derived volumes from
the first study to explore total and regional 4-compartment models. To the best of our
knowledge, this study was the first to explore a regional 4-compartment model. These DXA
derived regional 4-compartment models were compared to a traditional method where
regional volumes were measured from water displacement. Observations indicated that the
regional 4-compartment model with DXA derived regional volumes were not significantly
different from a traditional regional 4-compartment model. These observations indicate
that DXA can be used to develop a “convenient” 4-compartment model, which requires
only two devices (DXA and BIS) and thus is a quick assessment of body composition.
Also, due to the increased number of tissues measured, the 4-compartment model makes
fewer assumptions than a 2 and 3-compartment model. Ultimately, using DXA in a total
and regional 4-compartment model increases the utility of DXA technology.

Finally, the MBR and SBR were examined in a group of children and adolescents
with and without obesity. These ratios were also examined for their associations with
cardiometabolic disease risk factors. Observations revealed significantly higher MBRs and
SBRs in children with obesity compared to their normal weight peers. These observations
indicated that children with obesity have more muscle mass/soft tissue mass to bone mass,
suggesting greater strain on the skeletal system. This investigation also observed
significant associations between SBR and insulin, HOMA-IR, the lipid profile, and systolic
blood pressure. Observations indicated the impact that excess mass (i.e., lean and fat mass)
has on cardiometabolic risk factors such as insulin resistance, dyslipidemia, and

hypertension.
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This dissertation explored innovative ways in which DXA may be used to assess
body composition, ultimately expanding DXA’s capabilities. First, this dissertation
established that DXA may be used to as a method to estimate regional volumes. Also, that
these DXA derived regional volumes may be implemented into a regional convenient 4-
compartment model to determine body composition. In addition, this dissertation
established the utility of body composition ratios (i.e., MBR and SBR) for the assessment

of bone health in pediatrics with and without obesity.

Future Research

Although this dissertation provided insight into the use of DXA derived regional
volumes in a “convenient” 4-compartment model, future studies should examine these
regional DXA derived volume equations in a variety of populations (i.e., age, BMI groups,
diseases). Further, while body composition ratios differ between BMI percentile groups in
children, future research should explore these ratios in adults. Also, how these ratios may
change in response to diseases, injury, or treatment. Lastly, future research should examine
the longitudinal change the associations between these body composition ratios and

cardiometabolic disease risk factors into adulthood.
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