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ABSTRACT
Skeletal muscle ultrasound has recently emerged as one of the imaging techniques
to examine muscle quality. Validation of the ultrasound technique and quantification of
muscle echo intensity (EI) to units that are consistent with other body composition
measures are necessary. Purpose: The purpose of these studies was to validate the
ultrasound technique with high-resolution T1-weighted magnetic resonance imaging
(MRI). The second purpose was to compare ultrasound-measure % intramuscular fat to
other health and fitness indicators. Methods: Two experiments were performed. The
first experiment examined four muscles in the lower extremity using both ultrasound and
MRI. Muscle EI and MRI-measured % intramuscular fat of each muscle were compared
and used to establish calibration equations. The second experiment applied the
calibration equations to convert El to % intramuscular fat and compared the ultrasound-
measured % intramuscular fat to some health and fitness measures. Results: In the first
study, three types of calibration equations were established based on the strong
correlations found between MRI % intramuscular fat and muscle El after correcting for
subcutaneous fat thickness (r > 0.8 in all four muscles). The ultrasound technique also

demonstrated high between-day reproducibility (r > 0.8 in all four muscles) and inter-



analyzer reliability (r = 0.9 in all four muscles). In the second study, strong correlations
were found between ultrasound-measured % intramuscular fat of the four muscles (r >
0.8). Weak to moderate correlations were found when compared % intramuscular fat to
BMI, waist/hip ratio, muscle thickness, and muscular strength. Relationships between
ultrasound —measured % intramuscular fat, physical activity level, and frequency of fast
food consumption were also observed. Conclusion: Muscle ultrasound is a practical
technique to examine muscle health when other imaging techniques are not available.
Future studies are needed to validate the calibration equations presented in these studies
as well as establish more equations for other muscles to enhance its use in both the
research and clinical settings. More studies are also needed to investigate the complex

relationship between intramuscular fat and lifestyle.
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CHAPTER 1

INTRODUCTION

Obesity is associated with many chronic diseases and disabilities. It is one
of the leading causes of morbidity and mortality in the world. Previous studies have
indicated that increased total adiposity is correlated with reduced skeletal muscle mass
and insulin resistance in both children and adults, which can contribute to higher risk of
cardiovascular and metabolic disease (16, 80). A growing body of research suggests that
obesity is no longer just about the number and volume of adipocytes (13, 14). As
different health risk profiles are presented in individuals with the same amount of body
fat, we now know that the distribution of adipose tissue also plays a crucial role in
determining the health consequences associated with obesity (37, 45). For example,
impaired insulin sensitivity and higher risk of type-2 diabetes have been found to be
associated with increased fat depots within or between skeletal muscle fibers (70, 91).

All of the evidence together indicates the importance to examine the distribution of
adipose tissue.

Skeletal muscle ultrasound has recently emerged as one of the imaging techniques
to measure muscle quality or muscle health (75). When a beam of ultrasound waves
travels into a muscle and encounters different tissues within the muscle, attenuation of the
ultrasound waves occurs due to reflection, scattering, refraction, and absorption (52, 75,
96). The amount of reflection, scattering, refraction, and absorption is based on the

density of a tissue and the acoustic impedance between two different tissues (52, 59). A



lean muscle tissue has low echogenicity while intramuscular fat and connective tissue
have high echogenicity. As a result, when a muscle contains more adipose or fibrous
tissue, it appears to be brighter on an ultrasound brightness mode (B-mode) scan when
compared to a muscle with less adipose or fibrous tissue. In the past, quantification of
muscle echo intensity (EI) was based on visual evaluation, which largely depended on the
experience of the evaluators and the results could then be less accurate and more
subjective. Approximately a decade ago, studies began to use gray-scale histogram to
quantify muscle EI with mean pixel intensity as a more reliable and objective analysis
method (9, 20, 75). The same principle applies: a muscle with higher mean pixel
intensity indicates more intramuscular fat or fibrous tissue within that muscle.
Ultrasound is relatively cheap, portable, and can be applied on all individuals
(71). For individuals who cannot undergo magnetic resonance imaging (MRI), computed
tomography (CT) scan, or dual-energy X-ray absorptiometry (DXA) scan due to factors
such as metal implant, radiation exposure, or muscle spasticity, the ultrasound technique
can be utilized as an alternative way to assess their muscle health. Previous studies have
shown that muscle EI is negatively associated with muscular strength, muscular power,
and cardiovascular health in people across all age groups (9, 20). These findings suggest
the potential capability of the ultrasound technique for classifying individuals based on
their fitness and functionality. While a growing number of studies have been utilizing
this ultrasound technique, to our knowledge, no study has validated muscle El to %
intramuscular fat obtained from other imaging techniques. Animal biopsy studies have
shown positive correlations between intramuscular lipid content, fibrous tissue, and

muscle EI (33, 39, 67, 74). While the findings are informative, questions such as the



representativeness of biopsy sample of the entire muscle group as well as the
confirmation of the results obtained from animal studies in human subjects remain to be
addressed. Moreover, the current gray-scale analysis method reports mean pixel intensity
in arbitrary units, which makes comparison between the results obtained from the
ultrasound technique and other body or muscle composition measures difficult. In order
to enhance the application of this ultrasound technique in both the research and clinical
settings, quantifying muscle El to a physiological unit that allows it to be comparable to

other body and muscle composition techniques is necessary.

Purposes

There is a need to increase our understanding of the ultrasound EI technique.
With the low cost, practicality, and portability of ultrasound technology, improvement of
the ultrasound technique can make it a valuable imaging tool for assessment of muscle
health. The goals of this research study were to compare the ultrasound technique with
MRI, and to establish calibration equations to allow for better comparisons between the
ultrasound technique and other body and muscle composition measures. Two
experiments were performed. The purpose of the first experiment was to provide
validation for the ultrasound technique by examining the relationship between muscle El
and % intramuscular fat measured with MRI in four muscles: rectus femoris, bicep
femoris, tibialis anterior, and medial gastrocnemius. Tests of reproducibility and
reliability of the ultrasound technique were performed. The first experiment also aimed
to establish calibration equations to quantify muscle El into % intramuscular fat. The

purpose of the second experiment was to examine the associations between %



intramuscular fat measured with ultrasound, other body composition measures, physical
activity level, dietary intake, muscular strength, and blood glucose and lipid profile. The

results of the second experiment were also compared to previous literature.

Hypotheses

The hypotheses for the first experiment are:

H;) Muscle EI of the four muscles in the lower extremity will be significantly
correlated with their % intramuscular fat measured with MRI.

H,) The ultrasound EI technique will be reproducible, both between testing days and
between image-analyzing investigators.

The hypotheses for the second experiment are:

Hi:) The % intramuscular fat measured with ultrasound will be strongly correlated
between the four muscles, consistent with previous literature.

H,) The % intramuscular fat measured with ultrasound will be positively associated
with BMI, waist-hip ratio, and muscle thickness, comparable to previous
literature.

Hs) Higher % intramuscular fat will be associated with lower muscular strength,

more physical activity, and poorer diet.

Significance of the Study

Although studies have reported the correlations of muscle EI measured with other
health and fitness parameters, to our knowledge, no study has examined the relationship
between muscle EI and % intramuscular fat measured with other imaging techniques on

human subjects. In addition, the key limitation to previous studies is the lack of



compatible measurement units between the results obtained from the ultrasound and
other body or muscle composition techniques. The present study aims to validate this
ultrasound technique as well as establish calibration methods to quantify muscle EI into
% intramuscular fat. The success of this study will increase our knowledge on muscle
El in human skeletal muscle. It will also enhance the practicality of this ultrasound

technique in the field of obesity research.



CHAPTER 2

REVIEW OF LITERATURE

Obesity is considered to be one of the major contributors to many health
conditions and disabilities. Evidence has suggested the importance of identifying
distribution of fat depots, given its association with different health risk profiles (1, 13,
14, 26). Skeletal muscle is the largest organ in the human body (11). Increased fat
depots within skeletal muscle have been shown to be associated with reduced lean
muscle mass and muscular strength, and thus affects the functionality of an individual
(54, 85, 93). Furthermore, previous studies have suggested that increased
intramuscular fat alters normal muscle metabolism, which contributes to several
pathologies such as insulin resistance and type 2 diabetes (72, 85, 92). This review of
literature will describe obesity and adipose tissue, distribution of adipose tissue,
common non-invasive techniques used to assess body composition, and a skeletal
muscle ultrasound technique used for examination of muscle health. A discussion on

the limitations of the current ultrasound technique will also be presented.

Obesity and Adipose Tissue
Obesity is generally defined as having excessive body fat (13). It is one of the
leading causes of morbidity and mortality in the world. According to the World

Health Organization (99), approximately 35% of adults worldwide were overweight in



2008. Among them, 11% were classified as obese. Obesity is associated with several
secondary health conditions such as cardiovascular diseases, hypertension, metabolic
syndrome, cancers, and many other disabilities (29, 31, 50, 64, 78) and thus making
prevention and early interventions critical.

A combination of contributing factors leads to obesity. The equation of
obesity is rather complex, but it can also be explained in a simplified definition:
energy balance (38, 65). A positive energy balance means that the calories that an
individual consumes are more than what the individual spends. When a positive
energy balance is maintained for a period of time, overweight or obese can occur (21,
38). The energy balance equation consists of two major factors: physical activity and
energy intake. As explained by the equation, sedentary lifestyle can lead to obesity
(46). Physical inactivity can lead to loss in muscle mass and accumulation of lipid
within muscle, and thus contributing to functional decline and chronic diseases (54,
58, 63, 85, 93). Leitzmann at el. examined the level of physical activity in 252925
males and females using self-reported questionnaires. They concluded that individuals
who did not meet the physical activity guidelines were predisposed to higher risk of
mortality when compared to their physically active counterparts (57). Unhealthy diet
can also lead to obesity and metabolic conditions (84, 95). Several studies have
reported a positive correlation between fast food consumption and body mass index
among children and teenagers (10, 19). High fat diet has also been found to be
associated with larger waist circumference (66, 94). In addition, studies have also
shown a significant increase in intramuscular triglyceride content with high-fat feeding

in both animals and humans (66, 87, 88). As Davey stated (12), the environment we



live in often provides more opportunities for people to consume more than what they
actually need. Factors such as larger portion size, cheap fast food items, and the
convenience of purchasing prepackaged food can all promote unfavorable eating
habits.

Does this mean that individuals who are overweight or obese should always be
considered as unfit? Obesity paradox is used to describe a phenomenon that obese
individuals with chronic health conditions have better survival rate when compared to
their normal weight counterparts (18, 61). Lavie at el. studied 209 patients with heart
failure and reported that the patients with higher total body fat and BMI demonstrated
higher survival rate when compared to those with normal BMI (55). In addition, as
McAuley et al. stated in their review paper, people who were obese but physically fit
were at no higher risk for cardiovascular disease and all-cause mortality when
compared to their non-obese counterparts (61). These studies suggest that fitness
serves as a better predictor of mortality. In addition, as McAuley et al. pointed out in
their paper, factors such as blood pressure, lipid profile, insulin sensitivity, and other
health markers that are often related to higher BMI need to be considered before
determining the presence of healthy obesity (61). In other words, although being
obese can have negative effect on health, defining obesity by the total adiposity can be
misleading. As mentioned earlier, physical inactivity and unhealthy diet are
associated with increased lipid content within muscle and insulin resistance. These all
together support the importance of examining fat distribution.

There are different types of fat. The predominant type of fat found in human

adults is white fat, which comprises adipocytes, pre-adipocytes, macrophages,



endothelial cells, fibroblasts, and leukocytes (30, 47, 100). Adipose tissue or
adipocytes have long been recognized as glycogen and fat storage cells (47, 100).
Their addition roles in metabolic control and as endocrine organs were not identified
until recently (30). Adipose tissue secrets different types of adipokines such as leptin
and adiponectin (2). Leptin was identified by its role on increasing metabolism and
promote weight loss. Reduction in adiponectin concentration was also found to be
associated with excessive secretion of insulin and insulin resistant (2, 3). Adipose
tissues can also produce proinflammatory proteins or cytokines such as interleukin-6
and tumornecrosis factor-o (2). Studies have suggested that increased expression of
those cytokines is related to obesity (48, 79). Furthermore, previous literature has
indicated that macrophages in adipose tissue are responsible for the increased
expression of those cytokines. This finding suggests a role for adipose tissue
inflammation in developing insulin resistance and health complications associated

with obesity (22, 36, 68).

Distribution of Adipose Tissue

The associations of increased total adiposity and health consequences such as
cardiovascular disease, diabetes, and impaired mobility have been well studied (31,
41, 62). Previous studies have suggested that the locations of fat depots are associated
with different disease risk profiles (37, 45). The distribution of adipose tissue results
from many factors such as gender, age, genotype, lifestyle, hormones, and drugs (43),
which makes risk stratification of obesity difficult. Previous studies have suggested

that fat depots in the upper trunk and abdominal area are associated with unfavorable



health profiles (23, 43, 89). Despres et al. reported significantly different disease
profiles on obese subjects who had the same amount of body fat. They found an
abnormal metabolic risk profile in individuals with higher visceral adipose tissue
while those with higher subcutaneous adipose tissue demonstrated normal health
profile (13, 14). Koster et al. found higher abdominal visceral fat and less thigh
subcutaneous fat in older obese people with metabolic syndrome when compared to
those without metabolic syndrome, given both groups had the same amount of body
fat mass (51). Studies have also found that fat depots within or between skeletal
muscle fibers are associated with reduced muscle mass and increased insulin
resistance, and can contribute to developing type 2 diabetes (70). Thamer et al.
utilized proton magnetic resonance spectroscopy to examine lipids within muscle
fibers and found a negative correlation between intramuscular fat and insulin
sensitivity in untrained subjects (91). These findings highlight the importance to

examining the locations of fat depots for better prediction of health risk profiles.

Techniques of Assessing Body Composition

Early studies utilized biopsy to investigate the relationship between intramyocellular
lipid and insulin sensitivity in both animal and human subjects. Storlien et al. reported
a negative correlation between insulin sensitivity and mean muscle triglyceride
accumulation in rats after high-fat feeding (90). Pan et al investigated vastus lateralis
muscles using percutaneous biopsy and found that a significant relationship between
increased muscle triglyceride and impaired insulin action in humans (70). While

biopsies provide direct examination of muscle lipid content, this technique was limited

10



by its invasive nature. Several simple methods have been developed to assess body
composition. These include but not are not limited to BMI, waist circumference, and
waist-to-hip ratio (15). BMI is perhaps the most commonly used method to classify
individuals into different categories based on the combination of their body weight and
height (49). BMI, expressed in kg/m?, is a simple method that can give a general idea
regarding the body composition of an individual at no cost. However, it does not
provide information on fat distribution. Waist circumference and waist-to-hip ratio are
measures of central adiposity, which are easy to obtain and cost-effective. They are
believed to be better predictors than BMI for obesity-related health conditions by
providing a good estimation on general body fat distribution (56). The lack of the
ability to determine the actual locations of fat depots limits their usage. As
demonstrated by Figure 2.1A and 1B, individuals can have significantly different
intramuscular lipid content (blue arrows) while having similar amount of subcutaneous

fat (red arrows).

A.

Figure 2.1
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When this is the case, the body composition results obtained from the methods
mentioned above can be misleading. Utilizing techniques that can indicate the
locations of fat deports is important, as different fat distribution is associated with
different health risk profiles.

Non-invasive techniques such as dual-energy X-ray absorptiometry (DXA),
computed tomography (CT), proton nuclear magnetic resonance spectroscopy (*H
MRS), and magnetic resonance imaging (MRI) have been utilized to measure total
body composition as well as regional fat and intramuscular lipid content (32, 43).
Each technique has its own advantages and limitations. DXA has been widely used in
the research setting due to its relatively low cost. However, its % body fat result is
obtained by using some generalized equations that convert body density or resistance
into % fat, and thus is considered to be an indirect measure (40). It also contains a
small dose of radiation that is not suitable for individuals who are pregnant or cannot
go under radiation. CT imaging utilizes the attenuation characteristics of different
tissues to examine the composition of skeletal muscle (6, 8, 25, 28). Fat has lower
attenuation coefficient than other tissues and thus can be distinguished by CT imaging
technique (5). Unfortunately, CT scans involve ionizing radiation and thus are not a
preferred option for repeated measurements (75, 98). *H MRS distinguishes lipids
contained within and outside of muscle fibers by utilizing their different signal
attributable to protons (7). Krssak et al. used localized *H MRS to examine in human
soleus muscle and found an inverse correlation between intramyocellular lipid
concentration and insulin sensitivity (53). While *H MRS has the advantage of

providing chemical composition of the examined muscle tissues, it is limited by its

12



practicality (69). MRI allows visualization and quantification of lipid content within
and between muscle groups non-invasively (43, 75). As every cell in human body
contains protons, MRI works by aligning the protons to a large magnetic field
followed by proton excitation with radio frequency pulses. It then detects the time it
takes for the protons to relax back to the original direction (17). There are two
common types of MRI images: T; and T, weighted images. T1 weighted images
detect the longitudinal relaxation time of different tissues in the body while T2
weighted images detect the transverse relaxation time of the tissues (17). As
Goodpaster et al. pointed out the advantages of MRI in their paper, this imaging
technique did not depend on the muscle fiber orientation, nor was it limited to certain
muscle groups with each scan (27). Although MRI and CT are currently the preferred
imaging techniques as they provide detailed information of body and muscle structure
and composition, they are very expensive and thus can limit their use in both research
and clinical settings. In addition, both imaging techniques are also not suitable for
individuals who have metal implant, uncontrolled muscular movement (i.e.,
spasticity), or those who are pregnant or morbidly obese due to the nature of the
techniques and radiation exposure (24). Therefore, providing another imaging option

for those individuals is needed.

Skeletal Muscle Ultrasound
Ultrasound has been widely used for examination of the skeletal muscle
structure (34, 43, 52, 71, 73, 75). With the utilization of ultrasound brightness mode

(B-mode), the structure of a body compartment such as muscles, bone, nerves, and

13



blood vessels can be easily distinguished (71). Figure 2.2 represents a B-mode image
that contains skin, subcutaneous fat, rectus femoris, rectus intermedius, and femur of

an individual’s thigh (starting from top to bottom).

MscSkel

B CHI
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Figure 2.2

Ultrasound can also be used to measure the overall quality of a muscle (75). In
1980, Heckmatt J.Z. et al. discovered that healthy and diseased muscles had different
sonographic appearance (34). Reflection of ultrasound beams occurs when a sound
wave encounters tissues with different densities or acoustic impedances (75, 83). As
can be seen in Figure 2.3, when ultrasound travels down to the skeletal muscle and
goes through different tissues such as muscle and fascia, the amount of reflection is

based on the different acoustical impedance between the two tissues.
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Figure 2.3 (Adapted from Pillen and Alfen, 2011, Skeletal muscle ultrasound)

Echogenicity describes the amount of reflection caused by different degrees of
acoustic impedance in tissues (44, 75). Anechoic is used to describe tissues such as
lumens of blood vessels that produce no echo. Anechoic tissues appear black on the B
mode ultrasound image. Subcutaneous fat is considered to be hypoechoic, which
creates weak reflection back to the transducer and appears to be grey on ultrasound B-
mode images. In addition, tissues that are deep down to the structure may be
hypoechoic due to the physical attenuation of ultrasound beam (52, 75, 77, 98).

Tissues that are hyperechoic have strong reflection and have bright appearance on the

15



B-mode images. Bone, fascia, nerves, and tendons are examples of hyperechoic
tissues (75). As a result, a diseased muscle that contains more intramuscular fat and
connective tissue would appear brighter (higher echo intensity) than a normal healthy
muscle (34, 73, 82).

In the past, evaluation of muscle echo intensity was largely done by using a
visual assessment called Heckmatt’s scale (35). The Heckmatt’s scale evaluates
muscle quality based on 4 grades. Grade I indicates a normal muscle composition
while grade IV suggests an abnormal muscle composition with increased muscle echo
intensity and reduced bone echo (35, 77). Evaluation of muscle quality using
Heckmatt’s scale can be easily performed; however, increased evaluation inaccuracy
can be found in early stages of a neuromuscular disease when only a slight change in
muscle structure was present (75). Zuberi et al. examined 100 children using the
visual evaluation technique and concluded a sensitivity of 78% in detecting the
presence of neuromuscular disease (101). Factors such as the experience of the
evaluators, age and gender of the subjects, and differences between muscle groups can
also reduce the reliability and specificity of the ultrasound results (60, 75, 81, 83).

A more objective and reliable quantification of muscle echo intensity has been
established using computer-aided gray scale (75, 77). This analysis technique is
performed with a standard histogram function by examining the mean pixel intensity
of a muscle of interest. As explained previously, the assumption is that the higher the
mean pixel intensity or echo intensity of the muscle of interest, the worse the muscle
quality (9, 20, 75). Figure 2.4A and 2.4B demonstrate the rectus femoris muscle of a

healthy individual (A) and an individual with severe health conditions (B). Despite

16



the difference in muscle size, the individual with severe health conditions also has
brighter muscle appearance (higher muscle echo intensity) when compared to the
healthy individual. This suggests the muscle of the individual with severe health
conditions contains more intramuscular fat and/or fibrous tissue.

A. RF of a healthy person B. RF of a person with health

Figure 2.4

Previous studies have shown that skeletal muscle quality determined by
ultrasound echo intensity is negatively correlated with muscular strength, muscular
power, and cardiovascular health in people across different age groups (20, 83).
Fukumoto et al. investigated the association of muscular strength and muscle echo
intensity. They found a significant negative correlation between the echo intensity and
knee extensor isometric strength, after controlling for age or muscle thickness (20). In
another study conducted by Cadore et al., the relationship between muscle echo

intensity and muscular strength was confirmed. In addition, they also reported

17



significant correlations between muscle echo intensity and cardiorespiratory fitness
measured with workloads at the ventilation threshold (9).

Studies have also reported the normal values for muscle thickness and echo
intensity in different muscle groups for both children and adults (4, 86), making it
possible to compare the echo intensity values obtained from different studies.
However, for studies that use different ultrasound devices or settings, a new set of
normal values must be established. Several studies have established techniques to
address this issue. Pillen et al. established a correction factor that makes comparisons
of echo intensity obtained from different ultrasound devices possible (76). While this
is a very important finding to improve the application of muscle ultrasound in the
clinical settings, this technique requires a phantom that is currently not commercially
available. Another technique proposed by Hughes et al. and Wallace et al. used the
raw backscattered radio-frequency time-domain signal to calculate echo intensity (42,
97); however, this technique is currently not practical as the raw radio-frequency is
usually not accessible to the public.

Although many studies have investigated the associations of muscle echo
intensity with other outcomes such as muscular strength, power, and cardiovascular
health, the ultrasound technique possesses some limitations. One of limitations is that
the ultrasound technique cannot distinguish whether the change in echo intensity is
caused by adipose tissue or by fibrous tissues currently. Although previous studies
have suggested strong correlation between muscle echo intensity and interstitial
fibrous tissue measured with biopsy samples in animal models (39, 74), testing the

translatability of their findings to human is required. Another limitation is that it has

18



not been validated. Reimers et al. examined biopsy samples of 86 muscles and
reported a positive correlation between muscle echo intensity and intramuscular lipid
content (83). While the findings are exciting, questions such as the representative of
muscle biopsy samples as well as the accuracy of visual echo intensity evaluation need
to be addressed. In addition, the ultrasound technique reports its outcome measures in
arbitrary echo intensity units, which makes comparisons between the ultrasound

technique and other body and muscle composition techniques difficult.
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VALIDATION OF MUSCLE ECHO INTENSITY WITH MAGNETIC
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Abstract

Purpose: Previous studies have used ultrasound to measure muscle quality, with the data
presented as muscle echo intensity (EI). The purpose of this study was to compare muscle El
to high-resolution T;-weighted magnetic resonance imaging (MRI) as well as to establish
calibration equations to estimate % intramuscular fat from El. Methods: Thirty-one
participants (14 males, 17 females) between the ages of 20 to 61 underwent both ultrasound
and MRI testing on four muscles: rectus femoris (RF), biceps femoris (BF), tibialis anterior
(TA), and medial gastrocnemius (MG). Muscle EI and MRI-measured % intramuscular fat of
each muscle were compared and used to establish the calibration equations. Results: Three
types of calibration equations: group, muscle specific, and sex specific, were established based
on the strong correlations found between MRI % intramuscular fat and muscle EI after
correcting for subcutaneous fat thickness (r =0.9inRF, r=0.8inBF,r=0.8inTA,r=0.81in
MG). The ultrasound technique demonstrated high between-day reproducibility (r = 0.9 in RF,
r=0.7inBF, r=0.9inTA, r =0.8 in MG) and high inter-analyzer reliability was observed in
all muscle groups (r=0.9inRF, r=0.9inBF, r=0.9inTA, r=0.9in MG). Conclusion:
The current study suggests that muscle ultrasound is a practical and reproducible technique that
can be used as another imaging technique for examination of % intramuscular fat. Variability
of muscle Els and % intramuscular fat was found between different sites within a muscle,
suggesting the need to examine multiple sites for a comprehensive muscle composition. Future
ultrasound studies should incorporate % intramuscular fat measures to allow for comparisons
with other body composition techniques as well as are needed establish more equations for
other muscle groups to enhance its use in both research and clinical settings.

Keywords:
Muscle ultrasound, T1-weighted MRI, muscle El, intramuscular fat, muscle composition
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Introduction

Overweight and obesity are associated with many secondary health conditions (5,
6, 20). Recent studies have suggested that adipocytes deposited in different areas of the
body have different physiological activities, such that the health risks of obesity are
closely related to the location of fat depots in addition to the total amount of adipose
tissue (4, 9). For example, visceral abdominal fat has been found to be related to
dyslipidemia, glucose intolerance, and higher risk of cardiovascular disease (19).
Increased fat depots within skeletal muscle has also been found to be associated with
functional decline and metabolic disorders (27). These studies have indicated the
importance of examining the distribution of adipose tissue and deposition of ectopic fat.

Muscle ultrasound has recently emerged as an imaging technique to measure
muscle quality (17). Lean muscle tissue has low echogenicity while intramuscular fat and
connective tissue have high echogenicity (12). This technique quantifies total muscle
echo intensity (EI) using gray scale analysis with the assumption that the higher the mean
pixel intensity of a muscle region of interest, the lower the muscle quality (i.e. more
intramuscular fat) (2, 3, 17). Muscle ultrasound is a low cost and easily accessible
technology that can be applied on individuals who cannot undergo other imaging
technologies such as magnetic resonance imaging (MRI), computed tomography (CT),
and dual-energy X-ray absorptiometry (DXA) for examination of their muscle health.
Several studies have shown that increased El is negatively correlated with muscular
strength and cardiovascular health in people across different age groups (2, 3). Some
studies have also established analytical methods to improve the consistency and

compatibility of this ultrasound technique across different ultrasound devices (18).
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Ultrasound has been recognized as a valuable tool to evaluate marbling in cattle
and swine with the establishment of % intramuscular fat prediction equations (7, 13, 14).
To our knowledge, such studies have not been conducted in human subjects due to the
impracticality of obtaining biopsy samples in humans. In addition, no study has
compared muscle El to MRI, an imaging technique that provides a comprehensive picture
of the structure and composition of human skeletal muscle. The other limitation of the
current ultrasound technique is the use of arbitrary El units as an outcome measure, which
makes it difficult to compare ultrasound to other body and muscle composition
techniques. Although utilizing the prediction equations established from animal subjects
can be convenient, the equations are not necessarily appropriate for to human subjects.
The purpose of the present study was to compare El from the ultrasound technique with
% intramuscular fat measurements derived from high-resolution T;-weighted MRI
images. The study also aimed to establish muscle specific calibration equations that can

be used in humans to quantify muscle El into % intramuscular fat.

Materials and Methods
Participants

Thirty-one participants (14 males, 17 females) between the ages of 20 to 61 were
recruited in this study. Participants with a range of body mass index (BMI) and physical
activity level were recruited to provide a range of body adiposity. The study consisted of
an ultrasound test and a MRI test. Ten participants underwent an additional ultrasound
test on a separate day to assess the reliability and reproducibility of the ultrasound
technique. The study was approved by the Institutional Review Board. We certify that all

applicable instructional and governmental regulations concerning the ethical use of
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human volunteers were followed during the course of this study. Written informed
consent was obtained from all participants prior to any data collection and after a detailed
description of the study was provided. Data was collected from March 2014 to April

2014.

Study Design

All participants completed two or three test sessions. The first and second
sessions involved an ultrasound test and a MRI test. The third session was an optional
session to test reproducibility of the ultrasound technique. Tests on individual

participants were completed within a one-week period.

Ultrasound Experimental Protocol

An ultrasound test was performed on four muscles of the lower extremity: rectus
femoris (RF), biceps femoris (BF), tibialis anterior (TA), and medial gastrocnemius (MG)
with an ultrasound-imaging device (LOGIQ e; GE Healthcare UK Ltd., Chalfont,
Buckinghamshire, England). The dominant leg was tested. Each participant was
instructed to rest supine on an exam table. Ultrasound Brightness mode (B-mode) with
musculoskeletal scanning preset and a multi-frequency linear transducer (8-12 MHz)
were used. Gain and transducer frequency were adjusted to 58-dB and 8 MHz,
respectively. Scanning depth was set to be 4 cm with 1.27 cm slice thickness and an
apparent spatial resolution of 80 um/pixel. The scanning depth was only increased when
testing participants with greater subcutaneous fat to allow for capturing enough muscle

area. Time gain compensation was adjusted to neutral position. Focus number and area
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were increased to ensure all muscles groups being scanned were covered and consistent
across all participants. Other ultrasound settings stayed unchanged from the preset.
Before starting the ultrasound test, the upper and lower leg length of each
participant was measured from lateral patella base to anterior superior iliac spine and
from lateral patella tip to calcaneus, respectively. Marks were made on the 1/3 and 1/4 of
the anterior and posterior parts of the upper and lower legs. The purpose of the marks
was to ensure that the scanning locations between ultrasound and MRI as well as between
participants were consistent. A generous amount of ultrasound gel was then applied to
avoid excessive pressure placed on the skin. Each scan involved a 16-second ultrasound
clip on one of the marks, and each muscle was scanned twice (both 1/3 and 1/4 marks).
A total of 8 scans were obtained from each participant. Each ultrasound clip was then
saved into JPEG images for analysis. Muscle El was determined by gray-scale analysis
using ImageJ (21). A muscle of interest was circled manually while avoiding
surrounding fascia and bone. The mean pixel intensity of the selected muscle region was
obtained from each measurement and an average of 3 measurements was calculated.
Subcutaneous fat thickness, muscle thickness, and area of muscle being circled were also
recorded. Images were analyzed by two investigators to test for the inter-rater reliability

of the ultrasound technique.

Magnetic Resonance imaging (MRI) Experimental Protocol

T1-weighted MRI images (TR =800 ms; TE = min full) were obtained using a 3.0
Tesla whole body MR system (GE Healthcare, Waukesha, WI) at the University of

Georgia Biomedical Health and Sciences Institute. Images were obtained with 1024 x
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1024 matrix on both lower leg and upper leg of each participant. A field of view (FOV)
of 18 cm x 18 cm (resolution of 176 um/pixel ) was set for the upper leg scans and 16 cm
x 16 cm (resolution of 156 pum/pixel) for the lower leg scans unless changes were
necessary (i.e. participants with larger size of thigh or calf). A volume knee coil was
placed on the lower leg with the centerline of the coil aligned to the ultrasound mark (see
previous section “Ultrasound Experimental Protocol”). A lower leg scan involved a total
of 4 imaging slices with 3.0 mm slice thickness and 10.0 mm spacing. The coil was then
repositioned with the centerline lined up to another ultrasound mark on the upper leg. An
upper leg scan was done with the same settings as the lower leg scan except the FOV and
slice spacing were changed to 18 cm x 18 cm and 15.0 mm, respectively. The entire MRI
testing procedure including positioning and the upper and lower leg scans was
approximately 30 minutes per participant.

MRI images were analyzed using ImageJ (21) and with a similar protocol
published in a previous study (25). The muscle of interest was circled and a histogram
was obtained. The pixel intensities of pure fat, pure muscle, and connective tissue were
determined by visual judgment. The determined pixel intensity (DPI) of pure fat (DPls,)
was calculated by averaging the intensities of 3 selected areas of pure fat. The same
procedure was followed for acquiring the DPI of pure muscle (DPlmuscie) and connective
tissue. The DPIs were then used to differentiate each tissue within the muscle of interest.
To calculate the % intramuscular fat of a muscle, a weighted % fat (% fatyeighedted)

associated with each raw pixel intensity (Pl.,w) was first calculated using equation 3.1,

% fatweighted = (PIraW - DPImusde)/ (DPIfat - DPImusde) * 100 (Equation 3.1)
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Weighted fat pixel counts (FPCuyeignted) and weighted muscle pixel counts (MPCeighted)

were then determined using the equations below,

FPCueighted = (Y0fatueighed * raw pixel count) / 100 (Equation 3.2)

MPCyeighted = (raw pixel count * (100 - %fatweighted) / 100 (Equation 3.3)

Sums of FPCeighted anNd MPCyeighied OF @ muscle were then used to calculate %

intramuscular fat of a muscle using the equation presented below,

% fat = I:F)Cweighted_sum / (chweighted_sum + Mpcweighted_sum) *100 (Equation 3-4)

Correcting for Subcutaneous Fat Thickness

During the initial data analysis, an independent influence of subcutaneous fat
thickness on muscle echo intensity was observed. To further examine this potential
influence, the subcutaneous fat thickness of 5 participants was reduced by applying four
different levels of external pressure to the skin. Care was taken to ensure minimal change
in muscle shape. Figure 3.1 demonstrates echo intensities associated with different
subcutaneous fat thickness. The average of the five slopes and y-intercepts were
calculated and the following equation was established, where cf = correction factor and x

= subcutaneous fat thickness,

cf =-39.887x + 80.4148 (Equation 3.5)

40



When plotted 1.0cm as the subcutaneous fat into the equation demonstrated below, the cf

represents the addition of echo intensity with every 1.0cm subcutaneous fat thickness,

cf =-39.887 (1.0cm) + 80.4148 = 40.5278 (Equation 3.6)

The cf was then applied to correct for the potential influence of subcutaneous fat on echo
intensity using the following equation, where y; = raw echo intensity, x = subcutaneous

fat thickness, cf = 40.5278, and y, = corrected echo intensity,

y2 =yit+ (x * cf) (Equation 3.7)

Generation of Calibration Equations

Correlations between muscle EI and MRI % fat were obtained and the linear
regression equations were used to generate calibration equations. Different types of
calibration equations were established by combining all the muscle groups (group
equation) as well as examining separately based on muscle groups (muscle specific
equation) and sex (sex specific equation). Ultrasound % fat calculated with each

equation was compared.

Statistical Analysis

Data are presented as means £ SD. Correlation between ultrasound echo

intensity and MRI1 measured % fat of each muscle was analyzed using Pearson
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correlation. Ultrasound test-retest and inter-rater reliabilities were analyzed using
coefficient of variation (CV) and two-way random intraclass correlation
coefficients (ICC) with absolute agreement. CV of the echo intensity of the two
ultrasound scanning locations and three MRI slices were also computed.
Statistical analyses were performed using SPSS 19.0 (IBM®, Armonk, NY).

Significance was accepted when p < 0.05.

Results

Study Participants

All participants completed the study without any adverse events. The physical

characteristics of the participants are summarized in Table 3.1.

Ultrasound and MRI Results

Representative muscle images obtained from both MR and ultrasound are
demonstrated in Figure 3.2A-D. Both MRI and ultrasound images were acquired from
the same location of each muscle group so that comparisons between muscle EI and MRI-
measured % intramuscular fat could be made. Examined muscle area, muscle volume,
and ultrasound EI of each muscle group are shown in Table 3.2. It should be noted that
the entire area of BF, TA, and MG could not be fully examined due to the limitation of

ultrasound window.

Uncorrected Echo Intensity vs. MRI-measured % Intramuscular Fat
Comparisons between the ultrasound El without correction for subcutaneous fat

thickness and % intramuscular fat measured with MRI are shown in Figures 3.3A-D.
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Moderate to strong correlations were found between ultrasound EI and MRI % fat when
examining RF (r =0.8) and TA (r = 0.7). Weak to moderate correlations were found in

BF (r =0.4) and MG (r = 0.5).

Corrected Echo Intensity vs. MRI-measured % Intramuscular Fat

Figure 3.4A-D shows the correlations between MRI % intramuscular fat and
muscle EI after corrected for subcutaneous fat thickness. Stronger correlations were
found in all muscle groups when compared to the ones before the correction factor was
applied (r =0.9inRF, r=0.8inBF, r=0.8inTA, r =0.8 in MG). When examining the
correlations separately by gender (Figure 3.5A-D), similar and stronger correlations were
found in all muscles inmales (r=0.9inRF, r=0.8inBF,r=0.8in TA, r=0.9 in MG)
when compared to females (r=0.8 inRF, r=0.8inBF, r=0.6inTA,r=0.8in MG). A
moderate to strong correlation was found when compared ultrasound corrected El and

MRI % intramuscular fat after combining all the examined muscles (r = 0.7).

Calibration Equations

Three types of calibration equations were established and all the equations are
presented below where x = raw echo intensity, y = % intramuscular fat, and z =

Subcutaneous fat thickness,

y=(0.114 * ((40 * ) + x)) + 5.231  (Group equation)
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y=(0.093 *((40 *z) + x))+4.698 (Muscle specific)
RF y=(0.062 *((40 *z) + x))+7.901 (Sex specific, female)
y=(0.144 *((40 *z) +x))+1.126  (Sex specific, male)

y=(0.143 * ((40 * z) + x)) + 3.459 (Muscle specific)
BF y=(0.177 *((40 *z) +x)) + 1.823 (Sex specific, female)
y=(0.152 *((40 *z) + x)) +2.368 (Sex specific, male)

y=(0.256 *((40 *z) +x)) - 2.991 (Muscle specific)
TA y=(0.250 *((40 *z) +x)) - 2.366  (Sex specific, female)
y=(0.198 *((40 *z) + x))+ 0.094  (Sex specific, male)

y=(0.143 *((40 *z) + x))+ 3.459 (Muscle specific)
MG y=(0.177 *((40 *z) + x))+ 1.823 (Sex specific, female)
y=(0.152 *((40 *z) + x))+ 2.368 (Sex specific, male)

Comparisons Between Different Equations

Relationships between calibrated ultrasound % fat and MRI % intramuscular fat
were examined. Figure 3.7A-D demonstrates difference between MRI % intramuscular
fat and ultrasound % fat calculated using each equation. When converting muscle El into
% fat using the group equation, the mean and standard deviation of % fat difference were
larger across all muscle groups (-2.41 + 1.13 in RF; 0.83 £ 2.27 in BF; 1.38 £ 2.77 in TA,;
0.50 £ 2.16 in MG) when compared to that using muscle specific (0.00 £ 1.02 in RF; 0.27
+2.20in BF; 0.00£2.15in TA; 0.00 £ 1.83 in MG) and sex specific equations (-0.03 =

0.72in RF; -0.44 £ 2.70 in BF; -0.56 + 3.51in TA, -0.02 + 1.71 in MG).

Within Muscle Variability

Muscle Els between the two scanning locations were compared. The mean CV
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between the two locations was 5.6 % in RF, 6.3% in BF, 5.0% in TA, and 4.8% in MG.
After correcting for subcutaneous fat thickness, the mean coefficient of variation was
5.7% in RF, 8.7% in BF, 4.9% in TA, and 5.2% in MG (Figure 3.8A). Percent
intramuscular fat differences between the three MRI slices were also compared (Figure
3.8B). The mean CV between the three MRI slices was 11.0 % in RF, 7.6% in BF, 5.6%

in TA, and 5.1% in MG.

Ultrasound Reproducibility and Inter-Analyzer Reliability

The reproducibility of the ultrasound technique was examined by repeating the
same testing procedure on ten participants on two different days within a week. Table 3.3
presents the results of EI, CV, and ICC. The ultrasound technique demonstrated high
reproducibility between the two testing days across all muscle groups (r =0.9 in RF, r =
0.7inBF, r=0.9inTA, r=0.8in MG). The inter-analyzer reliability of the ultrasound
technique was tested on the ultrasound images of 23 participants. The mean EI of each
muscle group as well as the mean CV and ICC are presented in Table 3.4. A high inter-
analyzer reliability was observed in all muscle groups (r=0.9in RF, r=0.9in BF, r =

09inTA, r=0.9in MG).

Discussion

The main finding of the present study was the generation of calibration equations
to quantify muscle EI into % intramuscular fat on four muscles in the lower extremity. In
this study, moderate to strong correlations were found between MRI-measured %
intramuscular fat and muscle EI. This is consistent with previous literature that compared

muscle EI to % intramuscular fat measured with muscle biopsy samples in animal models
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(22, 24). Reimers et al. examined muscle echogenicity and biopsy samples of 86 muscles
and concluded that the increased muscle EI was mainly caused by intramuscular lipid
content (24). Previous studies have also reported the associations of higher muscle El
with reduced muscular strength, neuromuscular diseases, and lower cardiovascular
performance (2, 3, 8, 15, 28). While muscle EI has provided valuable clinical
information, the arbitrary El units make comparisons between the ultrasound technique
and other body and muscle composition techniques difficult, and thus limit its use as an
alternative technique to examine muscle composition. The calibration equations
established in the present study can help address this limitation.

Our study also observed an independent influence of subcutaneous fat thickness
on muscle EI, given all the settings were kept consistent, and was able to develop a
correction factor to correct for the potential influence. This phenomenon was reported in
previous literature (18, 29). As Wattjes et al. pointed out in their review article,
reflection or absorption of ultrasound sound wave made visualization of deeper tissue
difficult, which could limit its application to examining superficial muscle groups (29).
In the present study, a correction factor was established after examining the associations
of Els and subcutaneous fat thickness altered by applying different levels of pressure on
the skin. After the correction factor was applied to raw Els, the correlations between
ultrasound EI and MRI % intramuscular fat improved. In addition, it should be noted that
the present study developed one correction factor and applied it to all muscle groups.

Better correlations were observed when compared MRI % fat to corrected
ultrasound EI of each muscle group than comparing MRI % fat to corrected ultrasound El

of all muscle groups. This finding is consistent with previous studies that suggested
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variability in El across different muscle groups (1, 17). Pillen & Alfen suggested the
differences in fibrous tissue distribution and muscle fiber orientation of each muscle
group, which resulted in a muscle’s unique range of EI (17). In addition, a better
relationship was found when compared MRI % intramuscular fat and corrected
ultrasound EI of each muscle group in males to that in females. As Arts et al. reported
that the relationship between age and echo intensity was gender and muscle dependent
(1), our result agrees with their findings.

In this study, we reported 3 types of calibration equations: group equation, muscle
specific equation, and sex specific equation. A better relationship was observed when
compared MRI % fat and ultrasound % fat calculated using muscle specific equation to
that calculated using group equation. This again supports the notion that the normal
range of El is muscle specific. Muscle specific and sex specific equations were
compared and similar correlations were found between MRI % intramuscular fat and
ultrasound % fat calculated using the two equations, suggesting the use of both equations
in the future. Furthermore, a better relationship between MRI % fat and ultrasound % fat
was observed in RF. A possible explanation for this is the limitation of ultrasound
window. As previously mentioned, the ultrasound window was able to capture the entire
area of RF but not the other muscles, which could result in potential measurement error.
Future studies can address this issue by investigating the relationship between MRI % fat
and ultrasound EI using an ultrasound probe with wider field of view such as the ones
used to scan full sized cow when examining bigger muscle groups, or by combing
ultrasound scans of different sites of a muscle to obtain a representative image of a

muscle.
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The present study investigated % intramuscular fat measured with MRI in 4
different muscle groups: RF, BF, TA, and MG. We found a range of approximately 13.0
to 16.0 % mean intramuscular fat from all muscle groups. Our results are comparable to
% intramuscular fat reported by other studies using different imaging techniques.
Kovanlikaya et al. examined the relationships between insulin levels and fat
accumulation in the soleus muscle, liver, and pancreas using the three-point Dixon MRI
technique in 15 young, healthy Mexican-American females and reported an average
intramuscular fat of approximately 15 % in the lean group and 23 % in the obese group,
classified based on BMI (11). Wren et al. (30) investigated % intramuscular fat of
several muscle groups in nine boys with Duchene muscular dystrophy and found that the
% intramuscular fat was highly correlated with each muscle group (r = 0.83 to 0.98).
Overall, the levels of intramuscular fat reported in the present study are consistent with
results reported in previous studies.

In this study, we also demonstrated the high reproducibility (r =0.9 in RF, r = 0.7
inBF, r=0.9in TA, r=0.8 in MG) and inter-rater reliability (r=0.9inRF, r=0.91in
BF,r=0.9inTA, r =0.9 in MG) of the ultrasound technique. We reported strong ICC
between day 1 and day 2 in all muscle groups. This finding is comparable to the study
conducted by Reimers et al. in which they found a test-retest correlation coefficient of
0.94 for El in calf muscle (23). A higher CV was found in BF (CV = 13.1 %) between 2
different days. A possible explanation is the difficulty to locate the same ultrasound
scanning area of BF. Ultrasound has limited FOV which makes it difficult to capture the
entire muscle area of larger muscle groups transversely. In addition, the present study

observed significant variability of muscle Els between two locations of each muscle
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group as well as % intramuscular fat between 3 different MRI slices (Figure 3.8A & B),
which indicate the importance of ensuring the consistency of scanning locations. As
Scholten et al. pointed out in their study, measuring the exact muscle site was necessary
to obtain comparable and reliable results across individuals (26). In this study, although
care was taken to ensure the same measurement sites were scanned across different days
and participants, potential discrepancy can contribute to the larger CV observed in BF.
Future studies will need to ensure the scanning site consistency and consider the
variability between different sites within a muscle to accurately interpret muscle
composition.

The study also observed larger variability in participants with higher %
intramuscular fat (above 15%) measured by MRI. We have some possible explanations
for this observed high variability. As Pillen et al. reported, attenuation of the ultrasound
beam occurs when the sound wave encounters different tissues such as muscle,
connective tissue, and adipose tissue (17). Our hypothesis is that when the amount of
intramuscular fat reaches to approximately 15 %, it would start affecting the reflection
and absorption of sound non-systematically based on the distribution patterns of
intramuscular fat and connective tissue. This results in underestimating the actual El of a
muscle. In addition, the present study examined the association between muscle El and
% intramuscular fat without separating the potential influence of connective tissue.
Previous studies have suggested strong correlation between muscle El and interstitial
fibrous tissue measured with biopsy samples in animal models (10, 16). While less
amount of connective tissue was assumed in the relatively young and healthy participants

recruited in this study, any potential effect of connective tissue on EI is unknown. Future
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studies are needed to establish methods such as texture analysis to identify different
tissues within a muscle using ultrasound. The second explanation is the potential
limitation of the current MRI % intramuscular fat analysis. In this study, we relied on
manually-determined Pls to differentiate pure muscle, pure fat, and connective tissue and
calculated % intramuscular fat based on DPIs of the three tissues (25). When a muscle
contains high adipose tissue, it makes identification of pure muscle difficult. As a result,
underestimation of intramuscular fat can occur. Further investigations that use better
analytical methods such as the Dixon MRI technique are needed to validate the current
manually-determined Pl method (11)

Our study has some limitations. First, as mentioned previously, the potential
influence of connective tissue on muscle EIl was not addressed in this study. Future
studies with a combination of imaging techniques and potentially muscle biopsies are
needed to further examine the role of connective tissue on muscle EIl. The second
limitation of the study is the number of muscles being examined. The present study only
examined four muscle groups in the lower extremity. While this study demonstrates the
possibility to estimate % intramuscular fat from muscle El, future studies are required to
establish calibration equations for other muscle groups. Another limitation is that the
calibration equations established in this study can only be applied to muscle El obtained
with the specific ultrasound device and settings used in this study. A potential solution
for this is to establish correction factors or analytical techniques to convert muscle El
from one ultrasound device to another, as reported by previous studies (18, 31). Another
possible solution is to develop a phantom with a range of % fat to calibrate different

ultrasound devices. Nevertheless, future studies are needed to improve the compatibility
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between ultrasound devices to enhance the practicality of the ultrasound technique.

In conclusion, we established calibration equations to quantify muscle El into %
intramuscular fat after assessing four different muscles in the lower extremity with high-
resolution T1-weighted MRI and ultrasound. A correction factor for subcutaneous fat
thickness was developed to correct for its potential influence on muscle EIl. Future
studies are required to test the validity and reliability of the calibration equations. In
addition, variability of muscle Els and % intramuscular fat between different ultrasound
scanning sites and MRI slices was found, suggesting the need to examine multiple sites
of a muscle to obtain a comprehensive composition of a muscle. Muscle ultrasound is a
low cost, easily accessible, and highly reproducible technique that can serve as an option
of imaging techniques to examine muscle health. More studies are required to enhance

the practicality of the ultrasound technique in both research and clinical settings.
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Table 3.1. Physical characteristics of participants

Male Female
(n=14) (n=17)
Age, yrs 27.9 % 14.9 (20-64) 21.9 £ 2.5 (20-29)
Height, cm 181.3 £ 7.8 (170-198.1) 165.3 £ 5.5 (157.5-175)
Weight, kg 77.6 £ 11.1 (62.6-95.8) 63.7 + 9.3 (46.8-90.3)
BMI, kg/m? 23.4 %+ 3.5(19.4-29.4) 236+ 2.6 (18.9-33.1)

Note: Values are expressed as mean + SD (range). BMI = body mass index
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Table 3.2. Outcomes of ultrasound and MRI testing

Rectus Biceps Tibialis Medial
Femoris Femoris Anterior Gastrocnemius
(n=28) (n=27) (n=27) (n=26)
Ultrasound
Examined Muscle Area, cm? 48* 14 132+ 21 101x15 881+ 16
Examined Muscle Volume, cm® 55+ 25 146+ 6.2 112+ 47 111+ 20
Echo intensity, AU 551+ 7.4 426+ 73 56.1 + 8.0 515+ 85
’ (37.0-66.3) (23.1-56.9) (32.8-68.8) (32.2-65.9)
MRI
Examined Muscle Area, cm? 43%15 16.0+ 3.6 159+ 29 16.9+ 4.8
Examined Muscle Volume, cm® 1.3+ 05 48*+ 1.1 48+ 09 51+ 14
Intramuscular fat. % 13.1* 25 156t 4.6 147+ 43 146* 48
' (7.8-16.3) (7.5-21.7) (8.5-25.3) (7.9-30.1)

Note: Values are expressed as mean + SD (range). AU = arbitrary unit. MRI = magnetic
resonance imaging.
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Table 3.3. Between-day reproducibility of the ultrasound technique

Day 1 Day 2 Mean CV (%) ICC (95% ClI)
Muscle Echo Intensity
Rectus Femoris, AU 56.9 * 6.9 57798 33£30 0.91 (0.64-0.98)
Biceps Femoris, AU 4201 9.0 410+ 112 13187 0.71 (-0.28-0.93)
Tibialis Anterior, AU 579+ 55 58.1% 4.6 26+ 16 0.90 (0.57-0.97)
Medial Gastrocnemius, AU 545+ 75 547* 7.2 56+ 49 0.80 (0.12-0.95)

Note: Values are expressed as mean = SD (range). AU = arbitrary units. CV = coefficient

of variation. ICC = intraclass correlation coefficient.
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Table 3.4. Inter-analyzer reliability of the ultrasound technique

Raterl Rater 2 Mean CV (%) ICC (95% CI)

Muscle Echo Intensity
Rectus Femoris, AU 532+ 7.3 508+ 7.3 43%26 0.94 (0.66-0.98)
Biceps Femoris, AU 404+ 75 391480 45+ 27 0.97 (0.88-0.99)
Tibialis Anterior, AU 576+ 8.7 5511+ 9.2 35+22 0.97 (0.89-0.99)
Medial Gastrocnemius, AU 522+9.1 5141 86 37+31 0.97 (0.28-0.99)

Note: Values are expressed as mean = SD (range). AU = arbitrary units. CV = coefficient
of variation. ICC = intraclass correlation coefficient.
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Figure 3.1. Correlations between subcutaneous fat thickness and muscle echo intensity

(EI). Lower muscle El is associated with higher subcutaneous fat thickness, suggesting

an independent influence of subcutaneous fat thickness on muscle EI. The regression

equations were averaged and used to establish a correction factor for subcutaneous fat
thickness.
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A. Rectus Femoris

. Biceps Femoris

MRI Image Ultrasound Images
Figure 3.2. Representative T;-weighted MRI and ultrasound B-mode images
demonstrate the muscle site comparability between two imaging techniques. Red arrows
indicate the lined-up anatomical appearance.
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CHAPTER 4

COMPARISONS OF ULTRASOUND MEASURED PERCENT

INTRAMUSCULAR FAT TO FITNESS AND HEALTH INDICATORS

2Young, HJ, McCully, K.K. To be submitted to Journal of Ultrasound in Medicine.
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Abstract

Purpose: Previous studies have suggested that intramuscular fat content is inversely associated
with health and fitness indicators. Recently, a newly established calibration method was
proposed to estimate intramuscular fat with muscle echo intensity. The purpose of this study
was to examine the ultrasound-measured % intramuscular fat of four muscles: rectus femoris
(RF), biceps femoris (BF), tibialis anterior (TA), and medial gastrocnemius (MG), and to
compare the results to other body composition measures, muscular strength, physical activity
level, intake of fast food and sugary beverages, and blood lipids profile and glucose level.
Methods: Forty-two participants (16 males, 26 females) between the ages of 19 to 68
underwent a health and fitness screening interview, a finger-stick blood test, an
ultrasound test, and a muscular strength test. Muscle echo intensity was quantified into
% intramuscular fat using sex specific equations. Results: Strong correlations were
found when compared % intramuscular fat across the four muscles (r > 0.8). Weak to
moderate correlations were found between % intramuscular fat and BMI (r > 0.2),
waist/hip ratio (r > 0.2), muscle thickness (r =-0.5in RF, r =-0.4in TA, r =-0.7 in MG),
and muscular strength normalized by body weight (leg extension: r = 0.4, leg flexion: r =
-0.5). Potential relationships between % intramuscular fat, physical activity level, and
frequency of fast food consumption were observed. Conclusion: The weak to moderate
relationships between ultrasound-measured % intramuscular fat and other health and
fitness indictors are consistent with previous literature, which suggests the use of the

ultrasound technique for examination of intramuscular fat.

Keywords:
Ultrasound, Echo Intensity, Intramuscular Fat, Calibration Equation
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Introduction

Obesity is associated with many health conditions such as cardiovascular disease
and type-2 diabetes mellitus, which leads to increased morbidity and mortality in the
world (11, 12, 22). While obesity in general is considered to be unhealthy, it has been
observed that obese individuals do not always present higher risk of cardiovascular and
metabolic disease, and similarly, lean individuals are not always exempt from those
diseases (7, 8, 15, 16). Previous studies have suggested the importance of examining the
distribution of adiposity (1, 7, 13). Koster et al. (16) reported in their study that
individuals with metabolic syndrome were found to have higher abdominal visceral fat
and lower thigh subcutaneous fat when compared to those without, which indicates the
location of adipose tissue is important in determining health risks. In addition, increased
skeletal muscle fat infiltration has been found to be related to insulin resistance and
higher risk of diabetes (14, 19, 20). These results support the need to evaluate
intramuscular fat as an independent health risk factor.

There are several non-invasive imaging techniques that have been used to assess
intramuscular fat (21, 26, 28). Muscle ultrasound technique has recently emerged as an
imaging technique to evaluate muscle quality (21). As assessed by computer-aided gray-
scale analysis, muscle with high echogenicity indicates more intramuscular fat or
connective tissue within the muscle. When compared to other imaging techniques such
as magnetic resonance imaging (MRI) and computed tomography (CT), ultrasound is a
much cheaper and easily accessible technology, making it a potentially valuable imaging
tool to examine body and muscle composition. One limitation of the current ultrasound

technique is that the data is typically reported in arbitrary echo intensity (EI) units, which

71



makes comparisons between ultrasound and other body composition techniques difficult.
A novel approach that uses calibration equations to quantify muscle El into % intramuscular fat
has recently been established in our laboratory (Young et al, under review).

The purpose of this study was to use ultrasound to measure muscle %fat in four muscles
in the lower extremity: rectus femoris (RF), biceps femoris (BF), tibialis anterior (TA), and
medial gastrocnemius (MG), and to investigate the associations between ultrasound-measured %

intramuscular fat and other health and fitness indicators.

Materials and Methods
Participants

Forty-two participants (16 males, 26 females) between the ages of 19 to 68 were
recruited in this study. Participants with a wide range of body mass index (BMI) and
physical activity level were recruited. Exclusion criteria were based on the following
conditions: 1) any known medical condition that would be unsafe for participation in the
study, and 2) any cognitive impairment such that informed consent cannot be obtained.
The study was approved by the Institutional Review Board. We certify that all applicable
instructional and governmental regulations concerning the ethical use of human
volunteers were followed during the course of this study. Written informed consent was
obtained from all subjects prior to data collection and after a detailed description of the

study was provided. Data was collected from March 2014 to May 2014.

Experimental Protocol

All participants were asked to complete one testing session. The session was

consisted of a health and fitness screening interview, a blood lipid profile and glucose
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test, an ultrasound test, and a muscular strength test of the lower extremity. All tests and
measurements were conducted in the Department of Kinesiology, Exercise Muscle

Physiology Laboratory.

Health and Fitness Interview & Lipid Profile Blood Test

All participants completed a health and fitness screening interview in which their
physical characteristics, health history, and frequency of fast food and sugary beverage
consumptions were recorded. The International Physical Activity Questionnaire (IPAQ,
short format) was used to evaluate physical activity level. Total MET per week was then
calculated based on the published Guidelines for the data processing and analysis of the
IPAQ.

Blood lipid profile and glucose level were measured using a portable blood lipid
analyzer and test cassette system (Cholestech LDX) (2, 4). Participants were instructed
to come in fast and were seated during the blood sampling procedure. Prior to the finder
prick, the blood-sampling site was cleansed with an alcohol swab and was allowed to dry
thoroughly. A 35 ul of blood was collected using a capillary tube. The blood sample was
then placed into a cassette for analysis. The analysis took no longer than 10 minutes and
the total cholesterol (TC), triglyceride, low-density lipoprotein cholesterol (LDL), high-
density lipoprotein cholesterol (HDL), and glucose level were obtained.

Lower Extremity Strength Test

The maximal isometric strength of the knee extensors and flexors was measured

using a Biodex system. Participants were positioned on the dynamometer with the knee

of their dominant leg flexed at 60 °. Other body parts were fixed with shoulder, waist,
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and thigh straps and a sensor pad was positioned in the lower leg. Isometric strength was
measured with three 5-second leg extensions and flexions, separated by a 15-second rest
period. Participants were instructed to give their best effort during the test and the
consistency of the three trials was evaluated for quality control. Strength measurements

were made prior to or on a different day from the ultrasound measurements.

Ultrasound Testing

Four muscles in the lower extremity: rectus femoris (RF), biceps femoris (BF),
tibialis anterior (TA), and medial gastrocnemius (MG) were assessed with an ultrasound
imaging device (LOGIQ e; GE Healthcare UK Ltd., Chalfont, Buckinghamshire,
England). The dominant leg of all the participants was tested. Each participant was
instructed to rest supine on an exam table. The upper leg length of each participant was
measured from lateral patella base to anterior superior iliac spine, and the lower leg
length was measured from lateral patella tip to calcaneus.

Ultrasound Brightness mode (B-mode) with musculoskeletal scanning preset and
a multi-frequency linear transducer (8-12 MHz) were used. Gain and transducer
frequency were adjusted to 58-dB and 8 Hz, respectively. Scanning depth was set to be
4cm and was only changed when testing participants with greater subcutaneous fat to
ensure enough muscle area was captured. Time gain compensation was adjusted to
neutral position. Focus number and area were adjusted to cover the entire muscle being
examined as well as to make sure the consistency of focus area across all participants.
Other ultrasound settings were maintained at manufacturer’s default settings. Marks

were made on the 1/3 and 1/4 (distal and proximal to the knee) of the anterior and

74



posterior parts of the upper and lower legs. The purpose of the marks was to ensure the
consistency of scanning locations across all participants. To start the ultrasound test, a
generous amount of ultrasound gel was then applied to the ultrasound probe avoid
excessive pressure placed on the skin. Each scan involved a 16-second ultrasound clip
on one of the marks. Each muscle was scanned twice on the distal and proximal sites,
and a total of 8 scans was obtained from each participant. Each ultrasound clip was then

saved into JPEG images for analysis.

Ultrasound-measured % Intramuscular Fat Analysis

Muscle EI was determined by gray-scale analysis using ImageJ (24). A muscle
was manually circled while executing best effort to avoid surrounding fascia and bone.
The mean pixel intensity of the selected muscle was obtained from each measurement
and the average of 3 measurements was calculated. Subcutaneous fat thickness was also
analyzed. The % intramuscular fat of each muscle group was then calculated with
measured muscle El and subcutaneous fat thickness using the sex specific equations
presented below where x = raw echo intensity, y = % intramuscular fat, and z =

Subcutaneous fat thickness,

RF: y=(0.062 * ((40 * z) + x)) + 7.901 (Female) (Equation 4.1.1)
y = (0.144 * ((40 * z) + X)) + 1.126 (Male) (Equation 4.1.2)
BF: y=(0.177 * ((40 * z) + x)) + 1.823 (Female) (Equation 4.2.1)
y =(0.152 * ((40 * z) + x)) +2.368 (Male) (Equation 4.2.2)
TA:  y=(0.250 * ((40 * z) + x)) - 2.366 (Female) (Equation 4.3.1)
y = (0.198 * ((40 * z) + x) + 0.094 (Male) (Equation 4.3.2)
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MG: y=(0.177 * ((40 * z) + x))+ 1.823 (Female) (Equation 4.4.1)
y = (0.152 * ((40 * z) + x))+ 2.368 (Male) (Equation 4.4.2)

Statistical analysis

Data are presented as means £ SD. Relationships between ultrasound-measured
% intramuscular fat and all the other outcome variables were analyzed using
Pearson correlation coefficient. Coefficient of variation (CV) was calculated to
examine the differences between the distal and proximal scanning sites, and the
differences were compared using a two-tailed Student’s t-test for paired samples.
Participants were classified into three groups based on their physical activity
level (low, moderate, vigorous) and three other groups based on their frequency
of fast food consumption (<1 time/wk, 1 time/wk, and >1 time/wk). One-way
analysis of variance (ANOVA) with within-subjects factor (physical activity
level and frequency of fast food consumption) was performed. Statistical analyses
were performed using SPSS 19.0 (IBM®, Armonk, NY). Significance was accepted

when p < 0.05.

Results

Study Participants

All participants completed the study without any adverse events. The physical
characteristics, presence of chronic disease, lower extremity muscular strength, blood

lipid profile, and blood glucose level of the participants are summarized in Table 4.1.

Comparisons between Scanning Locations & Muscle Groups
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The ultrasound EI and subcutaneous fat thickness of each muscle group are shown
in Table 4.2A. When compared El and subcutaneous fat thickness of the distal and
proximal sites of each muscle, the mean CV between the two sites was 6.2 % in RF, 5.7
% in BF, 2.6 % in TA, and 4.6 % in MG. When examining the subcutaneous fat
thickness, the mean CV between the two sites was 7.8 % in RF, 19.3 % in BF, 18.0 % in
TA, and 19.3 % in MG. Both EI and subcutaneous fat thickness of each muscle group
showed significant difference or approaching to significant difference between the two
scanning sites. Table 4.2B demonstrates ultrasound-measured % intramuscular fat of
each muscle group. The mean CV between the distal and proximal sites was 3.6 % in RF,
7.2% in BF,5.4 % in TA, and 6.0 % in MG. Statistically significant but small
differences were found in all muscle groups except TA when comparisons of %
intramuscular fat between the two scanning sites were made (0.4 + 0.7 in RF, p < 0.01,
16+£20inBF, p<0.01;03+15inTA,p=0.3;0.6 £1.7 in MG, p=0.02). The
ultrasound-measured % intramuscular fat was also compared across each muscle group
and significant correlations were found in all comparisons (Table 4.3). A stronger
correlation was found when compared RF % intramuscular fat to MG % intramuscular fat

(r =0.8) and BF % intramuscular fat to TA % intramuscular fat (r = 0.8).

Ultrasound % Fat v.s BMI, Waist/Hip Ratio, and Muscle Thickness

Relationships between ultrasound-measured % intramuscular fat of each muscle
group and body mass index (BMI), waist/hip ratio, and muscle thickness are summarized
in Tables 4.4. Significant correlations were found between BMI and ultrasound-

measured % fat in all muscle groups except TA(r =0.3inRF,r=04inBF,r=0.21in
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TA, r =0.4in MG). When using age and gender as control variables (Table 4.5), BMI
and % intramuscular fat showed significant positive correlations in all muscle groups (r =
0.3iInRF, r=0.6iInBF, r=03inTA,r=0.4in MG). A significant correlation was
found when compared RF % intramuscular fat to waist/hip ratio (r = 0.4, p = 0.03), but no
relationship was found in other muscles. With age and gender as control variables, a
weaker correlation between RF % intramuscular fat and waist/hip ratio was observed (r =
0.2). When compared % intramuscular fat to muscle thickness, a negative correlation
was found in all muscle groups (r =-0.5in RF, r =-0.4in TA, r =-0.7 in MG). With age
and gender as control variables, the % intramuscular fat and muscle thickness of RF and
MG showed slightly weaker but still significant correlations (r = 0.4 in RF, r =0.6 in
MG). BF muscle thickness was not obtained in every participant due to the limitation of
ultrasound window and thus was not reported. A mean % intramuscular fat was also
calculated by averaging % intramuscular fat of all the muscle groups. When examining
the association between BMI and the mean % intramuscular fat (Figure 4.1), a moderate
and significant correlation was found (r = 0.4, p < 0.01). No relationship was found when

compared the mean % intramuscular fat to waist/hip ratio (r = 0.09, p = 0.3).

Ultrasound % Fat vs. Muscular Strength

Figure 4.2 shows the associations between muscular strength and ultrasound-
measured % intramuscular fat. No significant relationship was found when compared the
RF % intramuscular fat to the peak torque of leg extension (r = -0.3, p = 0.08). When
examining the correlation between the BF % intramuscular fat and the peak torque of leg

flexion, a moderate negative correlation was found (r =-0.4, p < 0.01). When the peak
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torque was normalized by body weight, better and significant correlations were found
between RF % fat and leg extension strength (r = -0.4, p = 0.01) and between BF % fat
and leg flexion strength (r = -0.5, p < 0.01). When normalizing the peak torque with
muscle area, a positive correlation was found between RF % fat and leg extension
strength (r = 0.4, p = 0.02). The relationship between BF % fat and leg flexion strength

was diminished after normalized by muscle area (r = 0.1, p = 0.5).

Ultrasound % Fat vs. Physical Activity Level & Enerqy Intake

The relationship between ultrasound-measured % intramuscular fat and physical
activity level was examined (Table 4.6). Significant and negative correlations were found
when compared total MET to RF % intramuscular fat (r =-0.3, p = 0.03) and MG %
intramuscular fat (r =-0.4, p = 0.01). Non-significant weak relationships were found
when compared total MET to BF % intramuscular fat (r =-0.2, p =0.3) and TA %
intramuscular fat (r =-0.2, p = 0.2). When compared the mean % intramuscular fat to
walking MET, total MET, frequency of sugary beverage consumption, and frequency of
fast food consumption (Table 4.7), weak and non-significant correlations were found
between the mean % fat and total MET (r =-0.3, p = 0.06) and between the mean % fat
and fast food consumption (r =-0.2, p = 0.2). No relationship was found when compared
the mean % intramuscular fat to walking MET and sugary beverage consumption. To
further examining the relationship between % intramuscular fat and physical activity
level, participants were divided into 3 groups based on their total MET: low, moderate,
and vigorous (Figure 4.3A). A one-way ANOVA was performed to test the relationship

between % intramuscular fat and the three physical activity levels. The ANOVA was
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significant, F (2, 39) = 3.934, p = 0.028. Participants were again divided into 3 groups
based on their frequency of fast food consumption: < 1 time/wk, 1 time/wk, and > 1
time/wk (Figure 4.3B). A one-way ANOVA was performed to examine the relationship
between % intramuscular fat and fast food consumption frequency. The ANOVA was
not significant, F (2, 39) = 1.931, p = 0.159. When combined moderate and vigorous
physical activity groups together (14.1 + 2.9, n = 37) and compared to the low physical
activity group (18.0 £ 2.5, n = 5), a significant difference was found between groups (p =
0.01). When compared < 1 time per week fast food consumption group to the > 1 time

per week group, a significant difference was observed between the two groups (p = 0.01).

Ultrasound % Fat vs. Blood Lipid Profile and Glucose Level

The mean % intramuscular fat was compared to blood lipid profile and glucose
and the results were shown in Table 4.8. No significant relationship was found when
compared the mean % intramuscular fat to total cholesterol and blood glucose level.
Weak and non-significant correlations were found when compared mean % intramuscular

fat to HDL (r = 0.2), triglyceride (r = 0.1), and LDL (r =-0.1).

Discussion

The present study is the first to report % intramuscular fat measured with muscle
ultrasound in four muscles of the lower extremity. The study also showed consistent
findings when compared to previous literature that examined the correlations of
intramuscular fat across different muscles as well as the relationships between %

intramuscular fat measured with other techniques and BMI, waist to hip ratio, muscle
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thickness, and fast food consumption.

In this study, moderate to strong correlations in ultrasound-measured %
intramuscular fat were found across all the muscles examined. Wren et al. (29)
investigated the % intramuscular fat between different muscles and reported strong
correlations between each muscle group (r > 0.8). Goodpaster et al. utilized fat-selective
MRI technique to examine intramuscular lipid content of different muscles in sixteen
normal weight and obese subjects (10). They reported a correlation of 0.66 between the
lipid content of MG and TA. The present study found a correlation of 0.71 between MG
% intramuscular fat and TA % intramuscular fat. Similar correlations were also observed
between other muscle groups. The results are consistent with the previous studies.

The present study suggested a positive correlation between BMI and ultrasound-
measured % intramuscular fat. Kovanlikaya et al. examined % fat in the liver, muscle,
and pancreas in 15 healthy Mexican-American females and concluded a strong
correlation between BMI and % fat in the soleus muscle (17). Goodpaster et al. (10)
examined intramuscular fat using MRI and reported a positive correlation between BMI
and the lipid content of MG (r=0.62) but no relationship between BMI and lipid content
of the TA (r =0.11) and soleus (r = 0.12). The present study found a weaker correlation
between BMI and MG % intramuscular fat when compared to the correlation that
Goodpaster et al. reported. A possible explanation is that the ultrasound didn’t capture
the entire area of MG, which could result in overestimating or underestimating the actual
% intramuscular fat. When examining the relationship between % intramuscular fat and
waist/hip ratio, a significant correlation was observed in RF but not the other muscle

groups, both before and after controlling for age and gender. Thamer et al. reported a
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positive correlation between waist-hip ratio and intramuscular lipid content of the soleus
muscle but not the TA muscle (5). Although the present study did not examine soleus
muscle, it is suggested that type-1 muscle fibers were more predominant in the
quadriceps, similar to soleus, when compared to TA, MG, and BF (23). The current
finding was supported. In addition, significant correlations were found between %
intramuscular fat and muscle thickness, both before and after controlling for age and
gender. This finding is comparable to previous ultrasound studies that suggested the
association between decreased muscle El and increased muscle thickness (3, 9). Ryan et
al. (25) compared the affected and non-affected legs in stroke patients and reported a
negative correlation between intramuscular fat and muscle area of the thigh, consistent
with our results.

In this study, an interesting relationship was observed between % intramuscular
fat and physical activity level. Based on our finding, a significant correlation was found
when compared % intramuscular fat in the RF and MG to physical activity level
measured with total MET. On the other hand, no relationship was found when compared
% intramuscular fat in the BF and TA to physical activity level, both measured with
walking MET and total MET. A possible explanation is that the quadriceps and calves
are the primary muscles for performing the majority of daily activity, which contribute to
their better associations with physical activity level. In addition, when classified
participants into 3 groups based on their physical activity level, participants in the low
physical activity group had significantly higher % intramuscular fat when compared to
participants in the moderate and vigorous groups. This finding suggests a potential

curvilinear relationship between intramuscular lipid content and physical activity level.
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Studies with larger sample size will be needed to test this hypothesis. Another interesting
finding was the association between fast food consumption and % intramuscular fat.
When classified the participants into 3 groups based on their fast food consumption
frequency, participants who consumed fast food more than once per week had
significantly higher % intramuscular fat when compared to participants who consumed
fast food less than one time per week. Although this result is comparable to previous
studies that observed the association between higher intramuscular lipid content and high
fat diet (18, 27), this non-linear relationship requires further investigation. Future studies
with larger sample size will be needed to perform more detailed dietary assessment to
further examine this relationship.

Weak or no relationship between ultrasound-measured intramuscular fat and
blood lipid profile and glucose level was observed in this study. There are several
potential reasons for this non-significant relationship. First, the participants recruited in
this study were mostly young and healthy individuals with very similar levels of total
cholesterol, HDL, triglyceride, LDL, and blood glucose. The invariability in blood lipid
profile and glucose level could contribute to the weak relationship found in the study.
Another explanation is the presence of intramuscular fat as a metabolic fuel source in
highly physically fit individuals. Previous studies have found that increased
intramuscular lipid content in both obese diabetic individuals and highly trained athletes,
suggesting fat stored within skeletal muscle is not always detrimental (1, 6). In order to
further investigate the relationship between blood lipid profile and intramuscular fat
content, studies with larger sample size with a broader range of blood lipid profiles are

needed.
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In conclusion, we compared ultrasound-measured % intramuscular fat in four
different muscles to some health and fitness indicators. Significant correlations were
found in % intramuscular fat across different muscle groups, which are consistent with
previous studies. In addition, the mean % intramuscular fat was found to be positively
associated with BMI and muscle thickness. Weak to moderate associations between
ultrasound-measured % intramuscular fat, physical activity level, and dietary intake were
also observed while no relationship was found between % intramuscular fat and blood
lipid profile and glucose level. Further studies with larger sample size are required to

further examine the relationship between intramuscular lipid content and lifestyle.
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Table 4.1 Physical Characteristics of Study Participants

n=42 (16 males; 26 females)

Age, yrs old

Ethnicity, %
Caucasian
White Hispanic
Asian
African American

BMI, kg/m?

Waist/Hip Ratio

Hypertension, %

Cardiovascular Disease, %

Diabetes, %

Current Smoker, %

Leg extension strength
Peak TQ, N-M
Average Peak TQ, N-M
Average PKTQ/BW, %
Average PKTQ/MA,%

Leg flexion strength
Peak TQ, N-M
Average Peak TQ, N-M
Average PKTQ/BW, %
Average PKTQ/MA, %

Blood profile, mg/dL
Total Cholesterol
HDL
Triglyceride
LDL

Glucose

24.9 +11.4 (19.0-68.0)

85.7
24
7.1
48
23.3+3.0(18.5-33.1)
Males: 0.9 £ 0.1; Females: 0.8 + 0.1 (0.69-1.15)
0
24
24
24

173.4 + 35.4 (107.3-255.0)
162.7 + 33.7 (99.7-235.2)
233.3 + 35.4 (107.3-255.0)
186.9 + 37.7 (119.3-296.2)

109.0 + 25.1 (71.8-203.3)
102.1 + 23.8 (65.2-192.6)
145.7 + 27.5 (89.0-243.8)
116.0 + 26.2 (70.4-190.4)

173.5 + 23.4 (100.0-228.0)
63.1 + 14.5 (32.0-95.0)
103.5 + 46.1 (45.0-195.0)
91.1 + 21.2 (36.0-132.0)
89.2 + 6.0 (79.0-104.0)

Note: Values are expressed as mean = SD (range). BMI = body mass index, TQ = torque, PKTQ = peak torque,
PKTQ/BW = peak torque normalized by body weight, PKTQ/MA = peak torque normalized by muscle area, HDL =
high-density lipoprotein cholesterol, LDL = low-density lipoprotein cholesterol.
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Table 4.2 Comparisons between Scanning Locations

A
Distal Proximal CV (%) p value
Echo Intensity, AU
Rectus Femoris 54.9 £7.1(37.0-68.1) 57.6 £8.1 (37.5-76.7) 6.2+5.1 <0.01
Bicep Femoris 42.1+7.3(23.1-56.9)  43.0+6.8(27.3-62.3) 5.7+5.8 0.06
Tibialis Anterior 57.6 + 8.0 (32.8-69.6) 56.0 £ 9.3 (27.6-71.4) 2625 0.06
Medial Gastrocnemius 52.4 + 8.0 (32.2-65.9) 50.0 £ 7.5 (32.8-65.5) 46+4.1 <0.01
Subcutaneous Fat, cm
Rectus Femoris 0.9£0.5(0.2-2.0) 1.0+£0.5(0.2-1.9) 78164 <0.01
Bicep Femoris 1.1+£0.8(0.2-3.1) 0.9£0.6 (0.1-2.8) 19.3+11.3 <0.01
Tibialis Anterior 0.3+0.1(0.1-0.7) 0.4+0.2 (0.1-1.0) 18.0+125 <0.01
Medial Gastrocnemius 0.5+0.3(0.1-1.2) 0.6 £0.4 (0.1-1.6) 19.3+10.6 <0.01
B
Distal Proximal Difference CV (%) p value
Ultrasound Fat, %
Rectus Femoris 133+ 25(7.9-203) 13.7*26(79-227) 04*07 36%x35 <001
Bicep Femoris 169+ 55(9.4-29.8) 153 * 4.4(8.5-27.9) 1620 72%x66 <001
Tibialis Anterior 149+ 2.8(8.3-19.8) 15.1 % 3.5(7.6-22.6) 03*15 5449 0.3
Medial Gastrocnemius  13.7 £ 3.1 (7.8-20.5)  14.3 £ 3.7 (8.5-22.9) 06%17 6.0+53 0.02

Note: Values are expressed as mean = SD (range). CV = coefficient of variation.
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Table 4.3 Correlations of Ultrasound % Fat between Muscle Groups

Rectus Femoris  Biceps Femoris  Tibialis Anterior  Medial Gastrocnemius

Muscle (n=42) (n=42) (n= 42) (n= 42)
Rectus Femoris 1 0.67** 0.69** 0.78**
Bicep Femoris 1 0.79** 0.73**
Tibialis Anterior 1 0.71**
Medial Gastrocnemius 1

Note: * = Correlation is significant at the 0.05 level (2-tailed), ** = Correlation is significant at the 0.01 level (2-tailed)
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Table 4.4 Correlations between Ultrasound % Fat and Other Body Composition
Measures

BMI Waist/Hip Ratio Muscle Thickness

kg/m? cm
Ultrasound % fat
Rectus Femoris 0.34* 0.35* -0.52**
Bicep Femoris 0.42** -0.08 --
Tibialis Anterior 0.25 -0.05 -0.43**
Medial Gastrocnemius 0.38* 0.21 0.65**
Average of All Muscle Groups ~ 0.40* 0.09 --

Note: * = Correlation is significant at the 0.05 level (2-tailed), ** = Correlation is significant at the 0.01 level (2-tailed)

93



Table 4.5 Correlations between Ultrasound % Fat Controlled by Age and Gender
and Other Body Composition Measures

Control BMI Waist/Hip Muscle Thickness
variables kg/m? Ratio cm
Ultrasound % fat
Rectus Femoris 0.33* 0.17* -0.40**
Bicep Femoris Age 0.61** 0.05 --
Tibialis Anterior Gender 3 0.02 0.18
Medial Gastrocnemius 0.37* 0.07 -0.56**
Average of All Muscle Groups 0.51* 0.06 --

Note: * = Correlation is significant at the 0.05 level (2-tailed), ** = Correlation is significant at the 0.01 level (2-tailed)
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Table 4.6 Correlations between Ultrasound % Fat and Physical Activity Level

Walking MET Total MET
Ultrasound % fat
Rectus Femoris -0.15 -0.34*
Bicep Femoris 0.02 -0.17
Tibialis Anterior -0.06 -0.21
Medial Gastrocnemius -0.17 -0.39*

Note: * = Correlation is significant at the 0.05 level (2-tailed). MET = metabolic equivalent of task.
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Table 4.7 Correlations between Mean Ultrasound % Fat, Physical Activity Level
and Diet

Walking MET Total MET  Sugary Beverage Fast Food

times/wk times/wk

Average % fat of Muscle Groups -0.09 -0.29 -.0.06 0.22

Note: * = Correlation is significant at the 0.05 level (2-tailed). MET = metabolic equivalent of task.
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Table 4.7 Correlations between Mean Ultrasound % Fat and Blood Glucose and
Lipid Profile

TC HDL  Triglyceride LDL Glucose
mg/dL
Average % fat of Muscle Groups 0.04 0.16 0.10 -0.08 0.02

Note: * = Correlation is significant at the 0.05 level (2-tailed). HDL = high-density lipoprotein cholesterol, LDL =
low-density lipoprotein cholesterol.
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Figure 4.1. Correlation graphs that demonstrate the relationship between ultrasound-

measured intramuscular fat and BMI (A) and between ultrasound-measured
intramuscular fat and waist and hip ratio (B).
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CHAPTER 5

SUMMARY AND CONCLUSIONS

The primary findings of the first study were the strong correlations between
muscle echo intensity after correcting for subcutaneous fat thickness and the
establishment of calibration equations to convert muscle echo intensity into %
intramuscular fat. Prior to the beginning of this study, we were confident about the
possibility of quantifying muscle echo intensity into % intramuscular fat as previous
studies have established calibration methods to evaluate and grade meat quality in cows
and pigs (4, 9). Currently, human studies that use the ultrasound technique report muscle
quality in arbitrary units, which allows comparisons to be made between muscle echo
intensity and other health and fitness measures. While using arbitrary echo intensity units
is simple, it does not allow for comparisons between muscle echo intensity and other %
body and muscle fat techniques. The degree of influence of intramuscular fat on human
skeletal muscle echo intensity is still unknown. Although the % intramuscular fat
calibration methods in animal science are available, | felt that direct application of the
methods to humans was not appropriate due to the potential difference in the muscle
composition between humans and animals. To expand the utilization of the ultrasound
technique in humans, converting human skeletal muscle echo intensity to a unit that is
consistent with other body or muscle composition techniques is necessary.

This study presented calibration equations for four different muscle groups in the

lower extremities, which is an important step toward improving the ultrasound technique.
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The simple application of the calibration equations is encouraging, as future studies can
calculate % intramuscular fat by just obtaining subcutaneous fat thickness and echo
intensity of a particular muscle. In addition, utilization of the ultrasound technique as an
alternative tool for examination of muscle health has several advantages. First of all, it is
relatively cheap when compared to other imaging techniques. A MR machine costs
approximately $2,000,000 while a CT machine costs around $100,000 to $400,000.
DXA is relatively inexpensive but still costs around $100,000 to $150,000. An
ultrasound device costs approximately $10,000 to $70,000 depending on the type and
number of software being installed. Secondly, it is portable. An ultrasound device can
be delivered to almost any place where a power outlet is available. Thisisa
characteristic that other imaging techniques do not possess. Thirdly, the ultrasound
scanning procedure can be performed in a time efficient way. Once a researcher is
proficient with the ultrasound technique, it takes less than 30 seconds to perform a
muscle scan. Last but not least, it can be applied to every individual. For individuals
who cannot have MRI, CT, and DXA scans due to the nature of the imaging technique,
ultrasound can be an option. More studies are needed to establish calibration equations
for different muscle groups. Once we have the equations for all the major muscle groups,
building the equations into the ultrasound device can further enhance the practicality of
ultrasound in both research and clinical settings.

In the first study, we utilized T, weighted MR images to calibrate muscle echo
intensity. While Dixon MRI technique is suggested to be the ideal way to examine
intramuscular lipid content, we do not have the option currently (11). With the time and

funding limitations, we used our best effort to collect high resolution T, weighted MR
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images with available resources. We believe that the images we acquired work
reasonably well, as the intramuscular fat content can be easily distinguished. The method
we used to analyze % intramuscular fat is based on self-determined pixel intensities of
pure fat, pure muscle, and connective tissue and can therefore be considered as
subjective. We minimized any bias that might occur by blocking the identity of
participants and randomly changing the order of images during the image analysis. The
MR images were also analyzed with a commercially available program which used the
binary method to color-code different tissue. While using the analysis program can be
more objective, the binary method has the tendency to underestimate % fat when the fat
content is relative low or overestimate when the fat content is too high. It seems difficult
for the program to distinguish fat within a muscle when the majority of the muscle area is
lean muscle mass or to recognize lean muscle mass when the majority of the muscle is
fat. The binary method might work better when examining tissues in different
compartments (i.e. intermuscular fat, muscle groups, subcutaneous fat) than identifying
different tissues within a compartment. The manually-determined pixel intensity method
we used to analyze the images can introduce potential errors as well. When a muscle
group has high intramuscular fat content, it becomes harder to determine the area where
the pure muscle is. As a result, it might underestimate the actual amount of intramuscular
fat. Nevertheless, we feel that the self-determined pixel intensity method introduced less
errors and the results aligned better with our qualitative observations on the images.
Future studies should compare % intramuscular fat obtained using both the Dixon MRI
technique and our manually-determined pixel intensity method to test the validity of our

current method.
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A stronger correlation and smaller variability between % intramuscular fat and
echo intensity in the RF was observed. One possible explanation is that the ultrasound is
able to capture the entire RF area, which makes the echo intensity more representative of
the muscle health. Depending on the size of the person being tested, both TA and MG
may not have been completely captured. This is especially true for MG due to its long
shape in the transverse axis. BF is harder to scan because of its size and shape, which
makes it difficult to be captured in both the transverse and longitudinal axis by
ultrasound. The other possible explanation is that there are different compositions of
muscle groups. In the first study, we did not account for the contribution of fibrous
tissues to muscle echo intensity. MG is thought to contain more connective tissue when
compared to RF, which can make connective tissue the primary factor contributing to
increased muscle echo intensity. Future studies that focus on the texture analysis of the
ultrasound technique can help to answer this question. The last explanation is the
possible influence of intramuscular fat content on muscle echo intensity. It is possible
that the relationship between intramuscular fat and muscle echo intensity would start to
change once the amount of intramuscular fat reaches to a certain point. If this is true,
this means that the ultrasound technique has a threshold and is limited to a certain range
of intramuscular fat content. Establishing another correction factor to account for this
potential influence could help address this issue. Besides all the issues addressed above,
it is also important to understand the need for keeping all the ultrasound settings and
scanning angles consistent throughout the study in order to make sure the ultrasound
results are comparable across all muscle groups, as well as every study participant (10).

Standardizing the ultrasound technique is critical as the results of ultrasound echo
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intensity can be altered by changing just one variable, such as the probe angle being held
during assessment; thus making comparisons between studies difficult. To summarize,
all the calibration equations established in the first study should work reasonably well,
while the ones for the RF can be more reliable.

The present studies utilized a convenient sample of healthy college-aged adults
with a few exceptions. We recruited individuals with wide range of BMI and physical
activity level with the intention to acquire a good range of intramuscular lipid content.
While the finding is consistent with previous literature (7, 13), it is still surprising to find
higher than expected % intramuscular fat in some of our younger active participants. We
had very healthy and active participants who had more intramuscular fat when compared
to their sedentary counterparts. The traditional notion of living in a healthy lifestyle is
not always associated with good muscle health, which further supports the need of
examining the distribution instead of the quantity of adipose tissue. On the other hand,
evidence has shown that individuals who are highly trained have high lipid droplets as
faster metabolic fuel source (1). How do we determine whether the intramuscular lipid
content is good or detrimental to our health? Is it always the quantity that matters or is
the quality important? In addition, if highly endurance trained individuals can have
higher % of intramuscular lipid content, what would happen once they become
sedentary? As several studies have suggested the association of increased intramuscular
fat and mitochondrial dysfunction (5, 8), such questions can perhaps be answered by
incorporating measures such as near-infrared spectroscopy to examine the mitochondrial

capacity of a muscle.
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In the second study, we found weak to moderate correlations between %
intramuscular fat and other health and fitness indicators. The findings are comparable to
previous studies that examined the relationships to other imaging techniques such as
Dixon MRI, MRS and CT scan (2, 3). While consistent with the literature, the results
warrant the need of further investigating the mechanism of intramuscular fat on health
and functional outcomes. The simplicity of examining intramuscular fat with one other
variable is good. For example, from those findings we have understood the associations
of increased physical activity and low-fat diet with reduced intramuscular fat (6, 11, 12).
However, future studies are needed to look at the relationships of muscle lipid with the
combined effects of several variables such as exercise, diet, functional outcomes, blood
lipid profile, and the presence of adipokines or adipocytokines to better understand the
role of intramuscular fat. Larger sample size might also be needed for future studies to
compare intramuscular lipid content with other health indicators to really test for the
presence of significant relationships. This further supports the use of the ultrasound
technique for such studies that require large sample sizes.

During the process of completing my dissertation, | was fortunate to be able to
still teach a wellness program for individuals with disabilities. Talking to the participants
and students reminded me of the need to be inclusive with our research tools and the
importance to improve imaging techniques for examination of muscle health in this
population. These studies provided opportunities for me to reflect on my past before |
entered the field of research. We have to keep reminding ourselves that one of the goals
of research is to improve the well-being of society as a whole; therefore, having research

tools that can accommaodate every individual with and without disabilities is essential.
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The ultrasound technique proposed in the present studies can potentially achieve the goal
with its low-cost and practicality. Once all the questions mentioned in the previous
paragraphs are addressed, this ultrasound technique can potentially be applied in the
rehabilitation field to help guide clinicians or exercise professionals during their patients’

rehabilitation progress.
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