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ABSTRACT

This chapter provides an overview of the current state of medical imaging meth-
ods in body composition analysis. It advocates a holistic approach that combines
the strengths of different approaches and addresses their limitations. We discuss
the importance of using standardized protocols to improve the accuracy of body
composition studies across populations and settings. By examining the capabilities
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and limitations of imaging modalities such as DEXA, MRI, CT, and ultrasound, we
emphasize the need for a multidimensional approach to obtain body composition
emphasis on complete understanding.

INTRODUCTION

The accurate assessment of body composition is important for enhancing health
outcomes and optimizing performance and certain healthcare treatments. However,
traditional methods such as weight, height, and Body Mass Index (BMI) offer a
limited perspective, often failing to reflect true body composition accurately. This
chapter proposes a multifaceted approach to body composition analysis, leveraging
the strengths of various medical imaging methods such as Dual-Energy X-Ray Ab-
sorptiometry (DEXA), Ultrasound (US), Computed Tomography (CT) and Magnetic
Resonance Imaging (MRI). We begin by describing each one of them, with their
potential advantages but also outlining the limitations of conventional metrics and
the necessity for adaption of advanced diagnostic imaging tools for specific goals in
providing a detailed body composition analysis and their potential health outcomes.
For instance, bioelectrical impedance analysis (BIA) and DEXA are acknowledged
for their capabilities in distinguishing fat mass, lean body mass, and bone mineral
content, despite their inherent limitations influenced by factors such as hydration
status and equipment accessibility (Branco et al., 2023; Dallman et al., 2023). In
this context, medical imaging techniques such as Ultrasound, DEXA, MRI, and CT
scans, can have an important role because of their incomparable depth in assessing
not only the overall body composition but also the detailed distribution of adipose
tissue, including the clinically significant visceral fat.

Therefore, we can highlight the main points for an appropriate evaluation of the
body composition:

e  Quantifying the muscular gain in terms of volume and specific physical train-
ing to meet some physical objectives;

e  Quantifying the muscular loss in terms of volume in elderly patients, second-
ary to sedentarism or health conditions (stroke, cancer, others);

e  Recognizing the subcutaneous fat tissue present in some key locations and
quantify it and verify the specific locations where they accumulate; and

e  Verifying the visceral fat amount, to calculate metabolic health risks or po-
tential treatment efficacy.
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With these different objectives, we must keep in mind that for different purpos-
es or quantification, there are imaging methods that could be more suitable than
others, or that must be combined to give some satisfactory answer to each of these
questions. Moreover, the discussion extends to the practical applications of these
technologies in various settings, from clinical to athletic performance optimization,
underscoring the importance of a multimodal approach for a comprehensive assess-
ment. Ultrasound imaging, with its advantages of portability and cost-effectiveness,
offers significant benefits in real-time tissue evaluation and has become increasingly
crucial in assessing muscle quality and subcutaneous fat distribution (Liegnell et
al.,2021). CT and MRI provide excellent anatomical detain with multiplanar cross-
sectional planes. However, CT and MRI could provide similar details about visceral
and subcutaneous fat quantification (Baum et al., 2016) and CT has a very limited
role in the muscle anatomical and physiological evaluation (Paris, 2019).

MAIN FOCUS OF THE CHAPTER

This chapter offers a comprehensive overview of the current advancements in
medical imaging methods for body composition analysis. It highlights the signifi-
cance of employing key medical imaging techniques to enhance the accuracy of body
composition assessments across diverse populations and settings. By exploring the
capabilities and limitations of modalities such as DEXA, MRI, CT, and ultrasound,
the chapter underscores the importance of adopting a multidimensional approach to
achieve a holistic understanding of body composition. One of the primary objectives
is to optimize health and physical performance by presenting how new imaging tech-
nologies can improve body composition measurements. This discussion aligns with
the global innovations in the field of physical education and health by demonstrating
how these innovative imaging techniques can provide more precise and actionable
data for educators, clinicians, and fitness professionals. By integrating different
imaging modalities, we aim to support better clinical decision-making, enhance
athletic performance, and inform tailored physical education programs. This chapter
ultimately contributes to the broader conversation on advancing physical education
and health practices globally through technological innovation.
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THE BODY COMPOSITION ANALYSIS -
BACKGROUND AND CONSIDERATIONS

Assessing body composition is crucial for optimizing health and performance
(Garcia, 2019), yet obtaining accurate measurements through traditional methods
presents significant challenges. Relying solely on weight, height, and BMI provides
a limited view and may not accurately reflect an individual's body composition.
BMI is usually used for a quick approximation of our health status. Body weight and
BMI alone do not discriminate between muscle mass (which we want to maintain
or increase to promote longevity) and fat mass (which we generally want to keep
relatively low). Thus, when we set a goal to “lose weight,” our real aim ought to
be losing fat. Body composition analysis is crucial for a comprehensive health as-
sessment and for some health treatment planning as we will see in this chapter. By
understanding the specific visceral and subcutaneous fat layout of a person's body
(Figure 1), healthcare providers can tailor interventions more effectively, whether
they're aimed at improving athletic performance, managing weight, or treating dis-
eases associated with body composition like obesity or sarcopenia.

It has a large impact on health and performance and is used to track changes in
muscle and fat over time, providing insights into the effectiveness of training or
rehabilitation programs. In aesthetic sports, weight category sports, and gravitational
sports (in which body weightinfluences performance, e.g., ski jumping, long-distance
running, etc), many athletes reduce weight rapidly or maintain an extremely low
body weight or fat mass to gain a competitive advantage (Miiller et al., 2016). Hence,
the health of the athlete is a precondition for optimum performance (Barua, 2024;
Gomez et al., 2024; Mishra et al., 2024; Morris et al., 2024). Both the protection of
athletes' health and the optimization of their performance rely on the availability of
accurate, precise, and valid methods for assessing body composition. MRI is usually
regarded as the gold standard for clinical and research imaging of skeletal muscle,
allowing researchers to accurately assess muscle mass at an individual time point
and its changes over time (Frachi et al, 2017). For these reasons, these metrics fail to
offer detailed insights necessary for effectively screening, monitoring, and tracking
changes in body composition over time. And it may be due to the body's natural
differences or the reliance on an inadequate Imaging method.
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Figure 1. Cross sectional imagens depicting the subcutaneous and visceral fat
distribution. In the image in left represents axial plane and the image in the right
represents the sagittal plane. Source: Adapted from Fit 3D (2024).

-

VISCERAL FAT VS. SUBCUTANEOUS FAT .

- i ——

- ______,_E‘_-.\ = s %
e o o 'wc-m-""d‘j"-h--..-

»
- -

e=—SKN—

Visceral Fat Subeutaneous Fal

Technologies such as BIA and DEXA can offer sophisticated means of assessing
body composition that can differentiate between fat mass, lean body mass, and bone
mineral content, providing a comprehensive overview of an individual's physical
makeup. However, these approaches also have limitations. BIA's accuracy can be
affected by hydration status, and DEXA is less accessible due to its cost and the
need for specialized equipment.

Furthermore, anthropometric measurements and skinfold thickness assess-
ments, although useful for estimating body fat percentage, do not provide specific
information regarding the distribution of adipose tissue throughout the body. This
is a critical gap, as the accumulation of visceral fat—fat stored around abdominal
organs—is more strongly associated with metabolic risk factors than subcutaneous
fat as described by Lee et al. (2020). Moreover, advanced imaging techniques, such
as MRI and CT can offer precise measurements of visceral fat, but they are often
impractical for routine screening due to high costs and limited availability.

Often, a multi-modal approach combining various methods may be necessary
for a more accurate and comprehensive assessment of body composition. This kind
of approach can help overcome the limitations of individual techniques and provide
a more detailed understanding of an individual's body composition, including the
specific regions most affected by excess adipose tissue. Such detailed assessments
and cross-data are vital for shaping interventions and monitoring health and per-
formance optimization program progress.
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THE APPROPRIATENESS OF BMI AS A MEASURE OF OBESITY

BMI has long been used as a standard gauge for obesity, categorizing individuals
based on their weight relative to their height. However, the appropriateness of BMI
as an accurate measure of obesity is increasingly questioned by healthcare profes-
sionals and researchers, particularly in postmenopausal women (Banack et al., 2018).
Despite its widespread use, BMI offers a simplistic overview, failing to differentiate
between muscle mass and body fat or to account for variations in body composition
across different demographics. BMI also does not consider fat distribution, which is
a critical factor in health risk assessment. Moreover, populations such as athletes or
certain ethnic groups might be misclassified by BMI due to higher muscle or bone
density or differing body proportions. To address this issue, several studies have
been conducted to evaluate the validity of using BMI to identify obesity in different
populations. According to a study by Banack et al. (2018) involving postmenopausal
women, BMI-defined obesity had a sensitivity of 32.4% for 35% body fat, 44.6%
for 38% body fat, and 55.2% for 40% body fat, demonstrating that a BMI cut-point
of 30 kg/m2 does not appear to be an appropriate indicator of true obesity status in
postmenopausal women.

A more recent study by Aizuddin et al. (2021) seems to point in the same di-
rection. This retrospective study in Malaysia involving 136 participants found that
the optimal BMI cutoff value for diagnosing obesity based on body fat percentage
(BF%) was 24.8 kg/m and that the current definition of obesity based on BMI value
needs to be reassessed by taking body fat percentage into account. The same study
suggests that the current BMI cutoff for obesity may be inaccurate in identifying
individuals with excess body fat and at risk for cardiovascular diseases. Regarding
the overweight screening for children and adolescents, a diagnostic meta-analysis
by Wickramasinghe et al. (2005) revealed that using self-reported BMI and obesity
status presented a pooled sensitivity of 0.76 and a pooled specificity of 0.96. Hence,
this study focused on Australian Sri Lankan children and found that BMI values
were not sensitive enough to detect cases of childhood obesity, so preventive and
corrective measures could have a serious delay.

These studies, generally, point out that while BMI is widely used, it may not be
the most appropriate measure of obesity, especially in specific populations such as
postmenopausal women and children. Therefore, itis essential to consider alternative
measures, such as an accurate mean of ascertain body fat percentage, in conjunction
with BMI to provide a more comprehensive assessment of obesity.
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The Role of Bioelectrical Impedance Analysis

BIA is a widely used technique that estimates total body water. From this, along
with total body weight, one can typically calculate both fat and muscle mass. The
Physical principle behind BIA is the electrical impedance spectroscopy (EIS), in
which a sinusoidal test voltage or current is applied to the sample under test to mea-
sure its impedance over a suitable frequency range. EIS is used in a broad range of
applications as a quick and easily automated technique to characterize solid, liquid,
semiliquid, organic as well as inorganic materials (Grossi & Ricco, 2017).

BIA works on the principle that different tissues in the human body conduct
electrical currents differently. Lean body mass, which includes muscles, blood, and
organs, contains a high water and electrolyte content and conducts electricity well.
Fat, on the other hand, has less water and electrolyte content and conducts electric-
ity poorly. BIA devices send a low-level electrical current through the body, and
by measuring the resistance (impedance) to this current, they can estimate various
body composition parameters (Tantisattamo et al., 2022). These working principles
are illustrated in Figure 2.

Figure 2. (a) The different compartments of the human body; (b) a typical four-
electrode configuration for BIA measurements; (c) equivalent electrical circuit used

to interpret measured data in E{A Source: Grossi and Ricco (2017).
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BIA is a reliable, non-invasive, objective, and cost-effective body composition
assessment method, with high reproducibility (Branco et al., 2023) and measures
several key parameters related to body composition and overall health. These mea-
surements include (HaB, 2023):
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e Body Fat Percentage: BIA estimates the proportion of your total body
weight that is composed of fat.

e  Lean Body Mass: Provides an estimate of your lean body mass, which in-
cludes muscle, bone, blood, and organs.

o  Total Body Water: BIA assesses your body’s water content (Hydration sta-
tus), which includes both intracellular and extracellular water.

e  Metabolic Rate: Some advanced BIA devices can estimate your resting met-
abolic rate (RMR), which is the number of calories your body needs to main-
tain basic functions at rest. This information is useful for weight management
and dietary planning.

e  Segmental Analysis: Some BIA devices can provide segmental analysis,
which assesses the composition of specific body segments, such as arms,
legs, and the trunk helping to identify imbalances or asymmetries in muscle
development.

e  Visceral Fat: Certain BIA devices can estimate the amount of visceral fat,
which is the fat stored around the internal organs in the abdominal cavity.

A review study by Sbrignadello et al. (2022) highlighted the relevance of BIA
for body composition analysis in type 2 diabetes (T2DM) patients with sarcopenia
or at risk of developing it. The findings suggested that BIA can be considered
appropriate for body composition analysis in this population, with a wide patient
cohort confirming its convenience for clinical applications. Another scoping review
that included 36 studies emphasized the clinical and scientific evidence supporting
the use of BIA in the oncologic context. BIA-derived measures have shown good
potential and relevant clinical value in preoperative risk evaluation, in the reduction
of postoperative complications and hospital stay, and as an important prognostic
indicator in patients diagnosed with cancer (Branco et al., 2023). About the obesity
subject, a study by Lee et al. (2020) comparing the BIA and CT on Body Com-
position Changes after Bariatric Surgery, showed a slight underestimation of BIA
in measuring visceral fat. These results suggest that BIA can be a reliable tool for
measuring body composition, especially for visceral fat, after bariatric surgery.
without the need for additional CT scans that have a high dose of radiation involved.
Overall, the evidence from these studies collectively supports the utility of BIA as
a method for assessing body composition in various medical conditions. Next, we
will talk about the imaging methods contribution on body composition.
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Dual-Energy X-ray Absorptiometry in the
Body Composition Analysis

DEXA is defined as a procedure that measures the amount of calcium and other
minerals in a bone by passing X-rays with two different energy levels through the
bones. A DEXA scan, depicted in figure 3, shows the strength and thickness of a
bone and is usually done in the lower spine, hip, lower arm and heel. It is used to
diagnose osteopenia or osteoporosis (a condition of lower bone density) and to
evaluate the effectiveness of the treatment for this condition. More recently, DEXA
scans can also measure fat and muscle composition in the total body or in specific
parts of the body, such as the arms, legs, and pelvis (NCI, 2024).

Figure 3. DEXA scan general principles scheme. Source: Toombs et al. (2012).
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To measure obesity signs, DEXA could give some important information such
as: the percentage of body fat, visceral adipose tissue (VAT), bone mineral den-
sity, and appendicular Lean Mass Index (i.e., a measure of muscle mass). It also
provides information on subcutaneous fat. However, its significance is limited due
to its strong genetic determinants and minimal connection to metabolic health. In
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contrast, VAT shows a much stronger correlation with sophisticated biomarkers of
insulin sensitivity and overall metabolic health, including indications of liver fat.

Due to its good precision, large availability, and low radiation dose, DEXA is
a convenient and useful diagnostic tool for body composition assessment. The de-
velopment of the field, leading to the introduction of fan-beam densitometers, has
allowed for a reduction in scan time without compromising accuracy and without
increasing radiation dose substantially. For these reasons, DEXA is an attractive
alternative to BMI, acommonly used indicator of underweight and obese phenotypes.
However, significant variations have been reported both among different DEXA and
the current gold standard methods (CT and MRI) for assessing body composition,
as we will develop later in this chapter. Consequently, using DEXA as a definitive
standard should be approached with caution (Toombs et al., 2012).

Moreover, ithas been observed that weight gain among anorexics during recovery
is characterized by a greater increase in fat mass than lean mass, with most of the
increase in fat mass being centrally distributed (Iketani et al., 1999). Unlike anthro-
pometric indexes, DEXA can monitor these changes in the regional distribution of
fat mass and lean mass throughout the course of the illness and treatment, giving
important information for a fine treatment adaptation on the patient’s health status.

Further research has expanded the understanding of DEXA's role in body
composition evaluation. For instance, Ofenheimer et al. (2020) provided age and
gender-specific reference values for body composition parameters and VAT mass
using DEXA in a European adult cohort, underscoring its utility in assessing body
composition phenotypes and cardio-metabolic risk. Moreover, a study by Park et al.
(2021) comparing muscle mass values assessed by two different DEXA systems in
healthy Korean adults highlighted significant differences, although measurements
of body composition, including muscle mass, by the two DEXA systems correlated
strongly. This highlighted the necessity for accurate calibration measures to correct
systematic discrepancies between different DEXA systems for precise body com-
position assessment.

In patients with other clinical conditions such as rheumatoid arthritis and hy-
pogonadism, a clinical case study demonstrated DEXA's effectiveness in assessing
significant changes in body composition related to disease and treatment, thus
illustrating its utility in clinical practice (da Silva & Borges, 2020).

Moreover, in the sport’s field, DEXA also revealed precision in measuring body
composition, including fat-free soft tissue mass and bone mineral content in lean
athletes confirming its suitability for sports science applications, establishing it as
the “gold standard” imaging modality (Bilsborough et al., 2014). Nevertheless, a
more recent review of DEXA protocols for athletes also underscored the limited
literature and the absence of specific reference values for this population, highlighting
the need for standardized DEXA scanning protocols and guidelines for reporting
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results in athletic contexts (Dallman et al., 2023). Besides, the research conducted
by Bartlett et al. (2020) demonstrated the practical utility of DEXA in estimating
energy balance and analysing changes in body compositionin athletes across different
seasonal phases. This information is particularly important for establishing training
and nutritional adjustments tailored to each athlete's specific metabolic needs.

Several comparative studies have demonstrated DEXA's strong correlations with
CT in measuring abdominal and thigh fat, and thigh muscle mass, particularly in
premenopausal women, demonstrating its broad applicability across diverse body
compositions from obesity to anorexia nervosa (Bredella et al., 2010). However,
DEXA's accuracy can diminish with increasing body weight, highlighting its
limitations especially in significantly obese individuals. Furthermore, a study by
Maskarinec et al. (2022) compared DEXA's measurements of visceral and subcu-
taneous adipose tissue with MRI, revealing that while DEXA tends to overestimate
subcutaneous fat in children (212 cm? vs. 161 cm? by MRI) and underestimate VAT
in adults (141 cm? vs. 167 cm? by MRI), its correlations were especially stronger
for subcutaneous than for visceral fat.

Overall, these studies collectively support DEXA as a valuable tool for assessing
body composition and fat distribution across diverse populations. They reinforce
DEXA'simportance in evaluating metabolic health risks and monitoring changes due
to diseases or treatments, with a potential for broader application and the necessity
for standardized approaches when utilizing different DEXA systems.

Ultrasound Role in Body Composition Assessment

Ultrasound imaging is a non-invasive diagnostic technique, that utilizes high-
frequency sound waves to generate detailed images of the body's internal struc-
tures. Ultrasound technology has long been revered for its diagnostic competence
in the medical field, particularly in monitoring fetal development and diagnosing
conditions within the abdomen. However, its application extends far beyond these
traditional uses (Lobo et al., 2024). One of the less highlighted yet increasingly
valuable applications of ultrasound is in the assessment of body composition. This
involves measuring the distribution and volume of muscle, fat, and bone in the body,
providing valuable data for health, fitness, and clinical management.

This advancement allows healthcare professionals to provide diagnostic ser-
vices directly to patients, significantly minimizing the need for travel to medical
facilities for examinations. This increased mobility enhances access to diagnostic
services, especially in remote or underserved areas, fostering a more patient-centred
approach to healthcare delivery (Lobo & Miravent, 2022). Moreover, US imaging
offers enhanced accessibility due to the relatively lower cost of ultrasound devices
compared to other imaging modalities. This cost-effectiveness makes ultrasound a
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viable option for a wide range of clinical settings, extending diagnostic capabilities
to more patients and healthcare environments.

Ultrasound imaging also has the significant advantage of real-time imaging,
offering immediate feedback and dynamic visualization of tissues (compression
and no compression, muscle tension and no tension), as well as their interactions
with various manipulations, such as probe pressure and patient movements. This
real-time functionality is a distinct benefit over other imaging modalities like MRI
and CT scans, which, despite their high resolution and detailed static images, cannot
offer the same “live” dynamic examination.

Regarding the analysis of body composition for educational, nutritional, and
healthcare purposes (Garcia et al., 2021a, 2021b), there is a wide range of articles
that discuss this topic, including methods for measuring muscle thickness (MT)
and calculating subcutaneous fat patterns. As mentioned earlier, calculating intra-
peritoneal fat patterns with this technique is particularly challenging due to the
technical and physical limitations associated with poor ultrasound propagation in
fatty tissues.

As for the ultrasound application in the body composition and fat patterns, there
are some examples. For instance, a study by Muller et al (2016) described a novel
ultrasound technique standardized for measuring SAT (subcutaneous adipose tissue)
that showed high accuracy and reliability (figure 4). In this study, three observers
captured US images of uncompressed SAT in 12 athletes and applied a semiauto-
matic evaluation algorithm for multiple SAT measurements. They referred to nine
recommended sites for SAT measurements as depicted in Figure 5.

Figure 4. Detail of a sagittal, B -mode, ultrasound image regarding the different
subcutaneous layers and the corresponding detail of the subcutaneous adipose tissue

thickness. Source: Miiller et al. (2016).
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Figure 5. Detail of several sagittal B-mode ultrasound images regarding the different
subcutaneous layers and the corresponding detail of the subcutaneous adipose tissue

thickness indifferent patients and anatomical locations. Source: Miilleretal. (2016).
L ED

About this subject, a recent study by Van den Broeck et al. (2023), measured the
inter reliability (2 examiners) between the ultrasonographic measurements of muscles
such as Tibialis anterior, Gastrocnemius, Rectus femoris, Biceps Femuris, Rectus
Abdominis, Erector spinae, Biceps and triceps Brachii and forearm extensors. The
measurements made were MT, Cross-sectional area, and the Echo Intensity. In this
research several muscle measurements exhibit good reliability. Measuring muscle
quantity with Extended Field of View (EFOV) ultrasound proved to be a reliable
measurement to body composition analysis purposes.

Other study by Takai et al. (2014) showed that ultrasound MT measurements at
various body sites can accurately predict whole-body fat-free mass in the elderly.
This study suggests that ultrasound MT measurement is a useful tool for predicting
FFM, and its accuracy is further improved by considering the product of MT and
limb length. This was also noted by Li et al (2020) in a study focusing on the use
of ultrasound to measure muscle mass, particularly the biceps brachii, in elderly
individuals to assess sarcopenia. The same authors also concluded that ultrasound
measurement of Cross-Sectional Area in the biceps brachii is a crucial indicator and
auseful method for assessing sarcopenia in the elderly, confirming the effectiveness
of ultrasound in such clinical settings.

305



Another study by Franchi et al. (2018) explored the reliability of measuring the
Vastus Lateralis muscle at 50% of femur length using ultrasound, comparing it with
MRI anatomical cross-sectional area assessments (Figure 6). The study validated
ultrasound as areliable tool for monitoring local long-term hypertrophic responses to
resistance training. Furthermore, Marin-Baselga et al. (2023) identified a significant
correlation between ultrasound measurements and the duration of hospital stays,
noting that longer stays were associated with reductions in these measurements,
particularly in conditions like sarcopenia resulting from hospitalization.

Figure 6. MRI Cross sectional image of the right tight, highlighting the Vastus Lat-
eralis section (left). In the right image Ultrasound Muscle Thickness measurements
of the right Vastus Lateralis Source: Adapted from Franchi et al. (2018)

About this particular subject, Liegnell et al. (2021) made a systematic review that
showed a moderate agreement of the US-based MT with the MRI muscle volume,
with standard error estimates ranging from 6 to 12% for healthy adults and up to
25.6% for children with cerebral palsy. In a more specific subject regarding muscular
strength calculation, ultrasound technology offered vital insights into the pennation
angle of the gastrocnemius muscle. The pennation angle, which is the angle formed
by the muscle fibres relative to the aponeurosis, is an important parameter related
to musculoskeletal functions and plays a crucial role in the understanding of mus-
cle architecture (Zhou et al., 2012). Studies have explored its utility in evaluating
Achilles tendinitis (Phillips et al., 2022) and muscle spasticity in stroke patients
(Yang et al., 2014) highlighting the ultrasound key role in this type of evaluations.
This angle is directly linked to muscle force production, as higher pennation angles
are associated with greater force (Lieber & Fridén, 2000). A representation of the
technique of measuring the gastrocnemius pennation angle can be observed in the
figure below (Zhou et al., 2012).
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Figure 7. Typical ultrasound image of the medial gastrocnemius muscle and the
pennation angle. Source: Zhou et al. (2012).
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Ultrasound emerges as a decisive tool in the medical landscape, particularly in
the dominion of body composition analysis and muscle architecture evaluation. Its
non-invasive nature and real-time imaging capabilities make it indispensable for
dynamic assessments, enabling immediate clinical decisions and interventions.

The Contribution of Computed Tomography
in Body Composition Assessment

CT scanning is a sophisticated imaging technique that offers a highly detailed
look inside the human body. This method uses computer-processed combinations of
multiple X-ray measurements taken from different angles to produce cross-sectional
(tomographic) images of specific areas of a scanned object, allowing the user to
see inside the object (in 3 dimensions) without cutting it. CT is not only important
for diagnostic imaging but also plays a significant role in the assessment of body
composition, including the detailed analysis of muscle anatomy and different types
of body fat. This precision enables the accurate measurement of muscle mass and
the differentiation between visceral and subcutaneous fat. Moreover, CT may also
provide important information about the changes in muscle mass and composition
with aging and disease, which may, in turn, affect the muscle's function (Goodpaster
et al., 2000).

Body composition is increasingly being recognized as an important prognostic
factor for health outcomes across cancer, liver cirrhosis, and critically ill patients.
CT scans, provide an excellent opportunity to precisely measure the quantity and
quality of skeletal muscle and adipose tissue. Currently, body composition's clin-
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ical use is mainly in retrospective studies, but applying these automated methods
in prospective research could validate its importance in clinical decision-making,
such as tailoring chemotherapy doses based on muscle mass to reduce toxicity risks
(Paris, 2019). We can observe an example in Figure 8.

Figure 8. CT scan axial plane in grayscale in the left and in the right the same image
with automated CT segmentation of the skeletal muscle, Visceral adipose tissue,
intermuscular adipose tissue and subcutaneous adipose tissue. Source: (Paris, 2019).

Skeletal muscle W Intermuscular adipose tissue
B Visceral adipose tissue B Subcutaneous adipose tissue

Still about this subject, Zorps et al. (2020) developed and evaluated a software
toolkit, which allowed for a fully automated body composition analysis in contrast-
enhanced abdominal CT leveraging the strengths of both, quantitative information
from dual-energy CT and simple detection and segmentation tasks performed by
deep convolutional neuronal networks (DCNN). With this approach, this study
demonstrated strong correlations with manual measurements and other body com-
position assessment methods. CT can also be useful to quantify Body Composition
on Health-Related Quality of Life in Colorectal Cancer Patients. In a study by Gigic
et al. (2020) the area-based quantification of adipose tissue compartments was per-
formed on the .3/4 spinal level (volumetric quantification of a selected slice, divided
by slice thickness) using a semiautomatic software tool as depicted in figure 9.
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Figure 9. Example of a CT-scan with the area-based, densitometric quantification of
adipose tissue (threshold: —190 to —30 HU) measured at spinal level L3/4: regions
of interest (ROI) containing total fat area (TFA) (a) and visceral fat area (VFA) (b);
and an example of the densitometric quantification of muscle area, also measured
at spinal level L 3/4 with an ROI containing the muscle tissue of the abdominal,
dorsal and psoas muscles (threshold: 40to 100 HU) (c). Source: Gigic et al. (2020).

The main conclusions of this study were that patients with high amounts of vis-
ceral fat at diagnosis exhibited worse scores for social functioning and deteriorated
pain after surgery, independent of treatment. Additionally, patients with higher
skeletal muscle mass at diagnosis suffered more from pain one year after surgery.
This last result was unexpected by the researchers but may be due to that during
the first year of disease, patients experienced a rapid loss of muscle mass, (cancer-
associated sarcopenia) which might occur especially in patients with more muscle
mass at diagnosis. Overall, these results suggested that intervention strategies tar-
geting visceral fat and muscle mass might improve the health-related quality of life
in colorectal cancer patients during the first year after surgery (Gigic et al., 2020).

As for more recent IA applications of Fat segmentation, Shen et al. (2023)
proposed a method for the automatic outlining of subcutaneous fat, skeletal mass,
and visceral fat areas on L3 cross-sectional CT images. This application obtained
better segmentation results compared to U-Net, (a model previously described by
Ronneberger, Fischer & Brox (2015)) representing an improvement for the atten-
tion mechanism, which was accurate in terms of Dice similarity coefficients and
other assessment metrics. This proposed ensemble model of SECAUNet based on
the attention mechanism accurately segmented subcutaneous fat, SM, and visceral
fat on abdominal CT images. Similar results were obtained by Cao et al. (2024)
about the use of a new IA method to assess body composition CT segmentation in
colorectal cancer patients.

Additionally, CT can also play a decisive role in the determination of visceral
obesity (VO) to predict risk of postoperative burst abdomen. A burst abdomen (BA),
also known as abdominal dehiscence, is a serious surgical complication where the
incision made during an abdominal surgery reopens. This reopening can involve
both the skin and the deeper layers of the abdomen, including the muscle. It typically
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occurs within the first few weeks following surgery and can be partial or complete.
A study by Mehdorn et al. (2023) revealed that Patients with BA had significantly
more VO (p < 0.001) but less subcutaneous obesity on CT scans. This analysis gave
valuable information on possible risk stratification because it shows that VO could
be a major risk factor for patients to develop postoperative BA.

As CT continues to evolve, it promises to offer even greater insights into body
composition and its health implications, thus solidifying its role in modern medical
diagnostics and personalized medicine. Nevertheless, caution is advised in the use
of this technology due to the significant radiation exposure involved. Therefore,
researchers should consistently perform a risk-benefit analysis, comparing it with
other imaging techniques, to ensure the safety and efficacy of its use in patients.

Magnetic Resonance Imaging Role in
Body Composition Assessment

MRI is an advanced medical imaging technique increasingly utilized for the
assessment of body composition. Unlike other imaging techniques, MRI does not
require the use of ionizing radiation to obtain medical images of the human body.
This makes MRI a safer option compared to methods such as X-rays and CT scans
that rely on ionizing radiation, which can be harmful in high doses. Moreover, MRI
provides detailed insights into various fat compartments, including visceral fat,
subcutaneous fat, and muscle evaluation.

The fundamental physical principle behind MRI involves the excitation of hy-
drogen nuclei (protons), which are abundant in the body's water and fat. When a
person is placed inside the MRI scanner, a strong magnetic field aligns the hydrogen
protons in the body. Radiofrequency pulses are then used to temporarily disturb
this alignment. As the protons return to their original state, they emit signals that
are detected by the scanner. These signals are used to construct detailed images of
the body's internal structures. While MRI is renowned for its detailed and precise
measurement of muscles, tendons, and other body components, its use should be
carefully considered due to several limitations:

e  Claustrophobia: Many patients experience discomfort or anxiety in the en-
closed MRI space. Although open MRI models are available, they are signifi-
cantly more expensive and less commonly available for routine body compo-
sition studies.

e  Cost and Accessibility: MRI is a state-of-the-art technique for evaluating
human anatomy and its pathological aspects. However, it requires substantial
financial investment in the equipment, the specialized room (Faraday cage),
and the maintenance of the superconducting magnet with liquid helium. It
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is typically reserved for advanced pathological assessments, often following
initial evaluations by more accessible imaging techniques.

e  Magnetic Field Limitations: MRI is contraindicated for individuals with
certain metal implants or conditional devices, such as pacemakers or metallic
foreign bodies, due to the strong magnetic field used during the examination.

e  Examination Duration: Most MRI scans require several minutes to acquire
high-quality images. Although modern MRI machines are being developed
to reduce scan times, often incorporating artificial intelligence to assist, the
duration remains a significant consideration.

Visceral and Subcutaneous Fat Assessment

As for Visceral and Subcutaneous fat assessment, MRI has been demonstrated
to accurately quantify both visceral and subcutaneous fat volumes. Studies using
MRI have shown strong correlations with other imaging modalities like CT scans,
with visceral fat and subcutaneous fat volumes being precisely measured even in
free-breathing conditions, which is particularly beneficial for paediatric and other
challenging populations (Ly et al., 2019) (Baum et al., 2016). Also, conventional
breath-holding MRI can quantify visceral and subcutaneous fat volumes and hepatic
proton density fat fraction (PDFF or Fatty liver) in obese children allowing to cali-
brate their exercise and therapeutic recovery programs. Visceral and subcutaneous
fat volumes and PDFFs were strongly and positively correlated with hepatic PDFF
and visceral fat PDFF explained some variation in hepatic PDFF.

MRI-based techniques, such as chemical shift-encoding and Dixon imaging,
have been effectively utilized to separate and quantify water and fat, enhancing the
accuracy of body composition assessments (Baum et al., 2016; West et al., 2018).
According to these authors, MRI methods allowed the assessment of body fat dis-
tribution and characteristics. Nevertheless, although the promising findings based
on these MRI methods, the clinical usefulness remains to be fully established.

Also, Thrin (2020) investigated a T2-based fat quantification method using high-
resolution MRI images (figure 10). While the method's long acquisition times may
present a practical limitation, it offers the advantage of simultaneously estimating
both Fat Fraction and T2-relaxation. Additionally, Trinh (2020) highlighted sig-
nificant differences in subcutaneous adipose tissue distribution between Iraqi men
and Swedish-born men in Sweden, although no significant differences were found
in their VAT. This finding underscores the potential influence of ethnic factors on
predispositions to certain clinical conditions.
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Figure 10. Example of MRI axial scan plane, T2 weighted, representing the subcu-
taneous adipose tissue areas, the visceral adipose tissue areas and the superficial
ones. Source: Trinh (2020).

Below, in figure 11, there is the representation of the MUFA (Monounsaturated
fatty acid), SFA (Saturated fatty acid), and PUFA (Polyunsaturated fatty acid) dis-
tribution of MRI between the different ethnic backgrounds.

Figure 11. Example of SFA, MUFA and PUFA maps of two subjects representing a
Iraqi born (a) and a Swedish born (b) men. Source: Trinh (2020).

SFA MLEA BLIEA

.....
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Muscle Evaluation

MRI is also capable of evaluating muscle composition, including the quantifi-
cation of muscle fat infiltration (MFI) and lean muscle volumes. This is essential
for assessing conditions like sarcopenia and evaluating the effectiveness of inter-
ventions such as exercise or dietary modifications (Labarthe et al., 2020). A study
by West et al. (2018) tried to determine the precision of MRI based fat and muscle
quantification in a group of postmenopausal women. In these 36 women, the scanned
coefficient of variation was 1.1% to 1.5% for abdominal fat compartments (visceral
and subcutaneous), 0.8% to 1.9% for volumes of muscle groups (thigh, lower leg,
and abdomen), and 2.3% to 7.0% for individual muscle volumes (pectoralis, latis-
simus, and rhomboideus). This showed that advanced MRI techniques can segment
individual muscle groups and provide detailed analysis, making it a powerful tool for
targeted interventions and monitoring of muscle-related diseases (West et al., 2018).

Automated and Al-driven Assessments

Recent advancements have incorporated deep learning models to automate the
segmentation and analysis of MRI data, improving the efficiency and consistency
of body composition measurements (Zopfs et al., 2020). These models depicted in
Figure 12 have demonstrated high accuracy in differentiating between various tissue
types, including subcutaneous fat, visceral fat, and muscle (Schneider et al., 2023).
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Figure 12. Whole-abdominal image data annotated for SAT and VAT amounts using

a semiautomated segmentation method. Source: Schneider et al. (2023).
T-ground trut Pg-prediction VAT conformity

This work of Schneider et al. (2023) evaluated to what extent fully convolution-
al networks may serve to automatically segment and quantify abdominal adipose
tissue from MRI images. Whole-abdominal image data of 331 study patients were
annotated for SAT and VAT amounts using a semiautomated segmentation meth-
od. The fully convolutional networks (FCN) based methods showed excellent SAT
segmentation and quantification accuracy, and the corresponding agreement for
VAT was very good.

In short, this work demonstrated that deep-learning approaches for adipose
tissue quantification from MRI data are also feasible for patients with obesity. The
resulting accuracy was equal to or better than that of operator-driven approaches
with processing requiring substantially less time and effort.

MRI proved to be a reliable and precise method for the assessment of body com-
position, offering detailed and accurate measurements of visceral fat, subcutaneous
fat, and muscle tissues. The use of MRI in this context is enhanced by advanced
imaging techniques and Al-driven analysis, providing comprehensive insights into
body composition which are critical for both clinical and research applications.
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IMPLICATION ON HEALTHCARE AND ATHLETIC
PERFORMANCE OPTIMIZATION

Previously in the chapter we tried to describe the contribution of each of the
main imaging techniques for the assessment of body composition, each with their
own characteristics, strengths and weaknesses. We also had some focus on the most
pertinent research that was conducted in each of the imaging modalities and some
real implications on patient’s real lives. In this section, we will try to summarize
the main ones and their potential implication for the healthcare profession's practice
and patients' real live potential impact.

Implications on Healthcare
Disease Management and Prevention

Medical imaging techniques like DEXA, CT, and MRI provide accurate assess-
ments of body composition, crucial for diagnosing and managing conditions such as
obesity, oncologic treatments, sarcopenia, and osteoporosis. Precise measurements
of bone density, muscle mass, and fat distribution help tailor treatment plans and
monitor disease progression or recovery.

Personalized Treatment Plans

Understanding an individual's specific body composition allows healthcare
providers to customize interventions, whether for athletic purposes, weight man-
agement, rehabilitation, or disease treatment. For instance, body composition data
can guide the optimization of pharmacological dosing, dietary adjustments, and
exercise regimens.

Prognostic Value
Body composition data are predictive of health outcomes in several chronic
conditions, including cardiovascular disease and diabetes. High visceral fat levels,

for example, are linked to increased metabolic risk, while muscle mass can predict
survival and recovery rates in cancer patients.
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Enhanced Patient Monitoring

Regular monitoring of body composition can significantly impactclinical outcomes
by allowing for early detection of adverse changes, enabling timely interventions.
This is particularly relevant in the elderly or those undergoing significant weight
loss or gain, where muscle and fat changes have significant health implications.

Implications on Athletic Performance Optimization
Training and Nutrition Adjustments

For athletes, detailed insights into muscle mass and fat distribution provided by
imaging methods like MRI and ultrasound can optimize training and nutritional strat-
egies. Adjustments can be made to enhance muscle performance, recovery, focused
fat loss plans, and overall athletic output based on precise body composition data.

Injury Prevention and Rehabilitation

Imaging techniques help in identifying imbalances or changes in muscle and
fat that might predispose athletes to injuries. Targeted interventions can then be
designed to prevent injuries or aid in rehabilitation, also, the muscle and tendons
measurement and evaluation could be helpful to predict muscular gain and strength
and prevent and follow up lesions.

Energy Balance Monitoring

Studies, such as those using DEXA, have linked changes in body composition to
energy balance and dietary intake over athletic training cycles. This helps in plan-
ning nutritional strategies that align with training demands, ensuring that athletes
maintain optimal body composition for peak performance. In short, medical imag-
ing's role in body composition analysis offers significant benefits across healthcare
management and athletic performance optimization. As these technologies evolve,
their integration into routine practice will likely expand, providing deeper insights
into human health and performance optimization. Below we synthesized some data
regarding the role of each imaging method and their specific contribution to body
composition analysis.
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CONCLUSION AND FUTURE RESEARCH DIRECTIONS

This chapter tried to outline the distinctive features and contributions of leading
imaging modalities, emphasizing their role in precise body composition analysis
and their potential impact on treatment options, clinical outcomes, and training
strategies. DEXA is noted for its precise measurement of bone mineral density and
body composition, essential in managing osteoporosis and obesity. Ultrasound is
recognized for its safety, portability, and cost-effectiveness, offering vital real-time
data for sports science and clinical diagnostics, enabling on-the-spot treatment
adjustments. CT scans provide supreme detail in tissue differentiation but require
cautious use due to high radiation doses, especially in non-emergency and repeated
imaging scenarios. MRI delivers high-resolution images without ionizing radiation,
ideal for detailed tissue analysis and frequent monitoring, though its high costs
restrict widespread use. This chapter provides examples of how various medical
imaging techniques can offer precise information on SAT, VAT, and the size and
fiber architecture of muscles. Such data enable the optimization of physical training
programs to enhance outcomes and prevent overload injuries. Additionally, these
imaging techniques can contribute valuable insights into paediatric obesity, sarco-
penia in the elderly (whether due to aging or physical inactivity) and help predict
responses to oncologic treatments and pain management. Furthermore, they can
assist in preventing surgical complications, such as burst abdomen or follow-up
musculoskeletal interventions such as in Achilles tendonitis.

Future research should address current limitations such as device standardization,
cost reduction, and improved accessibility of diagnostic tools. Key areas for explo-
ration include integrating Al and machine learning to enhance imaging accuracy
and predictive modeling, combining multi-modal imaging for comprehensive body
composition assessment, and developing portable, low-costimaging technologies for
broader access. Longitudinal studies could provide insights into body composition
changes over time, while improving precision in visceral fat measurement remains a
critical focus. Additionally, ethical considerations surrounding data privacy and Al
usage must be addressed, and imaging protocols should be customized for special
populations to ensure accuracy and safety.

So, in conclusion, while each imaging modality has its specific advantages and
limitations, an adequate choice and the collective use of these technologies could
offer a robust framework for understanding and monitoring body composition.
As healthcare continues to move towards more personalized and precision-based
approaches, these imaging techniques will play an increasingly vital role. Further
advancements in technology and research will undoubtedly expand their capabili-
ties and applications, reinforcing the essential role of medical imaging in modern
medicine and sports science.
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KEY TERMS AND DEFINITIONS

Bioelectrical Impedance Analysis: A method for estimating body composition,
particularly body fat and muscle mass, by measuring the resistance of body tissues
to electrical currents.

Dual-energy X-ray Absorptiometry: A technique used to measure bone mineral
density and body composition, including fat and lean body mass.

Fat-Free Mass: The total body mass minus the fat mass, consisting of muscles,
bones, water, and other tissues.

Hounsfield Units: A quantitative scale for describing radiodensity in medical
CT scans, with water assigned a value of 0 and air a value of -1000.

Muscle Fat Infiltration: The presence of fat within muscle tissue, often assessed
through imaging techniques, indicating changes in muscle quality and health.

Magnetic Resonance Imaging: A medical imaging technique that uses magnetic
fields and radio waves to create detailed images of the organs and tissues within
the body.

Superficial Adipose Tissue: Fat tissue located just beneath the skin, as opposed
to visceral fat which is stored around internal organs.

Subcutaneous Obesity: Excess fat accumulation under the skin, often measured
to assess overall body fat and obesity risk.

Total Fat Area: The total area covered by fat tissue in a specific region of the
body, commonly measured in imaging studies.

Visceral Adipose Tissue: Fat tissue located around internal organs, associated
with a higher risk of metabolic and cardiovascular diseases.

Visceral Fat Index: A measurement used to quantify the amount of visceral fat,
typically calculated using imaging techniques like CT or MRIL
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Visceral Obesity: Excess accumulation of visceral fat, which is associated with
increased health risks, including cardiovascular disease and diabetes.
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