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Purpose of the review: We aim to review the methods, current research evidence, and future directions in body
composition analysis (BCA) with CT imaging.

Recent findings: CT images can be used to evaluate muscle tissue, visceral adipose tissue (VAT), and subcutaneous
adipose tissue (SAT) compartments. Manual and semiautomatic segmentation methods are still the gold stan-
dards. The segmentation of skeletal muscle tissue and VAT and SAT compartments is most often performed at the
level of the 3rd lumbar vertebra. A decreased amount of CT-determined skeletal muscle mass is a marker of
impaired survival in many patient populations, including patients with most types of cancer, some surgical
patients, and those admitted to the intensive care unit (ICU). Patients with increased VAT are more susceptible to
impaired survival / worse outcomes; however, those patients who are critically ill or admitted to the ICU or who
will undergo surgery appear to be exceptions. The independent significance of SAT is less well established.
Recently, the roles of the CT-determined decrease of muscle mass and increased VAT area and epicardial adipose
tissue (EAT) volume have been shown to predict a more debilitating course of illness in patients suffering from
severe acute respiratory syndrome coronavirus 2 (COVID-19) infection.

Summary: The field of CT-based body composition analysis is rapidly evolving and shows great potential for

clinical implementation.

1. Introduction

The general understanding of the clinical significance of sarcopenia
and cachexia is still evolving. Sarcopenia is characterized as a progres-
sive syndrome in which there is a decrease of muscle mass and strength,
whereas cachexia is a syndrome associated with a severe loss of body
weight, fat, and muscle due to an underlying illness [1-4,5]. These two
multifactorial conditions are independent of each other, although they
may occur simultaneously in elderly people [3]. Sarcopenia and
cachexia have been associated with an impaired quality of life [6,7],
increased hospitalization rates [6,8] and premature mortality [6,9,10]
in several diseases. At present, the principal way to treat patients with
sarcopenia is to increase their physical activity, and the roles of nutri-
tional and pharmacological interventions are being investigated [1].
Cachexia treatments may vary on the basis of the underlying disease.
Nutritional counselling and pharmacological treatments (e.g. short-term
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use of corticosteroids) are endorsed by the American and European
oncological societies in the treatment of cancer-related cachexia; how-
ever, these two guidelines have differing standpoints on the role of
physical exercise [11,12].

Body composition analysis (BCA) methods are of clinical importance
because before one can initiate interventions for sarcopenia or cachexia,
one must diagnose their presence. Currently, computed tomography
(CT) and magnetic resonance imaging (MRI) are regarded as the most
accurate methods available for conducting a body composition analysis
(BCA) [13]. Other methods, such as densitometry, bioimpedance anal-
ysis, and dual-energy X-ray absorptiometry, are beyond the scope of this
review. (One could refer to the work of Fosbgl [14] and Albano [15] for
a detailed overview of this subject.) In addition to their superior accu-
racy, both CT and MRI make it possible to obtain a detailed evaluation of
individual skeletal muscles and muscle and adipose tissue compart-
ments. However, routine clinical use of CT and MRI imaging in
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evaluating body composition metrics as surrogates for sarcopenia and
adiposity is hindered by these methods’ high costs, limited availability
[5], and substantial radiation dose in the case of CT [14]. However, CT
and MRI images that have been acquired for other medical purposes can
be used opportunistically to assess body composition [14,16]. This re-
view focuses on the evolving field of computer-assisted evaluation and
the clinical applications of CT-based BCA. Furthermore, the article dis-
cusses the CT-based evaluation of sarcopenic obesity and epicardial
adipose tissue because these subjects are of increasing clinical and
research interest [1,17,18]. Given the already broad scope of this re-
view, this article does not examine the clinical significance of intra- and
intermuscular fat compartments or Hounsfield unit attenuation in
muscle and fat tissue compartments.

2. Considerations of methodology
2.1. Basics of computed tomography in the context of BCA

Generally, CT images are represented as two-dimensional (2D)
stacks, which is an intuitive way to inspect and analyze volumetric data
on a 2D screen. Although MRI can produce true 3D data, standard CT is
essentially a sequential, unidimensional 1D imaging method. In early CT
scanners (step-and-shoot scanners), each 1D projection was collected
sequentially in a single plane, and the images were then reconstructed
into transaxial 2D slices, for which beam collimation defined the slice
thickness. On the other hand, newer generations of helical CT scanners
collect data by continuously moving a patient through the gantry,
resulting in a helical acquisition. The 2D transaxial slices can then be
reconstructed through interpolation because the acquired projections
are not located in the same plane [19]. In other words, this process
transforms sets of unidimensional projections into series of 2D images
with a finite thickness. Thus, 2D BCA can be readily performed from a
single slice (Fig. 1), and it is possible to reconstruct BCA volumes by
analyzing a stack of images [20]. In practice, all modern CT scan tech-
nology is currently based on multislice (MS) technology, usually
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combined with helical acquisition [21]. The nMS detector composition
extends the single transversal detector row in the z-direction (head-feet)
to a detector array. In this way, a single scanner rotation can acquire N
slices, where N is the number of detector rows, which explains the name
“multislice”. MS-CT has multiple advantages over the single slice-
technology, including reduced tube heating, faster imaging, sub-
millimeter and isotropic multiplanar reconstructions (MPR), and
larger scan volumes [21,22].

Another addition to modern CT equipment is dual-energy CT (DECT)
technology. In DECT, the rotating gantry consists either of two X-ray
tubes separated by 90 degrees, frequency selective detectors, or a single
tube in which voltage can be varied and toggled during the scan
sequence [23]. This technology is based on a material’s frequency-
dependent attenuation properties, especially variations between the
differences in the attenuation spectra of different materials, such as
iodine and bone. For example, dual-source DECT acquires two sets of
data, which can be weighted to create a single composite image, mate-
rial decomposition images [23,24], or effective atomic number maps
with high temporal resolution [25]. Additionally, dual-source DECT
facilitates faster acquisition, which could be beneficial in processes such
as gated cardiac imaging, because two orthogonal sources require a
quarter of a rotation for reconstruction instead of the 180 degrees
necessary with a single source [19]. For such reasons, DECT has been
adopted in a growing number of applications and is currently utilized in
different forms of clinical imaging, including abdominal, urinary, and
vascular imaging [24,26].

2.2. Definition of Hounsfield units (HU) and the role of applied HU
ranges in BCA

The image data in CT imaging is collected as attenuated X-ray pro-
jections, which are reconstructed as stacks of 2D images. Next, the CT
images are presented on a computer screen with grayscale values, which
correspond to HU values defined as follows:

Fig. 1. An example of the workflow used to determine skeletal muscle mass and visceral and subcutaneous adipose tissue compartments at the level of the 3rd
lumbar vertebra. A) The axial plane level is determined with reference to the coronal and sagittal views. B) Hounsfield unit (HU) ranges (e.g., from —190 to —30 and
—29 to 150) are applied to facilitate the definition of the visceral and subcutaneous adipose tissue and the skeletal muscle areas. Undesired tissues (such as the bowel)
and external structures (such as the couch) with overlapping HU values are manually removed.
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where p is the linear attenuation coefficient for a given material defined
as shown here:

w, =T "In(Ly/I) (2)

where 7 is the material thickness, I is the transmitted intensity, and Iy is
the initial intensity. The Hounsfield units are useful in depicting X-ray
attenuation because the values are relative to physical material atten-
uation properties, i.e. water and air. This association of X-ray attenua-
tion means that HU values can be used to differentiate between tissue
types [27,22,28-31]. However, the sole use of HUs as absolute measures
in tissue identification is not possible, as HU values overlap between
tissues with similar attenuation properties. Furthermore, there are
numerous types of CT artefacts, a slight dependence between HU values
and tube voltage, reconstruction algorithms being used, and variable
energy imaging; these all complicate the effective diagnostic application
of HU values [32]. These problems could be partially corrected by
standardizing the measured HU values with a known tissue. For
example, HU drifting may be corrected with an arterial blood density
standardization in lung densitometry [33], and cerebrospinal fluid mean
HU subtraction has been suggested when attempting to differentiate
between white and grey matter [34].

HU values facilitate the segmentation of the tissues of interest in
BCA, meaning adipose and muscle tissues [22,28-31]. Adipose tissue is
classically segmented into two compartments: the subcutaneous and
visceral adipose tissue compartments (SAT and VAT compartments,
respectively) [35]. The HU range for adipose tissue is broad, and several
ranges (e.g., —200 to —30 [36,37], =190 to —30 [22], and —195 to —45
[28]) have been proposed. The subcutaneous fat tissue compartment
may cover a slightly different HU range than that of VAT (i.e. —190 to
—30and —150 to —50, respectively) [29]. Consistently, Rosenquist et al.
reported a small (2.1 HU value) difference in mean standard deviations
between the two different compartments (SAT (7.6 HU values) and VAT
(5.5 HU values)) [28]. Nevertheless, the spatial location is a descriptive
segmentation feature distinguishing between VAT and SAT (Fig. 1). HU
values of muscle and lean tissues are higher than those of adipose tissue.
The HU values of muscle tissue in BCA are typically set to begin above
the highest HU value used to analyze adipose tissue and range up to an
HU value of 150 [29,30].

2.3. 2D and 3D measurements and the applied cut-off values for CT-based
body composition metrics

As previously discussed, the skeletal muscle tissue and VAT and SAT
compartments are of interest in CT-based BCA [4,5,6,21,22]. Single-slice
CT-based BCA measurements display good agreement with single-slice
MRI measurements [38-41]. Single-slice MRI BCA metrics correlate
well with whole-body MRI-metrics [42,43]. When approximating the
total volumes of these tissues, the most widely accepted level at which to
perform 2D measurements is the 3rd lumbar vertebra (L3) (see Figs. 2
and 3; Tables 1 and 2) [44]. Other levels at which the single-slice BCA
measurements have been measured include the cervical spine (espe-
cially the 3rd cervical vertebra) [45], the 12th thoracic vertebra [46],
other lumbar vertebrae [44], and various levels of the thigh [44].
Anatomical landmarks, such as the vertebrae and other bony structures,
are used as boundaries when performing volumetric measurements of
adipose and muscle tissue compartments. The boundaries used for
volumetric analyses include the areas between the 2nd lumbar vertebra
and the sacrum [47]; the 12th thoracic vertebra and the superior aspect
of the femoral head for adipose tissue [48]; the 12th thoracic vertebra
and the inferior surface of the 1st sacral vertebra for the determination
of the paraspinal muscles [48]; the 10th thoracic vertebra and the 5th
lumbar vertebra [49]; and the 1st and the 5th lumbar vertebra [50].
However, the literature lacks studies comparing the performances of
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Fig. 2. Two-dimensional body composition metrics evaluated at the level of the
3rd lumbar vertebra. The psoas (pink), the paraspinal muscles and quadratus
lumborum (dark red), and the rectus abdominis and the obliques (bright red)
are often quantified together (i.e. as the total muscle area). Visceral adipose
tissue (yellow) and subcutaneous adipose tissue (orange) compartments can be
readily characterized separately. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

different levels used for 2D single-slice BCA and volumes used for BCA in
the evaluation of the likelihood of different outcomes in different
diseases.

The cut-off values for single-slice CT-based surrogates describing
sarcopenia and VAT and SAT compartments remain to be standardized.
The cut-off values for CT-based surrogates for sarcopenia vary in the
literature on the bases of gender, the level used for BCA evaluation, and
the evaluated muscle or muscle compartment [44]. Thus, instead of
presenting crude muscle areas, researchers often normalize muscle areas
with respect to a patient’s height [44], resulting in the assessment of a
value called the skeletal muscle index (SMI) (Eq. (3)).

SMI = Skeletal muscle area/Height2 3

There are several SMI cut-off points for defining surrogate mea-
surements for sarcopenia based on gender, BMI, muscle group, and the
level used for the analysis [17-21,44,51]. For instance, the recent meta-
analysis of Amini et al. [44] concluded that the most common cut-off
values for SMI calculated at the L3 level using the total abdominal
wall area range between 52 and 55 cm?/m? for men and between 39 and
41 cm?/m? for women. Furthermore, differing VAT cut-off values have
been proposed, such as those ranging between 124.3 and 163.8 cm? for
men and between 80.1 and 173.0 cm? for women (e.g., [52-54]). There
appears to be no consensus on cut-off values for SAT or volumetric
measurements.

2.4. Computer-aided diagnostics and artificial intelligence

An area delineation of tissue compartments in single slices is
straightforward and does not necessarily require automatic analysis or
processing tools. However, manual outlining of the boundaries of
different tissue compartments means that the analyses are subjected to
inter-reader variability. Furthermore, the large number of slices (typi-
cally hundreds) means that manual 3D BCA is time-consuming. A
greater exploitation of computer-assisted diagnostic (CAD) tools could
stimulate more BCA research, and a greater availability of CAD tools
could help move BCA to clinics.

The current CAD tools for CT segmentation can be categorized as
manual, semiautomatic, and automatic tools (Table 3). Manual tools
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Fig. 3. The figure shows two patients with normal BMIs. The area of all the visible muscles (the psoas (pink), the paraspinal muscles and quadratus lumborum
(brown), and the rectus abdominis and the obliques (red)) is first segmented and then normalized according to the patient’s height to determine the skeletal muscle
index (SMI). The patient with decreased muscle mass (A) has an SMI value of 24.9 cmz/mz, and the non-sarcopenic patient (B) has an SMI value of 50.3 cm?/m?. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

offer the basic capabilities for acquiring and saving manual annotations
of an experienced reader [55-59]. The main difference between semi-
and fully automated methods is that there is a need for user interaction
to conduct the segmentation process with semiautomatic methods
[60-62]. Semiautomatic methods often leverage the HU value-based
thresholding and require manual correction [63,55,57]. Region-
growing methods can be used for 2D analysis and have the added
benefit of achieving a quick 3D delineation [64-66]. However, these
methods are best suited for tissues in which there are clear contrasts
with surrounding tissue (such as the liver); otherwise, these methods
often require manual corrections after the automatic process [63]. Other
methods include edge detection [67,68], atlas-based localization
[69,70], various deep-learning methods, and artificial neural networks
[71-74]. The use of fully automatic tools is currently limited by the
variability of patient habitus [71], morphologies [75,76], and the
overlapping of Hounsfield units between tissues [77]. On the other
hand, it is important to distinguish two categories of CAD tools for
quantitative CT-based BCA according to their access policies. These two
groups are commercial and open-access tools. The main advantages of
commercial tools are the support offered by developers and their cus-
tomization for specific imaging and PACS systems [65,78,79,62].
Alternatively, open-access tools are freely available for research and
educational purposes [55,57,56,58,66,59]. Their main advantage is that
open-access tools are readily accessible to a wider userbase because they
are not blocked by paywalls.

Indeed, various widely utilized tools can be applied in the analysis of
CT images. Recently, artificial intelligence (AI) has emerged as a
promising tool for assisting with several image analysis tasks, including
semi-automated and fully-automated annotation and segmentation of
images [61]. Additionally, there is a wide range of alternatives offered
either as integrated bundles to PACS systems or by certain specialized
software developers. Some of these tools are summarized in Table 3. In
the table, the phrase “open source” refers to the availability of the source
code, which facilitates its modification and customization by researchers
to meet special requirements.

3. CT-derived BCA in a clinical context
3.1. CT-determined loss of skeletal muscle mass in a clinical context

The clinical significance of the CT-determined loss of skeletal muscle
mass is well-established in patients with cancer and patients who are

critically ill or about to undergo surgery. Beyond these, other scenarios
in which the CT-determined muscle mass evaluation has been utilized

are summarized in Table 1.

The CT-determined decrease in skeletal muscle mass as a surrogate
for sarcopenia has been most extensively studied in patients with cancer.
Indeed, decreased muscle mass correlates with decreased survival in
patients with breast [80-82], prostate [83], gastrointestinal [84-90],
urinary tract [91] and head and neck cancers, among others (Table 2).
Furthermore, patients who undergo chemotherapy for advanced or
metastatic cancers who preserve skeletal muscle mass irrespective of
other important prognostic factors appear to have a better overall sur-
vival rate [92,93-95]. The accrued data suggests that patients with CT-
quantified loss of skeletal muscle mass may be more susceptible to
chemotherapy-related toxicities [96-101]. The association between the
CT-quantified loss of muscle mass and quality of life has not been
extensively studied. However, the results of these relatively small-scale
studies [102,103] suggest that a CT-determined loss of skeletal muscle
mass may not reduce quality of life.

Additionally, the CT-determined evaluation of the loss of skeletal
muscle mass has shown promise in the evaluation of critically ill patients
and patients undergoing surgery. For instance, the CT-determined loss of
skeletal muscle mass at the level of the 3rd lumbar vertebra has been
associated with longer hospital stays [104] and higher 30-day mortality
[104-107] in patients admitted to the intensive care unit (ICU). Notably,
one study found no correlation between the initial BCA parameters
measured from the CT images obtained at the time of hospital admission
and mortality. On the other hand, if a patient experienced a loss of fat
tissue during his or her hospital stay, this occurrence increased the pa-
tient’s mortality risk [108]. The loss of skeletal muscle mass was re-
ported to predict increased mortality and length of hospital stay in
trauma patients [109] and in patients with acetabular [110,111] and
femoral [112-114] fractures. Moreover, several publications have
highlighted that sarcopenia appears to be independently associated with
increased mortality after emergency laparotomy [115-118], cardiac
operations [119-121], and a longer duration of hospital stay after car-
diac operations [122].

Recently, the role of a CT-determined decrease in muscle mass as a
marker of sarcopenia has been evaluated as an outcome predictor in
patients with COVID-19. It is frequently possible to conduct a CT-based
estimation of muscle mass since patients who are hospitalized are often
imaged as a part of their diagnostic work-ups. On this subject, an
observational study revealed that a decreased paraspinal muscle area at
the level of the 5th thoracic vertebra correlated with an increased risk of
ICU admission and death in hospitalized adults and elderly COVID-19
patients (median age 65 years) who were scanned as a part of their
routine care [123]. Another cohort study examining patients with a
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Table 1
Role of computed tomography-determined loss of skeletal muscle mass and visceral and subcutaneous adipose tissue compartments in various clinical scenarios
Skeletal muscle mass ~ References Visceral and References
subcutaneous
adipose tissue
compartments
Malignancies See Table 2. - See Table 2. -
Critically ill Decreased skeletal [104,105,108] Low VAT at the [108]
patients muscle mass (L3) is time of ICU
associated with admission is
longer hospital stays associated with
and increased increased
mortality. mortality.
Preoperative Preoperatively [119,120,121,122] Preoperative low [174]
surgical determined VAT and SAT
assessment decreased skeletal (umbilical level)
muscle mass (L3, are associated with
T12) is associated increased
with longer hospital mortality.
stays and increased
mortality.
Metabolic Decreased skeletal [175,176,177] Increased VAT is [126,127,128,129,130,131,132,133,134,141,142,143,135,136,137,138,139,138,140,178]
diseases muscle mass (L3, L4- associated with an
5) is associated with increased risk of
an increased risk of diseases related to
diseases related to metabolic
metabolic syndrome. syndrome
(including
atherosclerosis and
coronary plaques).
Pulmonary Decreased skeletal [179,180] Decreased SAT [181]
diseases muscle mass (T12, (above the aortic
T4, above the aortic arch) is associated
arch) is associated with an increased
with increased risk of mortality in
mortality in obstructive
pulmonary fibrosis. pulmonary disease.
COVID-19 Decreased skeletal [123,124,125] Increased VAT (L1, [144,145,146]
muscle mass (T5, L3) is associated
T12, above the aortic with increased risks
arch) is associated of ICU admission
with increased risks and hospitalization.
of ICU admission and
death.
Neurological Decreased skeletal [182,183,184] The roles of VAT -
diseases muscle mass (L3, and SAT remain

temporal muscle
thickness, masseter
muscle cross
sectional area)
correlates with the
risk of Alzheimer’s
disease and brain
atrophy. This factor
is also associated
with a lower score on
the Glasgow
Outcome Scale and
increased mortality
after traumatic brain
injury (L3).

largely unstudied.

T12/L1/L3/L4/L5 = measurements are performed at the level of the 12th thoracic vertebra or at the levels of the 1st, 3rd, 4th, or 5th lumbar vertebra, respectively; L4-
5 = measurements are performed at the level between the 4th and 5th vertebrae; VAT = visceral adipose tissue; SAT = subcutaneous adipose tissue; ICU = intensive

care unit.

median age of 62 years revealed that individuals defined as sarcopenic
on the basis of their skeletal muscle index (cross-sectional muscle area
measured at the level of the 12th thoracic vertebra) experienced longer
hospital stays and were more likely to die from the infection [124]. In
the same way, a third study confirmed that individuals with decreased
pectoralis muscle areas were more likely to have longer hospital stays
and die of COVID-19 [125].

3.2. CT-determined visceral and subcutaneous adiposity in clinical
context

The determination of VAT with CT has shown promise in various
clinical scenarios. Low visceral adiposity appears to be a marker of
decreased survival and worse outcomes in patients who are critically ill,
admitted to the ICU or who undergo surgery (Tables 1 and 2). Despite
the relatively extensive literature on this subject, the independent roles
of CT-determined SAT area and SAT volume have been less convincing
(Tables 1 and 2).
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Table 2

Role of computed tomography-determined loss of skeletal muscle mass and

visceral and subcutaneous adipose tissue in various types of cancers

Skeletal muscle References  Visceral and References
mass subcutaneous
adipose tissue
compartments
Gynecological and breast cancers
Ovarian Decreased [95,185] A high VAT/ [186,187]
skeletal muscle SAT ratio (mid-
mass (L3) is waist level) is
associated with associated
decreased with decreased
survival in survival. High
patients with SAT is
advanced ovarian associated
cancer. with decreased
survival.
Cervical Decreased psoas [188] The roles of -
muscle mass (L3) VAT and SAT
is associated with remain
decreased unstudied.
survival in
metastatic
cervical cancer.
Breast Decreased [80,81,82] High VAT [81,189]
skeletal muscle (umbilical
mass (L3, level) is
umbilical level) is associated
associated with with decreased
decreased survival in
survival in advanced
patients with breast cancer.
early breast However, high
cancer and those VAT (L3) is
with advanced associated
breast cancer with increased
undergoing progression-
neoadjuvant free survival in
chemotherapy. patients
undergoing
CDK4/6
inhibitor
treatment.
Gastrointestinal cancers
Esophageal Decreased [84,85,86] A high VAT/ [190]
skeletal muscle SAT ratio
mass (L3) is (umbilical
associated with level) is
decreased associated
survival in with decreased
gastroesophageal survival.
cancers.
Gastric Decreased [93,94] High VAT [191]
skeletal muscle (umbilical
mass (L3) is level) is
associated with associated
decreased with decreased
survival in foregut survival, and
cancer and SAT is
metastatic gastric associated
cancer. with increased
survival in
locally
advanced
gastric cancer.
Colorectal Decreased [192,90] High VAT (L3) [193,194,90]
skeletal muscle is associated
mass (L3) is with decreased
associated with survival in
decreased metastatic
survival at all colorectal
stages of cancer.
colorectal cancer.
Pancreatic Decreased [89] High VAT (L3) [195,196]

skeletal muscle
mass (L3) is

is associated
with decreased
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Table 2 (continued)

Skeletal muscle References  Visceral and References
mass subcutaneous
adipose tissue
compartments
associated with survival. The
decreased loss of VAT
survival in during
advanced treatment is
pancreatic cancer. associated
with decreased
survival.
Urogenital cancers
Renal Decreased [91] The roles of -
skeletal muscle VAT and SAT
mass (L3) is remain
associated with unstudied.
decreased
survival in
metastatic renal
cancer.
Prostate Decreased [83] High VAT (L3) [83]
skeletal muscle is associated
mass (L3) is with decreased
associated with survival.
decreased
survival.
Other malignancies
Lung Progressive lossof ~ [92,197] A high pre- [197]
skeletal muscle chemotherapy
mass (L3, L2/3) VAT/SAT ratio
during the first (L2-3) is
line of associated
chemotherapy is with decreased
associated with survival.
decreased
survival.
Melanoma Decreased [198] A high VAT/ [199]
skeletal muscle SAT ratio (L3-
mass (L3) is 4) is associated
associated with with decreased
decreased survival in
survival in metastatic
metastatic melanoma.
melanoma.
Head and Decreased [200,201] Low adipose [202]
neck skeletal muscle tissue volumes

mass (L3) is
associated with
decreased

(hyoid bone to
the 1st rib) are
associated
survival in with decreased
patients with
advanced head

and neck cancers.

survival.

L3 = measurements are performed at the level of the 3rd lumbar vertebra; 1L.2-3/
L3-4 = measurements are performed at the levels between the 2nd and 3rd and
the 3rd and 4th vertebrae, respectively; VAT = visceral adipose tissue; SAT =
subcutaneous adipose tissue.

The role of CT-quantified VAT and SAT areas is of special interest in
diseases related to metabolic syndrome. For instance, the CT-quantified
VAT area has been shown to be an independent risk factor for diseases
related to this syndrome [126-128], such as diabetes and insulin resis-
tance [129,130], hypertension [131-133], hyperlipidemia [134], and
coronary artery and carotid atherosclerosis [135-137]. A high VAT area
was associated with coronary stenosis in asymptomatic patients, inde-
pendent of other cardiovascular risk factors [138], and linked with the
presence of both calcified and non-calcified coronary plaques
[138-140]. These previously referenced studies have reported conflict-
ing results on the role of SAT and overall adiposity as risk factors for
metabolic diseases. Thus, the association between SAT and overall
adiposity and diseases related to the metabolic syndrome remains
somewhat unclear [141-143]. Additionally, SAT does not seem to be a
risk factor for developing coronary plaques. In fact, one study detected
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Table 3 Table 3 (continued)
An overview of software tools used for BCA . .
Tool Description Open- Licence Reference
Tool Description Open- Licence Reference source
source learning methods for
3D Slicer Software for Yes Open- [55] medical image
visualization and access annotation.
analysis of medical OsiriX A DICOM viewer No Commercial [65]
imaging datasets. offering advanced 2D
Supports commonly and 3D post-processing
used datasets, such as techniques, 3D and 4D
images, segmentations, navigation, and full
surfaces, annotations, integration with any
transformations, etc., in PACS. This tool allows
2D, 3D, and 4D. manual annotation and
ITK Snap A project for the Yes Open- [571 semi-automatic
development of access annotation based on
interactive medical region growing.
image processing AMBRA Supports the exchange No Commercial ~ [78]
software that can be and upload of medical
used as a toolkit or an images from various
application framework sources. Additionally,
for software the AMBRA web viewer
development. Supports features viewing tools
manual segmentation for image annotation
and semi-automatic along with hanging
segmentation of organs protocols and viewer
in image volumes. customization. In this
Medical A tool for manual and Yes Open- [56] viewer, physicians can
Imaging semi-automatic access perform measurements
Interaction segmentation of 3D and annotations or
Toolkit medical images. purchase images.
(MITK) SOPHIA AI A cloud-based platform No Commercial [62]
ePAD Imaging A tool to visualize, Yes Open- [58] that standardizes,
Platform annotate and perform access computes, and analyzes
quantitative analysis of data from multiple
radiological images. modalities. It leverages
Can be used to generate patented machine
regions of interest that learning algorithms to
circumscribe the segment medical
targets automatically images, extract
by means of standardized radiomic
segmentation plugins features, and correlate
that use line and point them with the results.
annotations as seeds. ProtonPACS An image archiving and No Commercial [79]
SliceOmatic A software developed No Commercial  [66] communications
for research on body system based on
composition, allowing Intelerad PACS
measurement, software. It offers
segmentation, and customized solutions,
analysis of multislice such as radiology PACS,
scanner data. This orthopedic PACS, and
program facilitates hospital PACS.
semi-automatic iTomography A reconstruction No Commercial [204]
segmentation based on software for CT
thresholding, imaging, CT data
mathematical processing, and image
morphology, region enhancement.
growing, and snake Syngo.via A software for 3D No Commercial [205]
operations. The reading and advanced
software also has a visualization. Based on
module for automatic a client-server
segmentation, allowing architecture,
the identification and multimodal images can
labeling of muscle areas be accessed and
and subcutaneous and processed anywhere.
visceral fat. ) . . . _ .
ImageJ A widely used tool by Yes Open- [59] 2D = two-dimensional; 3D = three-dimensional; 4D = four-dimensional; CT =
the image processing access computed tomography.
community that can be
used to display, edit, an inverse relationship between the SAT area and the risk of plaques
analyze, process, save,
L [140].
and print images.
RIL-Contour An artificial imaging- Yes Open- [203] The CT-quantified VAT seems to have prognostic value in patients
based system that access with COVID-19 infections. One study found that in these patients,

supports the use of
manual, semi-
automated, and deep

increased VAT was associated more strongly with a risk of ICU admis-
sion and mechanical ventilation than a simple measurement of
abdominal circumference [144]. Notably, one study reported that
although VAT and SAT were equally beneficial in predicting the
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likelihood of ICU admission in a univariate analysis, VAT had the
strongest correlation with this outcome in the multivariate analysis
[145]. In another study, a higher L3 VAT area was also a predictor of
hospitalization, unlike BMI, L3 SAT area, or L3 total adipose tissue area
[146].

4. Emerging concepts: Sarcopenic obesity and the quantification
of epicardial adipose tissue volume

4.1. Sarcopenic obesity

Sarcopenic obesity (SOB), the concomitant presence of sarcopenia
and obesity, is a multifactorial condition that may increase the likeli-
hood of metabolic impairment and physical disability more than either
sarcopenia or obesity alone [147,148]. Studies have proposed various
combinations of clinical parameters (e.g., the hand grip test and BMI)
and CT-quantified BCA parameters that describe the loss of skeletal
muscle mass and increased fat mass in the determination of SOB
[17,148]. However, the best definition and method of choice to deter-
mine SOB remain to be established [149]. A recent review by Zhang
et al. found that older patients who were deemed to have SOB based on
varying definitions displayed an increased risk of all-cause mortality in
comparison to those without SOB. This conclusion remained unchanged
in their subgroup analyses when the loss of skeletal muscle mass and
increased VAT were defined from CT images [17].

Certain studies have examined SOB defined fully or partly on the
basis of CT-derived BCA metrics in several types of cancer. In a study by
Prado et al. [150], SOB (sarcopenia: skeletal muscle area at the level of
the 3rd lumbar vertebra < 52.4 cm?/m? in men and < 38.5 cm?/m? in
women, obesity: BMI level > 30 kg/m?) was an independent predictor of
impaired survival in patients with gastrointestinal and respiratory tract
tumors. Using the same definition for sarcopenia, Tan et al. and Gruber
et al. demonstrated that patients with pancreatic cancer who were
overweight or obese (BMI > 25 kg/m?) had lower survival rates than
those at lower BMIs [151,152]. Peng et al. found contradictory results
showing that only sarcopenia (cut-offs for total muscle mass at L3 level:
42.2 cm?/m? for men and 33.9 cm?/m? for women) was a marker of
impaired survival in patients with pancreatic adenocarcinoma, not sar-
copenic obesity (obesity is defined as VAT/total adiposity ratio > 2 at
the L3 level) [36]. Elderly patients with esophageal squamous cell car-
cinoma (ESCC) treated with neoadjuvant chemotherapy (NAC) who
were affected by SOB (sarcopenia: skeletal muscle index < 42.0 cm?/m?
in men and < 38.0 cm?/m? in women, obesity: VAT > 100 cm?), not
sarcopenia, had a lower survival rate than patients without SOB [153].
Another study with patients with ESCC and esophageal adenocarcinoma
indicated that the presence of sarcopenia or sarcopenic obesity was not
associated with impaired short- or long-term survival [154]. The five-
year overall survival rate but not the five-year recurrence-free survival
(RFS) was statistically significantly better in non-SOB than SOB patients
(defined as VAT/total muscle area ratio > 3.2 at the level of the 3rd
lumbar vertebra) in patients with non-metastatic rectal carcinoma
[155]. Furthermore, SOB defined using the CT-derived metrics of BCA
has shown promise in the prediction of all-cause mortality in patients
undergoing cardiovascular surgery [156] and of mortality in trauma
[157] patients.

4.2. Quantification of epicardial adipose tissue

Throughout the literature, the definitions of the anatomical fat
compartments adjacent to the heart (especially epicardial adipose tissue
(EAT), pericardial AT, and paracardial AT) vary. However, the epicar-
dial fat compartment is often defined as the fat in the heart located
between the myocardium and the visceral (inner) layer of pericardium
[158-160]. This study briefly reviews the quantification of EAT using CT
given the fact that EAT is biologically active tissue [161], and its
radiological quantification has been of special interest [160] with
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respect to cardiovascular health [160].

The upper cut-off value for normal EAT on CT remains to be estab-
lished. Dey et al. [162] showed that the values reported in the literature
with various inclusion criteria varied between 125.0-139.4 cm® for men
and 119.0-125.0 cm® for women. Additionally, a recent meta-analysis
by Mancio et al. [163] claimed that patients with increased EAT vol-
umes were more likely to have obstructive and significant coronary
stenosis, myocardial ischemia, or major adverse cardiovascular events.
However, this study revealed no association between the EAT volume
and the presence of coronary calcification after adjusting for con-
founding factors. Furthermore, another systematic review demonstrated
that atrial fibrillation (AF) was associated with increased epicardial fat
volume [164], and patients with paroxysmal AF had lower EAT volumes
than patients with persistent AF. Patients with chronic obstructive pul-
monary disease may also have an increased amount of EAT [165,166].
Notably, recent findings have shown that patients with larger epicardial
fat compartments often experience more severe COVID-19 infections
[167,168] and worse outcomes (i.e., clinical deterioration or death)
[169]. Additionally, such patients are more susceptible to myocardial
injury [170] and the development of new-onset AF [171]. However,
other studies have found no differing EAT volumes between COVID-19
survivors and those who die of the disease [172] or those who live but
experience severe outcomes [173].

5. Future research

The wide implementation of CT-based BCA in clinics warrants
further characterization against the clinical parameters describing sar-
copenia and cachexia. Beyond this, their clinical utility must be tested
against well-founded outcome parameters in different patient pop-
ulations. The impacts of nutritional and exercise interventions on CT-
based body composition and clinical outcomes remain largely unex-
plored for many diseases. Furthermore, the role of sarcopenic obesity is
of growing interest and warrants further research.

Single-slice measurements performed at the level of the 3rd lumbar
vertebra are viewed as the most accurate representations of true volu-
metric whole-body metrics. Relatively few investigators have compared
the different levels used for 2D analyses and volumetric measurements
in terms of how well they represent the entire body’s adipose and muscle
compartments and different clinical endpoints. In the same way, the use
of different regions (e.g., the cervical and thoracic regions) for BCA in
situations where L3 slices are unavailable requires further validation.

One fundamental aspect of BCA is the accurate segmentation of
different regions in CT images. In turn, this process requires sophisti-
cated computerized tools. Recently, studies have demonstrated that Al
methods based on deep learning can achieve excellent results in the
segmentation of chest and abdominal CT images. However, further
development of these methods for clinical studies faces several chal-
lenges, such as the need for large, annotated datasets and evaluations of
new techniques in real-life clinical settings [150].

6. Conclusions

Overall, CT and MRI images can be used to evaluate skeletal muscle
and VAT and SAT compartments. Although CT inevitably exposes pa-
tients to ionizing radiation, CT-based BCA can be performed opportu-
nistically from images obtained during a clinical work-up. Manual and
semiautomatic segmentations of these body compartments are most
often performed at the level of the 3rd lumbar vertebra. The decreased
amount of the CT-determined skeletal muscle mass is a marker of
impaired survival in many patient populations, including patients with
cancer and those undergoing several types of surgery or admitted to the
ICU. Additionally, patients with increased VAT are more susceptible to
impaired survival and worse outcomes, although those patients who are
critically ill or admitted to ICU or who undergo surgery appear to be
exceptions to this rule. On the other hand, the independent significance
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of SAT is less established. Recently, CT-determined decreased muscle
mass and increased VAT area and EAT volume have been shown to
predict more severe courses of illnesses in COVID-19 patients. The
evolving field of CT-based body composition analysis shows great po-
tential for being implemented soon into clinical practice.
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