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Myosteatosis: diagnostic significance and assessment by imaging
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Abstract: Myosteatosis has emerged as an important concept in muscle health as it is associated with an
increased risk of adverse health outcomes, a higher rate of complications, and increased mortality associated
with ageing, chronic systemic and neuromuscular diseases, cancer, metabolic syndromes, degenerative
events, and trauma. Myosteatosis involves ectopic infiltration of fat into skeletal muscle, and it exhibits a
negative correlation with muscle mass, strength, and mobility representing a contributing factor to decreased
muscle quality. While myosteatosis serves as an additional biomarker for sarcopenia, cachexia, and metabolic
syndromes, it is not synonymous with sarcopenia. Myosteatosis induces proinflammatory changes that
contribute to decreased muscle function, compromise mitochondrial function, and increase inflammatory
response in muscles. Imaging techniques such as computed tomography (CT), particularly opportunistic
abdominal CT scans, and magnetic resonance imaging (MRI) or magnetic resonance spectroscopy (MRS),
have been used in both clinical practice and research. And in recent years, ultrasound has emerged as a
promising bedside tool for measuring changes in muscle tissue. Various techniques, including CT-based
muscle attenuation (MA) and intermuscular adipose tissue (IMAT) quantification, MRI-based proton density
fat fraction (PDFF) and T1-T2 mapping, and musculoskeletal ultrasound (MSUS)-based echo intensity
(EI) and shear wave elastography (SWE), are accessible in clinical practice and can be used as adjunct
biomarkers of myosteatosis to assess various debilitating muscle health conditions. However, a stan~dard
definition of myosteatosis with a thorough understanding of the pathophysiological mechanisms, and a

consensus in assessment methods and clinical outcomes has not yet been established. Recent developments in
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image acquisition and quantification have attempted to develop an appropriate muscle quality index for the

assessment of myosteatosis. Additionally, emerging studies on artificial intelligence (AI) may provide further

insights into quantification and automated assessment, including MRS analysis. In this review, we discuss

the pathophysiological aspects of myosteatosis, all the current imaging techniques and recent advances

in imaging assessment as potential biomarkers of myosteatosis, and the most common clinical conditions

involved.
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Introduction

Quantitative evaluation of muscle characteristics is of
increasing interest in musculoskeletal research and clinical
practice. The rise in life expectancy has resulted in a
progressive increase in the prevalence of degenerative,
metabolic, and chronic diseases. Muscle changes associated
with age, inactivity, malnutrition, chronic systemic and
neuromuscular diseases, cancers, metabolic syndromes,
degenerative events, or trauma are linked to an elevated
risk of adverse health outcomes and mortality (1-4).
Myosteatosis involves ectopic infiltration of fat into
skeletal muscle and has increasingly been recognized
as a crucial component of muscular health. It exhibits
a negative correlation with muscle mass, strength, and
mobility representing a contributing factor to decreased
muscle quality. While myosteatosis serves as an additional
biomarker for sarcopenia, cachexia, and metabolic
syndromes, it is not synonymous with sarcopenia, which
specifically denotes the loss of muscle mass and function.
Myosteatosis induces proinflammatory changes that
contribute to decreased muscle function, compromise
mitochondrial function, and increase inflammatory response
in muscles (5).

Therefore, there is a need to quantify myosteatosis
in the clinical setting of these disorders. However, since
this infiltration of fat into the skeletal muscle is associated
with both intermuscular and intramuscular adipose tissue
(5,6), each of which provides a slightly different measure of
myosteatosis and may represent different risk factors of muscle
and metabolic health. A variety of imaging methods are now
available for characterizing muscle health in both clinical
practice and research, including ultrasound (US), computed
tomography (CT), magnetic resonance imaging (MRI) and
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magnetic resonance spectroscopy (MRS). However, due to
technical limitations and the lack of a standardized definition,
consensus on the optimal method or methods for assessing
muscle quality with current imaging modalities has not yet
been established. This review article aims to provide better
understanding of the pathophysiological mechanisms and roles
of myosteatosis, as well as describing imaging tools focused
on new imaging approaches to assess fat in muscle as potential
biomarkers of myosteatosis, and the most common clinical
conditions involved.

Pathophysiological mechanisms and
consequences of myosteatosis

In skeletal muscle, lipids are either stored as adipocytes
visibly located between muscle groups and muscle fibres and
within the muscle fascicles, corresponding to intermuscular
adipose tissue (IMAT), or as triglycerides stored in adipocytes
not visibly located outside muscle fibres in the interstitium as
extramyocellular lipids (EMCL), and as lipid droplets in the
cytoplasm within muscle fibres, known as intramyocellular
lipids IMCL) (6,7). The regulation and energy balance
of IMAT, EMCL, and IMCL are multifaceted and
interconnected (8). Age and lifestyle factors, such as physical
activity, diet, and overall energy balance, play pivotal roles in
shaping the accumulation and utilization of these lipid depots
within skeletal muscles. Additionally, sex steroid deficiency,
leptin deficiency, and treatments, such as glucocorticoids,
stimulate myosteatosis. It is generally considered that
fat deposits generate lipotoxicity with metabolic and
cardiovascular consequences (9). The cellular origins of
fatty accumulation in muscle arise through several different
pathways, and intermuscular and intramuscular fat provide
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slightly different measures of myosteatosis, potentially
representing different risk factors for metabolic and muscle
health (7).

IMAT is genuine adipose tissue with at least three
cellular origins (muscle satellite stem cells and fibro-
adipogenic progenitor cells resident in muscle, and adipose-
derived stem cells that migrate from other adipose depots
into the muscle tissue bed). The presence of IMAT is
strongly associated with insulin resistance, type 2 diabetes
mellitus (T2DM), and ageing. Moreover, it can affect
the local muscle metabolic environment (10). While it
constitutes a small proportion of total body adipose and
subcutaneous adipose tissue (SAT), the quantity of IMAT
in the entire body can be comparable to the amount of
abdominal visceral adipose tissue (VAT). Increased IMAT
is also positively associated with other adipose depots that
correlate with cardiometabolic risk, including VAT and liver
lipid content (11,12). Both VAT and IMAT increase with
age and body mass index (BMI), whereas SAT decreases
with age and increases in obesity. IMAT also increases in
conditions such as sarcopenia associated with ageing and
diseases, as well as metabolic syndromes such as T2DM,
and muscular diseases or trauma, independently of SAT,
while it can decrease in cachexia. In all these situations,
there is an associated decrease in muscle mass, muscle
strength, and performance, which is independent of the
cross-sectional muscular area (10,13). The amount of
IMAT varies considerably between individuals and muscles
(5,14). In addition to identifying disparities between sexes
and races/ethnicities, the amount of muscle fat can vary
depending on the muscle performance and strength of
an individual. Differences within an individual depend
on the degree of muscle recruitment for each activity and
regional differences in muscle metabolism associated with
their aerobic or anaerobic capacity, resulting in variations
between muscle groups that also increase with age (14).

The increase in EMCL and IMCL is influenced by
mitochondrial function. EMCL is believed to serve as a
long-term storage of local energy and has implications
for muscle metabolism and insulin sensitivity (15).
Located outside muscle fibres, EMCL can also be found
between and around skeletal muscles, being referred to
as IMAT. EMCL and IMAT having been associated with
dysglycaemia, including insulin sensitivity and glucose
tolerance, and with reduced muscle function, although
their effects seem to differ from those of IMCL (10,16).
IMCL is directly implicated in mitochondrial function,
serving as a rapidly available source of energy during muscle
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contraction and regeneration. Its turnover is considered a
marker of muscle metabolic health, and it is a risk factor for
insulin resistance (5,15,17). The accumulation of IMCL is
not homogeneous across different muscles or fibre types.
Differences in IMCL content stored in various muscle types
in athletes at rest are associated with cellular adaptation
to differences in the type of exercise training and/or
muscle fibre composition. Muscles with more oxidative
activity and a higher percentage of such fibres, such as the
soleus muscle, have more IMCL than those with more
glycolytic activity, like the vastus lateralis. Nonetheless,
lipid accumulation may support a transition of fast-twitch
glycolytic fibres to a more oxidative phenotype, leading
to a decrease in muscle power (7). An increase in IMCL is
not always synonymous with muscular dysfunction. The
athlete paradox revealed that chronic exercise training
increases the muscle triglyceride component of IMCL
due to increased muscular requirements, but this effect is
independent of exercise effects on IMAT (10). On the other
hand, differences in the subcellular localization of IMCL
and lipid composition, including lipotoxic species such
as diacylglycerols, ceramides and saturated IMCL, could
have distinctive adverse effects on the insulin sensitivity of
muscles (7,15,18).

Imaging assessment of myosteatosis
cT

A method widely used for diagnosing sarcopenia is CT,
primarily assessing muscle mass by opportunistic imaging (2)
and it is also commonly used to indirectly assess myosteatosis
(5,6,19). The primary obstacle to the widespread use of CT
images is radiation exposure (20). In this context, the use
of low-dose CT can help reduce issues related to human
exposure and, thus, support a broader application of CT in
diagnostics. CT is employed for assessing muscle quantity
with the skeletal muscle index (SMI) [muscle cross-sectional
area (CSA)/height’] and myosteatosis assessment typically
involves measuring macroscopic accumulations of IMAT
and muscle density or muscle attenuation (MA) (6,19). The
radiodensity of the human thigh muscle obtained by CT
correlates well with muscle triglyceride content (21). Typical
anatomical locations for skeletal muscle measurements using
CT include the thigh, proximal femur, trunk at the level of
L3, cervical vertebrae, and some studies have included the
upper and lower limbs (2,6,22,23). Muscle characteristics
between L3 and thigh landmarks have shown a strong
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correlation (24), while cervical levels have shown less reliable
results (25). CT acquisition and reconstruction parameters
vary widely across studies (6). To reduce radiation exposure,
only one CT slice or a small range of several centimeters of a
muscle is most often scanned (4,6).

The representative MA value can be obtained by a
geometrically defined region of interest (ROI), or a volume
of interest (VOI) placed in the muscle under study, such
as a circle for slice-based analysis or a sphere or cylinder
for volume-based analysis. The CT value of pure skeletal
muscle is typically about 50-60 Hounsfield units (HU).
Additional infiltration of extracellular lipids or adipose
tissue within the muscle will decrease the muscle density
value below 50 HU, with normal variations depending on
sex and age (6,26). MA can also be measured by muscle
segmentation using semi-automatic or automatic thresholds.
Thresholds values commonly used to evaluate MA and
muscle area are between -29 to 150 HU (6,22). A more
detailed characterization of adipose tissue infiltration and its
spatial distribution can be obtained based on the histogram
of the CT values of the segmented muscle (14,27,28).

To evaluate IMAT, a qualitative or semi-quantitative
grading of muscle structures based on a washed-out
and moth-eaten muscle appearance on CT images has
traditionally been applied in muscular dystrophies or
congenital myopathies. This grading can be performed
using the Mercuri score system, skill-based visually or
through automated grading methods (28,29), or using the
Goutallier classification to assess muscle fatty degeneration
in rotator cuff tears (30). Another approach involves
quantitative measurement based on semi-automatic or
automatic segmentation of muscles, using threshold
values between -190 to -30 HU to evaluate IMAT and
adipose tissue (6,22). However, IMAT only accounts for
approximately 3.3% to 8% of the total muscle area, making
it ineffective for assessing the entire trunk or thigh muscle,
and the measurement of only this adipose tissue may lead
to an underestimation of the differences in myosteatosis
among individuals (21,31).

CT measurements can be influenced by variations in
patient factors, CT protocols, and measurement methods
(19,32). Contrast-enhanced CT has been used to evaluate
muscle density in opportunistic CT imaging performed for
other purposes. However, clinically relevant differences in
skeletal muscle density have been observed compared to
non-contrast images and between contrast-enhancement
phases. Additionally, significant intrasubject variations
in contrast enhancement related to clinical status appear
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to limit the simple correction of contrast-enhanced MA,
even with a highly standardized injection and CT protocol
(33-35). Nevertheless, measuring muscle fat using dual-
energy CT in virtual non-contrast-enhanced images offers
a promising new approach that allows assessment of muscle
fat in contrast-enhanced opportunistic CT imaging (36).

Assessment of MA requires a calibration step, and the
use of a calibration phantom should be considered (6,28).
Other authors have proposed to normalize MA with the
value of attenuation of the subcutaneous fat individually
to avoid differences by the CT scanning conditions (37).
Using CT thresholds of -29 to 150 HU for quantifying
skeletal muscle and -190 to -30 HU for evaluating SAT,
the sex-specific cutoff values for defining myosteatosis
were MA >-0.44 in males and >-0.37 in females (38). The
cutoff points for myosteatosis have mainly been studied
in oncology, with most studies using the cutoff points of
MA <41 HU for individuals with a BMI <25 kg/m’ or
MA <33 HU for those with a BMI >25 kg/m’ (22,39).
However, efforts are being made to develop useful indices
for muscle quality measurements other than IMAT or MA
to determine the diagnostic cutoff points for myosteatosis
based on T-scores for use in various clinical situations. In
this regard, the normal attenuation muscle area (NAMA)
and the low attenuation muscle area (LAMA) and their
indices have been analysed in trunk muscles (31,40), and
the NAMA/total abdominal muscle area (TAMA) index has
been proposed as an effective imaging biomarker for good-
quality muscle for the assessment of myosteatosis (31).
Additionally, since the NAMA/TAMA index is a ratio of
two measurements made under the same condition, there is
no impact on CT studies with contrast (41), making this an
interesting alternative measure to muscle quality assessment
in opportunistic contrast enhanced CT studies (Figure I).
Furthermore, the application of novel techniques enabling
radiomic approaches for segmentation and quantification
of the muscle-lipid distribution in CT images is being
investigated using fully automated multiple-tissue three-
dimensional (3D) segmentation or descriptors that quantify
texture (4,27), opening new insights in feasibility and
analysing larger body parts instead of single slices. The
strengths and weaknesses of the CT measurements, as well
as the proposed cutoff values for myosteatosis, are presented
in Tibles 1,2, respectively.

Quantitative magnetic resonance imaging (qgMRI)

MRI has superior soft tissue resolution and high contrast
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NAMA

Figure 1 Axial CT image at the level of L3 in a 66-year-old male patient with lung and gastrointestinal cancer and a BMI of 36.9 kg/m’
(classified as obese with BMI 30 kg/m®) (A). CT-based quantification with thresholds for MA of the (B) SMA, (C) NAMA, (D) LAMA, (E)
IMAT, and (F) SAT were obtained using Syngo.via software (Siemens, Erlangen, Germany). CT-based parameters indicate myosteatosis.
The MA was 31 HU (myosteatosis criteria for males is <33 HU for BMI >25.0 kg/m’). The NAMA/TAMA index was 47% [myosteatosis
criteria for males is <66.4% (T-score <2.0)]. The SAT was -94 HU and the MA/SAT index was -0.32 HU (myosteatosis criteria for males
is >-0.44 HU). CT, computed tomography; BMI, body mass index; MA, muscle attenuation; SMA, skeletal muscle area; NAMA, normal

attenuation muscle area; LAMA, low attenuation muscle area; IMAT, intermuscular adipose tissue; SAT, subcutaneous tissue attenuation;

TAMA, total abdominal muscle area.

in the qualitative assessment of adipose tissue and muscle,
resulting in better qualitative assessment compared to CT
imaging, although MRI has lower spatial resolution than
CT because it is affected by technical variations. MRI
with standard spin-echo T1- and T2-weighted sequences
allows qualitative and semiquantitative assessment of
perceivable intermuscular fat or IMAT. Initially, for the
semi-quantitative evaluation of muscular fat, CT semi-
quantitative scores (e.g., Mercuri score and Goutallier
classification) have been applied on T1-weighted spin-echo
images (28,30), and have been adopted in different regions
of the body and clinical situations. Advanced quantitative
segmentation algorithms can determine fat content and
the percentage of a muscle area or volume with more
reproducible results than semi-quantitative evaluation (42).
Quantitative assessment is particularly relevant for
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evaluating potential differences in muscle composition
compared to a healthy control (Figure 2), or for detecting
any changes in muscle following an intervention. Different
methods to determine thresholds for separating muscle and
fat pixels have been used (43) as illustrated in Figure 24,2B.
Whole-body T1-weighted MRI sequences are of interest in
myopathies affecting a large variety of muscles throughout
the body (44) (Figure 3). However, imaging analysis of
standard spin-echo sequences can be affected by complex
artifacts, such as proton spin inhomogeneities.

gMRI to measure fat replacement of skeletal muscle,
using either chemical shift imaging methods (Dixon or
IDEAL), T1 and T2 mapping sequences, or MRS, has been
demonstrated to provide a sensitive and primary objective
in multiple studies. The chemical shift between water and
fat is utilized in Dixon imaging to separate fat and water,
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Table 2 Quantitative CT measurements and cutoff values proposed for myosteatosis assessment

Anatomic

Cutoff values

CT measurements Thresholds References
landmarks Male Female
MA (HU) Abdominal wall  -29 to 150 HU (muscle) <41 HU, BMI <25* kg/m® <41 HU, BMI <25* kg/m® (22,39)
muscles <33 HU, BMI 225" kg/m? <33 HU, BMI 25* kg/m?
<29.3 HU <22.0 HU (26)
Psoas muscles <33.3 HU <31.1 HU (22)
MA/SAT index (HU) Abdominal wall  —-29 to 150 HU (muscle) >-0.44 >-0.37 (38)
muscles
—-190 to —30 HU (SAT) - -
NAMA (cm?) Abdominal wall  +30 to +150 HU (muscle) - - (81,41)
muscles
LAMA (cm? Abdominal wall  —29 to +29 HU (muscle) - -

muscles

SMA (NAMA + LAMA) (cm?) Abdominal wall —29 to +150 HU (muscle)

muscles

TAMA (cm?)
muscles

NAMA/TAMA index (%) Abdominal wall

muscles

IMAT (cm?)
muscles

Abdominal wall
muscles

IMAT/TAMA index (%)

Abdominal wall -190 to +150 HU (muscle) 34.1 HU (T-score <2.0)

Abdominal wall -190 to —30 HU (muscle)

40.2 HU (T-score <2.0) 39.9 HU (T-score <2.0)

33.5 HU (T-score <2.0)

66.4 (T-score <2.0) 65.1 (T-score <2.0)

73% for class | myosteatosis (-2.0 < T-score <-1.0)
66% for class Il myosteatosis (T-score <-2.0)

15.74 (T-score <2.0) 10.80 (T-score <2.0)

8.35 (T-score <2.0) 8.94 (T-score <2.0)

*

, applied in oncology. CT, computed tomography; MA, muscle attenuation; HU, Hounsfield unit; BMI, body mass index; SAT,

subcutaneous fat; NAMA, normal attenuation muscle area (healthy muscle); LAMA, low attenuation muscle area (muscle with intramuscular
lipids pool); SMA, skeletal muscle area; TAMA, total abdominal muscle area; IMAT, intermuscular fat.

providing a quantitative map of the muscle fat fraction
on a voxel basis once the muscle has been segmented
(44,45). Additionally, Dixon imaging allows the assessment
of both intermuscular and intramuscular fat (45). Multi-
echo Dixon techniques and intensity inhomogeneity
correction, are recommended to reduce the BO-magnetic
field inhomogeneity, enabling accurate quantification
of fat content (45,46). Furthermore, the proton density
fat fraction (PDFF) provides the most suitable measure,
reflecting the true concentration of muscular triglycerides
in any location. It allows precise measurement of muscle
volume and the degree of fat infiltration, and can even
separate intermuscular from intramuscular fat and is
highly repeatable and reproducible, with the results being

© AME Publishing Company.

interchangeable with CT-derived measurements of muscle
density (43-48). The fat fraction [% fat fraction = Signal_fat/
(Signal_water + Signal_Fat) x 100] offers the most accurate
assessment of muscle composition (43). Quantitative
muscle measurements with fat fraction require previous
segmentation. Advanced semi-automatic procedures,
including deep learning-based fascia segmentation, as well
as automated segmentation of individual muscles using
various strategies, have been reported with accurate results
(44,49) (Figure 4). These approaches are particularly crucial
when conducting 3D analysis.

The T1 mapping sequence has demonstrated that T
values can serve as a biomarker of fatty infiltrations and
correlate with the fat-fraction measured by the three-point
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Figure 2 MRI-based quantification on T1-weighted images of the calf in a male patient with HIV-lipodystrophy and metabolic syndrome (A)
and a healthy control (B), using Analyze 10.0 software with thresholds for IMAT (red long arrows) and MV (red short arrows). The patient
(A) exhibited lower IMAT and higher MV than the healthy control (B). Localized 1-dimensional 1H-MRS using point-resolve spectroscopy
data were collected from a voxel within the tibialis anterior muscle on axial T1-weighted image (C). LCModel software was employed to
obtain spectra results, revealing that the patient (D) had higher IMCL and EMCL than the healthy control (E) (red arrowheads). EMCL,
extramyocellular lipids; IMCL, intramyocellular lipids; SD, standard deviation; MRI, magnetic resonance imaging; IMAT, intermuscular

adipose tissue; MV, muscular volume; 1H-MRS, proton magnetic resonance spectroscopy.

Dixon method (50,51). The T1-value decreases as the grade
of fat infiltration increases and shows great potential for
monitoring chronic muscular fatty infiltration (51). Fast T'1
mapping, based on fast gradient echo trains and a flip angle

a wide range of areas. Due to its short acquisition time, it is a
good candidate in cases in which rapid imaging is mandatory,
such as in paediatric populations (50). T2 mapping has also
been proposed as an imaging marker for fatty changes in
<10°, provides high spatial resolution, allowing exploration of skeletal muscle tissue because it allows the assessment of
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Figure 3 Whole-body muscle MRI in a patient with congenital muscular dystrophy (GNE or Nonaka myopathy). Axial (A) and coronal

(B) T1-weighted images of various regions reveal a nearly symmetrical bilateral pattern of muscle fatty infiltration grades 3 (30-60%) and

4 (>60%), as assessed by the 5-point modified Mercuri scale, in several muscles of the different levels. MRI, magnetic resonance imaging.

small changes in muscle fibre composition. Measurements
of T2 relaxation times can be used to identify an increase
in T2 values due to microstructural changes in muscles
infiltrated by fat (52). However, T2 mapping is unable to
distinguish between oedema/inflammatory processes and fat
infiltration, both of which result in an elevated T2-value. In
contrast, T'1 mapping is useful for this differentiation, since
an oedema/inflammation process increases the T1-value,
while fat infiltration decreases the T1-value (51). Recently,
the magnetic resonance fingerprinting approach has been
proposed for simultaneous quantification of T1, T2 and
proton density, with a short acquisition time (53).

Proton magnetic resonance spectroscopy ('H-MRS)

© AME Publishing Company.

allows the determination of the fat fractions directly from
the spectral peaks representing the lipids present, and it has
become the reference to validate PDFF calculations (46). In
clinical practice, Dixon imaging or T'1 and T2 mapping has
the advantage over spectroscopy because it can assess large
and adjustable VOIs across volumetric data. In contrast,
spectroscopy can determine fat content in a specific VOI,
which may be associated with sample error due to variance
in the VOI position (47,54). 'H-MRS is the only imaging
method that allows the separation of intracellular and
extracellular lipids. It can determine absolute muscle water
and lipid content with high accuracy and reproducibility
not only using external referencing methods (expressed in
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Figure 4 Axial Dixon FF images of a healthy 26-year-old male with a BMI of 23 kg/m’ (within the healthy weight range of BMI 18.5 to
<25 kg/m’), showing non-segmented (A) and segmented (B) images; and a healthy 31-year-old male with a BMI of 27 kg/m’ (within the

overweight range of BMI 25.0 to <30 kg/m’), displaying non-segmented (C) and segmented (D) images. The male with overweight (C,D)

exhibited myosteatosis with higher values of IMAT and FF in both flexor (red) and extensor (blue) compartments compared to the healthy

weight male (A,B). FF, fat fraction; BMI, body mass index; IMAT, intermuscular adipose tissue.

mmol/kg) but also using internal referencing methods such
as muscle water or creatine [expressed in institutional units
(TU)] (55,56). "H-MRS can specifically quantify IMCL
and EMCL, as shown in Figure 2C-2E, although EMCL
protons are distributed heterogeneously in the muscle and
can introduce variability in quantification (57). Consensus
recommendations on how to perform 'H-MRS in skeletal
muscle have recently been published (58). Over the last few
years, many studies have focused on evaluating the quality
of IMCL and EMCL by the analysis of the unsaturation
index and subspecies of lipid components more linked
to metabolic risk, as well as other muscular metabolites
(59,60). With the introduction of higher magnetic field
strengths (3T and 77T) and novel MRS approaches, such
as the development of two-dimensional (2D) spectroscopy
sequences like L-correlated spectroscopy (L-COSY)
(55,61,62) that allow improved spectral resolution for
detecting different lipid components (Figure 5), or the
development of multi-voxel spectroscopic imaging
techniques with 3D coverage of the muscle (63), more
comprehensive analysis of the skeletal muscle tissue will be
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possible. '"H-MRS has been widely used to study muscle
physiology, exercise, and metabolic processes, as well as
conditions such as chronic back pain, rotator cuff tears
and muscular dystrophy (59,64,65). However, it is mainly
used in research settings because it requires specialized
software and expertise for spectral analysis. The strengths
and weaknesses of both MRI and MRS measurements are
presented in Table 1.

Musculoskeletal ultrasound (MSUS)

MSUS allows the assessment of muscle health by
simultaneously evaluating muscle size, fascicle length,
pennation angle, intramuscular fat infiltration and fibrous
tissue through the analysis of echo intensity (EI), as well as
muscular strain and stretch with shear wave elastography
(SWE). The EI of the quadriceps femoris is known to be
negatively correlated with quadriceps strength (66), and a
strong association with MRI-based muscular PDFF has been
reported (47). Although the extent to which MSUS can be

used to quantify myosteatosis remains unknown, especially
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Figure 5 Localized 2D-COSY spectrum recorded of the vastus
lateralis muscle (top left) in a healthy 46-year-old female subject. Post-
processing was conducted using FELIX NMR software (Accelrys,
San Diego, CA, USA), and a total of 22 peaks were measured.
Monounsaturated lipid pools can be distinguished by the cross peaks
C1 (5.3/2.1 and 2.1/5.3 ppm), and PUFAs by the cross peaks C2 (5.3—
5.5/2.75-2.9 and 2.75-2.9/5.3-5.5 ppm). Ratios of these cross-peak
volumes were used to define the degree of unsaturation. 2D-COSY,
2-dimensional correlation spectroscopy; NMR, nuclear magnetic

resonance; PUFAs, polyunsaturated lipid pools.

in detecting variations due to ageing and disease (47), and no
standardized protocol for the assessment of skeletal muscle
has been established, particularly regarding which muscle
group should be measured (67).

In the spectrum of sarcopenia and within the context
of acute or chronic diseases, the muscles most commonly
measured are the quadriceps muscle, specifically the rectus
femoris and vastus intermedius, with the midpoint of the
thigh serving as an anatomical landmark (68,69). Other
muscle groups measured include the biceps brachii, tibialis
anterior, flexor carpi radialis, and lumbar muscles (68). The
Sarcopenia Ultrasound Group has attempted to provide a
standardized technique for measuring muscle parameters
by offering expert consensus guidelines (69), although
recommendations regarding the most appropriate MSUS
devices or settings are lacking. Bright mode (B-mode) US
with a linear array probe (5-10 MHz) is commonly used in
most studies (68,70), although 12 to 15 MHz probes have
been applied with optimal results (71). The transverse view
of the muscle improves the reliability of EI measurements,
as well as the use of a larger ROI with a panoramic view
(72,73). Other important recommendations for MSUS
examinations include the generous use of contact gel,
applying minimum pressure with the probe to avoid muscle
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compression, and correctly placing the probe perpendicular
to the area to be examined to prevent changes in muscle
echogenicity related to anisotropy (71). Nevertheless, EI
can also be affected by hydration, intra-/extracellular fluid
balance, glycogen levels, and muscle damage. Additionally,
because EI attenuates with depth, it can lead to inaccurate
values in deep muscles (70). Several studies have reported
stronger and less variable results when EI is corrected
for the degree of subcutaneous adipose tissue thickness
over the muscle (74). Taking subcutaneous fat thickness
into consideration, MSUS imaging has been proposed for
indirectly quantifying EMCL and IMAT based on EI (75).

The amount of fat in muscle tissue, along with
measurements of fascicle length, pennation angle, and
muscle stiffness, reflect the quality of skeletal muscle.
Myosteatosis can be quantified by assessing the EI, which
can be measured using a semiquantitative scale or through
computer-aided grayscale analysis (71,76,77). In the past, a
four-point visual grading scale for increased EI in muscles
was proposed for muscular dystrophies, ranging from the
visibility of bone echo to the complete disappearance of
bone echo (78). More recently, a semiquantitative MSUS
scoring system (71) was proposed, based on the severity
of muscle degeneration on a three-point scale: Grade 1
defined as normal (preserved muscle architecture and
echogenicity), Grade 2 defined as moderate changes
(moderate/partial loss of muscle architecture and increased
echogenicity), and Grade 3 defined as severe changes (severe
or complete loss of muscle architecture and extensively
increased echogenicity). This scoring system for sarcopenia
has demonstrated high reliability and agreement, making
the classification easier to apply (Figure 6).

Quantitative analysis of EI enables the detection of subtle
changes in muscle composition. It can be achieved through
computerized grayscale analysis using the grayscale histogram
provided by several software programs and expressed in
arbitrary units (ranging from 0 to 255, corresponding to
black and white, respectively) of the largest possible ROI in
the selected muscle during a transversal scan. A higher score
indicates worse muscle quality (67,74) (Figure 6). It must
be considered that EI measurements are more technically
demanding and depend on US hardware and software, as
well as the frequency, gain, tissue depth, and the analysis
technique used (67,68). Higher variability has been observed
between US devices for EI values >70, so it is recommended
to use values with from the same US device and settings,
especially when evaluating changes over time in patients with
high muscle EI (67,79). The muscle ultrasonic image analysis
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Figure 6 B-mode ultrasound transverse scan images of the rectus femoris muscle in a healthy 17-year-old female with preserved muscle

architecture and echogenicity (A); a healthy 83-year-old female (B), and a healthy 68-year-old female (C), both exhibiting a moderate grade

2 of muscle degeneration (moderate/partial loss of muscle architecture and increased echogenicity). Muscle EI in grayscale and histographic

analysis was performed using Image] software. The young healthy subject (A) demonstrated low EI. The middle-aged subject (C) with

moderate muscle degeneration exhibited higher EI compared to the older subject (B). EI, echo intensity.

model developed based on artificial intelligence (AI) has
shown advantages in various research studies. However, the
application of Al in MSUS is currently limited to the analysis
of grayscale US images, focusing on muscle segmentation,
muscle structure analysis, and quantitative analysis of muscle
EI (80). AI holds special potential for developing texture
feature analysis in MSUS and its combination with other
techniques such as elastography (80). Elastography has shown
increased stiffness in patients with pathological changes
related to muscle fat infiltration and fibrosis (47,81,82).
Moreover, further research is required to correlate US EI
with established reference techniques, such as CT or MRI,
and to determine the time points at which myosteatosis
changes occur and become pathological (47,68). The
strengths and weaknesses of the MSUS measurements are
presented in Table 1.

Clinical implications
Sarcopenia

Sarcopenia is a prevalent chronic disorder that commonly
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affects older adults; however, it can also manifest in
association with various chronic systemic diseases linked
to physical inactivity or inadequate intake of energy or
protein. It may have an acute onset lasting less than six
months and can be present in individuals who are in
midlife or even younger (1,2). Sarcopenia is defined by
low levels of muscle strength as the primary indicator of
probable sarcopenia, low muscle quantity and quality,
and poor physical performance as an indicator of severity
(2,83). Muscle quantity and quality are considered the
most critical factor for identifying sarcopenia. The
European Working Group on Sarcopenia in Older
People (EWGSOP) recommends the use of dual-energy
X-ray absorptiometry (DXA) as a tool to diagnose
sarcopenia in clinical practice, evaluating muscle quantity
through the measurement of the appendicular lean mass
index (83,84). However, DXA has several limitations,
including low accuracy in estimating truncal fat and
muscle, susceptibility to the influence of body fluids,
overestimation of thigh muscle mass in obese individuals,
and the inability to estimate muscle quality in terms of
fatty infiltration (85). Recently, the EWGSOP stated the
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importance of measuring myosteatosis (2), as it serves as
a predictor of overall survival rates and adverse outcomes
in patients with various cancers and chronic diseases, and
both post-surgery and following trauma (39). CT and
MRI are considered the gold standard for noninvasively
assessing muscle quantity and myosteatosis (86).

CT is increasingly used in research trials as a routine
diagnostic tool for assessing muscle quantity [using the CT-
based SMI: CSA at L3 vertebral level divided by patient
height’ (cm’/m?)] and quality (using MA and IMAT).
Recently, opportunistic CT imaging, primarily abdominal
CT imaging performed for other purposes, has been widely
applied to evaluate or predict outcomes in cancer and
chronic diseases, revealing a link between impaired muscle
quality at the L3 level, in addition to other sarcopenia-
related changes and increased morbidity and mortality (19)
(Figure 1).

MRI is a reliable method for evaluating muscle mass,
and whole-body MRI is considered a gold standard
technique for assessing muscle quantity. However,
CSA measurements on a single slice in the axial plane,
particularly at the mid-thigh muscles and lumbar vertebral
level, are more frequently used (87). MRI provides robust
imaging biomarkers for assessing muscle quality in
sarcopenia, utilizing T1- and T2-weighted imaging for
qualitative evaluation of fat in muscle; PDFF (Figure 4),
T1 and T2 mapping to quantify myosteatosis; 'H-MRS to
depict lipid and other metabolite changes occurring in the
intracellular environment in sarcopenia; as well as diffusion
tensor imaging (DTT) for assessing architectural changes
(52,85,87). While all of these MRI sequences are available
in most MRI scanners, there are some challenges that need
to be resolved in relation to protocol standardization, post-
processing time, and result interpretation before the full
integration of MRI into all clinical settings (44,45,52,85).

Recently, US has gained an important role due to its
availability, enabling the evaluation of muscle mass, and
muscle fibrosis/fatty replacement using EI (Figure 6). It
also assesses other muscular quality parameters such as
biomechanical muscle changes and muscle elasticity.

However, there is no consensus on the optimal methods,
muscles to evaluate, measurement sites, or standardized
acquisition protocols for any of these imaging assessments
in sarcopenia (88). Although some cutoff values have been
proposed for CT image (Table 2), the heterogeneity of
the population evaluated, as well as the setting in which
sarcopenia is investigated, impacts the techniques that are
systematically adopted (89).

© AME Publishing Company.

Metabolic syndrome

In recent years, myosteatosis has received significant
attention in the context of metabolic syndrome, supported
by consistent evidence indicating its association with
dysglycaemia, insulin resistance, T2DM, and inflammation.
Additionally, it has been linked to dyslipidemia
independently of general obesity, VAT, and other relevant
risk factors (90). These findings suggest that myosteatosis
could potentially serve as a predictive tool for assessing
metabolic risk (41,90). Conversely, metabolic syndrome and
obesity have demonstrated a correlation with sarcopenia,
as myosteatosis is accompanied by a reduction in lean
body mass (91,92). Whereas in sarcopenia there is low
muscle mass, creating a space within the fibre, and this
space is filled with fat, in metabolic syndrome and obesity,
myosteatosis precedes the functional decline of muscle,
affecting muscle contractility and strength, compromising
mitochondrial function, and increasing inflammatory
response in muscle (5,41).

Muscle lipid metabolism assessed by 'H-MRS has been
studied over several decades in calf and quadriceps muscles,
providing valuable mechanistic insights into metabolic
changes in health and disease in a non-invasive way in
vivo. "H-MRS research has focused on quantifying IMCL
and EMCL, their unsaturation index, and subspecies of
lipid components more closely linked to insulin resistance
and metabolic risk, as well as other muscular metabolites
(58-60,65) (Figures 2C-2E,5). This technique has proven to
be especially valuable in investigating responses to exercise,
meal challenges, and pharmacologic intervention. However,
MRS is primary suitable for research purpose due to its
complex postprocessing (58).

CT has been widely employed as a research tool to
investigate muscle fat depots in metabolic syndrome
studies, assessing IMAT and MA, which include NAMA
and LAMA, in abdominal, thigh, and calf muscles, as well
as SAT and VAT (90). The NAMA/TAMA ratio, derived
from abdominal muscles, has been suggested as a robust
index for quantifying myosteatosis (41). SAT and VAT are
important parameters in the metabolic syndrome, with
VAT being associated with cardiovascular risk. Quantitative
analysis of VAT with CT imaging is more accurate than
DXA, which may either overestimate or underestimate VAT
volumes in patients with obesity and healthy individuals,
respectively (93). Furthermore, considering that CT
imaging can be opportunistically obtained in clinical
practice, it becomes a potential tool in the evaluation of
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metabolic syndrome. However, it is essential to define the
specific muscle or muscles to be evaluated, as previous
studies indicate variations among muscles (14). Standardized
CT protocols need to be established, along with widely
accepted HU cutoff points.

The use of US in the study of myosteatosis in metabolic
syndrome has been limited. One study assessed the grayscale
pixel intensity of the deltoid muscle and humeral cortex to
calculate a muscle/bone ratio by US, yielding sensitive and
accurate results for the detection of T2DM (94).

Neuromuscular disorders

Most neuromuscular disorders may present with muscle
inflammation, fatty infiltrations, hypertrophy, or atrophy.
These are traditionally assessed using standard T1-
weighted and short tau inversion recovery T2-weighted
MR sequences, which can focus on specific regions of the
body, such as the lower limbs, or encompass the entire body
in whole-body MRI (95,96). Fat replacement serves as a
biomarker of disease progression, commonly evaluated with
the semi-quantitative modified five-point Mercuri scale
on T1-weighted or T2-weigthed DIXON sequences (95)
(Figure 3). ¢qMRI has emerged as a valuable modality
for longitudinal assessment and therapy monitoring of
these processes, with PDFF commonly used to quantify
chronic muscular fatty degeneration (46,97). The T2
mapping sequence has been proposed for monitoring fatty
replacement in skeletal muscle but has limitations in the
presence of simultaneous muscle water and fat infiltration,
which are frequently observed in some myopathies. This
is because they cannot separate water and fat protons in
the global muscle signal (44,50). In contrast, quantitative
T1 mapping, fast T1 mapping, and recently developed
magnetic resonance fingerprinting-based sequences have
emerged as more robust methods for water-fat separation in
evaluating fatty infiltration as well as functional alterations
in neuromuscular diseases (50,53). Accurate and reliable
muscle group segmentation, crucial for quantitative
assessments, is evolving with the development of deep-
learning-based methods as alternatives to atlas-based and
conventional image analyses (49).

Regional myosteatosis

In several long cohort studies, muscle density on CT
imaging was found to be more strongly associated with acute
hip fracture than muscle size or bone mineral density (98),
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and served as an independent predictor of the risk of a
second hip fracture (99). Both hip muscle size and density
were correlated with mortality in older hip fracture
patients, independently of age and clinical risk scores (100).
Low muscular density of pelvic and thigh muscles was
significantly correlated with the health-related quality of life
of patients with hip osteoarthritis (101). Poor psoas muscle
quality with low density negatively impacted outcomes
after total hip arthroplasty (102). Conversely, increased
postoperative physical activity after total hip arthroplasty
enhanced the reduction of fatty muscular infiltration (103).
Considering the protective role of pelvic and trunk
muscle quality against hip fracture and in the outcomes
of hip arthroplasty, it would be reasonable to include the
assessment of fatty infiltration in these muscles in the
evaluation of hip events and postoperative outcomes.

Recent reviews have explored the link between imaging-
based changes in spinal muscles and spinal disorders (104).
Previous studies identified the association of paraspinal
muscle fat infiltration with low back pain, intervertebral
disc degeneration, facet joint osteoarthritis, and poor
physical function. The patterns vary based on aetiology,
time course, and individuals (104-106). MRI is the
preferred modality over CT or US due to its ability to
assess multiple spinal structures. Various MRI studies have
utilized parameters extracted from conventional axial T'1-
or T2-weighted sequences to assess fatty degeneration,
focusing on signal intensity analysis or semi-quantitative
scoring using the Goutallier classification. Thresholding
approaches for estimating paraspinal muscle fat infiltration
using T'1- and T2-weighted MRI have been compared with
chemical shift encoding-based water-fat MRI, showing
low bias and absolute error (107). However, a most robust
characterization using PDFF on MRI enables the detection
of subtle changes in muscle composition at the early stages
of paraspinal muscle degeneration (108). It also allows
quantification of the pattern of muscular fat infiltration
based on texture analysis of PDFF maps, improving
the prediction of paraspinal muscle strength (109), with
potential treatment implications.

The quality of the rotator cuff muscles is a crucial
factor in clinical decision-making. Full-thickness rotator
cuff tears are linked to accelerated fat deposition, and
myosteatosis serves as a predictive imaging biomarker
for post-surgical outcomes after rotator cuff repair (110).
MRI is the primary modality for assessing rotator cuff tear
and fat infiltration, often utilizing the five-point semi-
quantitative Goutallier classification. Grade 3 muscles
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(50% fat infiltration) indicate a relative contraindication to
rotator cuff repair surgery. However, this semi-quantitative
classification has suboptimal reproducibility. Quantitative
methods, such as segmentation on T1-weighted images
and fat fraction measurement with Dixon MRI, have
demonstrated strong reliability (42,111), providing a
viable alternative to the Goutallier classification system.
US is frequently used in conjunction with MRI to assess
rotator cuff pathology and muscle fatty infiltration. A
scoping review on the use of quantitative US-based
imaging for evaluating rotator cuff pathology revealed that
both conventional B-mode US and SWE imaging were
comparable to MRI-based techniques for assessing fatty
infiltration and rotator cuff characterization (112). This
indicates great promise for the quantitative evaluation of
rotator cuff myosteatosis.

Intervention for myosteatosis

It is uncertain which lifestyle or pharmacological
interventions can significantly impact myosteatosis levels.
Recent studies indicate that physical activity may have
a central role in reducing myosteatosis or preventing
its accumulation (41,90,103). In cases of generalized
myosteatosis, the addition of exercise to caloric restriction
has been shown to increase IMAT reduction compared to
either diet or exercise alone (10). To reverse myosteatosis,
future large, well-designed, multidisciplinary intervention
studies are necessary to investigate the combination of diet,
exercise, and pharmacological interventions.

Conclusions

There is a need to use muscle-based biomarkers instead of
muscle mass-based biomarkers to assess muscle health and
to broaden the study of myosteatosis as an independent
risk factor. Various techniques, including CT-based MA
and IMAT quantification, MRI-based PDFF and T1-T2
mapping, and MSUS-based EI and SWE, are accessible
in clinical practice and can be used as adjunct biomarkers
of myosteatosis to assess various debilitating muscle health
conditions. Recent studies on Al may provide further insights
into quantification and automated assessment, including
MRS analysis. This could reduce the time-consuming process
and enable the analysis of larger body parts, potentially
allowing the classification of patients at risk. However,
to enhance clinical applicability, it is necessary to use
standardized tools and measurements, including new imaging
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approaches that are easy to use. It is important to identify
the specific muscles that should be examined and measured,
and to establish widely accepted cutoff points. This will
improve clinical practice and aid in identifying individuals
at risk of poor outcomes. Furthermore, to ensure consistent
application across studies and populations, it is imperative
to establish a standardized definition of myosteatosis.
Additionally, managing individuals at risk requires essential
multidisciplinary collaborations that investigate the
combination of diet, exercise, and medications.
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