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ABSTRACT

Background Sarcopenia, a progressive reduction of muscle

mass and function, is associated with adverse outcomes in

the elderly. Sarcopenia and muscle atrophy are not equal pro-

cesses. Low muscle strength in association with muscle quan-

tity/quality reduction is currently the optimal method for as-

sessing sarcopenia. There is a practical need for indirect

measurement of muscle strength using state-of-the-art ima-

ging techniques.

Methods The following provides a narrative, broad review of

all current imaging techniques for evaluating muscles and

identifying sarcopenia, including DEXA, CT, MRI, and high-re-

solution ultrasound, their main strengths, weaknesses, and

possible solutions to problems regarding each technique.

Results and Conclusion Well-recognized imaging methods

for the assessment of muscle mass are explained, including

evaluation with DEXA, CT, and MRI muscle quantity assess-

ment, ultrasound evaluation of muscle thickness and CSA,

and their correlations with established muscle mass calcula-

tion methods. A special focus is on imaging methods for mus-

cle quality evaluation. Several innovative and promising tech-

niques that are still in the research phase but show potential in

the assessment of different properties of muscle quality,

including MRI DIXON sequences, MRI spectroscopy, Diffusion

Tensor Imaging, ultrasound echo intensity, ultrasound elasto-

graphy, and speed-of-sound ultrasound imaging are briefly

mentioned.

Key Points:
▪ Sarcopenia definition includes low muscle strength and

low muscle quantity/quality.

▪ DEXA is a low-radiation method for whole-body composi-

tion measurement in a single image.

▪ CT has established cut-off values for muscle quality/quan-

tity evaluation and sarcopenia diagnosis.

▪ MRI is the most sophisticated muscle quality assessment

method capable of evaluating myosteatosis, myofibrosis,

and microstructure.

▪ Ultrasound can evaluate muscle quality, including tissue

architecture, and elasticity with excellent spatial resolu-

tion.

Citation Format
▪ Vasilevska Nikodinovska V, Ivanoski S, . Sarcopenia, More

Than Just Muscle Atrophy: Imaging Methods for the As-

sessment of Muscle Quantity and Quality. Fortschr

Röntgenstr 2023; 195: 777–789

ZUSAMMENFASSUNG

Hintergrund Sarkopenie, eine fortschreitende Abnahme der

Muskelmasse und -funktion, ist bei älteren Menschen mit

ungünstigem Verlauf verbunden. Sarkopenie und Muskel-

schwund sind keine gleichwertigen Prozesse. Eine geringe

Muskelkraft in Verbindung mit einer Verringerung der Muskel-

quantität/-qualität ist derzeit das optimale Verfahren, um die

Sarkopenie zu beurteilen. Daher besteht ein praktischer Be-

darf an einer indirekten Messung der Muskelkraft mit Hilfe

modernster bildgebender Verfahren.

Methoden Im Folgenden wird ein umfassender Überblick ge-

geben über alle aktuellen bildgebenden Verfahren zur Beur-
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teilung von Muskeln und zur Identifizierung der Sarkopenie,

darunter DEXA, CT, MRT und hochauflösender Ultraschall,

über ihre wichtigsten Stärken und Schwächen sowie mögliche

Lösungen für die Probleme der einzelnen Techniken.

Ergebnisse und Schlussfolgerungen Anerkannte bildge-

bende Verfahren zur Bewertung der Muskelmasse werden er-

läutert, darunter die Bewertung mit DEXA, CT und MRT zur

Bestimmung der Muskelmasse, der Ultraschallbewertung der

Muskeldicke und der Querschnittsfläche (CSA) sowie ihrer

Korrelationen mit etablierten Verfahren zur Berechnung der

Muskelmasse. Ein besonderer Fokus liegt auf den bildgeben-

den Verfahren zur Bewertung der Muskelqualität. Mehrere

innovative und vielversprechende Techniken, die sich noch in

der Forschungsphase befinden, aber Potenzial für die Bewer-

tung verschiedener Eigenschaften der Muskelqualität zeigen,

wie z. B. MRT-DIXON-Sequenzen, MRT-Spektroskopie, Diffu-

sions-Tensor-Bildgebung, Ultraschall-Echointensität, Ultra-

schall-Elastografie und der Speed-of-Sound Bildgebung, wer-

den kurz erwähnt.

Kernaussagen
▪ Die Definition der Sarkopenie umfasst eine geringe Muskel-

kraft und eine geringe Muskelquantität/-qualität.

▪ DEXA ist ein strahlungsarmes Verfahren zur Bestimmung

der Ganzkörperzusammensetzung in einem einzigen Bild.

▪ Für die CT wurden Cutoff-Werte für die Bewertung der

Muskelqualität/-quantität und die Diagnose der Sarkope-

nie festgelegt.

▪ Die MRT ist die fortschrittlichste Methode zur Beurteilung

der Muskelqualität, mit der Myosteatose, Myofibrose und

Mikrostruktur bewertet werden können.

▪ Ultraschall kann die Muskelqualität, einschließlich der Ge-

webearchitektur, und die Elastizität mit hervorragender

räumlicher Auflösung beurteilen.

Introduction

Sarcopenia is a progressive reduction of muscle mass and function
that appears in the elderly, but also secondary to various systemic
diseases. It is associated with a poor prognosis, higher complica-
tion rate, and mortality [1]. Its prevalence fluctuates in different
populations ranging between 5 % and 13 % in the those 60 to
70 years old and up to 50 % in the population older than 80,
partially depending on the definition used. Nevertheless, a con-
servative assessment suggests that over 200 million people will
be affected by the disease by 2050 [2].

The original definition of sarcopenia by Rosenberg included a
reduction of muscle mass, associated with the process of ageing
[3]. Muscle mass declines constantly during adulthood [4] and is
connected to the reduction of muscle strength [5]. A systematic
review by Rozenberg et al. [5] evaluated the extremity muscles in
patients with chronic lung diseases. Results showed that muscle
size measured with magnetic resonance imaging (MRI), compu-
ted tomography (CT), and ultrasound (US) correlates to muscle
strength and physical performance tests. However, the reduction
of muscle strength and functional impairment is not linearly cor-
related to a simple loss of muscle mass [4, 6]. Although muscle
mass was considered a key determinant of functional ability in
the elderly [7], more recent studies stress the importance of mus-
cle strength in the characterization of functional loss [8]. Muscle
strength and muscle power decline at a higher rate than muscle
mass in the ageing process [4]. Evaluating changes in muscle
mass and strength in elderly individuals as a function of time,
Goodpaster et al. [9] showed that the muscle strength reduction
was 3-fold greater compared to muscle mass decline. Preserving
muscle mass in the elderly does not inhibit muscle strength reduc-
tion [6, 9]. Muscle strength is currently the most important prog-
nostic factor for sarcopenia-related adverse outcome [10–12]. A
recent definition of sarcopenia by the European Working Group
for Sarcopenia in Older People (EWGSOP) highlights the impor-
tance of muscle strength over muscle mass as the essential

appearance of sarcopenia. EWGSOP defines sarcopenia as low
muscle strength combined with a decline in muscle quantity or
quality. The physical performance level can further determine
the severity of sarcopenia [10].

Muscle strength and physical performance can be measured
directly with different assessment tests [13] (▶ Fig. 1a, b). How-
ever, there is a practical need for an indirect measurement of
muscle function [14]. Muscle quality is usually defined as the
force-generating capacity of a muscle tissue unit [15]. It’s a con-
cept developed to help overcome the discrepancies between the
extent of muscle mass and muscle strength/power decline in age-
ing [15–17]. It is dependent on different factors, including the
muscle architecture and muscle size, amount of fat and fibrous
tissue within the muscle, microvascularity, motor unit, oxidative
stress, muscle metabolism, and muscle contractility and fatigabil-
ity [14, 18]. A reduction of muscle quality precedes and leads to
reduced quality of life and functional decline in the elderly [14].

Muscle quality is considered the most important factor for
identifying sarcopenia [10]. However, because of technical limita-
tions and the lack of a standardized definition, a consensus about
the optimal method/s of muscle quality assessment with the
current imaging modalities has not yet been reached.

This review aims to describe the methods and imaging tech-
niques for the assessment of muscle changes in the process of
ageing, as well as the recent technical advantages that can
improve the evaluation of the muscle quantity and quality and
the diagnosis of sarcopenia in the near future.

A PubMed search for the term “sarcopenia”, combined with
one of the words “DEXA”, “DXA”, “CT”, “MRI”, “ultrasound”,
“US”, “muscle quality”, “muscle mass”, or “muscle quantity” was
performed to identify possible articles. In addition, the references
in the identified papers were reviewed and a random search for
papers was also performed. Only studies involving humans were
considered, with emphasis on research articles, systematic
reviews, meta-analyses, and clinical trials.
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Dual-energy X-ray absorptiometry

Dual-energy X-ray absorptiometry (DEXA) is a method of evaluat-
ing the body structure by calculating the absorption of the X-rays
passing through the body at two different energy levels [19, 20].
Three different tissue composition parts can be assessed, the
bone mineral content, which is measured directly, and the fat
mass and fat-free mass, which are calculated indirectly. The ability
to measure the composition of the whole body or extremities in a
single image is a major advantage of the method compared to the
other imaging modalities [20]. The radiation dose is insignificant
for the adult population, ranging between 1 and 4µSv [21], com-
pared to a much higher average radiation dose of 8mSv for an
abdominal CT exam [22]. The EWGSOP facilitates the use of
DEXA as a primary method for muscle mass assessment in clinical
practice [10].

The international society for clinical densitometry recom-
mends reporting several values in each DEXA exam besides the
body mass index (BMI), bone mineral content and density, includ-
ing the total mass, the total fat and total lean mass, as well as the
percentage of fat mass [23]. Other parameters can be optionally
measured and reported, like the lean mass index (fat-free mass
index), appendicular lean mass index (ALMI), visceral adipose
tissue, and fat mass index (FMI) [23].

Appendicular lean mass (ALM) is a summation of the lean mass
of the upper and lower extremities. The appendicular lean mass
index (ALMI) – the ALM divided by the patient height2 – is the
most frequently used DEXA method for the assessment of muscle
mass and diagnosis of sarcopenia [21]. Baumgartner et al. [24]
were the first to establish specific cut-off values for sarcopenic
ALMI using DEXA. The cut-off values were calculated as 2 SD
below the average for the young healthy population and were set
to 7.25 kg/m2 and 5.45 kg/m2 in men and women, respectively
[24]. Several other authors used the same method to calculate
cut-off values for sarcopenia, which vary somewhat in different
populations [25]. DEXA-derived values for ALMI show a correla-
tion to CT-derived muscle mass. Lindqvist et al. [26] compared
the DEXA-obtained ALMI with the skeletal muscle index at the L3

vertebral level obtained by CT in patients with chronic hepatic dis-
ease and showed a strong correlation between the two methods.

There are a few disadvantages of DEXA in the evaluation of sar-
copenia. Probably, the most important weakness is the inability to
adequately measure the visceral and intramuscular fat [19]. The
equipment is not universally available at hospitals [27]. The
muscle mass values can vary due to the hydration status and can
be overestimated in individuals with an excessive increase in
extracellular fluid [26, 27], or in individuals with severe obesity
[28]. Lidqvist et al. [26], showed that the fat-free mass index can
overrate the muscle mass in patients with ascites. The problem
with the DEXA muscle mass estimation in obese individuals might
be overcome by dividing the ALM by the BMI instead of height2

[20, 29].

Computed Tomography

EWGSOP considers CT a gold standard method for the evaluation
of muscle mass. Numerous abdominal CT exams are performed
every day for the diagnosis, staging, and follow-up of neoplastic
and many other diseases [30]. Each abdominal CT exam contains
potentially valuable information about muscle mass, muscle and
visceral fat infiltration, bone mineral density, and arterial calcifica-
tions that might be used as screening tools for predicting a future
adverse outcome [31]. Opportunistic imaging uses the usual, rou-
tine imaging modalities for obtaining new imaging biomarkers
and achieving additional useful information [32]. Opportunistic
CT imaging has been shown to be valuable in the evaluation of
myosteatosis and the diagnosis of sarcopenia. The most common-
ly used opportunistic CT diagnostic technique is an assessment of
the muscle quantity (usually presented as muscle cross-sectional
area (CSA)) and muscle radiodensity or attenuation [32] illustrat-
ing the muscle quality.

Evaluating 50 patients with a cancer diagnosis, Mourtzakis
et al. [33] were the first authors to compare the CSA of all muscles
included on a single CTslice at L3 vertebral level with fat-free mass
assessed with DEXA. The muscle CSA was strongly correlated to
the whole-body fat and fat-free mass estimated by DEXA

▶ Fig. 1 Handgrip strength tests and usual gait-speed tests are recommended methods for muscle strength and physical performance evaluation,
as strong predictors of adverse outcomes in the elderly. Proper positioning for handgrip strength test (a). Scheme for performing 4-meter gait
speed test (b).
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(r = 0.88 and r = 0.83, respectively). Muscle CSA, also known as
skeletal muscle area (SMA), acquired at the L3 vertebral level is
the most commonly used CT method for quantifying skeletal
muscle mass [34, 35], followed by mid-thigh muscle CSA and
psoas CSA at the L3 or L4 vertebral level [35]. In addition, para-
spinal muscle CSA at the Th12 level [36], total muscle CSA at the
Th12 [37] or L1 [38] level, total CSA at the C3 vertebral level [39,
40], compared directly or adjusted with prediction formulas show
significant correlations to L3 SMA.

Calculating the muscle CSA from CT images usually consists of
choosing the region of interest (area containing all muscles inclu-
ded within the slice), and segmentation by applying threshold
values, usually between -29 and 150 HU, to avoid measurement of
the intermuscular fat (▶ Fig. 2). The results for CSA, expressed in
square centimeters, adjusted for the patient’s height by dividing it
by height2, are known as the skeletal muscle index (SMI) [30].

Evaluating the effects of sarcopenic obesity in patients with
gastrointestinal and lung malignancy, Prado et al. [41] showed

▶ Fig. 2 Assessing SMA (red), myosteatosis (green), visceral (yellow), and subcutaneous (blue) fat amount on a single axial CT slice at L3 vertebral
level. Fully automated, freely available segmentation software (AutoMATiCA) is used for the measurements. The comparison of the CT slices and
segmentation maps between a healthy young male individual with normal muscle mass (a, b), and a senior male individual with sarcopenia,
showing reduced muscle mass and increased myosteatosis in the latter (c, d).
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that muscle attenuation in patients with sarcopenic obesity was
significantly lower compared to attenuation in obese patients
without sarcopenia (p < 0.0001), due to the increased amount of
adipose tissue within muscles. Myosteatosis, a term comprising
intermuscular, intramuscular, and intramyocellular adipose tissue,
negatively correlates to muscle strength and function [42].
Myosteatosis precedes the functional decline of the muscle [43].
Intramuscular adipose tissue decreases the muscle quality. It can
influence muscle contractility and strength directly by modifying
the orientation of muscle fibers, or indirectly by the metabolic
effects of the adipose tissue [43]. By evaluating over 300 patients
in a geriatric center, Perkisas et al. [44] showed that CT-measured
intramuscular fat tissue correlates to mortality rate as well as to
muscle function and strength. The authors concluded that muscle
mass in hospitalized geriatric patients might be overestimated
due to fat infiltration, which should be taken into consideration
in the assessment of sarcopenia.

The assessment of muscle quality by measuring myosteatosis
is performed similarly to determination of the SMA on abdominal
axial slices, using the same procedure of mapping and segmenta-
tion of the required anatomic region and setting the threshold
values [34]. The intermuscular fat-tissue area at the L3 or mid-
thigh level, using threshold values between -190 and -30 HU, is
commonly used to evaluate myosteatosis [35] (▶ Fig. 2). CT den-
sity values of the muscles at the mid-thigh level or psoas muscle
are also useful for myosteatosis assessment [35]. Muscle attenua-
tion on contrast-enhanced CT scans is significantly altered and
dependent on several factors [45]. Therefore, non-contrast-
enhanced images should always be used for the evaluation of
muscle quality.

Muscle quantity or quality can be estimated manually or auto-
matically on CT [31] by using one of the many available segmen-
tation software products. Traditional image segmentation meth-
ods consist of manual, precise outlining of the borders of muscles
or muscle groups of interest for further evaluation. It is a time-
consuming method requiring vast anatomical knowledge and is
costly and impractical for routine clinical evaluation, thus limiting
its use mainly to scientific research. Automatic muscle area seg-
mentation methods using artificial intelligence are evolving tech-
niques that enable rapid, precise, and cheap image segmentation
that is applicable for everyday clinical use [46]. A recent article
compared manual to automated segmentation of muscular tissue
as well as subcutaneous, visceral, and intermuscular adipose
tissue on CT images [47]. The results confirmed the accuracy of
the automatic analysis of body composition, showing excellent
agreement between the two methods, with advantages of the
automated analysis including reduced time and cost for the pro-
cedure.

CT-derived values for muscle mass are associated with mortal-
ity and complication rate [48]. A meta-analysis conducted by Su
et al. [49] including 70 studies, evaluated the influence of sarco-
penia diagnosed by CTon survival and complication rate in gastro-
intestinal malignancies. The muscle CSA at the L3 level, the psoas
muscle cross-section, or the visceral fat area defined the cut-off
values in the majority of the studies. The patients with sarcopenia
had a significantly higher mortality rate (HR = 1.602) and higher
complication rates (RR = 1.188) compared to non-sarcopenic

patients. Another meta-analysis performed by Xia et al. [50]
focused on the effect of sarcopenia in trauma patients. CT-de-
rived SMA or muscle density was used for sarcopenia diagnosis.
The mortality rate was significantly higher in patients with sarco-
penia (RR = 3.11 for one-year mortality), but controversially not
the length of stay or the complication rate. A meta-analysis in-
cluding 14 articles evaluating the relationship between colorectal
cancer and sarcopenia defined by muscle fat infiltration showed
that myosteatosis is a predictor of the overall survival rate [51]. A
recent article by Martin et al. showed that myosteatosis is an inde-
pendent risk factor for mortality in patients with head and neck,
lung, or gastrointestinal cancer [52].

The major disadvantage of CT in the assessment of sarcopenia
is the radiation dose, which is the highest compared to all other
imaging modalities, making the method practical only for pa-
tients undergoing CT for different diagnostic purposes [21]. CT is
an expensive method, demanding highly trained operators [53].
In addition, some authors express concern that tumor cachexia
leading to muscle loss (which is measured in many studies using
CT) and sarcopenia are distinct conditions, modulated by differ-
ent pathophysiological processes, possibly requiring diverse ther-
apeutic strategies, so they should not be equated [54].

Magnetic resonance

MRI is a reliable method for the evaluation of muscle mass.
Several MRI methods of assessing muscle quantity exist, and the
most commonly used pulse sequences are T1, T2, and PD [55].
Although muscle volume determined by whole-body MRI is con-
sidered a gold standard technique for muscle quantity assessment
[56], single-slice procedures in an axial plane, which are more
practical and less time-consuming, are more frequently used
[25]. Muscle CSA values, expressed as cm2 or divided by the
patient height2, show a significant correlation to total skeletal
muscle mass [25]. Common measurement sites include but are
not limited to mid-thigh muscle CSA and total muscle CSA at L3
or another lumbar vertebral level [56]. Muscles or muscle groups
can be demarcated manually or automatically, with the addition
of segmentation software to separate the muscle from the adi-
pose tissue [57] (▶ Fig. 3). Similarly to automated CT segmenta-
tion methods, evolving automatic MRI segmentation software
enables rapid and accurate image segmentation requiring less
time and resources.

MRI values for muscle quantity, using several different pulse
sequences, show a significant correlation and interchangeable re-
sults with CT. Sinelnikov et al. [58], for example, compared to the
values for total SMA at the L1 vertebral midlevel acquired by CT
and MRI sequences (T1-weighted in-phase and out-of-phase and
T2-weighted). The authors showed a significant correlation be-
tween the two methods, and the T2-weighted images had the
strongest correlation with CT (r = 0.98). Wang et al. [59] compar-
ed the CT and MRI values for muscle mass acquired at the L3 ver-
tebral midlevel in 32 patients with renal diseases. MRI CSA using
IDEAL-IQ sequence fat images had a significant, strong correlation
with CT-derived CSA (r = 0.995). Faron et al. [60] showed results
for CT-measured paraspinal muscle mass and density comparable
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to MRI results for the paraspinal mass and myosteatosis obtained
by proton density fat fraction (PDFF).

Sarcopenia defined by MRI-obtained trunk SMA, fat-free area,
or fat area in patients with additional coexisting diseases is a pre-
dictor of adverse outcome [55]. A recent study by Beer et al. [61]
evaluating the outcome of sarcopenia in advanced chronic liver
disease showed that patients with sarcopenia, defined by a psoas
muscle transverse diameter at the L3 level, had a higher mortality
risk compared to non-sarcopenic patients.

MRI is the most sophisticated existing method for the evaluation
of muscle quality. Myosteatosis can be accurately measured with
several MRI techniques including Dixon sequences (▶ Fig. 4) or pro-
ton MR spectroscopy [62]. The majority of the studies exploring the

usefulness of MRI in myosteatosis use the PDFF, obtained with
Dixon T1 or T2-weighted images [55]. Dixon sequences, which are
based on the chemical shift phenomenon, are capable of accurately
differentiating water from fat protons and quantifying muscle fat
tissue [63]. Maps of the fat fraction of large areas or volumes can
be produced with the grey value of each pixel representing its fat
content percentage [62, 64]. Moreover, Dixon MRI sequences using
PDFF can separate intermuscular fat from intramuscular fat that
might have a clinical significance [64]. A recent study by Schlaegger
et al. [65], for example, examined the correlation between the PDFF
of erector spine muscle and psoas muscle with their isometric mus-
cle strength in 26 young healthy individuals. The results showed
significant correlation between the erector spine muscle relative

▶ Fig. 3 Assessing the muscle mass with MRI. Axial T1 slice at the mid-thigh level in a healthy young adult (a). Separation of the muscles from the
intermuscular fat is performed with segmentation software, using signal intensity threshold values, showing normal muscle size (b). Axial T1 slice
at the mid-thigh level in an elderly individual with sarcopenia (c). Image segmentation shows markedly reduced muscle mass (d).
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strength and PDFF (r =–0.51 in extension and r =–0.54 in flexion).
Proton MR spectroscopy, on the other hand, is a noninvasive meth-
od capable of distinguishing the intramyocellular from extramyo-
cellular lipid content [66] (▶ Fig. 5). A recent study by Grimm et al.
[67] showed that Dixon MRI and MR spectroscopy can quantify the
fat content percentage with similar accuracy. However, several
authors favor the use of Dixon MRI, due to the ease of performing
and establishing maps of the fat fraction. MR spectroscopy, which is

mostly a single voxel technique, can evaluate only a small fraction
of muscle [63], which can be challenging for analysis because mus-
cle is a rather heterogeneous tissue. Assessment of multiple voxels
in a single acquisition, with recently available protocols, can resolve
this issue [62].

The phosphorus metabolites within the cells are important for
the integrity of the intracellular organelle and the accumulation of
energy needed for high-energy-dependent organs [68]. The phos-
phocreatine within the muscles is essential as a high-energy
source, necessary for short but energy-dependent muscle con-
tractions [68]. Phospholipids are also important structural and
functional parts of the mitochondrial membrane. Mitochondrial
phospholipid impairment is linked to the evolution of cardiometa-
bolic diseases [69]. Phosphocreatine and phosphodiester levels
are connected to muscle mass and function properties [70]. 31-
phosphorus MR spectroscopy is potentially a powerful tool for
sarcopenia diagnosis since it is capable of assessing the levels of
different phospholipids within the muscle cells. A study by Hinkley
et al. [70] evaluated the difference in phospholipids between
elderly patients with sarcopenia and nonsarcopenic individuals
using 31-phosphorus MR spectroscopy. The results showed that
individuals with sarcopenia had significantly lower levels of phos-
phocreatine and higher levels of phosphodiester.

Myofibrosis, a process involving the replacement of normal
muscle tissue with excessive fibrous connective tissue and
decreased regenerative potential of the muscles, accompanies
the process of ageing [71]. Myofibrosis is an important factor in
the reduction of muscle mass, muscle elasticity and strength,
and progression of muscle atrophy [71, 72]. Myofibrosis and

▶ Fig. 5 Proton MR spectroscopy of the vastus intermedius muscle.
The spectral analysis shows increased values (arrows) for intramyo-
cellular (IMCL) lipids (ppm=1.3) and extramyocellular (EMCL) lipids
(ppm=1.5) in a 30-year-old obese individual.

▶ Fig. 4 PD-weighted DIXON sequences of the thighs in an axial plane of an individual with normal muscle quality (a, b) and an individual with
sarcopenia (c, d). Examples of water (a, c) and fat (b, d) images are presented for comparison.
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myosteatosis are interconnected phenomena and contribute to
muscle quality reduction [71]. MRI strain rate tensor imaging can
indirectly evaluate the excessive extracellular matrix deposition
seen in various muscle impairment diseases, including sarcopenia
[73]. Sinha et al. [73] evaluated the two-dimensional strain rate
tensor during passive joint movement and isometric muscle con-
traction of the medial gastrocnemius muscle. The authors conclu-
ded that strain rate mapping might detect the age-related altera-
tions of active and passive movement, probably caused by muscle
contractility and elasticity differences. T2 mapping is a promising
method in the evaluation of myofibrosis. Evaluating age differen-
ces of quadriceps muscles using a multi-slice multi-echo
sequence, Azzabou et al. [74] showed that water T2 values and
water T2 heterogeneity were significantly lower in the younger
group compared to the elderly, presumably due to differences in
muscle fiber types and myofibrosis in the elderly population. Dif-
fusion tensor imaging (DTI) using parameters, such as mean diffu-
sivity and fraction anisotropy, is an advanced method for the
evaluation of muscle microstructure, although it is related to
several weaknesses that need to be overcome [63]. DTI combined
with fiber tractography algorithms can provide information about
muscle fiber length and orientation and allow three-dimensional
reconstruction of the muscle [75]. In addition, DTI parameters
can detect age-related muscle alterations [76]. A recent study by
Farrow et al. [77] compared the mean diffusivity (MD) between
3 different age groups of healthy participants and the correlation
of the MD with the frailty index, muscle strength, muscle power,
and physical function tests. The results showed significant differ-
ences in MD among the age groups and a correlation between the
MD and the test results.

Although MRI is the most advanced method of muscle quality
and quantity assessment, several issues restrict its use in clinical
practice, including availability, the high cost of the exam, which

is also time-consuming, and the requirement of highly specialized
operators [53]. Image acquisition and assessment protocols for
the diagnosis of sarcopenia and the cut-off values are still not
established [78].

Ultrasound

Ultrasound (US) is an easily accessible, cheap, and portable meth-
od for the analysis of muscle tissue. Technical advances in US
hardware, high-frequency linear transducers that offer visualiza-
tion of muscle tissue with a resolution that is unavailable for any
other imaging modality, and the possibility of assessing muscle
elasticity make US a feasible method for tracking the changes
appearing in the process of ageing.

US measurements of muscle size, thickness, and cross-section-
al area show a positive correlation to the proven tests for muscle
mass evaluation, including DEXA [79], bioelectrical impedance
[80], CT [81], and MRI [82], but also muscle function tests [83,
84]. Sarcopenia does not affect all muscles homogeneously [85],
a process known as regional sarcopenia. The muscles of the lower
extremities are affected earlier by age-related loss compared to
the muscles of the upper extremities [85], and the reduction of
the anterior thigh muscles occurs at a higher rate compared to
the other leg muscles [86]. Consequently, the majority of the
studies evaluating muscle size by US pay particular attention to
the quadriceps muscle and its parts [83] (▶ Fig. 6a, b).

However, the loss of muscle mass is not always connected to
sarcopenia. The muscle mass decline in sarcopenia and disuse
atrophy are diverse processes, resulting in different changes in
muscle architecture. They both include shortening of the muscle
fibers, which is a reversible process. On the other hand, the reduc-
tion of the number of muscle fibers, fiber diversity, and fiber type
grouping affecting muscle quality and function appears only in
sarcopenia [54, 87].

▶ Fig. 6 Measurement of the rectus femoris muscle thickness in a healthy individual (a) in comparison to a mature person with sarcopenia (b) in a
transverse plane. Muscle thickness is the distance measured from the superficial to the deep aponeurosis.
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The arrangement of the muscle fibers or the muscle architec-
ture is the best predictor of functional capacity [88]. Most of the
muscles in the extremities have oblique fascicles, oriented at a
certain angle to the tendon direction [89, 90]. Such muscles, also
known as pennate muscles, have greater force-generating poten-
tial compared to parallel muscles [89], due to the packing of more
contractile tissue within the same volume unit. The ability of US to
evaluate architectural changes in muscle, such as the fascicle
length and pennation angle variation, is the main advantage ver-
sus other imaging modalities (▶ Fig. 7). Narici et al. [91] compar-
ed the pennation angle and fiber length of the gastrocnemius
medialis between physically active young people and elderly indi-
viduals. They were the first authors to show that the changes in
muscle architecture seen in the elderly were primarily a conse-
quence of the process of ageing and not disuse atrophy. The au-
thors attributed the pennation angle decrease in the elderly group
to a reduction in both fiber length and fiber number. However,
there are still differing opinions about the usefulness of US for
muscle architecture, probably due to the low reproducibility of
the method [92]. The calf muscles that are commonly evaluated,
display significant changes of the pennation angle and fascicle
length during contraction or different foot positions, requiring

standard procedures and trained physicians to obtain accurate
results [92].

Echo intensity (EI) is defined as the average brightness of a
selected US image area, which can be calculated using compu-
ter-aided analysis and expressed in grayscale from 0 to 255 [93].
Non-contractile intramuscular elements that accumulate in the
process of ageing, such as fibrous and adipose tissue, increase
the muscle EI [94]. EI is emphasized as a method of choice for
muscle quality analysis [95]. It is a predictor of the functional sta-
tus of the muscle and correlates to other methods of myosteatosis
evaluation (▶ Fig. 8a, b). Akima et al. [96] showed that the EI and
the extramyocellular fat quantity acquired with MR spectroscopy
of the rectus femoris and vastus lateralis muscles are linked. Haris-
Love et al. [97] showed a significant correlation between CT-es-
tablished thigh intra- and intermuscular fat and rectus femoris EI.
EI in the same study also revealed a negative correlation with up-
per and lower extremity strength tests. Isaka et al. [98] proved
that muscle thickness and EI of the tibialis anterior are associated
with muscle mass and handgrip strength tests and that the com-
bination of both measurements is a useful diagnostic tool for the
diagnosis of sarcopenia.

Muscle changes can be evaluated with US elastography tech-
niques, which can detect stress-induced tissue alterations [83]

▶ Fig. 7 Longitudinal US image of gastrocnemius medialis muscle in a healthy young individual (a) and an elderly person with sarcopenia (b). The
pennate structure of the muscle can be depicted. The oblique muscle fibers and the deep aponeurosis (DA) form the pennation angle (PA), which is
measured directly. Indirect estimation of the muscle fascicle length (FL) is also presented, using interpolation of the superficial aponeurosis (SA)
and deep aponeurosis to approximate their missing portions. The differences between the pennation angles and fascicle lengths are clearly de-
picted.

▶ Fig. 8 US image of gastrocnemius medialis muscle in a transverse plane in a young healthy individual (a) and an individual with sarcopenia (b).
The visible CSA of the muscle within the image is manually demarcated. Histograms show considerably higher EI in the patient with sarcopenia
compared to the healthy individual. Freely available biomedical software (ImageJ) is used for EI calculation.
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(▶ Fig. 9). In particular, shear-wave elastography shows encoura-
ging initial results for the assessment of age-related muscle differ-
ences, but also muscle function, proving its usefulness in assessing
muscle quality [99]. Evaluating rectus femoris and gastrocnemius
medialis muscles with shear-wave elastography, Saito et al. [100]
showed a significant difference in elasticity between healthy young
and senior female individuals. Moreover, elasticity correlated to
walking capacity and balance tests, but not to knee extension
strength.

Speed-of-sound US is an innovative US method for the assess-
ment of tissue composition and muscle quality [101, 102]. US

waves travel through different soft tissues at different speeds. US
waves travel within muscle tissue with a higher speed compared
to the speed of waves passing through adipose tissue [102]. Meas-
urement of the waves’ average speed can provide information
about the amount of fat tissue. Sanabria et al. [102] compared
the speed of US waves passing through calf muscles between
young and elderly women, using a linear high-frequency trans-
ducer. The speed of sound was significantly higher in young indi-
viduals, due to the increased amount of intermuscular and sub-
cutaneous fat in the latter group. In addition, the speed of sound
correlated to muscle function tests, showing perspective in sarco-
penia diagnosis.

A disadvantage of US is the limited visualization in obese indi-
viduals that may affect the measurement [95]. US is highly opera-
tor-dependent and is influenced by the machine quality [42].
However, the main limitation is currently the lack of consensus
about the muscle or muscle groups that should be evaluated,
the use of simple measurement of a certain formula/index, the
measuring point, and the optimal US acquisition parameters or
characteristic of the muscles for the evaluation of sarcopenia
[103].

The strengths and the weaknesses of the imaging methods for
muscle evaluation and diagnosis of sarcopenia are summarized in
▶ Table 1.

Conclusion

Sarcopenia and muscle atrophy are not identical processes and
should not be equated. Unlike disuse atrophy, sarcopenia includes
irreversible muscle changes that alter both muscle quantity and
quality. The established imaging methods for muscle quantity

▶ Table 1 Imaging methods for muscle assessment – major strengths and weaknesses.

Imaging modality Strength Weakness

DEXA Measuring muscle quantity – composition of whole body or
extremities in a single image
Negligible radiation dose
Established cut-off values

Inability to measure muscle quality, visceral and intramuscular fat
Dependent on patient’s hydration status
Overestimates muscle mass in individuals with increased extra-
cellular fluid or obesity
Not universally available at hospitals

CT Standard diagnostic tool, available in many centers
Suitable for opportunistic imaging
Established methods and cut-off values for muscle quality
and quantity evaluation

Highest radiation dose compared to all other imaging modalities
– practical only for patients undergoing CT for other purposes
High cost for the exam
Highly trained operators needed

MRI Reliable evaluation of muscle mass
Most sophisticated method for evaluation of muscle quality
(myosteatosis, myofibrosis, edema, muscle microstructure
– fiber length and orientation)

High cost for the exam/low availability
Time-consuming
Requires highly trained operators
Image acquisition and assessment protocols/cut-off values not
established for most of the MRI techniques

US Easily accessible, inexpensive, portable
Highest resolution of superficial tissues vs. all imaging
modalities
Muscle quantity evaluation
Muscle quality evaluation (muscle architecture, myosteatosis,
muscle elasticity)

Highly operator-dependent
Influenced by the machine quality
Limited visualization in obese individuals
Lack of consensus about methodology, US acquisition parameters,
or characteristic of the muscles for sarcopenia evaluation

▶ Fig. 9 US elastography of vastus lateralis muscle in a longitudinal
plane. Measurement of the stiffness of the muscle using the com-
pression elastography technique.
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assessment correlate to gold standard tests. However, muscle
quality is probably the most important element for indirect evalu-
ation of muscle function and diagnosis of sarcopenia in the future.
Recent studies on imaging techniques that focus on different
aspects of muscle quality, such as myosteatosis, myofibrosis,
architectural, microstructural, and composition changes, and
muscle elasticity show encouraging results. Although significant
progress has been achieved, several issues regarding the imaging
of muscle quality remain. The optimal methods, muscle or muscle
groups that should be evaluated, measuring spots, standardized
acquisition protocols, and cut-off values are either not established
or not commonly accepted for most of the existing techniques. In
addition, many of the previously described imaging methods of
assessing muscle quantity and quality are primarily research tools
and are still not validated for day-to-day practice. Future research-
ers should focus on overcoming these issues to provide unified,
integrated characterization of sarcopenia as a disease.
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