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HIGHLIGHTS
- Sarcopenia involves quantitative and qualitative changes of muscle mass with aging.

- Computed Tomography and Magnetic Resonance are the gold standard for the study of
sarcopenia.

- Sonography’ reliability has not been fully evaluated compared with other methods, yet.

- Dual X-ray Absorptiometry is the most used method to estimate the loss of muscle mass.



ABSTRACT

Sarcopenia is currently considered a geriatric syndrome increasing in older people. The
consequences of sarcopenia - in terms of impaired mobility, limited self-sufficiency and disability -
have been amply demonstrated, increasing the need to develop methods to identify muscle mass
loss as early as possible. Although sarcopenia involves a reduction in both muscle mass and
function, loss of muscle mass remains the essential criterion for diagnosing this condition in daily
practice. Computed tomography and magnetic resonance imaging represent the gold standard for
studying body composition, and can identify quantitative and qualitative changes in muscle mass.
These techniques are costly, time-consuming and complex, however, so their applicability is limited
to the research field. Sonography, on the other hand, has the advantage of being a relatively quick
and inexpensive method for detecting loss of muscle fibers and fat infiltration by analyzing muscle
thickness and echo intensity. To the best of our knowledge, however, only few studies have
compared the results of ultrasound with those obtained by other methods in order to establish its
reliability in this setting. Dual X-ray absorptiometry thus remains the most often used technology
for studying body composition, detecting quantitative changes in muscle mass with the advantages

of a low radiation dose, a simple technology and a rapid assessment.

Keywords: sarcopenia; dual X-ray absorptiometry; magnetic resonance; computed tomography;

ultrasound.



1. Introduction

1.1. Sarcopenia: a geriatric syndrome

The term sarcopenia (from the Greek sarx, flesh, and penia, loss) was coined by Rosenberg in 1989
to define the age-related loss of skeletal muscle mass and strength [1,2]. Nowadays, sarcopenia is

rightly considered a geriatric syndrome, with a prevalence that ranges between 10% and 50%

among individuals over 65 years of age, as demonstrated by means of anthropometrics, bioelectrical
impedance or dual X-ray absorptiometry (DXA) analyses [3]. The negative effects of sarcopenia
have been amply demonstrated and include physical impairment, a greater risk of falls and
fractures, disability, limited self-sufficiency in activities of daily living, and higher mortality[4]. As
a result of these effects and of the increasing prevalence of sarcopenia in the elderly, 1.5% of the
total healthcare expenditure in the United States has been attributed to sarcopenia [5].

The diagnostic criteria for sarcopenia proposed by the European Working Group on Sarcopenia in

Older People (EWGSOP) concern a low muscle mass combined with a documented muscle
weakness or poor physical performance [6]. Considering these criteria and the progressive nature of

the condition, three stages of sarcopenia have been defined: pre-sarcopenia, sarcopenia and severe
sarcopenia (Table 1). Pre-sarcopenia is defined as loss of skeletal muscle mass alone; sarcopenia
involves loss of muscle mass associated with either muscle weakness or poor physical performance;

and severe sarcopenia identifies cases meeting all three criteria (low muscle mass, muscle
weakness, and poor physical performance) [6]. Detecting sarcopenia at an early stage can prompt

measures to delay the loss of muscle mass, thereby avoiding or postponing the onset of functional
impairment and its consequences. Since loss of muscle mass is the condicio sine qua non of
sarcopenia, muscle mass imaging has become more important in recent years. The aim of the
present study was therefore to review the currently-used imaging technologies capable of detecting

the loss of skeletal muscle mass and serving as fundamental tools in the diagnosis of sarcopenia.



1.2. Changes in muscle mass with aging

The progressive loss of muscle mass occurring with advanced age is characterized by qualitative
and quantitative changes that lead to a loss of strength at an estimated rate of 1-3% a year [7-10].

The main determinant of this age-related decline in muscle function seems to be the loss of skeletal

muscle mass. In an autoptic study on whole vastus lateralis muscles, older people had a total muscle
cross-sectional area (CSA) that was about 40% smaller than in young adults [11]. The atrophic
phenomenon responsible for this muscle loss seems to begin from 25 years of age onwards,
speeding up after the fifth decade and affecting men more than women [10-12]. The loss of muscle

mass is accompanied by qualitative changes in muscle fibers, particularly involving a reduction in
the size of type Il (fast twitch) fibers and, to a lesser degree, of type I (slow twitch) fibers. The

demonstrated reduction in type Il fiber size differs depending on the sampling procedures used,

ranging between 20% and 50% [10]. The process is associated with a progressive atrophy and a

stronger expression of the two myosin heavy chain isoforms [10,11,13]. A fiber type grouping has
also been reported in the muscles of older people, probably due to a motor neuron impairment that

may be the primary culprit responsible for the loss of muscle mass [11]. Another qualitative change
occurring in muscle mass with aging involves fat infiltration within the muscle [14], which seems to
increase the risk of mobility impairment in older people [15]. This phenomenon mainly affects

older women with a rising proportion of fat mass in their body composition [16], and individuals
who are obese - hence the term “sarcopenic obesity” used to define the combination of sarcopenia

and obesity in the elderly [17].

1.3. Imaging in sarcopenia

The imaging technologies used to detect loss of skeletal muscle mass in sarcopenia include: dual X-

ray absorptiometry (DXA), magnetic resonance imaging (MRI), computed tomography (CT),



peripheral quantitative computed tomography (pQCT), and ultrasound (US). These methods differ
considerably in terms of reliability, exposure to radiation, time taken to complete the examination
and analyze the results, the availability and complexity of the equipment involved, costs and
applications. The characteristics of DXA, CT, MRI, and US are compared in Table 2 [18-20]. On
the other hand, qualitative changes in muscle fibers can be investigated only by means of
histochemical analyses and microscopy imaging. The following sections describe the main features

of the imaging techniques used to assess loss of skeletal muscle mass.

2. Dual X-ray Absorptiometry (DXA)

DXA is the technology most frequently used to study body composition. Based on the attenuation
of two X-ray beams with different energy levels, DXA estimates bone mineral density, fat mass and
fat-free mass of the whole body, or of specific anatomical regions (e.g. arms, legs, trunk and head)

(Figure 1) [21,22]. Although the lean mass measured by DXA includes the skin, connective tissues,

parenchyma and skeletal muscle mass, the method has demonstrated a strong correlation with the
results obtained by means of anthropometric measures and models based on total body potassium
and nitrogen in fat-free mass [23]. Appendicular skeletal muscle mass (ASMM) is currently the
measure most often considered for the purpose of assessing sarcopenia; it is calculated from the
sum of the muscle mass of the arms and legs, as shown in Figure 1. The ratio between ASMM and
height squared defines the appendicular skeletal muscle mass index (ASMMI). Several ASMMI
cut-offs have been proposed for the diagnosis of sarcopenia, adopting values below the 15"
percentile (for a young population’s ASMMI) or less than 20™ percentile (for an old population’s
ASMMI), or below 1 or 2 standard deviations from the average ASMMI of a young population [24—

27]. The cut-offs most often applied are shown in Table 3. DXA thus emerges as a valid tool for

diagnosing sarcopenia, giving an accurate quantitative estimate of skeletal muscle mass. Low costs



and a low radiation dose (less than 1 mrem) justify the widespread use of DXA in clinical practice
[22], although it can provide no information on qualitative changes in muscle mass (unlike CT and

MRI). The instrument used for DXA is not portable, however, and must be used by a skilled

operator, both aspects that may limit its use.

3. Computed Tomography (CT) and peripheral Quantitative Computed Tomography (pQCT)

Like MRI, CT is considered one of the most suitable methods for analyzing quantitative and

qualitative changes in body composition, investigating skeletal muscle mass and distinguishing
adipose tissue in different body compartments [22,28]. Based on the average attenuation of the X-

ray beam through different body substrates, CT produces cross-sectional scans enabling segmental
and total measures of fat and fat-free mass. Bearing in mind that normal attenuation values for

muscle density range between 40 and 100 Hounsfield units (HU), CT imaging can reveal fat

infiltration within muscle by identifying areas in the range of -190 to -30 HU [29] or, as Ross

suggested, by finding muscle attenuation values of 0-30 HU [30]. The reliability of CT for the
purpose of studying quantitative and qualitative changes in fat and fat-free mass with aging has

been well documented in the last 25 years [22]. Like the known drawbacks of MRI, the high

radiation levels used in CT have led to its use mainly in the field of research [28].

In recent years, Peripheral Quantitative Computed Tomography has been proposed for use in
studying musculoskeletal changes since it sidesteps the limitations of CT: pQCT uses a smaller
scanner and lower radiation doses to analyze the volumetric density and structure of peripheral
tissue slices (Figure 2). The cross-sectional area of the tibia two-thirds along its length (starting

from the tibiotarsal joint) is analyzed to identify quantitative muscle mass changes, since this region

coincides with the largest outer calf diameter with a small inter-individual variability [31].



Lauretani et al. suggested adopting values lower than 2 standard deviations of the mean for a young

reference group to define sarcopenia, which corresponded to cut-offs of 83.3 cm? (95%CI 78.9-
87.8) for men, and 62.6 cm? (95%CI 58.5-66.7) for women [32]. Another work by Cesari et al.

defined sarcopenia on the grounds of fat-adjusted muscle mass, calculated as the lowest gender-

specific tertile of the residuals of a linear regression model that predicted muscle mass area (in cm?)

from height (in cm) and fat mass area (log value of cm?) [33]; this was similar to the method used

by Newman et al. to identify sarcopenia in older people [24]. The reliability of pQCT for analyzing
muscle mass has been examined in several works, which found errors of 1-3% for the CSA of the

lower leg muscle [31,34-36]. Swinford and Warden confirmed an overall error of less than 1.5% for

muscle and 3% for fat mass [37]. These accuracy values proved to be negatively influenced by the
time elapsing between scans and by anthropometric characteristics, due to both device- and

operator-related factors [37].

High-resolution pQCT (HR-pQCT) is the latest technology to be applied to the study of bone
micro-architecture with a high SNR (Signal-to-Noise Ratio) and spatial resolution. HR-pQCT

focuses on peripheral sites (generally the distal radius or tibia) and quickly obtains tomographic
scans, using a lower radiation dose than whole-body CT and sparing radiosensitive organs [38].
Both pQCT and HR-pQCT have been used to seek potential associations between the muscle
criteria for diagnosing sarcopenia and the structure of cortical and trabecular bone [28,36-38]. The
results of these investigations demonstrate that muscle size is strongly associated with bone size and
strength [31,39-41]. Total cortical and trabecular BMD, and cortical bone area have also revealed a

significant relationship with physical performance, probably due to genetic, endocrine and lifestyle

factors (e.g. physical activity according to the mechanostat hypothesis, dynamic loading, and so on)

influencing both muscle and bone mass [39,42,43].



4. Magnetic Resonance Imaging (MRI)

Magnetic Resonance Imaging, like CT, is among the recommended methods for diagnosing
sarcopenia, since it can evaluate skeletal muscle mass and distinguish it from fat. By analyzing

variations in the radio frequency pulse sequence, MRI can estimate fat mass or fat-free mass and
generate cross-sectional images [22,44]. As shown in Figure 3 comparing cross-sectional images of

the thigh of a young and an old man, MRI reveals the reduction in muscle mass and the infiltration
of fat in lean mass that occurs with aging. MRI is used to assess adipose tissue distribution in

subcutaneous and visceral compartments, demonstrating a satisfactory agreement with the findings
of dissection and chemical analysis [45]. MRI is also a non-invasive solution for studying muscle
fiber composition based on T1 and T2 relaxation times, since these parameters are longer for fast-
twitch than for slow-twitch fibers [46,47]. As for its accuracy, MRI is associated with an error in
quantifying muscle that ranges between 1.1% and 4.4%, as shown by Nordez et al., who compared
axial MRI with four methods for estimating quadriceps volume [48]. Unlike indirect methods for

assessing body composition (anthropometry, bio-impedance, body water dilution, underwater

weighing), MRI minimizes potential errors of individual variability thanks to its absolute calibration
for volume measurements [49]. MRI also escapes additional sources of bias in other techniques due
to the adoption of constant density values for fat and lean mass [22]. These factors contribute to
increase the accuracy of MRI, particularly in estimating fat-free mass, the water, protein and bone
mineral content of which can change with aging [49]. Finally, in contrast with CT and DXA, MRI

involves no ionizing radiation. MRI is one of the most reliable techniques for studying body

composition, but its high cost and complexity, and availability issues limit its use in clinical

practice, so it is still used mainly in the field of research [21,28].



5. Ultrasound (US)

Ultrasound scanning is a low-cost, non-invasive imaging technique used to study muscle damage or
wasting diseases like sarcopenia [50]. International guidelines on sarcopenia generally recommend
using other approaches to identify loss of muscle mass, but US can be a good initial choice for
assessing qualitative or quantitative changes in muscle mass. Measuring muscle thickness can
provide an estimate of the reduction in lean body mass, and grayscale analysis to assess echo
intensity can provide a measure of qualitative changes such as adipose infiltration within the muscle

[50,51]. Quantitative US has been compared with MRI and demonstrated a satisfactory consistency

in estimating lean and fat body mass [52,53]. On the other hand, examiner-dependent factors such

as the orientation of the sound transducer relative to the body surface, or the compressive stress

brought to bear by the operator on the tissue, can give rise to measurement errors and interfere with
the test’s reproducibility [52,54]. Using an augmented force-feedback, calibration phantoms,
standardized procedures, and echo intensity correction factors when comparing different US

measures could improve the consistency of the technique [55].

6. Conclusions

For a diagnosis of sarcopenia we need to assess loss of skeletal muscle mass, muscle weakening,
and declining physical performance. A reduction in muscle mass is nonetheless the main diagnostic
criterion for sarcopenia, especially in the early stage, so it has become increasingly important to be
able to study muscle changes in order to identify this geriatric syndrome. MRI and CT are the most
reliable methods for this purpose because they can reveal both quantitative and qualitative changes
in muscle mass, but they are only used for research purposes because they are costly, time-
consuming and complex technologies. Although DXA can only provide a quantitative estimate of

muscle loss, it is currently the method most often used to detect sarcopenia because the method



requires a few time and only a low radiation dose. To date, US represents a valid potential
alternative for identifying changes in muscle such as loss of fibers or fat infiltration, although
comparative studies have yet to be conducted to demonstrate its reliability vis-a-vis the other

techniques.
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Table 1. Classification of sarcopenia

Diagnostic criteria

Pre-sarcopenia Sarcopenia Severe sarcopenia
for sarcopenia
Low muscle mass + + +
Muscle weakness - + - +

Poor physical performance - - + +




Table 2. Imaging technologies for diagnosing sarcopenia

Magnetic
Dual X-ray Computed
Technologies Resonance Ultrasound
Absorptiometry Tomography
Imaging
Reliability ++ +++ 4+ +
Rapidity +++ + + 4+
Complexity + +++ +++ ++
Expenditure ++ +++ +++ +
X-ray exposure + +++ - -
<5% <8.5% 6-8.5% )

Error of lean mass




estimate [18-20]

Field of application

Clinical/

Research

Research

Research

Clinical

Table 3. ASMMI (appendicular skeletal muscle mass index) cut-offs for diagnosing

sarcopenia in men and women

ASMMI cut-offs (kg/m?)

Men Women
Baumgartner et al., 1998 [26] <7.26 <5.45
Delmonico et al., 2007 [25] <7.25 <b5.67




Newman et al., 2003 [24] <723 <5.67

Coin et al., 2013 [27] <7.59 <5.47

Abbreviations: ASMMI, appendicular skeletal muscle mass index.



Figure 1. Total-body DXA for assessing body composition. Left: 84-year-old woman with

sarcopenia, ASMMI 5.05 kg/m?. Right: 72-year-old woman without sarcopenia, ASMMI 6.48

kg/m?.




Figure 2. Cross-sectional area at 66% along the length of the tibia in subjects with (right) and
without (left) sarcopenia: the pQCT scan shows loss of muscle mass and significant adipose tissue

infiltration in the sarcopenic muscle (right).
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Figure 3. Cross-sectional images of a thigh in a 25-year-old (left) and a 65-year-old (right) man.

MRI shows significant loss of muscle fibers and fat infiltration in the older, sarcopenic muscle

(right).




