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Abstract

Sarcopenia, characterized by progressive loss of muscle mass, strength, and function, significantly impacts patient out-
comes. Accurate assessment of muscle mass is essential for its diagnosis. Currently the agreement on how to use imaging
for sarcopenia detection is still debated and how well the muscle imaging assessments correlate with muscle function
needs further agreement. Recognizing the critical role of imaging in this process, the China National Center for Ortho-
pedics (NCO) and the East Meets West Action Group of European Calcified Tissue Society (ECTS) convened a working
group endorsed by the Board of the ECTS. This paper aims to evaluate the utility of various imaging techniques for
diagnosing sarcopenia and understanding its functional consequences. We synthesize evidence on DXA, BIA, CT, MRI
and ultrasound, and provide specific related recommendations. Imaging cannot replace functional assessments, but may
enhance them by revealing subclinical disease, clarifying pathophysiology, and enabling individualized care. We hope to
assist clinicians and researchers in using imaging to improve sarcopenia diagnosis, prognosis, and therapeutic monitoring,

while also advocating for evidence-based structural and functional criteria in future guidelines.

Keywords Sarcopenia - Muscle mass - Computed tomography - Magnetic resonance imaging - Dual-energy X-ray
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Introduction

Sarcopenia is commonly defined as the progressive loss of
muscle mass and decline in muscle strength and physical
function [1]. The clinical outcomes associated with sarcope-
nia mainly include increased mortality, diminished quality
of life and activities of daily living, and heightened risks
of falls, fractures, hospitalization as reported by a recent
consensus of the Global Leadership Initiative in Sarcope-
nia (GLIS) [2]. The assessment of muscle mass plays an
important role in the diagnosis of sarcopenia. Besides dual-
energy X-ray absorptiometry (DXA), several modalities,
including bioelectrical impedance analysis (BIA), ultra-
sound (US), computed tomography (CT), and magnetic
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resonance imaging (MRI) provide biomarkers for muscle
quantity. While the most recent definitions of sarcopenia
(EWGSOP2 [3], AWGS2 [4]) emphasize functional param-
eters such as handgrip strength and gait speed—reflecting a
shift from Baumgartner’s original DXA-centric mass-based
criteria [5]—imaging continues to provide crucial, comple-
mentary functions. The recent main GLIS paper suggests
the sentiment of including muscle strength and mass [6].
This change may have stemmed from data demonstrat-
ing that DXA-derived lean mass alone does not accurately
predict function, whilst negating any potential influence of
muscle quality. Modern CT and MRI have overcome previ-
ous limitations by assessing muscle quality (for example,
fat infiltration by CT attenuation or MRI fat fraction) and
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detecting subclinical structural decline before functional
impairment occurs [7]. Imaging also provides objective,
confounder-free data in populations where functional test-
ing is impracticable (e.g., critically sick patients) or where
opportunistic evaluation fits within clinical procedures (e.g.,
cancer staging [8]). Imaging clarifies pathogenesis (e.g.,
inflammatory vs. age-related atrophy) and improves prog-
nosis, particularly in myosteatosis-associated morbidity. In
the recent GLIS consensus definition of sarcopenia based
on a Delphi-consensus of over 107 experts, morphological
characteristics of muscle (e.g. muscle fat infiltration, muscle
density) were not included as part of the conceptual defi-
nition of sarcopenia [6]. However, the recent GLIS paper
on definition of terms commonly used in sarcopenia, speci-
fies a number of parameters obtained from muscle imaging
modalities, which enables standardization of these assess-
ments in research and clinical settings [9]. Furthermore, the
introduction of “explainable” Al systems capable of fully
automating these metrics could eventually lead to their
widespread clinical application.

To date, MRI is the preferred modality for muscle imag-
ing. In contrast CT is much less frequently used for muscle
imaging due to radiation exposure, although it is faster,
more widely available and more cost effective than MRI.
However, due to the abundance of existing CT scanners, in
particular in some parts of Asia like China and Korea, CT is
ideal for opportunistic sarcopenia assessment.

As of today no modality can determined muscle mass.
CT or MRI typically measrure muscle cross-sectional area
or muscle volume of specific muscle groups or body loca-
tions. DXA measures lean mass, as total body skeletal lean
mass, or as appendicular skeletal lean mass (ALM) [9].

Currently there is no agreement on how to use imaging
for the diagnosis of sarcopenia because the relation of mus-
cle imaging assessments and muscle function is still poorly
understood.

The China National Center for Orthopedics (NCO) and
the East Meets West Action Group of the European Calci-
fied Tissue Society (ECTS) convened a working group to
examine current literature on imaging-based surrogates of
muscle mass assessment in sarcopenia, mainly focusing on
evaluating the reliability, validity, and application of these
imaging techniques in diagnosing and understanding sar-
copenia and its functional outcomes. This paper evaluates
the evolving utility of imaging in sarcopenia assessment,
synthesizing evidence from CT, MRI, and DXA to address
three unresolved challenges: (1) reconciling discrepan-
cies between muscle mass/quality metrics and functional
outcomes, (2) defining standardized imaging protocols
for population applicability, and (3) reaching agreement
on the clinical uses where imaging adds actionable value
beyond functional tests. For the identification of the relevant

literarure in Pubmed the search strings listed in the Appen-
dix were used. However, we did not conduct a systematic
review and some bias in the selection of studies may exist.

By integrating historical context with emerging advance-
ments, we hope to assist clinicians and researchers in using
imaging to improve sarcopenia diagnosis, prognosis, and
therapeutic monitoring, while also advocating for evidence-
based harmonization of structural and functional criteria in
future guidelines.

Reliability and Validity of Dual-Energy X-Ray
Absorptiometry Measurement of Lean Mass

The original aim of this part was to summarize the reliability
and validity of DXA measurement of ASM or ASM index
(ASMI). However, relevant studies were scarce. We thus
searched for the reliability and validity of DXA-derived
total body lean mass (Table 1). Unless otherwise stated in
five [10—-14] studies in which ASM or ASMI was investi-
gated, all findings pertain to total body lean mass. Thirty-
nine studies were pooled in total, thirty-three of which
assessed the reliability of repeated scans of DXA, four [14—
17] studies compared DXA with other methods for valid-
ity and two [18, 19] studies included both. Among studies
for reliability, two [20, 21] examined intra- or inter-device
reliability, two [22, 23] examined intra- and inter-observer
reliability, one [24] examined intra- and inter-center reli-
ability, two [25, 26] calculated between-protocol variabil-
ity, one [27] calculated between-software variability, and
others examined repeated scans at varying intervals with or
without repositioning. The studies for reliability indicated
that DXA is a stable measurement for ASM, ASMI and total
body lean mass. Intraclass correlation coefficient (ICC),
correlation coefficient r and A% were reported in four [19,
23,28,29], two [27, 30] and five [20, 21, 25,27, 31] studies,
with values ranging from 0.997 to 1.000, 0.963 to 0.998 and
—5.2% to 2.4%, respectively. It is noteworthy that three [27,
32, 33] studies reported significant differences in precision
errors across subgroups or under different conditions, while
two [34, 35] reported no significant differences. Also, due
to the lack of minimal clinically important differences for
precision, the relatively low coefficient of variation (CV%)
and root-mean-square standard deviation (RMS-SD) make
the clinical significance of differences in precision question-
able. The studies for validity were also scarce, and of the six
studies, one [16] used MRI to measure thigh muscle volume
demonstrated an r near 0.90 in pre-training and post-training
participants. The other five [14, 15, 17-19] studies focused
on total body measurement and transformed reference mus-
cle metrics into mass (Table 2). Correlation coefficient r was
reported in four [14, 15, 17, 19] studies, with values ranging

@ Springer
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Table 2 Validity of DXA measurement of lean mass

References

@ Springer

Results

Statistics

Reference method

Sample size

60

Population

Device, software

3.51 kg

?=0.92, SEE

Whole-body content of potassium 1, SEE

Healthy young adults

QDR-1000/W and

QDR-2000

Slosman et al. [18]

0.87 (males), 0.83
(females); SEE

T

1, SEE

Nuclear methods (TBK, TBN)

75

Healthy adults aged 51-84 y

Norland XR36

Hansen et al. [15]

2.06 kg (total)

0.89 (pre-training), 0.90

(post-training)

T

MRI (thigh muscle volume)

26

Adults (29.2+9.5 years)

Hologic Discovery QDR

Tavoian et al. [16]

0.97 (LM), 0.976 (ASM)
r=0.94; ’=0.88

r

MRI (total body muscle mass)

25

Acromegaly patients

Lunar DPX

Freda et al. [14]

s

MRI (total body muscle mass)

101

Postmenopausal women

Hologic QDR 4500w

Chen et al. [17]

1.00 (Prodigy), 1.00

(ISPX-IQ)

T T

Scan results vs. known phantom

composition

10 combinations,
each scanned

twice
ASM, Appendicular Skeletal Muscle Mass; ASMI, Appendicular Skeletal Muscle Index; BMI, Body Mass Index; DXA, Dual-Energy X-ray Absorptiometry; FFM, Fat-Free Mass; ICC, Intra-

Phantom with removable

pieces

Lunar Prodigy and Lunar

DPX-IQ

Bilsborough et al. [19]

class Correlation Coefficient; LM, Lean Mass; RMS-SD, Root Mean Square Standard Deviation; SEE, Standard Error of Estimate; TBN, Total Body Nitrogen; TBK, Total Body Potassium;

TEM, Typical Error of Measurement

from 0.83 to 1.00. In addition, it should be noted that the
actual lean mass value for the phantom used in Bilsborough
et al.'s study [19] may be inaccurate due to manufacturing
inconsistencies. In all, the results confirm that DXA is an
accurate measurement tool for muscle mass.

Summary Statement

DXA is a reliable and valid method for assessing total body
lean mass in adults, including middle-aged and older pop-
ulations. While evidence for ASM or appendicular ASMI
is limited, existing data support the technical stability of
DXA for these measures. Precision errors in repeated mea-
surements are generally low, though variability may occur
across subgroups, protocols, or devices. Further research
is required to establish minimal clinically important differ-
ences for precision errors and validate DXA-derived ASM/
ASMI against criterion methods.

Essential Points

1. DXA is recommended for measuring total body lean
mass in clinical and research settings.

2. ASM/ASMI assessment by DXA may be used cau-
tiously, pending further validation.

3. Clinicians/researchers should standardize protocols
(e.g., device calibration, repositioning) to minimize
variability, particularly in longitudinal monitoring.

The Agreement Between BIA and DXA
Measurement for ASM or ASMI

Although DXA has been widely used as the reference stan-
dard of ASM or ASMI measurement, BIA, in contrast, is
receiving growing attention for being less costly, portable
and free from radiation exposure [49]. BIA sends a painless
electrical current through the body to measure the resistance
(R) and reactance (Xc), allowing estimation of body com-
position. However, the potential of BIA as an alternative to
DXA remains unclear.

Thirty studies were pooled in total (Table 3). Among
them, ten studies used direct BIA output of ASM or ASMI
calculated using the manufacturer’s algorithm, twenty stud-
ies either developed a new equation or validated the general-
izability of published equations. Among the ten studies using
direct output, five [50-54] focused on older adults, three
[49, 55, 56] focused on adults, and two [57, 58] focused on
patients with particular diseases. In addition, one [57] study
focused on women only. Most studies used multi-frequency
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BIA (MF-BIA). One [58] study used single-frequency BIA
(SF-BIA), another [51] dual-frequency BIA (DF-BIA), and
for one [50] the method was not reported. Of the pooled
studies evaluating agreement between BIA direct outputs
and DXA measurements, nine reported r, ICC, or B values
exceeding 0.9, whereas Buckinx et al. [52] reported a mark-
edly lower ICC of 0.37. Two [51, 52] studies investigating
intra-observer reliability and one study investigating inter-
observer reliability reported stable and reliable measure-
ments (ICC>0.75) by direct BIA output. Sixteen studies
developed new equations. All newly developed equations
performed well (when compared to DXA) (r>0.9 in all but
one [59] study, r*>0.8 in all but two [59, 60] studies) while
the performance of equations published by others varied
significantly, indicating that age- and population-specific
equations are required. Also, one [61] study developed BIA
equations for different DXA devices, demonstrating the
potential need for device-specific equations.

Although not a medical imaging technique, the
Ds-creatine (DsCr) dilution method represents a significant
advancement in the non-invasive measurement of total-body
skeletal muscle mass. Its role in aging research, sarcopenia
diagnosis, and association with physicalfunction and clini-
cal outcomes is well-supported by growing evidence. Tradi-
tional methods like DXA and BIA measure lean body mass
(LBM) but include some non-muscle components (e.g.,
water, organs, connective tissue). This leads to poor cor-
relation with functional outcomes. The DsCr muscle mass
method directly measures the creatine pool within skeletal
muscle, providing a more accurate estimate of contractile
muscle mass. Studies consistently show that DsCr muscle
mass is more strongly associated with functional capacity,
falls, fractures, disability, and mortality than DXA-derived
measures [79, 80].

Summary Statement

BIA demonstrates moderate-to-good agreement with DXA
for ASM and ASMI measurement in adults, particularly
when using direct manufacturer-derived algorithms. How-
ever, population- and device-specific validation is critical,
as existing equations show variable performance. BIA may
serve as a practical alternative to DXA in settings where
accessibility is limited, provided its limitations in precision
and generalizability are acknowledged.

Essential Points

1. BIA may be used as a surrogate for DXA in ASM/ASMI
assessment when DXA is unavailable, provided direct

manufacturer algorithms are employed and results are
interpreted cautiously. Equation-based BIA requires
prior validation against DXA in the target population.

2. MF-BIA should be preferred over SF-BIA for improved
accuracy, particularly in older or clinical populations.
Standardize protocols (e.g., hydration status, posture)
are required to minimize measurement variability.

3. There is a need to develop and validate population-spe-
cific BIA equations, including device- and DXA-model-
adjusted formulas, and to establish minimal clinically
important differences for BIA-derived ASM/ASMI.

The relationship Between DXA-Derived ASM
(or ASMI) and Physical Function

Twenty-seven studies were pooled in total (Table 4). Of
these, the relationship between continuous ASM or ASMI
and continuous measures of physical function was exam-
ined in twenty-six studies. Two [81, 82] studies examined
the relationship between continuous ASM or ASMI and
dichotomous (low vs. normal) physical function, while one
[83] study investigated the association between dichoto-
mous low muscle mass and low physical function. Fifteen
[82-96] studies focused on middle-aged and older adults,
three [96-98] studies focused on adults, and eight [81, 99—
105] on patients with specific conditions.

The studies indicated that ASM or ASMI are relatively
poor predictors (r<0.5) of hand and knee muscle strength.
Twenty-three studies examined the relationship between
HGS and ASM or ASMI. Of these, 20 reported correlation
coefficients r. Three [102, 104, 105] of these studies indi-
cated insignificant correlations and three [84, 85, 99] dem-
onstrated r>0.6. In the remaining studies [81, 82, 86—89,
91-93, 95, 96, 100, 101, 103, 105], r ranged from 0.1 to 0.5
except for one [91] study which reported r=0.52 in men.
Five studies examined the relationship between knee exten-
sion or flexion strength and ASM or ASMI. Among them,
two [90, 94] examined isokinetic strength, showing a sig-
nificant but low correlation (r ranged from 0.29 to 0.50) in
women. Two [91, 95] studies of isometric knee extension
strength (KES) also found a low but significant correlation
(r ranged from 0.36 to 0.41), and one [93] study measur-
ing quadriceps strength reported similar findings. Fifteen
[81-83, 86, 90-95, 99, 100, 103—-105] studies mentioned
at least one physical performance test, including gait speed
(GS), Short Physical Performance Battery (SPPB), 5 Times
Sit-to-Stand Test (5STS), Sit-to-Stand for 30 Seconds Test
(STS30), and Timed Up and Go test (TUG), with poor
results. Notably, of the twelve [81-83, 86, 90, 91, 93, 95,
100, 103-105] studies examining GS, only four [82, 95,

@ Springer
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103, 104] demonstrated a low positive correlation (r<0.55),
while one [100] demonstrated a negative correlation.

Summary Statement

DXA-derived ASM or ASMI demonstrates limited associa-
tion with muscle strength and physical performance mea-
sures in older adults. While low but statistically significant
correlations exist with handgrip strength (HGS) and knee
extension strength, measurements of ASM/ASMI alone are
insufficient to predict physical function. These measures
should not replace direct assessments of strength or perfor-
mance in diagnosing sarcopenia or functional impairment.

Essential Points

1. ASM/ASMI remain valuable for diagnosing low mus-
cle mass but should not be used in isolation to assess
physical function or diagnose sarcopenia.

Table 5 CT-Based cut-off values of muscle mass assessment

Author, Landmark Measurement Population Gender Cut-

year off
value

Male 43

Martin L3 SMI (cm?/m?) Normal
etal. weight
2013/

Zwart

et al.

2021

Der- L3 SMI (cm?/m?) Normal
stine weight
etal.

2018

Der- L3 SMI (cm*m?)  Normal
stine weight
etal.

2018

Martin L3 SMI (cm*m?)  Normal
etal. weight
2013

Martin L3 SMI (cm?*/m?) Over- Male 52—
etal. weight/ 53
2013 obese

PMI (cm?/m?)

Male 45

Female 34.4

Female 41

Hama- Psoas Asian Male 6.36
guchi
et al.

2016
Hama-
guchi
et al.
2016
SMI, Skeletal Muscle Index; PMI, Psoas Muscle Index

Psoas PMI (cm*m?)  Asian Female 3.92

@ Springer

Muscle Measurements Based on Computed
Tomography

CT, a widely used cross-sectional imaging technique, shows
significant advantages in assessing muscle mass and fat
conditions, allowing for precise evaluation of different body
regions and muscle groups [108]. Compared to DXA, which
measures whole-body skeletal muscle mass, CT offers
higher resolution and more precise regional muscle assess-
ment which can differentiate perimuscular and intramuscular
adipose tissue or even indirect assessment of intramyocel-
lular lipid (IMCL) droplets. For a more advanced analysis
of the adipose tissue distribution, a higher spatial resolu-
tion is required, and a slice thickness of 2 mm is preferable.
Increased amounts of intermuscular adipose tissue correlate
with cardiovascular risk [109, 110] and muscle density is
associated with second hip fracture incidence and related
mortality [111, 112].

In clinical settings, CT is frequently used for the diagno-
sis and staging of various diseases, making it an optimal tool
for opportunistically assessing sarcopenia without the need
for additional examinations [113].

The radiation exposure from CT could be relatively low,
with the single slice of thigh scan resulting in less than
0.1 mSv and L3 slice images exposing patients to 0.1—
0.2 mSv, compared to the annual background radiation of
about 2.5 mSv [114]. However, some caution is required in
the use of CT for the standalone use of muscle assessments.

It is important to note that muscle density refers not to
physical density in mg/cm?® but to 'CT density,' measured in
Hounsfield units (HU) and sometimes called muscle attenu-
ation [115]. Different tissues can be differentiated in the
images based on HU values, often defining muscle tissue
as having a HU range of -29 to 150, and fat as -190 to -30
HU [116].

The standardization of CT for diagnosing sarcopenia is
still limited, and there are no universally accepted diag-
nostic criteria using CT [3]. Among previous studies, the
most commonly assessed muscle or muscle groups were
total abdominal wall musculature at the L3 vertebra level
(Table 5) Multiple studies have highlighted a high corre-
lation between L3 abdominal muscle levels and total body
skeletal muscle and fat [117, 118]. Some have also scanned
mid-thigh muscles to study sarcopenia, but it faces chal-
lenges in diagnosing sarcopenia through a fixed cutoff value
or repeatability of the slice location for measurements [119—
122]. Typically, muscle mass assessment involves measur-
ing muscle cross-sectional area (CSA) on a single CT image.
This is often indexed to the square of height, resulting in
skeletal muscle index (SMI), the most widely used crite-
rion for diagnosing sarcopenia [117]. As listed in Table 5,
several studies have identified cutoff values for diagnosing
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sarcopenia using SMI. Most often recommended cutoff
values for normal body mass index (BMI) populations are
43cm?*m? for males and 35cm*/m? for females. For over-
weight or obese populations (BMI>25), these thresholds
can be raised to 53cm?/m? and 41cm?/m?.

Besides clinical whole body CT (wBCT) scanners, dedi-
cated peripheral CT equipment has been used for muscle
imaging. In principle the same parameters as with wBCT
can be analyzed but anatomical locations are restricted to
the appendicular skeleton. High-resolution peripheral quan-
titative computed tomography (HR-pQCT) originally devel-
oped for imaging of trabecular bone architecture offers better
spatial resolution than wbCT but it is still unclear whether
this is also an advantage for muscle imaging. In principle it
should be possible to achieve higher accuracy for the mea-
surement of intramuscular fat infiltration but comparative
studies have not been published so far [123-125].

A recent study by Warden et al. [126] provides refer-
ence data for muscle density derived from HR-pQCT by
analyzing over 1600 adults. This study confirms that HR-
pQCT-derived muscle density is an independent predictor
of physical performance, including grip strength, gait speed,
and self-reported function. Furthermore, these associations
(R? 0.128-0.648) were independent of appendicular lean
mass (ALM/height?), BMI, and whole-body percent fat.

Summary Statement

CT is a precise and clinically feasible method for assessing
regional and whole-body skeletal muscle mass, particularly
in opportunistic settings where imaging is already indicated
for other diagnostic purposes. While CT-derived metrics,
such as SMI and muscle attenuation (HU), show strong cor-
relations with muscle composition, standardized diagnostic
criteria for sarcopenia remain lacking.

Essential Points

1. The superior spatial resolution of CT images allows
precise regional muscle and fat differentiation, outper-
forming DXA in anatomic specificity.

2. CT is cost-effective for opportunistic sarcopenia assess-
ment when performed for other indications (e.g., cancer
staging, abdominal imaging).

3. The reporting standards for CT in sarcopenia recom-
mend the inclusion of muscle CSA in cm?, indexed to
height? (SMI), alongside HU values for muscle quality.

Muscle Measurements Based on Magnetic
Resonance Imaging

MRI is a non-invasive imaging technique that, similar toCT,
provides highly accurate segmentation of muscle tissue in
cross-sectional images to assess the CSA and volume of
muscle and fat. The advantage of MRI lies in its exceptional
resolution and contrast, as well as the diverse parameters it
offers. MRI can assess muscle quality by providing addi-
tional data on muscular edema, fibrous infiltration, fiber
contractility, and elasticity, offering profound insights into
the pathophysiological changes in muscle tissue [113, 127,
128].

The application of Dixon techniques, which exploit the
chemical shift differences between water and fat, allows for
the separation of water and fat signals in a single scan. This
generates parametric water and fat maps, known as 'proton
density fat fraction’ (PDFF) and 'proton density water frac-
tion’ (PDWF) maps [129], enabling quantitative assess-
ment of fat infiltration within the muscle. Linge et al. [130]
showed that while the prevalence of low ALM/height? (by
DXA) decreased with higher BMI, the prevalence of poor
functional performance (slow walking pace, inability to
climb stairs) increased. The failure of mass-only measures
to detect sarcopenic obesity may be explained by individu-
als having normal or high overall mass but poor muscle
quality due to fat infiltration.

However, the accuracy of muscle fat fraction measure-
ments may vary significantly depending on the specific
implementation on a given scanner. Currently, Dixon proto-
cols are more commonly applied to liver imaging, but there
is significant potential for expanding their use in muscle
imaging [114].

Diffusion tensor imaging (DTI), an emerging MRI tech-
nology, is important for quantifying muscle fiber architec-
ture. This is because water diffusivity is higher in the axial
muscle fiber direction than in the radial direction [131, 132].
DTI is also playing an important role in the field of explor-
ing the relationship between muscle properties and muscle
strength. This has important implications for developing
exercise or pharmaceutical interventions for sarcopenia and
frailty [133—135]. Sarcopenia is typically accompanied by
muscle fiber degeneration, fat infiltration, and alterations in
the extracellular matrix. Multiple pieces of evidence suggest
that DTI can non-invasively detect these microstructural
changes. For instance, an animal model demonstrated that
muscles show an increase in fractional anisotropy (FA) in
response to muscle injury and adaptation to aging [136]. In
healthy populations, DTT is sensitive to age-related changes
affecting lower limb muscles [137]. In children with Duch-
enne muscular dystrophy, mean diffusivity (MD) and FA
were significantly correlated with age and muscle strength
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[137]. Furthermore, an increasing number of studies have
confirmed the application of DTI in muscle injury diagnosis
and recovery processes in healthy individuals [138—140].
These findings highlight the advantages of DTI in muscle
research, although its practical application in diagnosing
sarcopenia remains to be explored.

Magnetic resonance spectroscopy (MRS) is a non-image
result technique, and MRS of skeletal muscle is primar-
ily used to assess muscle metabolism through 31P-MRS
or lipid composition through 1H-MRS. 1H-MRS can dis-
tinguish between intramyocellular (IMCL) and extramyo-
cellular lipids (EMCL), a capability that Dixon imaging
does not offer. Some studies suggest that changes observed
through 1H-MRS may even precede those seen on anatomi-
cal MRI in cases of myositis [141]. Multiple studies have
utilized 31P-MRS to identify the metabolic characteris-
tics of muscle degeneration and regeneration in muscular
dystrophies. In sarcopenia patients, 31P-MRS can detect
abnormal increases in the energy cost during exercise and
disrupted mitochondrial energetics during recovery [142,
143]. Although MRS has proven useful in identifying vari-
ous biomarkers, its lower sensitivity and longer acquisition
time make 31P-MRS more suitable for research settings,
rather than clinical application [142]. Also, as muscle is an
elastic tissue, the repositioning of the spectroscopic voxel
in the same anatomical location can be difficult, resulting in
poorer precision compared to Dixon imaging [129]. MRS
imaging can be a solution, but its applications in muscle
imaging remain rare [144].

Although MRI offers the advantage of being radiation-
free, making it an ideal choice for whole-body examina-
tions, its application in clinical practice remains limited.
Its main limitations include high costs, long scanning and
post-processing times, and a lack of standardized protocols.
These issues restrict the widespread use of MRI in muscle
measurement and evaluation. Future research could focus
on developing more efficient scanning protocols, simplify-
ing post-processing workflows, and establishing interna-
tionally recognized assessment standards to promote the
broader application of MRI in muscle measurement and
sarcopenia assessment.

Summary Statement

MRI is a highly accurate, radiation-free modality for assess-
ing muscle mass, quality, and microstructure, with emerg-
ing utility in sarcopenia research. Advanced techniques
(e.g., Dixon imaging, DTI, MRS) enable quantification
of fat infiltration, muscle fiber architecture, and meta-
bolic changes. However, MRI clinical adoption remains
limited by high costs, prolonged scan times, and lack of

@ Springer

standardized protocols. While MRI is not yet recommended
for routine sarcopenia diagnosis, it holds significant prom-
ise for mechanistic research and longitudinal monitoring of
muscle health.

Essential Points

1. MRI could detect preclinical muscle changes (e.g., fat
infiltration, fiber disruption) before functional decline.
However, the long acquisition times (e.g., MRS)
and complex post-processing of MRI limit clinical
feasibility.

2. There is presently no consensus on the use of MRI-
derived biomarkers (e.g., PDFF thresholds, DTI param-
eters) for sarcopenia diagnosis.

3. MRI is best reserved for research exploring muscle
pathophysiology or monitoring interventions (e.g.,
exercise, pharmacotherapy).

The Relationship Between CT- or MRI-
Derived Muscle Measures and Physical
Function

Imaging modalities such as CT and MRI provide direct
anatomical measurement of skeletal muscle cross-sectional
area and volume. These modalities offer an opportunity
to bridge the gap in our understanding of the relationship
between skeletal muscle structure and functional deficits,
which holds significant clinical relevance for diagnosing
sarcopenia and monitoring its progression. In this section,
we used common physical function indicators including iso-
metric or isokinetic strength, power, grip strength, SPPB,
six-minute walk distance (6MWD), and sit-to-stand time
[91, 129, 145-148].

Studies specifically focusing on the relationship between
skeletal muscle imaging and functional parameters are lim-
ited but often appear as secondary outcomes in research
targeting specific disease populations. For example, several
studies on COPD and liver transplantation have utilized CT
and MRI to evaluate muscle status, utilizing various func-
tional indexes to reflect the activity levels of the participants
[147, 149—-151]. These analyses often reveal a correlation
between muscle mass and quality parameters.

Table 6 summarizes some studies investigating the cor-
relations between CT/MRI-derived parameters and physi-
cal function. CT can be used to calculate skeletal muscle
volume based on slice thickness, evaluate muscle quality
through density, and distinguish muscle and fat tissues
to assess fat infiltration [152]. One of the most important
parameters for assessing skeletal muscle mass and quality
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is the CSA. CSA and CT attenuation value are associated
with various physical function indices, including peak
quadriceps muscle torque, grip strength, and SPPB [91,
95]. Among these, the two indices with the most consis-
tent correlations are six-minute walk distance (6MWD,
r=0.3-0.6) [146, 147, 153, 154] and muscle strength (often
represented by knee extension strength, KES, r=0.4-0.8)
[24, 91, 95, 151, 155], with multiple studies demonstrating
significant positive correlations, while other indices gener-
ally show correlations ranging from negligible to moderate
(r=0.5) [156—158]. In older adults and patients with chronic
diseases, greater muscle CSA is typically associated with
longer walking distances and higher peak knee extension
torque. This indicates that muscle mass is critical not only
for endurance but also for lower limb functionality [147].
However, the relationship between muscle CSA and other
indicators, such as grip strength and SPPB, shows consider-
able heterogeneity [95, 147, 158]. Some studies suggest that
grip strength, as an index of upper limb strength, has a low
correlation with lower limb CSA. Meanwhile, SPPB, as a
composite functional assessment tool, can be influenced by
multiple factors, resulting in weaker indirect associations
with CSA.

Despite evidence supporting CSA’s utility, discrepancies
across studies suggest that correlations are modulated by
variables such as age, sex, disease state, imaging protocols,
and functional assessment methods. For example, associa-
tions between CSA and 6MWD vary significantly between
healthy older adults and those with advanced sarcopenia.
These inconsistencies highlight the need for standardized
imaging protocols, universal functional assessments, and
larger, more rigorous studies to establish definitive, general-
izable relationships between muscle structure and function.

Summary Statement

CT and MRI demonstrate moderate-to-strong correlations
between muscle CSA/attenuation, and specific functional
outcomes, such as six-minute walk distance and knee
extension strength, in older adults and chronic disease
populations. However, associations with grip strength and
composite physical performance measures (e.g., SPPB) are
inconsistent.

Essential Points

1. While CT/MRI-derived CSA and attenuation may have
a role as adjunctive biomarkers in sarcopenia evalua-
tion, paired with direct functional tests (e.g., 6MWD,
KES), the isolated reliance on imaging metrics for

diagnosing functional impairment should be avoided
until further investigation.

2. Lower-limb muscle metrics (e.g., thigh CSA) should be
prioritized when assessing mobility-related outcomes
(6MWD, KES).

Reliability and Validity of Ultrasound
Measurements of Limb Muscle Mass in Older
Adults

Although MRI, CT, DXA and BIA have been widely used
as reference methods for muscle mass measurement, disad-
vantages such as cost, radiation exposure or limited access
restricted their application in a larger population. Ultra-
sound, as a quick, less-costly and radiation-free alternative
for muscle mass measurements, has received increasing
attention. Nineteen studies in total were identified for the
reliability or validity of ultrasound measurements of limb
muscle mass (Tables 7, 8), of which ten assessed reliability
[159-168]. Vastus lateralis (VL), rectus femoris (RF) and
tibialis anterior (TA) were assessed in seven, six and four
studies respectively and were the most commonly assessed
muscles. Muscle thickness (MT) was the most common
muscle dimension, followed by muscle volume (MV) and
CSA. Eight [159-163, 166—168] out of ten studies reported
ICC>0.9, indicating that ultrasound is a reliable tool to
measure limb muscle mass despite variations in scanning
intervals, population, muscles and dimensions. Two stud-
ies [164, 166] of inter-rater reliability and four studies [161,
164, 166, 168] of intra-rater or between session intra-rater
reliability demonstrated high repeatability (ICC>0.87) of
ultrasound measurements. Willemse et al.’s study [159] of
both transverse and sagittal plane measurements and Raj
et al.’s study [162] of two sites for VL also indicated high
reliability (ICC>0.9). However, the study of D’Lugos et al
[165] indicated the substantial variability induced by pos-
ture and measuring site, underscoring the necessity of stan-
dardized ultrasound measurement protocols. Validity was
assessed in 12 studies [160, 167—-177], five [160, 168—171]
of which investigated the validity of measurements for sin-
gle muscles, two [173, 177] investigated thigh muscle, one
[167] applied 3D ultrasound, two [174, 176] investigated
estimation equations based on ultrasound measurements
alone and two [172, 175] investigated ultrasound-derived
muscle volume. Five studies [160, 168, 172, 175, 177] using
regional muscle references including CT-derived MT, CSA
and DXA-derived leg lean mass demonstrated moderate to
high validity (r ranged from 0.574 to 0.942) of ultrasound
for the purpose of regional muscle mass measurements.
Correlation coefficients r reported by the five studies [167,
169-171, 173] validating regional ultrasound measurements
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against total body muscle mass measurements including
DXA or BIA-derived ASM or ASMI ranged from 0.25 to
0.86, indicating that direct regional ultrasound measurement
may not be valid enough to reflect total body muscle mass.
Notably, two [174, 176] studies of ASM estimation based
on regional ultrasound measurements demonstrated high
validity, indicating the potential of ultrasound-derived ASM
estimation as a screening tool for low muscle mass.

Summary Statement

Ultrasound demonstrates high reliability and validity for
measuring regional limb muscle mass in older adults when
compared to reference methods such as CT and DXA. How-
ever, its ability to reflect total body muscle mass directly
is limited, though estimation equations based on ultrasound
measurements show promise for screening purposes.

Essential Points

1. Ultrasound is a reliable tool for measuring limb muscle
mass, but standardized protocols are essential to mini-
mize variability due to posture and measurement site.

2.  While ultrasound measurements of regional muscles are
valid for assessing regional muscle mass, they are not
a direct substitute for total body muscle mass assess-
ments. However, ultrasound-based estimation equa-
tions for appendicular skeletal muscle mass (ASM) may
serve as a practical screening tool for low muscle mass
in older adults.

The Relationship Between Ultrasound-
Derived Muscle Measures and Physical
Function

Ultrasound is increasingly recognized as a practical and
efficient tool for evaluating skeletal muscle characteristics.
Compared to CT, MRI, DXA and BIA, ultrasound offers
unique advantages in clinical and community settings,
including portability, absence of radiation, cost-effective-
ness, and the ability to perform bedside assessments [178].
These features make ultrasound a particularly attractive
option for muscle assessment in older adults and those with
limited mobility.

A comprehensive literature search yielded 269 articles
investigating the relationship between ultrasound-derived
muscle parameters and physical function. After excluding
studies that did not examine this association, those with a
mean participant age below 50 years, and studies conducted

in critically ill populations, a total of 34 studies were
included for analysis. These studies encompass a broad
range of populations, including community-dwelling older
adults, clinical outpatients, and institutionalized individuals,
providing a diverse evidence base for evaluation.

MT and CSA were the most commonly reported ultra-
sound parameters for assessing muscle mass. These mea-
surements were primarily performed on the quadriceps
femoris (QF), rectus femoris (RF), vastus lateralis (VL), and
forearm muscles at radial or ulnar sites. The most frequently
used functional outcome measures included grip strength,
gait speed, and the TUG test. Additionally, knee extension
strength, sit-to-stand (STS), and single-leg stance (SLS)
were employed in several studies to assess specific aspects
of muscle performance.

Most ultrasound measurements of upper and lower limb
muscles demonstrated moderate-to-strong correlations with
grip strength (r=0.204—0.848) [179-195]. This strong
association reinforces the clinical value of ultrasound in
estimating muscle strength. Similarly, significant correla-
tions were observed between lower limb ultrasound param-
eters—such as quadriceps muscle thickness or CSA—and
knee extension strength in all 9 researches mentioned them
(r=0.257—0.592) [183, 184, 196-202], which reflects
functional capacity of the lower limbs. The TUG test, which
is widely used in clinical geriatric assessment, showed
only moderate correlation with ultrasound measures (7 out
of 11 studies,, r=0.152—0.603) [185-187, 203-206], and
its relationship with specific imaging parameters was less
consistent. Walking speed, a multifactorial outcome influ-
enced by neuromotor coordination, cardiovascular fitness,
balance, and cognition, showed weak or inconsistent corre-
lations with ultrasound muscle measurements in most stud-
ies [179, 182-187, 189, 190, 192, 193, 196, 200, 201, 204,
205, 207-212]. This may suggest that structural metrics like
MT or CSA alone are insufficient to capture the complexity
of gait performance. Notably, certain functional measures
such as the STS and SLS, which more directly reflect lower
limb strength and balance, showed moderate associations
with quadriceps-based ultrasound parameters in a subset of
studies [203, 204]. These findings imply that while ultra-
sound is well-suited for assessing strength-related aspects of
physical function, its role in predicting complex or integra-
tive functional outcomes requires further validation through
multi-modal assessments.

Importantly, most studies did not adjust for potential
confounders such as age or sex in their statistical analyses.
Among the few that applied adjustment models [186, 199],
the strength and direction of associations between ultra-
sound measurements and physical function outcomes were
largely maintained, suggesting that the observed relation-
ships are not entirely dependent on demographic variables.
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strength lies in its simplicity and familiarity. However,
individuals with higher BMI often have higher absolute
ALM. When divided by height?, this can result in a “nor-
mal” ALM/height? value, effectively masking the pres-
ence of sarcopenic obesity—where a low muscle mass
relative to body size is concealed by high adiposity.

2. ALM /BMI: This method was proposed to account for
overall body size. Its primary weakness is the introduc-
tion of a mathematical coupling problem. Since BMI
is itself calculated from weight (kg)/height? (m?), and
weight is highly correlated with fat mass, ALM/BMI
becomes a surrogate marker for adiposity [126, 213]. A
low ALM/BMI ratio may indicate high fat mass rather
than, or in addition to, low muscle mass. This confounds
interpretation, as it is difficult to disentangle whether a
poor outcome is driven by low muscle, high fat, or both.

3. ALM / weight: Dividing by total body weight assumes
a linear relationship between muscle mass and body
size, which is not physiologically accurate. This method
penalizes individuals with obesity, as their high fat mass
contributes to the denominator without contributing
to the numerator (ALM). This almost guarantees that
individuals with obesity will be classified as having
“low” muscle mass, overestimating the prevalence of
sarcopenia in this group and underestimating it in lean
individuals.

The purpose of adjustment is to separate the muscle compo-
nent from overall body size. Traditional ratio-based meth-
ods struggle because they cannot disentangle muscle mass
from fat mass, which is a major and highly variable compo-
nent of body size, especially in aging populations. Here are
some potentional solutions:

1. Statistical Residuals: One advanced method involves
regressing ALM on height and fat mass (or weight). The
resulting residuals represent the deviation of an indi-
vidual’s ALM from the value predicted for their height
and adiposity. This effectively adjusts for both frame
size and adiposity simultaneously, providing a cleaner
measure of "low muscle mass for a given body size and
fatness" [214].

2. Allometric Scaling: This technique models the non-
linear relationship between body size (e.g., height) and
muscle mass using power law equations (e.g., ALM /
height"p, where p is derived from population data). This
can be more physiologically appropriate than simple
ratio scaling [215].

3. Virtual Control Groups (VCG): As demonstrated by
Linge et al. [130], the VCG method is a non-para-
metric approach. By comparing an individual’s ALM/
height® (or FFMV/height?) to a sex- and BMI-matched

@ Springer

reference distribution, it achieves effective normaliza-
tion across all BMI categories. This method addresses
the adiposity confound inherent in traditional ratios, as
the reference range for a person with a BMI of 35 kg/m?
is derived from others with a similar BMI, who are also
likely to have high adiposity.

Summary Statement

Accurate diagnosis of sarcopenia requires normalizing
muscle mass for body size. Traditional ratio-based methods
(ALM/height’, ALM/BMI, ALM/weight) are confounded
by adiposity, leading to misdiagnosis, particularly in indi-
viduals with obesity. Advanced methods, i.e., statistical
residuals, allometric scaling, and virtual control groups,
may offer more robust solutions by accounting for body
frame size and fat mass. However, these methods need fur-
ther validation.

Essential Points

1. Body size adjustment is essential to distinguish low
muscle mass from a physiologically appropriate mass
for a small body frame.

2. Common ratio methods (ALM/height’, ALM/BMI,
ALM/weight) are limited by their inability to sepa-
rate the influences of muscle and fat mass, risking
misclassification.

3. Advanced statistical methods that adjust for both height
and adiposity provide a more accurate assessment of
low muscle mass across diverse body types.

Discussion

In summary, DXA remains the reference standard for reliably
assessing total body lean mass in adults. However, given the
discrepancy of the BMD measures among different DXA
devices, clinicians and researchers should standardize pro-
tocols (e.g., device calibration, repositioning) to minimize
variability, particularly in longitudinal monitoring. When
DXA is unavailable, BIA can serve as a surrogate for ASM
or ASMI assessment, provided equation-based BIA meth-
ods are validated against DXA within the target popula-
tion. For enhanced accuracy, particularly in older or clinical
cohorts, MF-BIA is preferred over SF-BIA. CT, particularly
when performed for other indications (e.g., cancer staging),
offers a cost-effective opportunity for sarcopenia assess-
ment; reporting standards recommend including muscle
CSA in cm? indexed to height® (SMI) alongside HU values
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to characterize muscle quality. Advanced MRI techniques
(e.g., Dixon imaging, DTI, MRS) enable quantification of
fat infiltration, muscle fiber architecture, and metabolic
changes. However, MRI clinical adoption remains limited
by high costs, prolonged scan times, and lack of standard-
ized protocols. While ultrasound measurements are not a
direct substitute for total body muscle mass assessments,
ultrasound-based estimation equations for ASM may serve
as a practical screening tool for low muscle mass in older
adults.

Imaging cannot replace functional assessments, but may
enhance them by revealing subclinical disease, clarifying
pathophysiology, and enabling individualized care.

As shown in Fig. 1, which summarizes results of the
studies listed in Tables 3, 6 and 9, the correlation between
quantitative imaging assessments and functional parameters
is low, as few r-values are greater than 0.7, i.e. the varia-
tion of most imaging parameters explains less than 50% of
the variation of functional measurements and many results
are inconsistent. Part of this discrepancy across studies may
be explained by the use of both sub-maximal and maximal
strength and function tests. For instance, grip strength (max-
imal test) correlates with MRI muscle mass but not well
with 6MWD (submaximal test).

Fig. 1 Plot of the correlation coef-

Outcomes of functional measurements also depend on
instructions how to perform these tests and whether the sub-
ject is already accustomed at carrying out such tests. The
poor concordance between muscle and functional measures
may also reflect that current morphological muscle assess-
ments must be further augmented by functional informa-
tion. For example, it is unclear why MRI muscle area of the
lower limb correlates much better with grip strength than
with 6MWD.

Currently only DXA lean mass and BIA fall under the
concept of muscle mass in GLIS. They are being considered
as surrogate measures of muscle mass. The weak correlation
of other muscle parameters with functional parameters may
explain why parameters characterizing muscle quality such
as fat infiltration were not included in the current defini-
tion of sarcopenia. Obviously further research is required
to strengthen the relevance of imaging for the definition
of sarcopenia but also for identification and standardiza-
tion of at most a few imaging parameters. Recent studies
already showed the importance of inflammatory processes
to understand effects of age-related deterioration of bone
and muscle [217]. Thus the assessment of muscle fat infil-
tration and muscle fat and muscle tissue distributions seem
to be relevant. One or two such parameters may be included
in future refinements for the diagnosis of sarcopenia. The

ficients between different types of
quantitative imaging measurement
[magnetic resonance imaging
(MRI), computed tomography
(CT), dual X-ray absorptiometry
(DXA), and ultrasound (US)]

and functional measurements of
sarcopenia. Data shown are the
statistically significant results listed
in Table 3 (DXA), Table 6 (CT and
MRI), and Table 9 (US). Measure-
ments that failed to show a statisti-
cally significant correlation are

not shown. Overall, 41% of MRI
measurements, 37% of CT, 41%
of DXA, and 49% of US measure-
ments reported in the tables did
not reach statistical significance.
This figure shows data from a
heterogeneous collection of studies
conducted on different groups of
subjects and does not allow any
detailed comparison between

the merits of different imaging
modalities
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Baumgartner era highlighted the importance of muscle
mass; modern imaging answers why and how sarcopenia
manifests, bridging the gap between structure and function.
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