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Abstract
The term “muscle quality” is widely used in both research and clinical settings, yet a universally accepted definition currently 
does not exist. Studies addressing "muscle quality" encompass a broad range of functional and morphological characteristics 
of skeletal muscle, leading to inconsistent interpretations. Aligning with global efforts to adopt standardized and precise ter-
minology, this paper aims to clarify the most frequently assessed parameters under the umbrella of "muscle quality", describe 
the accurate definitions, and emphasize their clinical significance. Establishing a future unified framework and terminology 
will be essential for advancing research, ensuring comparability across studies, and reinforcing the clinical applicability of 
muscle health assessments. Until then, muscle composition, muscle architecture, and muscle-specific strength may serve as 
appropriate terms to describe the morphological and functional aspects, respectively.
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Introduction

“Muscle quality” is a widely used term in both research 
and clinical contexts. Yet, it remains imprecise and lacks a 
universally accepted definition, leading to ongoing debate, 
since there is no clear consensus. In 2016, a dedicated sym-
posium addressing the need for standardization proposed a 
framework, suggesting that “quality” refers to an object’s 
essential nature, distinguishing characteristics, and relative 
performance or degree of excellence [1]. Applied to muscle, 
this framework positioned “muscle quality” as primarily tied 
to the physiological roles of skeletal muscle, and interpret-
able in both health and disease contexts. This variability in 
interpretation highlights why the term remains ambiguous, 
as it may refer to the fundamental nature of muscle, specific 
structural or functional attributes, or overall performance, 
spanning both functional and morphological aspects.

In 2022, the Global Leadership Initiative on Sarcopenia 
(GLIS) developed a glossary to enhance conceptual clar-
ity around commonly used terms in the field, providing a 
valuable foundation for refining definitions and addressing 
potential misuse of the term “muscle quality” [2]. In the 
present discussion, and in alignment with ongoing efforts 
to standardize terminology in the body composition field 
[3], we build on this work by highlighting the two primary 
contexts in which the term is most commonly used: the 
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functional and morphological characteristics of skeletal 
muscle, two interrelated but distinct dimensions.

Functional aspects generally refer to the capacity to 
generate strength relative to a unit of muscle tissue, often 
computed as the ratio between muscle strength and mus-
cle mass. In contrast, morphological aspects encompass 
a broader range of features, including microscopic char-
acteristics observed in muscle histopathology (e.g., fiber 
atrophy, fibrosis, and necrosis from biopsies), macroscopic 
indicators of muscle composition (e.g., fat infiltration into 
muscle or “myosteatosis”), and architectural features (e.g., 
muscle fiber arrangement), typically assessed through 
imaging methods.

Both functional and morphological parameters have 
been associated with multiple adverse outcomes, under-
scoring their importance as markers of muscle health. 
These include functional dependence, mortality, length of 
hospitalization, and major surgical complications, among 
others, in older adults and across a range of clinical con-
ditions, such as cancer, cardiovascular diseases, type 2 
diabetes, and osteoporosis [4–7].

Despite the prognostic relevance of “muscle quality”, 
which reflects both functional and morphological aspects, 
the universal use of this umbrella term may lead to inac-
curate terminology and misconceptions about what is actu-
ally being evaluated, which is especially relevant in the 
context of research. These inconsistencies in terminology 
and assessed domains hinder comparisons across studies, 
precluding robust pooled analyses and, consequently, the 
development of harmonized clinical recommendations. For 
instance, a previous scoping review of 96 studies dem-
onstrated substantial heterogeneity in the use of the term 
“muscle quality” [8]. Some studies applied functional indi-
ces (using a variety of assessments), while others relied 
on morphological measures, also using different assess-
ment methods [8]. Although, to our knowledge, no previ-
ous synthesis has directly compared how these different 
domains under the umbrella of “muscle quality” differ in 
their associations with clinical outcomes. These discrep-
ancies may ultimately affect its clinical applicability as a 
prognostic marker.

Adopting precise terminology to describe specific 
aspects of skeletal muscle attributes will improve clarity, 
ultimately advancing the field. In this critical overview, 
we examine commonly used parameters grouped under 
the ambiguous umbrella term of “muscle quality”, endorse 
previously proposed, more accurate definitions, and high-
light their clinical significance. In particular, we empha-
size that these accurate definitions involve differentiating 
functional attributes, such as muscle-specific strength, 
from morphological aspects captured by muscle compo-
sition and muscle architecture measures.

Functional parameters

Muscle‑specific strength

Definition and assessments

Muscle-specific strength is a long-standing concept [9]. 
Still, the term was more formally introduced by the GLIS 
working group in 2022 [2] to describe the ability to gen-
erate strength relative to a unit of muscle mass [2, 9]. 
This has been quantified by the ratio of muscle strength 
(numerator in kg) to muscle mass (in kg) or cross-sectional 
area (in cm2) (denominator) [9–11]. A variety of terms 
have been used to describe this ratio, including “strength 
per muscle mass ratio”, “muscle quality”, “muscle quality 
index”, “specific-strength”, and “muscle-specific strength” 
[6, 9, 10, 12–17]. In the clinical nutrition or exercise sci-
ence literature, these ratios are often collectively referred 
to as “muscle quality” or “muscle quality index” [6, 10, 
12, 13, 15].

The assessment of “muscle-specific strength” has been 
endorsed by the GLIS Delphi consensus as a potential met-
ric within the conceptual definition of sarcopenia [17]. 
This concept may more accurately reflect a muscle group's 
strength-producing capacity relative to its mass or size, 
rather than assessing each of these as independent meas-
ures. Its relevance is supported by the recognition that sar-
copenia is a muscle disease characterized by an impaired 
relationship between muscle strength and mass. However, 
evidence supporting its predictive validity for clinical out-
comes remains to be explored. As such, further research 
is needed before its adoption into clinical or diagnostic 
frameworks for sarcopenia.

A variety of approaches can be used to calculate mus-
cle-specific strength, with Table 1 summarizing traditional 
methods that assess functional aspects of skeletal muscle. 
Strength assessments commonly involve measures such 
as handgrip strength and bench press exercise (i.e., upper-
limb markers) or evaluations of knee flexor and extensor 
strength (i.e., lower-limb markers). These can be assessed 
using dynamometry, strain gauges for isometric contrac-
tions, or one-repetition maximum (1RM) protocols [10].

Force (in N), power (in W), or torque (in Nm) relative 
to muscle mass/size have also been explored as alterna-
tive approaches (numerator) [10, 11]. Likewise, differ-
ent methods have been used to assess or estimate skeletal 
muscle mass or size (denominator), including arm or leg 
lean soft tissue (in kg) from dual-energy X-ray absorp-
tiometry (DXA), thigh or lumbar cross-sectional muscle 
area (in cm2) from computed tomography (CT) scans or 
magnetic resonance imaging (MRI), estimated appen-
dicular lean soft tissue or skeletal muscle mass (in kg) 
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through bioelectrical impedance analysis (BIA) equations, 
surrogate anthropometric markers, such as calf, arm, and 
muscle-arm circumferences (in cm), and arm muscle area 
(in cm2) and the use of prediction equations using anthro-
pometric measures, demographic factors, and/or blood 
markers [6, 12–16].

Considering the site-specific nature of muscle-specific 
strength, it is intuitive that pairing strength and mass meas-
urements from the same anatomical site/region could be the 
most appropriate approach [17]. This method offers specific-
ity and may yield more clinically relevant insights, although 
the implications of combining equivalent or different sites 
require confirmation. For this purpose, handgrip strength 
(in kg) has been calculated in relation to arm lean soft tis-
sue or arm fat-free mass (in kg, from DXA), or arm cross-
sectional area (in cm2 from ultrasound and even anthropom-
etry), representing upper-limb muscle-specific strength [10, 
15, 16]. Similarly, isometric knee extension strength (in kg) 
has been evaluated in relation to leg lean soft-tissue mass 
(kg) or cross-sectional area (in cm2, from MRI, CT scans, 
and ultrasound), representing lower limb-muscle-specific 
strength [10].

Site-specific assessments have been endorsed, because 
they align with biological aspects, where lower-limb muscle 
deterioration with age often occurs more rapidly than in the 
upper limbs, leading to distinct functional implications [2, 
10, 17, 19–21]. Furthermore, several valid approaches for 
the denominator, including whole-body or overall muscle 
mass assessments, have also been explored and proposed 
in the context of muscle-specific strength [12, 13, 15, 16], 
as previously described [15]. In summary, while muscle-
specific strength and its variations hold potential to better 
reflect the mechanical and metabolic properties of skeletal 
muscle, this promise requires validation through well-con-
ducted studies with clinically relevant outcomes [11].

Clinical impact

Assessing ‘muscle-specific strength’ or its variations (i.e., 
using force, power, or torque as the numerator) may pro-
vide more relevant insights into functionality and health 
outcomes than muscle mass or strength alone [13, 22, 23]. 
This is based on the rationale that form (i.e., muscle size/
mass) and function are inherently connected [12], yet a 
larger muscle mass does not necessarily equate to bet-
ter strength/functionality [24]. Furthermore, changes in 
strength-generating capacity may occur earlier (and more 
rapidly) than changes in muscle mass or size [22, 25], as 
evident by the rapid decline in muscle strength and power 
which occurs at a two-to-fourfold higher rate than the con-
comitant loss of muscle mass with age [26, 27].

Regardless of the assessment method, evidence suggests 
that muscle-specific strength may better predict survival 
than muscle mass or strength alone across diverse clini-
cal populations, including oncology, cardiovascular, and 
renal diseases undergoing hemodialysis [6, 12–14, 16, 28, 
29]. However, these findings were based on observational 
studies, and the certainty of evidence remains to be fully 
explored. Furthermore, some techniques do not directly 
measure muscle mass (e.g., BIA and DXA estimate fat-
free mass or lean soft tissue) [3], which may confound 
their prognostic value and hinder comparisons of relative 
strength to mass.

Despite limitations, muscle-specific strength has also 
been described as an important risk factor associated with 
several other adverse health outcomes in older adults, 
including osteoarthritis, impaired lung function, oral 
health conditions, congestive heart failure, other cardio-
vascular abnormalities, and impaired aspects of mental 
health [30–34]. Collectively, these findings highlight the 
importance of assessing and exploring this functional 

Table 1   Summary of 
traditionala approaches 
assessing or estimating 
functional aspects of skeletal 
muscle health

a In this table, we present only the most traditional assessments. However, in this manuscript, we also dis-
cuss the potential use of other simpler, bedside markers, including anthropometric measures as indicators 
of muscle mass. However, these potential alternative markers still require further concurrent and predictive 
validation across various health and clinical populations
1RM: 1-repetition maximum from knee extension (lower-limb) or bench press exercise (uppe- limb); L3: 
third lumbar vertebra

Functional (muscle-specific strength)

Body region/functional 
domain

Numerator (strength parameter) Denominator (muscle mass/normaliza-
tion parameter)

Upper-limb HGS (kg) or uppe- limb 1RM Arm lean soft tissue (kg)
Arm muscle area (cm2)

Lower-limb Lower-limb 1RM (kg) Leg lean soft tissue (kg)
Thigh muscle area (cm2)

“Whole-body” Combination of upper-limb + lower-
limb 1RM

Appendicular lean soft tissue (kg)
Muscle cross-sectional area (cm2) L3

Whole-body skeletal muscle mass (kg)
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marker of muscle health, while also emphasizing the need 
for more accurate terminology.

Notwithstanding promising as a prognostic functional 
marker, some challenges require consideration from a 
methodological standpoint. Variability in markers of 
muscle strength and markers of muscle mass may affect 
measurement reproducibility, accuracy of muscle-specific 
strength, and its overall prognostic value. The lack of 
standardized normalization approaches (e.g., expressing 
muscle strength relative to “overall” vs. regional muscle 
mass) also complicates cross-study comparability [10]. 
Furthermore, sex- and age-specific scaling factors are 
often inconsistent and remain underaddressed. Future 
research should prioritize methodological standards to 
improve the reproducibility and clinical interpretability 
of muscle-specific strength assessments.

Morphological parameters

Morphological parameters encompass both muscle com-
position and architecture. Each of these aspects will be 
detailed in the following sections and are summarized in 
Table 2.

Muscle composition

Definition and assessments

Muscle composition reflects biochemical and structural 
properties of skeletal muscle, including contractile and 
noncontractile components [35, 36]. Among noncontractile 
components, the presence of intra- and intermuscular adi-
pose tissue and triglyceride within skeletal muscle stands for 
its clinical relevance. They have been associated with aging 
and obesity, paralleling a progressive decline in contractile 
components [18, 37]. The accumulation of these noncontrac-
tile components can alter the structural properties of skel-
etal muscle, ultimately impairing metabolic and functional 
aspects [38, 39].

The infiltration of adipose tissue and accumulation of tri-
glycerides in skeletal muscle has often been interchangeably 
referred to as “myosteatosis” under the umbrella of “muscle 
quality” [17, 39]. However, current evidence, as reviewed 
in a methodological standard guideline [3], suggests that 
such infiltration can occur in distinct compartments, which 
must be distinguished for clinical and research alignment. 
Specifically, this infiltration may present as: (i) adipose tis-
sue, composed of adipocytes, and (ii) triglycerides, stored 
as extra- or intramyocellular lipids (EMCLs and IMCLs, 
respectively) [3].

Table 2   Summary of commonly used approachesa assessing or estimating morphological aspects of skeletal muscle health

a Only the most commonly used assessments are presented. Please refer to the full text for a discussion on the use of bedside approaches that may 
serve as muscle mass markers
CT: computed tomography; EMCLs: extramyocellular lipids; HU: Hounsfield units; IMAT: intermuscular adipose tissue; IntraMAT: intramus-
cular adipose tissue; IMCLs: intramyocellular lipids; MRI: magnetic resonance imaging; MRS: magnetic resonance spectroscopy; SMD: skeletal 
muscle radiodensity/attenuation

Method Composition Architecture Advantages Limitations

MRI Muscle fat fraction (%) Pennation angle (θ) Gold standard for soft-tissue evaluation High cost
IMAT (cm2) Fascicle length (Lf) High accuracy Time-consuming
IntraMAT (cm2) No radiation Require expertise

MRS IMCLs Muscle fiber orientation Non-invasive quantification of lipid con-
tent and metabolism

High cost

EMCLs Time-consuming
Require expertise
Small sampling volume
Limited reproducibility

CT scans IMAT (cm2) – Faster protocols High cost
SMD (HU) Good surrogate for MRI Ionizing radiation

Can be used for convenience Limited accessibility
Ultrasound Muscle echo intensity Pennation angle (θ) Lower cost Variability among devices

Fascicle length (Lf) Portable Require well-trained 
operator (operator-
dependent)

Bedside use Lower resolution
Real-time assessment
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Adipose tissue within skeletal muscle is commonly 
referred to as intermuscular adipose tissue (IMAT) when 
it includes adipocytes located between muscle groups, 
and as intramuscular adipose tissue (intraMAT) when it 
includes adipocytes embedded within muscle fascicles [3]. 
IntraMAT is usually not visible on standard CT or MRI 
due to imaging resolution limitations, but can be detected 
as EMCLs using magnetic resonance spectroscopy (MRS). 
IMCLs, which are lipid droplets located within muscle 
fibers, are also quantifiable using MRS or biopsies [3, 17, 
39–43].

Muscle biopsies remain the most accurate standard for 
detailed assessment of muscle composition at the cellular 
and molecular levels [43]. Histopathological analysis can 
assess pathological features, such as fiber atrophy, fibrosis, 
inflammatory infiltration, and IMCLs, as mentioned [43]. 
However, their highly invasive nature makes them impracti-
cal, even in research settings.

In contrast, non-invasive imaging techniques can be used 
when available, as mentioned before in this section. How-
ever, each method captures unique insights into muscle com-
position, reinforcing the need for accurate terminology. For 
instance, CT or peripheral quantitative CT scans can assess 
muscle radiodensity (also referred to as muscle attenuation) 
and IMAT. However, muscle radiodensity does not differen-
tiate between AT infiltration and triglyceride accumulation 
within skeletal muscle. Similarly, IMAT measurements may 
be “confounded” by the presence of intraMAT [3, 18].

Ultrasound scans can evaluate muscle echogenicity, also 
referred to as muscle echo intensity [44, 45]. Some addi-
tional ultrasound-derived spatial parameters, such as pen-
nation angle and fascicle length, have been described as 
bridging the gap between traditional measures of muscle 
mass and "muscle quality” [46]. In this review, however, 
these parameters are discussed separately in the section on 
muscle architecture. Figure 1 provides examples of IMAT, 
Fig. 2 shows an example of ultrasound-based muscle echo 

intensity, and Fig. 3 illustrates how measurements can be 
assessed using MRI.

As noted above, while these measurements can serve as 
proxies for one another, they are assessed differently and 
consequently offer distinct characteristics. For example, low 
CT-muscle radiodensity values typically indicate greater 
infiltration of adipose tissue and fat into the muscle. In con-
trast, higher ultrasound muscle echo intensity values may not 
only indicate fat infiltration but can also reflect other non-fat 
components, such as fibrosis [41, 47].

Additional morphological aspects of muscle can provide 
deeper insights in research settings, by informing underly-
ing mechanisms of muscle dysfunction and identifying early 
markers of muscle degeneration. These include myofibril 
number, connective tissue content, muscle fiber type dis-
tribution (e.g., type I and type II fibers), protein content, 
proteomic profiles, neuromuscular properties (e.g., changes 
in motor unit firing, synchronization/recruitment, and neu-
ral drive), and metabolic characteristics. While not typically 
considered part of clinical definitions of muscle composition 
or “muscle quality”, these morphological and neuromuscular 
characteristics are important in research contexts for explor-
ing mechanisms of muscle dysfunction and degeneration.

These observations demonstrate that muscle composition 
is a multi-dimensional construct, encompassing not only 
“myosteatosis” within skeletal muscle but also other non-
contractile elements. Grouping these distinct features under 
the single umbrella term “muscle quality” may oversimplify 
their physiological significance and limits the interpretabil-
ity of research and clinical findings.

Clinical impact

Similar to muscle-specific strength, muscle composition, 
regardless of the terminology or assessment, has demon-
strated significant prognostic value and is associated with 
adverse outcomes [48]. It has been identified as a predictive 

Fig. 1   Example of CT-based 
quantification (area) of IMAT at 
the third lumbar vertebra level. 
Image A shows a patient with 
lower IMAT (6 cm2), while 
Image B shows a patient with 
higher IMAT (19 cm2). CT: 
computed tomography; IMAT: 
intermuscular adipose tissue
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Fig. 2   Example of ultrasound-based quantification of muscle echo 
intensity of the vastus lateralis (thigh). Image A shows a patient with 
lower echo intensity, while Image B shows a patient with higher echo 

intensity, potentially reflecting higher muscle fat infiltration. Courtesy 
of Dr. Flavia M. Silva, Federal University of Health Sciences of Porto 
Alegre, Brazil. ROI: region of interest

Fig. 3   Example of MRI-based 
muscle AT quantification using 
machine-learning segmentation. 
Water and AT signals were sep-
arated to identify and quantify 
subcutaneous, intramuscular, 
and intermuscular AT compart-
ments. Color maps indicate the 
intramuscular fat fraction (%), 
while masks distinguish muscle 
tissue from AT regions. Cour-
tesy of Dr. Richard Thompson, 
University of Alberta, Canada. 
AT: adipose tissue; MRI: mag-
netic resonance imaging
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condition in several clinical populations, including individu-
als with cancer, cirrhosis, critical illness, and chronic kidney 
disease, both before and after transplantation [48–53]. Fur-
thermore, “myosteatosis” has been linked to a range of other 
adverse outcomes, such as delayed recovery in activities of 
daily living, intensive care unit-acquired weakness, poor 
functional performance, low bone mineral density, hip frac-
ture risk, impaired metabolic health, and mortality [54–59].

Additional findings from the UK Biobank imaging study 
(n = 40,178) demonstrated that poor muscle composition, 
defined as the combination of MRI-assessed low muscle 
volume and “myosteatosis”, was associated with a higher 
risk of mortality than either condition alone. Notably, the 
mortality risk was even greater when poor muscle composi-
tion co-occurred with impaired muscle strength or physical 
function [53].

Impaired muscle composition may potentially affect the 
capacity to generate strength per unit of muscle mass [10], 
thereby contributing to adverse health-related outcomes. 
Interestingly, muscle composition may serve as a media-
tor between form (i.e., mass) and function (i.e., strength 
produced by a unit of mass), potentially explaining this 
complex relationship [23]. In fact, a previous study demon-
strated a marked reduction in strength production associated 
with “myosteatosis” exceeding 20% in the tibialis anterior, 
a primary dorsiflexor [60]. Although this was observed in 
a disease-specific population (i.e., individuals with faci-
oscapulohumeral muscular dystrophy), these findings open 
avenues for broader investigation into the clinical relevance 
of muscle composition across different populations.

Muscle architecture

Definition and assessments

“Muscle quality” can also be influenced by muscle archi-
tecture, which refers to the macroscopic geometric (i.e., 
structural) arrangement of muscle fibers. Similar to mus-
cle composition, whether individually or in combination, 
muscle architecture has a physiological impact on the mus-
cle’s capacity to generate strength [40]. In the field of mus-
cle architecture and clinical evaluations, studies included 
parameters, such as pennation angle (θ), fascicle length (Lf), 
fiber length, and muscle cross-sectional area [44]. Although 
muscle cross-sectional area, as assessed by ultrasound, is 
often considered a parameter of muscle architecture [61], it 
should be more accurately identified within the domain of 
muscle quantity (i.e., mass). This is because muscle cross-
sectional area refers to the size of the muscle at a given 
point, reflecting quantity rather than structural organization.

Conceptually, the pennation angle (θ) describes the 
angle at which muscle fibers insert relative to the tendon 
or the muscle’s line of action [62–64]. This architectural 

arrangement enables a greater number of fibers and sar-
comeres to be packed in parallel within a given muscle vol-
ume, enhancing the muscle's potential for force generation 
[62–64]. Fascicle length (Lf), often used as a proxy for mus-
cle fiber length, represents the distance over which a muscle 
can actively generate force. It is typically measured as the 
linear distance between the superficial and deep aponeuro-
ses along the fascicle path [65]. Muscle fiber length itself is 
determined by the number and size of sarcomeres arranged 
in series. Since sarcomeres are the fundamental contractile 
units of muscle, their quantity and structural dimensions 
play crucial roles in determining a muscle’s ability to gen-
erate force [65, 66].

Due to the well-known limitations of MRI accessibility, 
ultrasound scans serve as a practical surrogate assessment to 
assess muscle architecture in research and clinical routine, 
providing real-time measurements of pennation angle and 
fascicle length through B-mode imaging (Fig. 4) [67]. Other 
muscle architecture parameters can be assessed using more 
advanced imaging techniques, such as MRI, including shape, 
integrity, and fiber orientation [68, 69].

Although pennation angle and fascicle length show 
potential physiological relevance, the quantitative evidence 

Fig. 4   Example of pennation angle (θ) and fascicle length (Lf) esti-
mated by ultrasound scans. Sagittal analysis of the vastus lateralis. Lf 
was estimated using the equation: Lf = MT

sin (�)
 . Courtesy of Dr. Flavia 

M. Silva, Federal University of Health Sciences of Porto Alegre, Bra-
zil. MT: muscle thickness. PA: pennation angle
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remains limited. Existing data often derive from small and 
heterogeneous samples, without standardized measurement 
protocols. Thus, these architectural measures should cur-
rently be interpreted as exploratory or research-oriented 
markers rather than established clinical indicators, pending 
further validation.

Clinical impact

Although muscle architecture is typically regarded as within 
the morphological domain of skeletal muscle, as discussed 
above, alterations in architectural parameters can signifi-
cantly affect muscle-specific strength, a functional aspect 
[63–67], thereby reinforcing its clinical relevance. Similar to 
muscle composition, altered muscle architecture may serve 
as a mediator between muscle mass and function, helping to 
explain the link between them [23].

A reduced pennation angle [69], whether in isolation or 
combination with shorter fascicle lengths, may compro-
mise the muscle's ability to generate force or power [70]. 
Although studies assessing the impact of muscle architecture 
on survival outcomes are rare and controversial [71–73], it 
has also been associated with nutrition status related to func-
tional outcomes [74]. To date, aging and disuse remain the 
most studied factors influencing muscle architecture [74].

Despite challenges and nascent data, authors’ consensus 
has discussed that muscle architecture seems to be more 
adaptive to muscle disuse and may respond to interventions 
earlier than muscle size [44]. This highlights the impor-
tance of assessing muscle architecture. However, its prog-
nostic value remains to be explored. This also reinforces 
that grouping architectural parameters under the broad term 
“muscle quality” may obscure their distinct biological and 
clinical significance.

Emerging approaches

Strength‑to‑muscle radiodensity index

Definitions and assessments

Based on the previous rationale that muscle composition can 
also impair muscle strength and muscle-specific strength, 
independent of muscle quantity/cross-sectional area [23, 
75], different approaches have been explored to depict this 
association and reflect both muscle strength/mass. In one 
study, a novel index was proposed to potentially address gaps 
in assessments: the strength-to-muscle radiodensity index 
(SMRi) [12]. This new index can be interpreted as a mor-
pho-functional parameter, as it integrates a functional out-
put (i.e., HGS) with a compositional measure (i.e., SMD), 

potentially reflecting the muscle’s strength-generating capac-
ity relative to its composition.

Clinical impact (and relevance)

In a single-center cohort of patients with cancer (n = 250), 
SMRi was computed as the ratio of muscle strength 
(assessed by handgrip dynamometer and used in the numera-
tor) to skeletal muscle radiodensityL3 (denominator). In 
this cohort [12], SMRi demonstrated strong correlations 
with muscle-specific strength (rho = 0.71), and emerged as 
an independent and more accurate predictor of mortality, 
compared to individual parameters and to muscle-specific 
strength. While further research is still needed, SMRi may 
be a promising indicator of muscle-specific strength, poten-
tially detecting early muscle alterations before measurable 
changes in muscle mass or size occur.

A pilot study found that older adults exhibited lower mus-
cle-specific force, compared to younger individuals, mainly 
due to increased intraMAT and connective tissue [76]. Age-
related differences in force generation decreased when these 
noncontractile components were excluded from muscle vol-
ume measurements [76]. These results reinforce the impact 
of muscle composition on force-generating capacity and 
support the use of the proposed SMRi metric to evaluate 
strength relative to muscle composition [12].

For prospection, this novel assessment should be com-
pared in relation to sex, age, ethnicity, and specific pheno-
types (e.g., excess weight versus underweight) to understand 
better the underlying mechanisms of strength-generating 
capacity and the relationship between muscle composition 
and muscle-specific strength. Further studies could also lay 
the groundwork for investigating site-specific SMRi, align-
ing with our previous discussions.

Electrical impedance myography (EIM)

Definitions and assessments

EIM has been explored as a potential method for estimating 
aspects of muscle composition and architecture, including 
myocyte atrophy, muscle edema, and muscle fat infiltration 
[77]. It has primarily been used to investigate neuromuscu-
lar disorders [70–74]. Its potential lies in its non-invasive 
nature, employing high-frequency, low-intensity electrical 
currents, similar to BIA [77–81]. Despite its name, EIM is 
not primarily focused on evaluating the tissue’s electrical 
properties. Instead, using electrical current, it potentially 
provides quantitative information that characterizes muscle 
health [77].

EIM measurements are typically performed in a small 
muscle region of interest, similar to ultrasound scans. 
Although it is still being refined as a technique for estimating 
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site-specific muscle composition and architecture, EIM has 
the potential to be routinely used at the bedside, particularly 
when more advanced imaging techniques are unavailable 
[77]. Despite limitations, EIM can offer certain advantages, 
especially its reduced sensitivity to skin and subcutane-
ous adiposity contributions in the analysis. This is because 
the electrical current predominantly flows through low-
resistance muscle tissue, with minimal signal interference 
from overlying adipose tissue [77]. Still like BIA, EIM can 
be performed at different frequencies (single vs. multifre-
quency), but healthy muscle tissue is generally most active 
at a 50 kHz current. Additionally, different rotational meas-
urements can be assessed through EIM (e.g., perpendicular 
vs. parallel to muscle fibers), providing further insights into 
muscle structure [77].

Clinical impact

Although promising as a simpler and non-invasive approach, 
to the best of our knowledge, we are unaware of studies 
exploring clinical and functional outcomes (e.g., physical 
performance, quality of life, and mortality) related to mus-
cle composition and structure estimated from EIM. Future 
studies and validation are needed to establish its clinical 
relevance.

Phase angle (PhA)

Definitions and assessments

Bioelectrical impedance-derived phase angle (PhA), a cell 
membrane integrity marker, shows additional promise as a 
surrogate marker of muscle composition, beyond its well-
established correlation with muscle mass. Studies have 
demonstrated PhA as a potential surrogate morphologi-
cal marker of muscle composition, with a good diagnostic 
value concerning muscle radiodensity [82–84]. However, 
further research is needed to confirm these findings. If this 
concept is validated, PhA could offer an accessible bedside 
marker of the morphological aspect of skeletal muscle (i.e., 
muscle composition). This could also facilitate assessments 
in clinical practice, enabling their monitoring and poten-
tially allowing informed and timely interventions in patient 
care. Table 3 summarizes potential emerging and surrogate 
approaches for morphological and functional assessments of 
skeletal muscle health.

Clinical impact

PhA’s clinical relevance has been highlighted across vari-
ous conditions and outcomes, including inflammation 
and reduced survival rates [85–88]. Interestingly, PhA 
has also been shown to improve in response to nutritional 

interventions, even in the presence of concurrent muscle loss 
[89], suggesting its potential as a sensitive marker of muscle 
composition.

Future perspectives

Considering the growing body of evidence on the clinical 
relevance of muscle-specific strength, muscle composition, 
and architecture, reflecting functional and morphological 
aspects of skeletal muscle, it is essential to translate this 
knowledge into clinical practice to enhance patient care. 
Particularly, within the scope of muscle-specific strength, 
we have briefly addressed the potential utility of regional/
site-specific anthropometric measures, such as calf circum-
ference and arm muscle circumference [13, 16]. However, 
further research is necessary to establish their validity as 
practical surrogate markers for use in the denominator of 
muscle-specific strength calculations, as their true utility 
remains uncertain. Additionally, other simple functional or 
strength-based markers (e.g., the number of repetitions in the 
30-s chair stand test) may serve as feasible alternatives for 
clinical use in the numerator of muscle-specific strength, as 
previously demonstrated [21].

Confirming the predictive validity of these measures in 
relation to clinical outcomes, as well as their concurrent 
validity when compared to established muscle-specific 
strength assessments, would further justify their integration 
into practice. Ultimately, such evidence may also inform 
ongoing discussions about incorporating this metric into 
the global operational definition of sarcopenia.

Conclusions

The goal of this review was to present a science-based per-
spective on the importance of using accurate, precise, and 
consistent terminology when describing the functional and 
morphological aspects of skeletal muscle health. Rather than 
relying on broad, often misclassified umbrella terms such 
as “muscle quality”, we advocate for clearer classification 
that reflects the current state of evidence. Scientific refine-
ment and progress require us to adapt, even if interchange-
able terms have been widely used in the past. Doing so will 
enhance translational knowledge and improve clarity across 
the field. We emphasize the need to adopt precise and accu-
rate terminology to establish a universal and standardized 
scientific language for skeletal muscle assessment, given 
its well-established clinical relevance. As a step forward, 
we recommend using more specific terms, such as muscle 
composition, architecture, and muscle-specific strength, 
while acknowledging that perspectives may vary across 
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disciplines. We welcome discussion and diverse viewpoints 
from our colleagues in response to this article.

In light of the current inconsistency in terminology and 
interpretation of functional and morphological parameters 
grouped under the term “muscle quality”, future efforts 
should focus on proposing a framework standardization. 
This could include Delphi consensus panels to define and 
validate key terms; and normative data to support global 
alignment and acceleration in the field.

Acknowledgements  The authors acknowledge Prof. Dr. Richard 
Thompson, Prof. Dr. Flavia M. Silva, Galtieri Otavio Cunha de Medei-
ros, and Camila F. Burgel for kindly providing the images that contrib-
uted to our illustrations.

Author contributions  CMP and JPCP contributed to the conception 
and wrote the manuscript. All the authors critically reviewed, inter-
preted, and approved the final version of the manuscript.

Funding  JPCP is partially funded by the Coordenação de Aper-
feiçoamento de Pessoal de Nível Superior (CAPES), Brazil (Finance 
Code 001). APTF and MCG are partially funded by the Brazilian 
National Council for Scientific and Technological Development 
(CNPq), through a productivity scholarship. SBH serves on the Medi-
cal Advisory Boards of Tanita Corporation, Novo Nordisk, Lilly, 
Abbott, Regeneron, and Medifast. CMP is partially funded through 
the Canada Research Chairs Program. The supporting sources have no 
involvement or restrictions on this publication.

Declarations 

Conflict of interest  JPCP has received travel support from Fresenius 
Kabi for the Jumpstart Clinical Nutrition Program, travel fees for 
Speaker engagement from Danone Nutricia Brazil, and speaking hon-
oraria from Prodiet Medical Nutrition. MCG has previously received 
honoraria and/or paid consultancy from Abbott Nutrition, Nutricia, 
and Nestlé Health Science Brazil. AJCJ has previously received hono-
raria and/or paid consultancy from Abbott Nutrition, Nutricia España, 
Nestlé Health Science and Nestlé HealthCare Nutrition Inc. BHG has 
received speaking honorarium from Baxter Corporation. RMD has 
previously received honoraria from Abbott Nutrition and Fresenius 
Kabi and an educational grant from Abbott Nutrition. APTF receives a 
grant for research from Prodiet Medical Nutrition. SBH serves on the 
Medical Advisory Boards of Tanita Corporation, Novo Nordisk, Ab-
bott, Novartis, Versanis, and Medifast. CMP has previously received 
honoraria and/or paid consultancy from Abbott Nutrition, Nutricia, 
Nestlé Health Science, and Novo Nordisk.

Ethical approval  Not applicable.

Informed consent  Not applicable.

References

	 1.	 Correa-de-Araujo R, Harris-Love MO, Miljkovic I, Fragala MS, 
Anthony BW, Manini TM (2017) The need for standardized 
assessment of muscle quality in skeletal muscle function deficit 
and other aging-related muscle dysfunctions: a symposium report. 
Front Physiol. https://​doi.​org/​10.​3389/​fphys.​2017.​00087

	 2.	 Cawthon PM, Visser M, Arai H, Ávila-Funes JA, Barazzoni 
R, Bhasin S et  al (2022) Defining terms commonly used in 

sarcopenia research: a glossary proposed by the Global Leader-
ship in Sarcopenia (Glis) Steering Committee. Eur Geriatr Med 
13:1239–1244. https://​doi.​org/​10.​1007/​s41999-​022-​00706-5

	 3.	 Prado CM, Gonzalez MC, Norman K, Barazzoni R, Cederholm 
T, Compher C et al (2025) Methodological standards for body 
composition—an expert-endorsed guide for research and clinical 
applications: levels, models, and terminology. Am J Clin Nutr 
122:384–391. https://​doi.​org/​10.​1016/j.​ajcnut.​2025.​05.​022

	 4.	 Jing X, Tan L, Fu H, Yang L, Yang M (2021) Associations of ADL 
disability with trunk muscle mass and muscle quality indicators 
measured by opportunistic chest computed tomography imaging 
among older inpatients. Front Med 8:743698. https://​doi.​org/​10.​
3389/​fmed.​2021.​743698

	 5.	 Kroenke CH, Prado CM, Meyerhardt JA, Weltzien EK, Xiao J, 
Cespedes Feliciano EM et al (2018) Muscle radiodensity and mor-
tality in patients with colorectal cancer. Cancer 124:3008–3015. 
https://​doi.​org/​10.​1002/​cncr.​31405

	 6.	 Costa Pereira JPD, Rüegg RAB, Costa EC, Fayh APT (2024) 
Muscle quality and major adverse cardiovascular events in post-
acute myocardial infarction: a prospective cohort study. Nutr 
Metab Cardiovasc Dis. https://​doi.​org/​10.​1016/j.​numecd.​2024.​
04.​017

	 7.	 Xiao J, Caan BJ, Cespedes Feliciano EM, Meyerhardt JA, Peng 
PD, Baracos VE et al (2020) Association of low muscle mass and 
low muscle radiodensity with morbidity and mortality for colon 
cancer surgery. JAMA Surg 155:942. https://​doi.​org/​10.​1001/​
jamas​urg.​2020.​2497

	 8.	 De Lucena Alves CP, De Almeida SB, Lima DP, Neto PB, 
Miranda AL, Manini T et al (2023) Muscle quality in older adults: 
a scoping review. J Am Med Dir Assoc 24:462-467.e12. https://​
doi.​org/​10.​1016/j.​jamda.​2023.​02.​012

	 9.	 Kent-Braun JA, Ng AV (1999) Specific strength and voluntary 
muscle activation in young and elderly women and men. J Appl 
Physiol 87:22–29. https://​doi.​org/​10.​1152/​jappl.​1999.​87.1.​22

	10.	 Barbat-Artigas S, Rolland Y, Zamboni M, Aubertin-Leheudre 
M (2012) How to assess functional status: a new muscle quality 
index. J Nutr Health Aging 16:67–77. https://​doi.​org/​10.​1007/​
s12603-​012-​0004-5

	11.	 Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y, Bruyère O, Ceder-
holm T et al (2019) Sarcopenia: revised European consensus on 
definition and diagnosis. Age Ageing 48:16–31. https://​doi.​org/​
10.​1093/​ageing/​afy169

	12.	 Costa Pereira JPD, Prado CM, Gonzalez MC, Da Silva Diniz A, 
Miranda AL, De Medeiros GOC et al (2024) Strength-to-muscle 
radiodensity: a potential new index for muscle quality. Clin Nutr 
43:1667–1674. https://​doi.​org/​10.​1016/j.​clnu.​2024.​05.​032

	13.	 Da Costa Pereira Jarson P, Prado CM, Gonzalez MC, Cabral PC, 
De Oliveira Guedes FF, Da Silva Diniz A et al (2024) Prognostic 
significance of novel muscle quality index utilization in hospital-
ized adults with cancer: a secondary analysis. J Parenter Enteral 
Nutr. https://​doi.​org/​10.​1002/​jpen.​2701

	14.	 Wu G-F, He C-H, Xi W-T, Zhai W-B, Li Z-Z, Zhu Y-C et al (2025) 
Sarcopenia defined by the global leadership initiative in sarcope-
nia (GLIS) consensus predicts adverse postoperative outcomes in 
patients undergoing radical gastrectomy for gastric cancer: analy-
sis from a prospective cohort study. BMC Cancer 25:679. https://​
doi.​org/​10.​1186/​s12885-​025-​13967-7

	15.	 Lopes LCC, Vaz-Gonçalves L, Schincaglia RM, Gonzalez MC, 
Prado CM, De Oliveira EP et al (2022) Sex and population-spe-
cific cutoff values of muscle quality index: results from NHANES 
2011–2014. Clin Nutr 41:1328–1334. https://​doi.​org/​10.​1016/j.​
clnu.​2022.​04.​026

	16.	 Ferri Burgel C, Freitas IM, De Carvalho BZO, Costa-Pereira JP, 
Fayh APT, Moraes Silva F (2025) A new anthropometry-based 
muscle quality index predicts adverse outcomes in hospitalized 
patients. Clin Nutr. https://​doi.​org/​10.​1016/j.​clnu.​2025.​04.​030

https://doi.org/10.3389/fphys.2017.00087
https://doi.org/10.1007/s41999-022-00706-5
https://doi.org/10.1016/j.ajcnut.2025.05.022
https://doi.org/10.3389/fmed.2021.743698
https://doi.org/10.3389/fmed.2021.743698
https://doi.org/10.1002/cncr.31405
https://doi.org/10.1016/j.numecd.2024.04.017
https://doi.org/10.1016/j.numecd.2024.04.017
https://doi.org/10.1001/jamasurg.2020.2497
https://doi.org/10.1001/jamasurg.2020.2497
https://doi.org/10.1016/j.jamda.2023.02.012
https://doi.org/10.1016/j.jamda.2023.02.012
https://doi.org/10.1152/jappl.1999.87.1.22
https://doi.org/10.1007/s12603-012-0004-5
https://doi.org/10.1007/s12603-012-0004-5
https://doi.org/10.1093/ageing/afy169
https://doi.org/10.1093/ageing/afy169
https://doi.org/10.1016/j.clnu.2024.05.032
https://doi.org/10.1002/jpen.2701
https://doi.org/10.1186/s12885-025-13967-7
https://doi.org/10.1186/s12885-025-13967-7
https://doi.org/10.1016/j.clnu.2022.04.026
https://doi.org/10.1016/j.clnu.2022.04.026
https://doi.org/10.1016/j.clnu.2025.04.030


	 European Geriatric Medicine

	17.	 Kirk B, Cawthon PM, Arai H, Ávila-Funes JA, Barazzoni R, 
Bhasin S et  al (2024) The conceptual definition of sarcope-
nia: delphi consensus from the global leadership initiative in 
sarcopenia(Glis). Age Ageing 53:afae052. https://​doi.​org/​10.​1093/​
ageing/​afae0​52

	18.	 Vieira FT, Cai Y, Gonzalez MC, Goodpaster BH, Prado CM, Haqq 
AM (2025) Poor muscle quality: a hidden and detrimental health 
condition in obesity. Rev Endocr Metab Disord. https://​doi.​org/​
10.​1007/​s11154-​025-​09941-0

	19.	 Johansson J, Strand BH, Morseth B, Hopstock LA, Grimsgaard S 
(2020) Differences in sarcopenia prevalence between upper-body 
and lower-body based EWGSOP2 muscle strength criteria: the 
Tromsø study 2015–2016. BMC Geriatr 20:461. https://​doi.​org/​
10.​1186/​s12877-​020-​01860-w

	20.	 Phillipe De Lucena Alves C, Câmara M, Dantas Macêdo GA, 
Freire YA, De Melo Silva R, Paulo-Pereira R et al (2022) Agree-
ment between upper and lower limb measures to identify older 
adults with low skeletal muscle strength, muscle mass and muscle 
quality. PLoS ONE 17:e0262732. https://​doi.​org/​10.​1371/​journ​al.​
pone.​02627​32

	21.	 Da Costa-Pereira JP, Freire YA, Da Silva AMB, De Lucena Alves 
CP, De Melo Silva R, Câmara M et al (2024) Associations of 
upper- and lower-limb muscle strength, mass, and quality with 
health-related quality of life in community-dwelling older adults. 
Geriatr Gerontol Int. https://​doi.​org/​10.​1111/​ggi.​14912

	22.	 Mankowski RT, Anton SD, Aubertin-Leheudre M (2015) The 
role of muscle mass, muscle quality, and body composition in 
risk for the metabolic syndrome and functional decline in older 
adults. Curr Geriatr Rep 4:221–228. https://​doi.​org/​10.​1007/​
s13670-​015-​0132-y

	23.	 Heymsfield SB, Prado CM, Gonzalez MC (2023) Skeletal muscle-
focused guideline development: hierarchical model incorporating 
muscle form, function, and clinical outcomes. Appl Physiol Nutr 
Metab 48:751–756. https://​doi.​org/​10.​1139/​apnm-​2023-​0176

	24.	 Chen L, Nelson DR, Zhao Y, Cui Z, Johnston JA (2013) Relation-
ship between muscle mass and muscle strength, and the impact of 
comorbidities: a population-based, cross-sectional study of older 
adults in the United States. BMC Geriatr 13:74. https://​doi.​org/​
10.​1186/​1471-​2318-​13-​74

	25.	 Perkisas S, De Cock A, Verhoeven V, Vandewoude M (2016) 
Physiological and architectural changes in the ageing muscle and 
their relation to strength and function in sarcopenia. Eur Geriatr 
Med 7:201–206. https://​doi.​org/​10.​1016/j.​eurger.​2015.​12.​016

	26.	 Yamada Y (2018) Muscle mass, quality, and composition changes 
during atrophy and sarcopenia. In: Xiao J (ed) Muscle atrophy, 
vol 1088. Springer, Singapore, pp 47–72. https://​doi.​org/​10.​1007/​
978-​981-​13-​1435-3_3

	27.	 Goodpaster BH, Park SW, Harris TB, Kritchevsky SB, Nevitt M, 
Schwartz AV et al (2006) The loss of skeletal muscle strength, 
mass, and quality in older adults: the health, aging and body com-
position study. J Gerontol A Biol Sci Med Sci 61:1059–1064. 
https://​doi.​org/​10.​1093/​gerona/​61.​10.​1059

	28.	 Yoda M, Inaba M, Okuno S, Yoda K, Yamada S, Imanishi Y 
et al (2012) Poor muscle quality as a predictor of high mortality 
independent of diabetes in hemodialysis patients. Biomed Phar-
macother 66:266–270. https://​doi.​org/​10.​1016/j.​biopha.​2011.​11.​
001

	29.	 Zhai W-B, Li Z-Z, He C-H, Xi W-T, Wu G-F, Ke H-W et al (2025) 
Muscle-specific strength predicts postoperative complications and 
survival in patients undergoing curative colectomy for colorectal 
cancer. Eur J Surg Oncol 51:110020. https://​doi.​org/​10.​1016/j.​
ejso.​2025.​110020

	30.	 Huang J, Tang H, Jia S, Chen J, Liang R, Tan C et al (2025) 
Association of muscle quality index with osteoarthritis in young 
and middle-aged American adults. Sport Sci Health. https://​doi.​
org/​10.​1007/​s11332-​025-​01405-x

	31.	 Weng L, Xu Z, Chen Y, Chen C (2023) Associations between the 
muscle quality index and adult lung functions from NHANES 
2011–2012. Front Public Health 11:1146456. https://​doi.​org/​
10.​3389/​fpubh.​2023.​11464​56

	32.	 Song J, Wu Y, Ma H, Zhang J (2023) Association between 
muscle quality index and periodontal disease among American 
adults aged ≥ 30 years: a cross-sectional study and mediation 
analysis. BMC Oral Health 23:918. https://​doi.​org/​10.​1186/​
s12903-​023-​03520-y

	33.	 Chen Y, Lin W, Fu L, Liu H, Jin S, Ye X et al (2023) Muscle 
quality index and cardiovascular disease among US popula-
tion-findings from NHANES 2011–2014. BMC Public Health 
23:2388. https://​doi.​org/​10.​1186/​s12889-​023-​17303-1

	34.	 Wang Z, Wu M, Shao X, Yang Q (2024) Muscle quality 
index is associated with depression among non-elderly US 
adults. BMC Psychiatry 24:672. https://​doi.​org/​10.​1186/​
s12888-​024-​06136-w

	35.	 Forsberg AM, Nilsson E, Werneman J, Bergström J, Hultman E 
(1991) Muscle composition in relation to age and sex. Clin Sci 
81:249–256. https://​doi.​org/​10.​1042/​cs081​0249

	36.	 Kent-Braun JA, Ng AV, Young K (2000) Skeletal muscle contrac-
tile and noncontractile components in young and older women and 
men. J Appl Physiol 88:662–668. https://​doi.​org/​10.​1152/​jappl.​
2000.​88.2.​662

	37.	 Delmonico MJ, Harris TB, Visser M, Park SW, Conroy MB, 
Velasquez-Mieyer P et al (2009) Longitudinal study of muscle 
strength, quality, and adipose tissue infiltration. Am J Clin Nutr 
90:1579–1585. https://​doi.​org/​10.​3945/​ajcn.​2009.​28047

	38.	 Orwoll ES, Blackwell T, Cummings SR, Cauley JA, Lane NE, 
Hoffman AR et al (2022) CT muscle density, D3Cr muscle mass, 
and body fat associations with physical performance, mobility 
outcomes, and mortality risk in older men. J Gerontol A Biol Sci 
Med Sci 77:790–799. https://​doi.​org/​10.​1093/​gerona/​glab2​66

	39.	 Kim H-K, Kim C-H (2021) Quality matters as much as quantity 
of skeletal muscle: clinical implications of myosteatosis in car-
diometabolic health. Endocrinol Metab 36:1161–1174. https://​doi.​
org/​10.​3803/​EnM.​2021.​1348

	40.	 Correa-de-Araujo R, Addison O, Miljkovic I, Goodpaster BH, 
Bergman BC, Clark RV et al (2020) Myosteatosis in the context 
of skeletal muscle function deficit: an interdisciplinary workshop 
at the National Institute on Aging. Front Physiol 11:963. https://​
doi.​org/​10.​3389/​fphys.​2020.​00963

	41.	 Goodpaster BH, Kelley DE, Thaete FL, He J, Ross R (2000) Skel-
etal muscle attenuation determined by computed tomography is 
associated with skeletal muscle lipid content. J Appl Physiol 
89:104–110. https://​doi.​org/​10.​1152/​jappl.​2000.​89.1.​104

	42.	 Goodpaster BH, Bergman BC, Brennan AM, Sparks LM (2023) 
Intermuscular adipose tissue in metabolic disease. Nat Rev Endo-
crinol 19:285–298. https://​doi.​org/​10.​1038/​s41574-​022-​00784-2

	43.	 Wendling PS, Peters SJ, Heigenhauser GJ, Spriet LL (1996) Vari-
ability of triacylglycerol content in human skeletal muscle biopsy 
samples. J Appl Physiol 81:1150–1155. https://​doi.​org/​10.​1152/​
jappl.​1996.​81.3.​1150

	44.	 McGregor RA, Cameron-Smith D, Poppitt SD (2014) It is not 
just muscle mass: a review of muscle quality, composition and 
metabolism during ageing as determinants of muscle function and 
mobility in later life. Longev Healthspan 3:9. https://​doi.​org/​10.​
1186/​2046-​2395-3-9

	45.	 Prado CM, Landi F, Chew STH, Atherton PJ, Molinger J, Ruck 
T et al (2022) Advances in muscle health and nutrition: a toolkit 
for healthcare professionals. Clin Nutr 41:2244–2263. https://​doi.​
org/​10.​1016/j.​clnu.​2022.​07.​041

	46.	 Perkisas S, Bastijns S, Baudry S, Bauer J, Beaudart C, Beckwée 
D et al (2021) Application of ultrasound for muscle assessment 
in sarcopenia: 2020 SARCUS update. Eur Geriatr Med 12:45–59. 
https://​doi.​org/​10.​1007/​s41999-​020-​00433-9

https://doi.org/10.1093/ageing/afae052
https://doi.org/10.1093/ageing/afae052
https://doi.org/10.1007/s11154-025-09941-0
https://doi.org/10.1007/s11154-025-09941-0
https://doi.org/10.1186/s12877-020-01860-w
https://doi.org/10.1186/s12877-020-01860-w
https://doi.org/10.1371/journal.pone.0262732
https://doi.org/10.1371/journal.pone.0262732
https://doi.org/10.1111/ggi.14912
https://doi.org/10.1007/s13670-015-0132-y
https://doi.org/10.1007/s13670-015-0132-y
https://doi.org/10.1139/apnm-2023-0176
https://doi.org/10.1186/1471-2318-13-74
https://doi.org/10.1186/1471-2318-13-74
https://doi.org/10.1016/j.eurger.2015.12.016
https://doi.org/10.1007/978-981-13-1435-3_3
https://doi.org/10.1007/978-981-13-1435-3_3
https://doi.org/10.1093/gerona/61.10.1059
https://doi.org/10.1016/j.biopha.2011.11.001
https://doi.org/10.1016/j.biopha.2011.11.001
https://doi.org/10.1016/j.ejso.2025.110020
https://doi.org/10.1016/j.ejso.2025.110020
https://doi.org/10.1007/s11332-025-01405-x
https://doi.org/10.1007/s11332-025-01405-x
https://doi.org/10.3389/fpubh.2023.1146456
https://doi.org/10.3389/fpubh.2023.1146456
https://doi.org/10.1186/s12903-023-03520-y
https://doi.org/10.1186/s12903-023-03520-y
https://doi.org/10.1186/s12889-023-17303-1
https://doi.org/10.1186/s12888-024-06136-w
https://doi.org/10.1186/s12888-024-06136-w
https://doi.org/10.1042/cs0810249
https://doi.org/10.1152/jappl.2000.88.2.662
https://doi.org/10.1152/jappl.2000.88.2.662
https://doi.org/10.3945/ajcn.2009.28047
https://doi.org/10.1093/gerona/glab266
https://doi.org/10.3803/EnM.2021.1348
https://doi.org/10.3803/EnM.2021.1348
https://doi.org/10.3389/fphys.2020.00963
https://doi.org/10.3389/fphys.2020.00963
https://doi.org/10.1152/jappl.2000.89.1.104
https://doi.org/10.1038/s41574-022-00784-2
https://doi.org/10.1152/jappl.1996.81.3.1150
https://doi.org/10.1152/jappl.1996.81.3.1150
https://doi.org/10.1186/2046-2395-3-9
https://doi.org/10.1186/2046-2395-3-9
https://doi.org/10.1016/j.clnu.2022.07.041
https://doi.org/10.1016/j.clnu.2022.07.041
https://doi.org/10.1007/s41999-020-00433-9


European Geriatric Medicine	

	47.	 Watanabe Y, Ikenaga M, Yoshimura E, Yamada Y, Kimura 
M (2018) Association between echo intensity and attenua-
tion of skeletal muscle in young and older adults: a compari-
son between ultrasonography and computed tomography. CIA 
13:1871–1878. https://​doi.​org/​10.​2147/​CIA.​S1733​72

	48.	 Aleixo GFP, Shachar SS, Nyrop KA, Muss HB, Malpica L, 
Williams GR (2020) Myosteatosis and prognosis in cancer: 
systematic review and meta-analysis. Crit Rev Oncol Hematol 
145:102839. https://​doi.​org/​10.​1016/j.​critr​evonc.​2019.​102839

	49.	 Montano-Loza AJ, Angulo P, Meza-Junco J, Prado CMM, 
Sawyer MB, Beaumont C et al (2016) Sarcopenic obesity and 
myosteatosis are associated with higher mortality in patients 
with cirrhosis: sarcopenic obesity and myosteatosis in cirrhosis. 
J Cachexia Sarcopenia Muscle 7:126–135. https://​doi.​org/​10.​
1002/​jcsm.​12039

	50.	 Giani M, Rezoagli E, Grassi A, Porta M, Riva L, Famularo S 
et al (2022) Low skeletal muscle index and myosteatosis as pre-
dictors of mortality in critically ill surgical patients. Nutrition 
101:111687. https://​doi.​org/​10.​1016/j.​nut.​2022.​111687

	51.	 Morel A, Ouamri Y, Canouï-Poitrine F, Mulé S, Champy CM, 
Ingels A et al (2022) Myosteatosis as an independent risk factor 
for mortality after kidney allograft transplantation: a retrospec-
tive cohort study. J Cachexia Sarcopenia Muscle 13:386–396. 
https://​doi.​org/​10.​1002/​jcsm.​12853

	52.	 Donato B, Almeida R, Raimundo M, Velho S, Primitivo A, 
Correia F et al (2024) Myosteatosis: an underrecognized risk 
factor for mortality in non-dialysis chronic kidney disease 
patients. J Nephrol 37:2307–2315. https://​doi.​org/​10.​1007/​
s40620-​024-​02042-2

	53.	 Linge J, Petersson M, Forsgren MF, Sanyal AJ, Dahlqvist Lein-
hard O (2021) Adverse muscle composition predicts all‐cause 
mortality in the UK Biobank imaging study. J Cachexia Sarcope-
nia Muscle 12:1513–1526. https://​doi.​org/​10.​1002/​jcsm.​12834

	54.	 Casey P, Alasmar M, McLaughlin J, Ang Y, McPhee J, Heire P 
et al (2022) The current use of ultrasound to measure skeletal 
muscle and its ability to predict clinical outcomes: a systematic 
review. J Cachexia Sarcopenia Muscle 13:2298–2309. https://​doi.​
org/​10.​1002/​jcsm.​13041

	55.	 Akazawa N, Kishi M, Hino T, Tsuji R, Tamura K, Hioka A et al 
(2021) Intramuscular adipose tissue in the quadriceps is more 
strongly related to recovery of activities of daily living than 
muscle mass in older inpatients. J Cachexia Sarcopenia Muscle 
12:891–899. https://​doi.​org/​10.​1002/​jcsm.​12713

	56.	 Parry SM, El-Ansary D, Cartwright MS, Sarwal A, Berney S, 
Koopman R et al (2015) Ultrasonography in the intensive care 
setting can be used to detect changes in the quality and quantity of 
muscle and is related to muscle strength and function. J Crit Care 
30:1151.e9-1151.e14. https://​doi.​org/​10.​1016/j.​jcrc.​2015.​05.​024

	57.	 Linge J, Ekstedt M, Dahlqvist Leinhard O (2021) Adverse muscle 
composition is linked to poor functional performance and meta-
bolic comorbidities in NAFLD. JHEP Rep 3:100197. https://​doi.​
org/​10.​1016/j.​jhepr.​2020.​100197

	58.	 Yang Q, Yan D, Wang L, Li K, Liang W, Zhang W et al (2022) 
Muscle fat infiltration but not muscle cross-sectional area is 
independently associated with bone mineral density at the lum-
bar spine. Br J Radiol 95:20210371. https://​doi.​org/​10.​1259/​bjr.​
20210​371

	59.	 Wang L, Yang M, Ge Y, Liu Y, Su Y, Guo Z et al (2023) Muscle 
size and density are independently associated with death after 
hip fracture: a prospective cohort study. J Cachexia Sarcopenia 
Muscle 14:1824–1835. https://​doi.​org/​10.​1002/​jcsm.​13261

	60.	 Wong C-J, Friedman SD, Snider L, Bennett SR, Jones TI, Jones 
PL et al (2024) Regional and bilateral MRI and gene signatures 
in facioscapulohumeral dystrophy: implications for clinical trial 
design and mechanisms of disease progression. Hum Mol Genet 
33:698–708. https://​doi.​org/​10.​1093/​hmg/​ddae0​07

	61.	 Coronado-Zarco R, Olascoaga-Gómez De León A (2023) Mus-
cle quality an evolving concept. JFSF 8:254–260. https://​doi.​
org/​10.​22540/​JFSF-​08-​254

	62.	 Wickiewicz TL, Roy RR, Powell PL, Edgerton VR (1983) Mus-
cle architecture of the human lower limb. Clin Orthop Relat 
Res 179:275–283. https://​doi.​org/​10.​1097/​00003​086-​19831​
0000-​00042

	63.	 Rockenfeller R, Günther M, Clemente CJ, Dick TJM (2024) 
Rethinking the physiological cross-sectional area of skeletal 
muscle reveals the mechanical advantage of pennation. R Soc 
Open Sci 11:240037. https://​doi.​org/​10.​1098/​rsos.​240037

	64.	 Stevens DE, Smith CB, Harwood B, Rice CL (2014) In vivo 
measurement of fascicle length and pennation of the human 
anconeus muscle at several elbow joint angles. J Anat 225:502–
509. https://​doi.​org/​10.​1111/​joa.​12233

	65.	 Gans C, De Vree F (1987) Functional bases of fiber length and 
angulation in muscle. J Morphol 192:63–85. https://​doi.​org/​10.​
1002/​jmor.​10519​20106

	66.	 Arnold EM, Hamner SR, Seth A, Millard M, Delp SL (2013) 
How muscle fiber lengths and velocities affect muscle force 
generation as humans walk and run at different speeds. J Exp 
Biol. https://​doi.​org/​10.​1242/​jeb.​075697

	67.	 Van Hooren B, Teratsias P, Hodson-Tole EF (2020) Ultrasound 
imaging to assess skeletal muscle architecture during move-
ments: a systematic review of methods, reliability, and chal-
lenges. J Appl Physiol 128:978–999. https://​doi.​org/​10.​1152/​
jappl​physi​ol.​00835.​2019

	68.	 Wang Z, Destro A, Petersson S, Cenni F, Wang R (2023) 
In vivo 3D muscle architecture quantification based on 3D free-
hand ultrasound and magnetic resonance imaging. J Biomech 
152:111567. https://​doi.​org/​10.​1016/j.​jbiom​ech.​2023.​111567

	69.	 Berry DB, Gordon JA, Adair V, Frank LR, Ward SR (2025) 
From voxels to physiology: a review of diffusion magnetic reso-
nance imaging applications in skeletal muscle. Magn Reson 
Imaging 61:595–615. https://​doi.​org/​10.​1002/​jmri.​29489

	70.	 Hinks A, Franchi MV, Power GA (2022) The influence of lon-
gitudinal muscle fascicle growth on mechanical function. J 
Appl Physiol 133:87–103. https://​doi.​org/​10.​1152/​jappl​physi​
ol.​00114.​2022

	71.	 Lee Z-Y, Ong SP, Ng CC, Yap CSL, Engkasan JP, Barakatun-
Nisak MY et al (2021) Association between ultrasound quadri-
ceps muscle status with premorbid functional status and 60-day 
mortality in mechanically ventilated critically ill patient: a sin-
gle-center prospective observational study. Clin Nutr 40:1338–
1347. https://​doi.​org/​10.​1016/j.​clnu.​2020.​08.​022

	72.	 Kaya ZI, Öztürk Y, Gürcü S, Uncu G, Uçan A, Eşme M et al 
(2023) Predictors of 3-month mortality with muscle ultrasound 
and palliative prognostic tools among patients admitted to pal-
liative care units. Korean J Intern Med 38:557–565. https://​doi.​
org/​10.​3904/​kjim.​2022.​308

	73.	 Oge DD, Arsava EM, Topcuoglu MA (2025) Impact of low 
muscle mass and bone mineral density on long-term outcomes 
of acute ischemic stroke: a prospective study. Clin Nutr ESPEN 
66:69–75. https://​doi.​org/​10.​1016/j.​clnesp.​2024.​12.​021

	74.	 Lo Buglio A, Bellanti F, Serviddio G, Vendemiale G (2020) 
Impact of nutritional status on muscle architecture in elderly 
patients hospitalized in internal medicine wards. J Nutr Health 
Aging 24:717–722. https://​doi.​org/​10.​1007/​s12603-​020-​1407-3

	75.	 Goodpaster BH, Carlson CL, Visser M, Kelley DE, Scherzinger 
A, Harris TB et al (2001) Attenuation of skeletal muscle and 
strength in the elderly: the Health ABC study. J Appl Physiol 
90:2157–2165. https://​doi.​org/​10.​1152/​jappl.​2001.​90.6.​2157

	76.	 Csapo R, Malis V, Sinha U, Du J, Sinha S (2014) Age-associated 
differences in triceps surae muscle composition and strength—
an MRI-based cross-sectional comparison of contractile, 

https://doi.org/10.2147/CIA.S173372
https://doi.org/10.1016/j.critrevonc.2019.102839
https://doi.org/10.1002/jcsm.12039
https://doi.org/10.1002/jcsm.12039
https://doi.org/10.1016/j.nut.2022.111687
https://doi.org/10.1002/jcsm.12853
https://doi.org/10.1007/s40620-024-02042-2
https://doi.org/10.1007/s40620-024-02042-2
https://doi.org/10.1002/jcsm.12834
https://doi.org/10.1002/jcsm.13041
https://doi.org/10.1002/jcsm.13041
https://doi.org/10.1002/jcsm.12713
https://doi.org/10.1016/j.jcrc.2015.05.024
https://doi.org/10.1016/j.jhepr.2020.100197
https://doi.org/10.1016/j.jhepr.2020.100197
https://doi.org/10.1259/bjr.20210371
https://doi.org/10.1259/bjr.20210371
https://doi.org/10.1002/jcsm.13261
https://doi.org/10.1093/hmg/ddae007
https://doi.org/10.22540/JFSF-08-254
https://doi.org/10.22540/JFSF-08-254
https://doi.org/10.1097/00003086-198310000-00042
https://doi.org/10.1097/00003086-198310000-00042
https://doi.org/10.1098/rsos.240037
https://doi.org/10.1111/joa.12233
https://doi.org/10.1002/jmor.1051920106
https://doi.org/10.1002/jmor.1051920106
https://doi.org/10.1242/jeb.075697
https://doi.org/10.1152/japplphysiol.00835.2019
https://doi.org/10.1152/japplphysiol.00835.2019
https://doi.org/10.1016/j.jbiomech.2023.111567
https://doi.org/10.1002/jmri.29489
https://doi.org/10.1152/japplphysiol.00114.2022
https://doi.org/10.1152/japplphysiol.00114.2022
https://doi.org/10.1016/j.clnu.2020.08.022
https://doi.org/10.3904/kjim.2022.308
https://doi.org/10.3904/kjim.2022.308
https://doi.org/10.1016/j.clnesp.2024.12.021
https://doi.org/10.1007/s12603-020-1407-3
https://doi.org/10.1152/jappl.2001.90.6.2157


	 European Geriatric Medicine

adipose and connective tissue. BMC Musculoskelet Disord 
15:209. https://​doi.​org/​10.​1186/​1471-​2474-​15-​209

	77.	 Rutkove SB (2009) Electrical impedance myography: background, 
current state, and future directions. Muscle Nerve 40:936–946. 
https://​doi.​org/​10.​1002/​mus.​21362

	78.	 Sanchez B, Rutkove SB (2017) Electrical impedance myography 
and its applications in neuromuscular disorders. Neurotherapeu-
tics 14:107–118. https://​doi.​org/​10.​1007/​s13311-​016-​0491-x

	79.	 Sanchez B, Martinsen OG, Freeborn TJ, Furse CM (2021) Elec-
trical impedance myography: a critical review and outlook. Clin 
Neurophysiol 132:338–344. https://​doi.​org/​10.​1016/j.​clinph.​2020.​
11.​014

	80.	 Esper GJ, Shiffman CA, Aaron R, Lee KS, Rutkove SB (2006) 
Assessing neuromuscular disease with multifrequency electrical 
impedance myography. Muscle Nerve 34:595–602. https://​doi.​org/​
10.​1002/​mus.​20626

	81.	 Sanchez B, Rutkove SB (2017) Present uses, future applications, 
and technical underpinnings of electrical impedance myogra-
phy. Curr Neurol Neurosci Rep 17:86. https://​doi.​org/​10.​1007/​
s11910-​017-​0793-3

	82.	 Souza NC, Avesani CM, Prado CM, Martucci RB, Rodrigues VD, 
De Pinho NB et al (2021) Phase angle as a marker for muscle 
abnormalities and function in patients with colorectal cancer. Clin 
Nutr 40:4799–4806. https://​doi.​org/​10.​1016/j.​clnu.​2021.​06.​013

	83.	 Costa Pereira JPD, Rebouças ADS, Prado CM, Gonzalez MC, 
Cabral PC, Diniz ADS et al (2024) Phase angle as a marker of 
muscle quality: a systematic review and meta-analysis. Clin Nutr 
43:308–326. https://​doi.​org/​10.​1016/j.​clnu.​2024.​11.​008

	84.	 Bourgeois B, Fan B, Johannsen N, Gonzalez MC, Ng BK, Som-
mer MJ et al (2019) Improved strength prediction combining clini-
cally available measures of skeletal muscle mass and quality. J 
Cachexia Sarcopenia Muscle 10:84–94. https://​doi.​org/​10.​1002/​
jcsm.​12353

	85.	 Belarmino G, Gonzalez MC, Torrinhas RS, Sala P, Andraus W, 
D’Albuquerque LAC et al (2017) Phase angle obtained by bio-
electrical impedance analysis independently predicts mortality in 
patients with cirrhosis. WJH 9:401. https://​doi.​org/​10.​4254/​wjh.​
v9.​i7.​401

	86.	 Barrea L, Muscogiuri G, Laudisio D, Di Somma C, Salzano C, 
Pugliese G et al (2019) Phase angle: a possible biomarker to quan-
tify inflammation in subjects with obesity and 25(Oh)d deficiency. 
Nutrients 11:1747. https://​doi.​org/​10.​3390/​nu110​81747

	87.	 Cornejo-Pareja I, Vegas-Aguilar IM, García-Almeida JM, Bellido-
Guerrero D, Talluri A, Lukaski H et al (2022) Phase angle and 
standardized phase angle from bioelectrical impedance measure-
ments as a prognostic factor for mortality at 90 days in patients 
with COVID-19: a longitudinal cohort study. Clin Nutr 41:3106–
3114. https://​doi.​org/​10.​1016/j.​clnu.​2021.​02.​017

	88.	 Da Silva BR, Gonzalez MC, Cereda E, Prado CM (2022) Explor-
ing the potential role of phase angle as a marker of oxidative 
stress: a narrative review. Nutrition 93:111493. https://​doi.​org/​
10.​1016/j.​nut.​2021.​111493

	89.	 Viana MV, Becce F, Pantet O, Schmidt S, Bagnoud G, Thaden 
JJ et al (2021) Impact of β−hydroxy-β−methylbutyrate (HMB) 
on muscle loss and protein metabolism in critically ill patients: 
a RCT. Clin Nutr 40:4878–4887. https://​doi.​org/​10.​1016/j.​clnu.​
2021.​07.​018

	90.	 Gonzalez MC, Mehrnezhad A, Razaviarab N, Barbosa-Silva TG, 
Heymsfield SB (2021) Calf circumference: cutoff values from the 
NHANES 1999–2006. Am J Clin Nutr 113:1679–1687. https://​
doi.​org/​10.​1093/​ajcn/​nqab0​29

	91.	 Costa-Pereira JP, Prado CM, Heymsfield SB, Fayh AP, Menezes-
Júnior LA, Cabral PC et al (2025) Arm circumference as a marker 
of muscle mass: cutoff values from NHANES 1999–2006. The 
Am J Clin Nutr. https://​doi.​org/​10.​1016/j.​ajcnut.​2025.​09.​034

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1186/1471-2474-15-209
https://doi.org/10.1002/mus.21362
https://doi.org/10.1007/s13311-016-0491-x
https://doi.org/10.1016/j.clinph.2020.11.014
https://doi.org/10.1016/j.clinph.2020.11.014
https://doi.org/10.1002/mus.20626
https://doi.org/10.1002/mus.20626
https://doi.org/10.1007/s11910-017-0793-3
https://doi.org/10.1007/s11910-017-0793-3
https://doi.org/10.1016/j.clnu.2021.06.013
https://doi.org/10.1016/j.clnu.2024.11.008
https://doi.org/10.1002/jcsm.12353
https://doi.org/10.1002/jcsm.12353
https://doi.org/10.4254/wjh.v9.i7.401
https://doi.org/10.4254/wjh.v9.i7.401
https://doi.org/10.3390/nu11081747
https://doi.org/10.1016/j.clnu.2021.02.017
https://doi.org/10.1016/j.nut.2021.111493
https://doi.org/10.1016/j.nut.2021.111493
https://doi.org/10.1016/j.clnu.2021.07.018
https://doi.org/10.1016/j.clnu.2021.07.018
https://doi.org/10.1093/ajcn/nqab029
https://doi.org/10.1093/ajcn/nqab029
https://doi.org/10.1016/j.ajcnut.2025.09.034

	“Muscle quality”: rethinking an imprecise term
	Abstract
	Introduction
	Functional parameters
	Muscle-specific strength
	Definition and assessments
	Clinical impact


	Morphological parameters
	Muscle composition
	Definition and assessments
	Clinical impact

	Muscle architecture
	Definition and assessments
	Clinical impact


	Emerging approaches
	Strength-to-muscle radiodensity index
	Definitions and assessments
	Clinical impact (and relevance)

	Electrical impedance myography (EIM)
	Definitions and assessments
	Clinical impact

	Phase angle (PhA)
	Definitions and assessments
	Clinical impact


	Future perspectives
	Conclusions
	Acknowledgements 
	References


