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Abstract Physical frailty (PF) and sarcopenia are major
health issues in geriatric populations, given their high prev-
alence and association with several adverse outcomes. Nev-
ertheless, the lack of an univocal operational definition for
the two conditions has so far hampered their clinical imple-
mentation. Existing definitional ambiguities of PF and
sarcopenia, together with their complex underlying patho-
physiology, also account for the absence of robust biomark-
ers that can be used for screening, diagnostic and/or prog-
nostication purposes. This review provides an overview of
currently available biological markers for PF and sarcope-
nia, as well as a critical appraisal of strengths and weak-
nesses of traditional procedures for biomarker development
in the field. A novel approach for biomarker identification
and validation, based on multivariate methodologies, is
also discussed. This strategy relies on the multidimensional
modeling of complementary biomarkers to cope with the

< Emanuele Marzetti
emarzetti @live.com

Department of Geriatrics, Neurosciences and Orthopedics,
Catholic University of the Sacred Heart School of Medicine,
Teaching Hospital “Agostino Gemelli”, L.go F. Vito 8,
00168 Rome, Italy

Department of Chemistry, University of Rome “La
Sapienza”, Rome, Italy

Gérontopole, Centre Hospitalier Universitaire de Toulouse,
Toulouse, France

Université de Toulouse III Paul Sabatier, Toulouse, France

Innovative Clinical Trials, Department of Cardiology
and Pneumology, University Medical Center Gottingen
(UMG), Géttingen, Germany

Muscle Metabolism Discovery Performance Unit,
Metabolic Pathways and Cardiovascular Therapeutic Area,
GlaxoSmithKline R&D, Research Triangle Park, NC, USA

phenotypical and pathophysiological complexity of PF and
sarcopenia. Biomarkers identified through the implementa-
tion of multivariate strategies may be used to support the
detection of the two conditions, track their progression over
time or in response to interventions, and reveal the onset
of complications (e.g., mobility disability) at a very early
stage.
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Introduction

Sarcopenia, the age-related decline in skeletal muscle mass
and function, is a major health issue in geriatric medicine,
given its association with a wide spectrum of negative
health outcomes, including disability, loss of independence,
institutionalization and mortality [1]. In addition, sarcope-
nia has been proposed to represent the biological substrate
of the physical function impairment that characterizes
physical frailty (PF) [2].

Although the theoretical foundations of sarcopenia and
PF are widely acknowledged, their clinical implementation
is still hampered by the lack of an univocal operational def-
inition [3]. This is also reflected by the absence of robust
biomarkers that may be used to support the diagnosis, facil-
itate the tracking of the conditions over time, and monitor
their response to interventions [4].

This review summarizes the current state of knowledge
regarding biomarkers for PF and sarcopenia, and presents a
possible novel approach for biomarker identification based
on multivariate methodology.
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Biomarkers for physical frailty and sarcopenia:
where are we?

As indicated in the position statement of the International
Working Group on Sarcopenia [5], several imaging, func-
tional, and biological parameters may be used as bio-
markers for PF and sarcopenia. With respect to imaging
markers, magnetic resonance imaging (MRI), computed
tomography (CT), and dual energy X-ray absorptiometry
(DXA) provide an objective and sufficiently reliable esti-
mation of muscle mass [5]. However, such imaging tech-
niques, especially MRI and CT, are rather expensive and
technically difficult and are only available in well-equipped
medical centers. Other methods for muscle mass estima-
tion, such as peripheral quantitative CT, electrical imped-
ance myography, ultrasonography, bioelectrical impedance
analysis (BIA), neutron activation, creatinine excretion, and
anthropometry, are either not sufficiently standardized or
inaccurate [5].

Although originally based on the sole estimation of
muscle quantity [6], it is now clear that the adequate fram-
ing of sarcopenia requires the simultaneous assessment
of multiple domains [7]. Indeed, the loss of muscle mass,
albeit being associated with strength decline, shows dis-
tinct trajectories of changes over time relative to those in
muscle function [8]. Furthermore, maintaining or even
gaining muscle mass may not protect against strength loss
in old age [8]. On the other hand, improvements in muscle
strength via behavioral [9] or pharmacological interven-
tions [10] are not necessarily associated with increases in
muscle quantity.

Given these considerations, the objective assessment of
muscle strength and function is an indispensable requisite
for identifying PF and sarcopenia. The most popular tools
include the handgrip strength test [11], the short physi-
cal performance battery (SPPB) [12], the usual gait speed
[13], and the lower extremity muscle power [14]. In par-
ticular, the combined assessment of muscle mass and the
three domains explored by the SPPB (i.e., balance, walking
speed, and strength) allows a practical conceptualization of
PF and sarcopenia, easily implementable in research and
clinical settings [15].

Several muscle-specific cellular processes have been
proposed to play a role in the pathogenesis of PF and sar-
copenia, including alterations in mitochondrial function,
redox imbalance, defects in protein metabolism, accel-
eration of myonuclear apoptosis, and deregulation of
autophagy (reviewed in [16]). The dissection of these and
other pathways, besides identifying a vast array of potential
biomarkers for muscle atrophy and dysfunction, has also
contributed to advancing our understanding of PF and sar-
copenia pathophysiology. However, the invasive procedure
required to access muscle tissue (biopsy) as well as the
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complex and expensive analyses necessary to interrogate
specific cellular pathways, hampers the clinical applicabil-
ity of tissular biomarkers [17].

With regard to circulating biomolecules, numerous
mediators linked to systemic inflammation, hormonal sta-
tus, and redox homeostasis have been associated with mus-
cle atrophy and dysfunction [5]. However, they are not spe-
cific to muscle and their levels may, therefore, be altered in
a variety of conditions unrelated to PF and sarcopenia.

In recent years, novel circulating mediators have been
identified that are more closely related to muscle patho-
physiology. For instance, plasma concentrations of pro-
collagen type III N-terminal peptide (P3NP), a fragment
released during cleavage of procollagen type III to gener-
ate collagen III, have been proposed as a marker for mus-
cle remodeling induced by exercise training [18] or phar-
macological interventions [19, 20]. However, P3NP seems
to be associated with muscle mass in older women only
[21], therefore, restricting the use of this molecule as a bio-
marker for muscle atrophy to the female gender.

The circulating C-terminal agrin fragment (CAF) has
recently emerged as a potential marker for skeletal muscle
mass and function [18, 22-26]. Agrin is motor neuron-
derived proteoglycan implicated in the assembly and sta-
bilization of the neuromuscular junction (NMJ). Agrin is
degraded at the NMJ by neurotrypsin to produce a C-ter-
minal 22-kDa fragment (CAF) that is released into the
circulation [27]. In laboratory rodents, excess agrin cleav-
age causes NMJ disruption, muscle fiber denervation, and
early development of sarcopenia [28]. Elevated serum CAF
levels have been associated with sarcopenia in community-
dwelling elderly as well as in older hip-fractured patients
[18, 22-26]. On the other hand, the determination of serum
CAF levels shows good sensitivity, but low specificity for
detecting muscle wasting in patients with chronic heart fail-
ure [29]. Finally, serum CAF has recently been proposed as
a biomarker for muscle loss after acute stroke [30].

Plasma extracellular heat shock protein 72 (eHsp72) has
been proposed as an additional sarcopenia biomarker [31].
In a sample of 665 community-living men and women aged
65-96 years, plasma eHsp72 levels were inversely related
to muscle mass, handgrip strength and 5-meter gait speed.
The mechanistic link between eHsp72 and sarcopenia is
unclear, although it may involve systemic inflammation and
neuronal apoptosis [32, 33].

Circulating skeletal muscle-specific troponin T (sTnT)
may be used as a marker for sarcomere dysfunction and
muscle wasting [34]. TnT, besides being involved in the
assembly of thin filaments [35], also functions as the tro-
pomyosin-binding subunit of the troponin complex [36].
Within sarcomeres, sTnT and tropomyosin regulate cross-
bridge cycling and, hence, contraction via calcium bind-
ing [36]. Under physiologic conditions, only trace amounts
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of sTnT can be retrieved in the circulation, in relation to
muscle tissue turnover. Serum levels of troponins, includ-
ing sTnT, are increased following skeletal muscle injury as
well as in muscular dystrophies and neuromuscular disor-
ders [37]. Notably, in older community-dwellers, 10-week
strength training elicited a substantial decrease in serum
sTnT levels, paralleled by improvements in physical per-
formance and muscle strength [34]. This observation, albeit
preliminary, suggests that circulating sTnT may be used
as an index for assessing the effect of physical exercise on
muscle function [38].

The intimate relationship among muscle loss, physi-
cal function impairment and the aging process has led
researchers hypothesize that biomarkers of organismal
aging may be able to capture the complexity of PF and sar-
copenia [39]. Indeed, an association was reported between
sarcopenia and the length of telomeres in peripheral blood
mononuclear cells (PBMCs) in geriatric outpatients [39].
The association was independent of gender, lifestyle habits,
and comorbidity burden. In contrast, no significant asso-
ciations were determined between PBMC telomere length
and measures of physical performance or the frailty status.
Similarly, PBMC telomere length was unrelated to PF in a
cohort of community-living elderly aged 85+ years [40].

As an attempt to overcome the limitations of currently
available imaging techniques, a novel method for muscle
mass quantification has recently been developed, based on
creatine (methyl-d;) dilution (Ds;-creatine) measured by
enrichment of urine D5-creatinine [41]. The method is able
to accurately quantify whole-body muscle mass in humans
[41] and track longitudinal changes in total muscle mass in
growing rats [42]. Yet, the D;-creatine dilution method only
allows for the quantitative assessment of sarcopenia, with
no information on muscle strength or function. Further-
more, the detection of Dj-creatine relies on isotope ratio
mass spectrometry or liquid chromatography/tandem mass
spectrometry technologies, which precludes, at least at pre-
sent, the large-scale implementation of the methodology.

Multivariate biomarker discovery: moving
the field forward

Given the complex phenotypical and pathophysiologi-
cal features of PF and sarcopenia, it is highly likely that
there might not be one single biomarker, whichever class
it belongs to, that can adequately frame these conditions.
Indeed, it is well possible that distinct pathogenic processes
may be responsible for the appearance of a given pheno-
type (e.g., muscle atrophy and weakness). A single bio-
marker may, therefore, not be equally valid from person
to person. What is more, PF and sarcopenia develop over
years and distinct pathogenic processes may predominate

depending on the stage and severity of the conditions.
This implies that specific biomarkers may be relevant only
within limited timeframes. Last but not least, comorbidities
and chronic exposure to several medications may interfere
with the progression of PF and sarcopenia, by triggering or
suppressing specific pathogenic pathways.

These considerations call for a shift of paradigm in the
field of PF and sarcopenia biomarkers, prompting the tran-
sition from the “one-fits-all” paradigm to the multidimen-
sional modeling of a panel of complementary biomarkers
[4]. The adoption of multivariate methodologies may opti-
mally serve to overcome the limitations that afflict pres-
ently available biomarkers for PF and sarcopenia.

Depending on the size of the investigated cohort, the
knowledge of the subjects and the study design, differ-
ent strategies may be undertaken, involving an increasing
degree of complexity. When the number of participants is
too small to formulate reliable predictions and/or the aim
of the study is the phenomenological characterization of
a condition, an exploratory approach is recommended.
In such cases, principal component analysis (PCA) is the
method of election [42]. PCA allows for the straightforward
representation of the most relevant features of data onto a
low-dimensional subspace, and the corresponding interpre-
tation of the observed variation in terms of the variables
that mostly contribute to the model.

When data are collected according to a crossover or
nested experimental design, the exploratory power of
PCA may be coupled with approaches that can be thought
of as generalizations of the classical analysis of variance
(ANOVA) [43-45]. For instance, depending on the design,
the identification of multivariate contributions of the
investigated factors and their interactions may be accom-
plished through ANOVA-simultaneous component analy-
sis (ASCA [44]) or multilevel simultaneous component
analysis (MSCA [45]). In these approaches, the data matrix
is decomposed according to the underlying design into a
series of matrices, each accounting for the contribution of
a controlled source of variability (factor or interaction) and
then interpretation of the observed effect is accomplished
through PCA of individual matrices.

When the characteristics of the study and, in particu-
lar, the dimension of the cohort are suitable, biomarker
discovery can be carried out through the construction and
validation of predictive (classification) models. In this con-
text, one valid tool is the partial least squares discriminant
analysis (PLS-DA) [46-48]. PLS-DA couples the reliability
and accuracy of prediction with the possibility of a low-
dimensional representation of data. This, in turn, allows for
an easier and more straightforward interpretation of results.

A PLS-DA approach was recently used to characterize
the patterns of inflammatory biomarkers associated with
varying levels of physical performance in a sample of older
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community-dwellers [49]. For the purpose of the study, a
panel of 14 circulating inflammatory mediators was meas-
ured via a multiplex immunoassay. The PLS-DA analysis
revealed that participants with gait speed above the criti-
cal threshold of 0.8 m s~! showed higher circulating lev-
els of P—selectin, interferon y and granulocyte macrophage
colony-stimulating factor. Higher levels of interleukin 8,
myeloperoxidase and tumor necrosis factor a defined the
inflammatory profile of older persons walking slower than
0.8 m s~ !. Double cross-validation confirmed the reliabil-
ity of the PLS-DA model and the obtained results. Using
a similar approach, we also identified specific clusters of
imaging, functional and biochemical alterations in young
and older adults [50].

Multivariate approaches may also be used to model
the overall homeostatic condition of a person by monitor-
ing how all measured parameters co-vary when nothing
anomalous is occurring [51]. The longitudinal analysis of
individual time trajectories could help detect the possible
onset of a critical condition (e.g., mobility disability) at an
early stage and prompt the timely implementation of spe-
cific interventions.

Conclusion

Over the years, several imaging, functional and biological
parameters have been proposed as biomarkers for PF and
sarcopenia. However, due to complex phenotypical and
pathophysiological nature of the conditions, none of availa-
ble biomarkers provides a comprehensive picture of PF and
sarcopenia. Existing limitations may be overcome through
the implementation of multidimensional/multivariate meth-
odologies for the simultaneous modeling of complemen-
tary biomarkers. Indeed, the longitudinal implementation
of such an innovative strategy could allow for the tracking
of health status over time, the early detection of deviations
in health trajectories, and the monitoring of response to
treatments. This knowledge, in turn, would assist in devel-
oping more comprehensive and patient-tailored interven-
tions [52, 53].
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