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Preface

From a single concept to a consistently hot topic in major medical congresses and
scholastic journals, sarcopenia has undoubtedly become one of modern medicine’s
most active areas of research within the geriatric field in such a short span of time.
At its most basic definition, sarcopenia just means muscle, or flesh (sarx) loss
(penia). But because it is a syndrome, sarcopenia is compounded with both physi-
ologic and pathologic components that are multifactorial in nature, making it a
genuine medical challenge. Fortunately, landmark investigations on sarcopenia
have started to accumulate at warp speed to shed some much-needed light on this
condition. Interdisciplinary collaborations of major clinical organizations took
advantage of this momentum, to set the foundational platform for which sarcopenia
guidelines can evolve, eventually culminating in the recognition and birth of sarco-
penia as a distinct disease entity. The present book intends to update the global
academic and medical community on major and emerging aspects of sarcopenia,
from epidemiology to molecular mechanisms, from screening to future drugs, and
from nutrition to the complex interactions between the skeletal and muscular tis-
sues. This herculean objective has been accomplished not by us, but by the well-
respected international field experts, who graciously accepted to contribute
high-quality chapters and make this book a repository of cutting-edge knowledge on
sarcopenia. It is the hope of the editors that through this book, its intended audience
will not only become adept on what’s latest in sarcopenia, but will also be able to
identify several gaps that are yet to be filled for the continuous understanding of this
disease in the right direction. Perhaps the biggest accomplishment this book can
attain is to attract the new generation of geriatricians who will continue the expan-
sion and advancement of the field that is arguably, still, at its infancy. We are confi-
dent that we have successfully assembled an up-to-date book on sarcopenia with
wide coverage of the most recent literature, to serve as a reference not only for early
career scientists and physicians but also for experts, in their quest to further improve
the field’s knowledge and ultimately serve our biggest benefactors, the elderly
population.

Palermo, Italy Nicola Veronese
Liege, Belgium Charlotte Beaudart
Riyadh, Saudi Arabia Shaun Sabico
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Epidemiology of Sarcopenia

Fiona Ecarnot @, Domenico Rogoli, and Stefania Maggi

1.1 Introduction

The term sarcopenia derives from the Greek “sarx” meaning flesh and “penia”
meaning loss or poverty. It was first introduced by Rosenberg [1] in 1997 to describe
the age-related loss of skeletal muscle mass and function, after seminal publications
by Evans and Campbell regarding the declining functional status observed in older
individuals with changes in body composition [2—4]. Initially, it was thought that
only muscle wasting occurred in elderly individuals, but sarcopenia is now recog-
nized as a complex concept that involves not only loss of muscle mass but also
decreased muscle strength, and a resulting decline in functional capacity. Functional
parameters came to be included in the definition because they have consistently
been shown to be a stronger predictor of outcomes than muscle mass alone [5].
Indeed, sarcopenia is a progressive and generalized skeletal disorder that is not nec-
essarily synonymous with leanness. It may also be present in overweight and obese
individuals, a condition now termed “sarcopenic obesity” (see Chap. 14). A distinc-
tion may also be made between primary, or age-related sarcopenia, and secondary
sarcopenia, which is more disease-related.
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1.2 Definitions

Over the years since its first description, there has been a steady increase in research
and publications about sarcopenia, and a number of groups and societies have pub-
lished operational definitions of sarcopenia for use in clinical practice and in
research settings. Following a meeting of a group of geriatricians and scientists
from academia and industry in 2009, the International Working Group on Sarcopenia
published a definition of sarcopenia, namely the “age-associated loss of skeletal
muscle mass and function” [6]. In 2010, the European Working Group on Sarcopenia
in Older People (EWGSOP) developed a clinical definition together with consensus
diagnostic criteria for age-related sarcopenia, which recommended that both low
muscle mass and low muscle function (i.e., strength or performance) be considered
[7]. The EWGSOP further defined stages of severity, with a gradual scale from pre-
sarcopenia to sarcopenia to severe sarcopenia. The EWGSOP consensus was
updated in 2019 to reflect the growing body of evidence that has emerged since its
first publication [8]. In parallel, professional societies in Asia also worked to pre-
pare consensus definitions on sarcopenia, due to the fact that the cultural, lifestyle,
and anthropometric differences call for specific considerations when diagnosing
sarcopenia in people of Asian descent. In this regard, the Asian Working Group on
Sarcopenia published a diagnostic algorithm for sarcopenia using cut-offs and refer-
ence levels derived from Asian populations [9], which was updated in 2019, revis-
ing some of the component criteria and cut-offs [10]. In 2011, the Society on
Sarcopenia, Cachexia and Wasting Disorders Trialist Workshop convened a consen-
sus conference, which concluded that “sarcopenia, i.e., reduced muscle mass, with
limited mobility should be considered an important clinical entity” [11]. Their defi-
nition was based on walk speed on the 6-min walk test and lean appendicular mass
corrected for height. Finally, the Foundation for the National Institutes of Health
(FNIH) Sarcopenia Project also developed an operational definition of sarcopenia
based on data from 9 sources totalling over 26,000 individuals to identify clinically
relevant and independently validated thresholds that could be used to identify par-
ticipants for clinical trials, and individuals with significant functional limitation [12].

The abundance of research in the field of sarcopenia culminated in the recogni-
tion of sarcopenia as a distinct disease, with its inclusion in the International
Classification of Diseases tenth Revision (ICD-10) in 2016 (under the ICD code
M62.84) [13, 14]. This important step meant that the condition could be cited on
medical records, death certificates, and other data sources, which can help harmo-
nize practices, compare data, and promote research. The recognition of sarcopenia
as a disease entity also provides additional stimulus for pharmaceutical companies
to invest in research and development in this area, by allowing for billing and reim-
bursement possibilities.

The various definitions of sarcopenia developed by professional societies, as
well as other combinations of criteria used in the literature to define sarcopenia, will
be discussed in greater detail in Chap. 3. Suffice to say, however, that there are wide
variations across all these definitions in the components included, the methods used
to measure these components, and the cut-off values used to distinguish
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pathological states. For the measurement of muscle mass, dual-energy X-ray
absorptiometry (DXA) is a widely available, noninvasive method for determining
muscle quantity (i.e., total body lean tissue mass or appendicular skeletal muscle
mass) and is considered by many as the gold standard. However, inconsistencies
may exist across measurements performed with different machines, rendering com-
parison difficult [15]. Other methods used to assess muscle mass include bioelectri-
cal impedance analysis (BIA), computed tomography (CT), or magnetic resonance
imaging (MRI), as well as simple anthropometric measures. Muscle strength can be
measured easily and inexpensively by assessing hand-grip strength with a calibrated
handheld dynamometer. For patients in whom disability of any type precludes mea-
surement of hand-grip strength, leg strength can be used as a proxy, for example, via
the chair stand test, timed chair stand test, or the timed up-and-go test. Other mea-
sures of mobility, such as gait speed, or walk test performance are also widely used.
The heterogeneity of definitions, criteria, measurement methods, and cut-off values
makes it extremely difficult to compare estimates of sarcopenia prevalence between
studies. Estimates are also affected by the populations used to define the normal
range reference values and the setting in which those cut-offs are applied (e.g.,
community-dwelling adults, versus nursing home residents, versus acute hospital
care) [16]. This underlines the need for a consensual definition, to enable compari-
son of the burden of disease worldwide, as the lack of agreement between defini-
tions hampers the integration of sarcopenia into clinical practice.

1.3 Prevalence of Sarcopenia

The prevalence of sarcopenia is notoriously difficult to compare across studies, in
view of this heterogeneity of definitions and measurement possibilities. Nevertheless,
recent years have seen a striking increase in the number of publications investigat-
ing sarcopenia prevalence, risk factors, and outcomes. Many of these are now using
established definitions, thus allowing for some comparison of rates across studies as
the body of evidence grows. Table 1.1 displays a selection of prevalence estimates
from recent publications in various populations. It can be seen that there are wide
variations in reported rates between studies, and even within studies, when different
criteria are used to define sarcopenia. The burgeoning volume of publications on the
prevalence of sarcopenia has led to ever more precise estimates, and reports provid-
ing pooled estimates from systematic reviews and/or meta-analysis. For example, in
a systematic review and meta-analysis, Mayhew et al. examined 109 studies using 8
different sarcopenia definitions (including the EWGSOP, AWGS, FNIH, and IWGS
definitions), with a total of 227 individual prevalence estimates in community-
dwelling older adults (>60 years) without specific health conditions [24]. Overall,
estimated prevalence ranged from 9.9 to 40.4% and was lowest with the EWGSOP/
AWGS (12.9%,95% CI: 9.9, 15.9%), IWGS (9.9%, 95% CI: 3.2, 16.6%), and FNIH
(18.6%, 95% CI: 11.8, 25.5%) definitions [24]. In another systematic review and
meta-analysis, Shafiee et al. included 35 population-based studies reporting the
prevalence of sarcopenia in healthy adults aged >60 years from different regions of
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Table 1.1 Selected data from the literature on prevalence of sarcopenia in different populations

Author, year
(Reference)
Purcell, 2020
[17]

Martone, 2020
[18]

Ligthart-Melis,
2020 [19]

Pang, 2020 [20]

Wearing, 2020
[21]

Nguyen, 2020
[22]

Study population
12,592 community-
dwelling subjects from
the Canadian
Longitudinal Study on
Aging

(6314 men (50.1%),
6278 women (49.9%))
11,253 community-
dwelling subjects from
the Italian Longevity
Check-up 7+ project
(4897 men (44%),
6356 women (56%))
Meta-analysis of 15
studies totalling 4014
hospitalized patients

542 community-
dwelling Singaporeans
(57.9% women)

219 community-
dwelling Swiss
subjects

600 outpatients
attending the National
Geriatric Hospital in
Hanoi, Vietnam (60.8%
females)

Age
All 65 y or older

Mean 55.6 £ 14.8 y
Range 18-98 y

Mean ranged from
62 to 86 y across
studies

Mean 58.5 + 18.8
Range 21-90 y

82.6 £ 5.2 (men),

84.1 £ 5.7 (women)

70+8y

Findings

Across different definitions,

prevalence (all ages combined)

ranged from:

—0.2% (EWGSOP2) to 5.2%
(IWGS) in men

—0.2% (EWGSOP2) to 7.2%
(IWGS) in women

8.6% had probable sarcopenia

according to the EWGSOP2

definition.

Prevalence increased with age

to reach 54.2% in women and

42.4% in men older than 80 y

Pooled estimates:

—37% (95% CI1 26-48) overall

—44% (95% CI 29-58) in the
medical subgroup

—22% (95% CI 19-25) in the
surgical subgroup

—25% (95% CI 9-40) in the
mixed medical/surgical
subgroup

Prevalence estimates

according to definition:

AWGS 2014:

—6.7% overall, 6.9% in men,
6.4% in women

AWGS 2019:

— 13.6% overall, 13% in men,
14.2% in women

EWGSOP2:

—7.1% overall, 9.2% in men,
5.3% in women

Using the cut-off for hand-grip

strength from EWGSOP2,

prevalence of probable

sarcopenia was 26.3% in

women and 28% in men

Prevalence estimates

according to definition:

AWGS 2019:

—54.7% overall

FNIH:

—40.5% overall

Rates were significantly higher

in men than in women in both

definitions
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Table 1.1 (continued)

Author, year
(Reference)
Makizako, 2019
[23]

Mayhew, 2018
[24]

Churilov, 2018
[16]

Shafiee, 2017
[25]

Kim, 2016 [26]

Study population Age

7974 community- All 60 y or older
dwelling Japanese

subjects from 9 studies

(3723 men, 4367

women)

Meta-analysis of 109
articles totalling 58
cohorts from 26
countries; all
community-dwelling
adults without specific
diseases

Minimum 55 y

Meta-analysis of 6

studies of post-acute 79.7 +7.4 to
inpatient rehabilitation 84.6 +6.6y
(of which 5 post hip

fracture)

Meta-analysis of 35 All >60 y
articles totalling 58,404
community-dwelling

individuals (55.9%

men, 44.1% women)

1464 community- 743 +£5.17y
dwelling Japanese (men)
subjects (246 men, 799443y
1218 women) (women)

Mean ranged from

Findings

Using AWGS criteria:

In individual studies:

—4.7-25.7% overall
prevalence

—4.9-25.0% in men

—4.5-26.1% in women

Pooled prevalence estimates:

-9.9% (95% CI 6.2-15.4)
overall

—9.8% (95% CI 6.2-15.2) in
men

—10.1% (95% C1 6.4-15.5) in
women

Pooled prevalence estimates

according to definition:

EWGSOP/AWGS:

— 58,283 participants from 83
studies: 12.9% (95% CI
9.9-15.9)

IWGS:

— 10,381 participants from 12
studies: 9.9% (95% CI
3.2-16.6)

FNIH:

— 6467 participants from 16
studies: 18.6% (95% CI
11.8-25.5)

Prevalence ranged from 28 to

69% across studies

Pooled prevalence: 56% (95%

CI 46-65%)

Articles included used
EWGSOP, AWGS, and/or
IWGS definitions.

Overall prevalence 10% (95%
CI 8-12%) in men and 10%
(95% CI 8-13%) in women
Across individual studies,
rates ranged from 0.35% to
36.6% according to the study
and definition used

Using DXA-measured
definitions:

—2.5-28.0% in men
—2.3-11.7% in women
Using BIA-measured
definitions:

—7.1-98.0% in men
—19.8-88.0% in women

(continued)
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Table 1.1 (continued)

Author, year
(Reference)

Sousa, 2015
[27]

Cruz-Jentoft,
2014 [28]

Volpato, 2014
[29]

Lee, 2013 [30]

Pongchaiyakul,
2013 [31]

Janssen, 2006
[32]

Study population

608 hospitalized adults
from medical and
surgical wards,
conscious and not
cognitively impaired;
critically ill patients
excluded

18 studies of
prevalence: 15 in
community-dwellers,
2 in long-term
institutions, 1 in acute
hospital care

730 community-
dwelling Italian
individuals from the
InCHIANTI study

386 elderly
community-dwellers
from the I-Lan
Longitudinal Ageing
Study, Taiwan (57.8%
men)

832 Thai subjects (435
urban, 397 rural
dwellers)

5036
noninstitutionalized
elderly men and
women from the
Cardiovascular Health
Study

Age

Median 57 y
Range 18-90 y
31.7% 265 y
4.6% >80y

Mean (when given)
ranged from 59.2
to 85.8 y

All >65 y

Mean
83.8+5921in
sarcopenic vs.
76.3 £4.96 in
non-sarcopenic
individuals

74.4 6.1 y (men)
72.8+49y
(women)

4934+ 1726y
(men)

5045+ 1554y
(women)

>65y

Findings

25.3% sarcopenic using the

EWGSOP definition.

Depending on age and criteria

used to define sarcopenia,

estimated prevalence ranged
from 5% to 41.1% in men and
from 4.9% to 38.3% in women

Prevalence:

—1-29% in community-
dwellers (up to 30% in
women)

—14-33% in long-term
institutions (up to 68% in
men)

—10% in the study of acute
hospital care

Using the EWGSOP

definition, 16.7% were

pre-sarcopenic and 7.5% were
sarcopenic

Using relative skeletal mass

index:

EWGSOP:

—7.8% overall, 10.8% in men,
3.7% in women

IWGS:

—4.1% overall, 5.8% in men,
1.8% in women.

Using percentage skeletal

muscle index:

EWGSOP:

—16.6% overall, 14.9% in
men, 19.0% in women

IWGS:

—11.1% overall, 10.8% in
men, 11.7% in women.

35.33% (95% CI, 29.91—

40.41) in men

34.74% (95% CI, 30.56—

39.10) in women

Moderate sarcopenia:

—70.7% in men

—41.9% in women

Severe sarcopenia:

—17.1% in men

—10.7% in women
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Table 1.1 (continued)

Author, year
(Reference) Study population Age Findings
Rolland, 2003 1458 non- All>70y Prevalence 9.5% (95% CI
[33] institutionalized Mean 80.3 £3.8y 7.9-11.1%)
women recruited from
electoral lists; final
sample for analysis
comprised 1311
women
Lauretani, 2003 1030 persons (469 Range 20-102 y Men:
[34] men, 561 women) from —20% at 65 years
the InCHIANTI —70% at 85 years
epidemiological study Women:

— 5% at 65 years
—15% at 85 years
Baumgartner, 808 elderly Hispanic 73.6 £5.8y (men) <70y:

1998 [35] and non-Hispanic 73.7 £ 6.1 (women) — 13.5-16.9% (men)
white men and women —23.1-24.1% (women)
from the New Mexico 70-74y:

Elder Health Study —18.3-19.8% (men)
(47.3% women) —33.3-35.1% (women)
75-80 y:

—26.7-36.4% (men)
—35.3-35.9% (women)
>80 y:

—52.6-57.6% (men)
—-43.2-60.0% (women)

y years, CI confidence interval, EWGSOP European Working Group on Sarcopenia in Older
People, EWGSOP2 2019 revised European consensus on definition and diagnosis of sarcopenia,
IWGS International Working Group on Sarcopenia, AWGS Asian Working Group on Sarcopenia,
FNIH Foundation for the National Institutes of Health, DXA dual-energy X-ray absorptiometry,
BIA bioelectrical impedance analysis

the world, using the EWGSOP, IWGS, and AWGS definitions [25]. They reported
an overall prevalence of 10% in both men and women, although estimates ranged
from 0.35 to 36.6% across studies, depending on the definition used. There was
significant heterogeneity between men and women in Shafiee’s meta-analysis [25].
Furthermore, analysis by region showed that individuals in non-Asian countries
were more likely to have sarcopenia than those from Asian countries, in both gen-
ders (11% vs. 10% in men, 13% vs. 9% in women) [25].

Even though it is almost impossible to pinpoint an actual rate of prevalence of
sarcopenia, projections indicate that the rate is rising and looks set to continue
increasing in the future, as worldwide population ageing adds growing numbers of
older people to the pool of potentially sarcopenic individuals. In a study using the
various diagnostic cut-offs proposed by the EWGSOP for lean mass, muscle
strength, and gait speed, Ethgen et al. applied interpolated age- and gender-specific
estimates of sarcopenia prevalence to the Eurostat population projections for Europe
up to 2045 [36]. From a previous publication comparing prevalence rates at
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different cut-offs [37], Ethgen et al. chose first the definition yielding the lowest
prevalence estimates, applied it to projected population estimates for Europe, and
found that it would correspond to a 72.4% increase in overall prevalence of sarco-
penia in the elderly, rising from 11.1% in 2016 to 12.9% in 2045. Applying the defi-
nition yielding the highest prevalence estimates, overall prevalence rates were
projected to increase from 20.2% in 2016 to 22.3% in 2045 [36]. These projections
portend a substantial burden of sarcopenia in coming decades, which will have
important repercussions for society in terms of healthcare delivery and costs.

1.4 Risk Factors

Numerous risk factors for sarcopenia have been reported in the literature, some of
which are non-modifiable, such as age and gender; others are modifiable and exert
their influence across the life course. Among the non-modifiable risk factors, the
most consistent body of evidence supports an increasing risk of sarcopenia with
older age [5, 18, 22, 27, 29, 38]. Indeed, muscle mass begins to decline around the
fifth decade of life, with an annual decline rate of 1-2% [39—41], accelerating in the
sixth and subsequent decades to reach a loss of around 15% per decade beyond the
age of 70 [42, 43]. Regarding gender, conflicting results have been reported regard-
ing the difference in risk in men and women, but consensus seems to be emerging
in favor of an increased risk of sarcopenia in men. Landi et al. reported a 13-fold
increased risk in male nursing home residents (odds ratio (OR) 13.39; 95% CI
3.51-50.63) [44], while Nguyen et al. reported a twofold increase in risk of sarco-
penia among male outpatients at a geriatric hospital (OR 2.03, 95% CI 1.29-3.21)
[22]. Despite the existence of differences in baseline strength between the sexes,
with men having greater baseline strength than women, it has been reported that
muscle strength declines to a greater degree in men, thus potentially contributing to
their higher risk of sarcopenia [45-47].

Concerning modifiable risk factors, nutrition and lifestyle behaviors (notably
exercise) appear to be associated with muscle mass and strength in older age [48, 49].
Older people experience a natural decline in energy requirements [50], which may be
accompanied by declining appetite, impaired taste or smell, and changes in gastroin-
testinal motility and digestion [51]. If also compounded by functional impairment
reducing the ability to prepare food, or social isolation, which may reduce the desire
to eat or enjoyment of mealtimes, all these features come together in a vicious circle
that may lead to loss of weight and muscle mass and strength, putting older individu-
als at risk of malnutrition and in turn, sarcopenia and/or frailty [48, 49]. The contri-
bution of adequate nutrition to healthy aging has long been established [52], and
there have been a number of studies examining the effects of various dietary compo-
nents and patterns on sarcopenia and its constituent elements. However, apart from
the obvious need to ensure that all older adults have adequate nutrition both in terms
of quantity and quality, the potential of individual dietary patterns to affect outcome
remains unclear. Indeed, there have been conflicting findings regarding the associa-
tion between protein intake and muscle strength, for example, although observational
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evidence tends to suggest that both strength and function are improved with increased
protein intake [48]. In the same way, it is difficult to distinguish the effects of indi-
vidual nutrients, such as antioxidants and omega-3 fatty acids, although overall, the
best evidence supports the benefits of the Mediterranean dietary pattern in terms of
functional status and incident disability [48].

The effect of exercise in reducing the negative impact of sarcopenia has been
demonstrated by several studies [53—55]. In a systematic umbrella review, Beckwee
et al. investigated the efficacy of different exercise interventions to counter sarcope-
nia in older adults [53]. They found high-quality evidence in favor of a positive and
significant effect of resistance training on muscle mass, muscle strength, and physi-
cal performance from a total of 14 systematic reviews, of which 7 performed meta-
analysis. Based on the evidence from their review, these authors suggest that benefits
in terms of muscle mass, muscle strength, and gait speed can be expected with high-
intensity resistance training, which they recommend for at least 612 weeks, in
order to achieve these levels of improvement [53]. Similarly, Lai et al. compared the
effects of exercise interventions on lean body mass, muscle strength, and physical
performance in a network meta-analysis and found that resistance training (of a
minimum 6 weeks duration) was the most effective intervention in improving mus-
cle strength in older individuals [54].

Other risk factors have been less extensively investigated. Nonetheless, a meta-
analysis of 12 studies totalling 22,515 participants found smoking to be an indepen-
dent risk factor for sarcopenia (OR 1.20 (95% CI 1.06—1.35) in men and 1.21 (95%
CI 0.92-1.59) in women) [56]. The same group also performed a meta-analysis of
13 studies including 13,155 participants to investigate the effect of alcohol on sar-
copenia, but their findings did not support the hypothesis that alcohol consumption
could be a risk factor for sarcopenia [57].

Other factors that have been shown to be associated with sarcopenia include age-
related loss of motor-neuron end plates [58], loss of anabolic hormones and insulin
resistance [42, 59], diabetes [60], obesity/waist circumference [46], level of educa-
tion [29], and dependency [27, 44].

1.5 The Health Economic Burden of Sarcopenia

Sarcopenia is associated with an increased risk of falls and fractures [61, 62], frailty
[63], disability [64], and cognitive impairment [65]. Low grip strength has been
shown to be associated with increased morbidity and mortality [66, 67], and a meta-
analysis of 11 studies investigating the impact of EWGSOP-defined sarcopenia on
mortality found a more than threefold increase in the risk of mortality among sarco-
penic subjects (pooled OR 3.596 (95% CI 2.96-4.37)) [68]. These deleterious out-
comes can in turn translate into extended recovery time, longer length of hospital
stay, and increased medical costs [68, 69].

In community-dwelling adults in the Netherlands, Mijnarends et al. reported that
the mean healthcare costs of individuals with sarcopenia were significantly higher
than those of non-sarcopenic subjects (€ 4325, 95% CI € 3198-€5471 vs. €1533,
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95% CI €1153—€1912, respectively), mainly driven by the living situation (i.e., resi-
dential care) [70]. In the hospital setting, two studies from Portugal investigated the
costs of hospitalization associated with sarcopenia. Sousa et al. assessed the hospi-
talization costs in 656 medical and surgical patients (24.2% sarcopenic) using diag-
nosis-related group codes at discharge [71]. They found that sarcopenic patients
were generally older and had a longer length of stay, resulting in a median (inter-
quartile) cost of € 3151 (€ 4175) per sarcopenic patient, compared to non-sarcopenic
patients (median (IQR) € 2170 (€ 2515), p < 0.001) [71]. After adjustment for con-
founders, the economic impact of sarcopenia on hospitalization cost, i.e., the incre-
mental cost per patient, in the overall sample was estimated at € 1117 (95% CI
€644-1588), and sarcopenia was estimated to increase hospitalization costs by
39.2% in those with no comorbidities and by 54.3% in those with comorbidities
[71]. In the second Portuguese study, Antunes et al. assessed hospitalization costs
among 201 hospitalized older adults in a general hospital [72]. After adjustment,
both sarcopenia (OR = 5.70, 95% CI 1.57-20.71) and low muscle strength alone
(OR =2.40,95% CI 1.12-5.15) were associated with increased hospital costs. From
a societal perspective, Janssen et al. evaluated the costs of sarcopenia in a represen-
tative sample of US adults aged 60 years and older, from the NHANES III and
National Medical Care Utilization and Expenditures Survey (NMCUES) datasets
[73]. They estimated that the direct healthcare cost attributable to sarcopenia in the
USA in 2000 was $18.5 billion ($10.8 billion in men, $7.7 billion in women), rep-
resenting 1.5% of total healthcare expenditure, with sensitivity analyses indicating
that the cost could be as low as $11.8 billion and as high as $26.2 billion. They
further estimated that a 10% reduction in the prevalence of sarcopenia would result
in savings of $1.1 billion (dollar value in the year 2000) per year in US healthcare
costs [73]. A more recent study from the USA updates this information and shows
that costs are already on the rise; Goates et al. performed a retrospective economic
burden study among 4011 adults aged 40 years and over from the NHANES dataset
[74], of whom 15.1% were sarcopenic. They reported an annual total cost of hospi-
talization for individuals with sarcopenia of $40.4 billion, with an average estimated
marginal cost increase in annual hospital spending of $2315 per sarcopenic indi-
vidual, compared to those with normal muscle mass and function. In addition, they
reported that individuals with sarcopenia had an almost twofold increase in the risk
of hospitalization (OR 1.94, p < 0.001) and more hospital stays on average, com-
pared to those without sarcopenia [74]. There is wide heterogeneity among studies
on the economic burden of sarcopenia, with different approaches used to estimate
costs, different time horizons for measurements, and different definitions of sarco-
penia. With populating ageing continuing its onward march around the world, there
is a compelling need to continue providing up-to-date estimates of sarcopenia-
associated healthcare costs, particularly using standardized definitions and cost
analysis parameters, not least to prepare for the substantial burden that this will
represent on healthcare systems in the coming decades. The alarming estimates of
the burden that sarcopenia represents on healthcare also underscores the need to
focus preventive measures on preserving muscle mass, strength, and function as
long as possible into older age.
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1.6 Conclusion

Sarcopenia is characterized by an age-related loss of muscle mass, muscle strength,
and/or physical function. It is associated with a high risk of morbidity and mortality,
poor clinical outcomes, and increased events, such as falls, fractures, and hospital-
izations. It represents a significant burden on healthcare systems worldwide, which
looks set to increase in the coming decades. A strong research agenda is warranted
to expand our knowledge of the etiological factors involved in the development of
sarcopenia, and which could be leveraged to prevent or slow the onset of sarcopenia,
or its progression to more severe forms. Systematic screening of older individuals is
warranted to detect those with lower muscle strength, with a view to initiating early
interventions to retard sarcopenia. Resistance training, of a minimum 6 weeks dura-
tion, has been shown to be most effective in achieving improvements in muscle
strength in older adults. The benefit of adequate nutrition in contributing to healthy
ageing has also been well established. Other interventions to promote healthy age-
ing and preserve muscle mass, strength and function into older age are warranted, to
counter the effects of ageing and maintain functional capacity as long as possible.
The considerable economic burden of sarcopenia on healthcare costs justifies the
implementation of preventive measures, perhaps over the life course and almost
certainly warranted from midlife onwards, in order to stem the tide of negative con-
sequences that flows from the presence of sarcopenia.
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Domenico Azzolino, Shaea Alkahtani, and Matteo Cesari

2.1 Introduction

The musculoskeletal system is pivotal for physical functionssing. Advancing age is
associated with several changes in body composition. The most evident of these
changes (both phenotypically and functionally speaking) is probably the progres-
sive loss of muscle mass and strength. In fact, after the age of 40, a progressive
decline both in muscle mass (about 1-2% per year) and strength (about 1.5% per
year, but even up to 3% per year after the sixth decade of life) is observed [1].

In 1988, during a meeting in Albuquerque (New Mexico, USA), Rosenberg
explained that no change occurring with aging was more significant and clinically
relevant than the progressive decline of the skeletal muscle. To give adequate recog-
nition to this major feature of the aging process, he proposed using the term “sarco-
penia” or” sarcomalacia.” Since then, sarcopenia, from the Ancient Greek cd&p&
(sarx, “flesh”) and meVia (penia, “poverty”), has been widely accepted and increas-
ingly adopted [2].

The first studies on sarcopenia were focused mainly on the quantitative aspect of
the skeletal muscle decline (i.e., the loss of muscle mass). Subsequently, evidence
started to point out the prominent role of muscle quality (i.e., muscle strength) in the
clinical characterization of the phenomenon. In particular, it became evident that
muscle mass alone (at least as measured with the instruments available at that time)
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had a lower predictive capacity than muscle functioning for adverse clinical out-
comes [3]. In this context, the term “dynapenia” was also proposed to capture the
muscle strength abnormality [4].

It is also noteworthy the theoretical evolution of the sarcopenia concept over the
years. If, at the beginning, sarcopenia was primarily considered as a geriatric syn-
drome [4], a specific International Classification of Diseases (ICD-10) code was
applied to it in 2016, allowing to view it today as a formal disease [5]. This legitima-
tion has substantially boosted the interest around it, and several molecules are in the
pipeline of pharmaceutical industries for potentially treating sarcopenia in the next
future [6, 7].

Over the past decade, several consensus definitions have been released by expert
groups worldwide to (1) find an agreement on the definition, assessment, and diag-
nosis of sarcopenia and (2) stimulate research on this age-related condition globally
impacting on our aging societies. Unfortunately, this field is still very debated and
controversial. Several operational definitions have been proposed, frequently differ-
ing in the quality of the defining criteria and the cut-points setting the thresholds
distinguishing normality from abnormality. Furthermore, it has been pointed out
that body composition is substantially influenced by ethnicity. Therefore, the
designing of diagnostic algorithms may need adaptations to the local context where
these are applied. In this context, it is well-known how the scientific literature is
strongly biased by the vast majority of evidence coming from high-income regions,
in particular the United States and Europe. It is thus fully justified and meritorious
the effort of many for adapting the concept of sarcopenia designed by task forces
and expert groups to the reality of regions and countries which, despite being highly
populated, are still not adequately represented in the literature [8]. In this chapter,
we will present and discuss the main definitions and operationalizations of sarcope-
nia across the world.

2.2  Sarcopenia: Different Definitions Across the World

The first operational definition of sarcopenia was provided by Baumgartner and col-
leagues [9]. Low muscle mass was defined as the reduced amount (i.e., less than two
standard deviations) of appendicular lean mass standardized by height in square
meters. It is evident how the condition of interest was considered in a monodimen-
sional way, exclusively looking at the skeletal muscle mass. Furthermore, the defini-
tion of the critical cut-points was based on the characteristics of the participants
enrolled in the New Mexico Elder Health Survey 1993-1995.

A milestone in the field was subsequently set in 2010 when the European
Working Group on Sarcopenia in Older People (EWGSOP) [10] released a well-
known and highly cited consensus document. The recommendations have been
recently revised and updated (in the so-called EWGSOP2 document) [11]. The first
EWGSOP definition considered sarcopenia as the simultaneous presence of low
muscle mass and poor muscle function (i.e., muscle weakness or physical perfor-
mance impairment). In other words, the EWGSOP introduced the dimension of
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muscle function into the definition of sarcopenia. The choice was mainly motivated
by the fact that muscle strength had consistently been a better predictor of adverse
health-related outcomes than muscle mass alone. Muscle strength is not dependent
only on muscle mass, and the relationship between these two components is not
linear. Furthermore, it could not be ignored that muscle weakness is more likely to
be reported as a complaint by the older person than the reduction of muscle volume.

Interestingly, several consensus documents were released by different scientific
societies and task forces at the same time [12—14]. They all presented the develop-
ment of the sarcopenia condition into a bidimensional construct (i.e., mass and
function reduction). However, probably because of its more accurate and detailed
presentation, the EWGSOP definition became presumably the most widely adopted
and largely contributed to increasing the recognition of sarcopenia. The cut-points
proposed by the EWGSOP to define sarcopenia and the definition algorithm are
presented in Table 2.1.

In 2013, members of the EWGSOP, together with the International Working
Group on Sarcopenia (IWGS) [13] and several experts from Asia, met to discuss
specific issues present with the construct of sarcopenia and to constitute the
International Sarcopenia Initiative (ISI) [15]. The ISI agreed that the definitions of
sarcopenia should include both muscle mass and function rather than muscle mass
alone. Furthermore, it was recommended the use of standardized models and cut-
points for each domain considered in the definition of sarcopenia.

In recognition of the impact that different ethnic backgrounds may have on body
composition, the Asian Working Group on Sarcopenia (AWGS) [16] released a con-
sensus in 2014 proposing specific cut-points for defining muscle mass and strength
abnormalities in the Asian population (Table 2.1). The AWGS definition followed
the same diagnostic approach of the EWGSOP (except for the recommendation of
measuring muscle strength and gait speed as screening test). It can indeed be con-
sidered an adaptation of the EWGSOP to a different (i.e., non-European) population.

In parallel, using a completely different approach (i.e., data-driven instead of
consensus statement), the Foundation for the National Institutes of Health-
Sarcopenia Project (FNIH) [17] developed a new set of criteria to identify individu-
als with low appendicular lean mass and muscle weaknesses. The FNIH group
conducted in-depth analyses taking advantage of several large cohort studies to
determine the strongest predictors of mobility disability and the critical thresholds
of risk. The analyses identified the low appendicular lean mass (both adjusted for
body mass index and not adjusted) and poor grip strength as the most relevant crite-
ria for capturing the two sarcopenia dimensions (Table 2.1).

More recently, the Sarcopenia Definition and Outcomes Consortium (SDOC)
[18] published a position statement. Overall, the SDOC strongly agreed on the
inclusion of low grip strength and slow gait speed in the definition of sarcopenia,
while questioned on the use of the dual-energy X-ray absorptiometry (DXA) to
assess muscle mass.

It is important to note that each definition impacts both case finding and preva-
lence of sarcopenia. The different diagnostic approaches, the various cut-points
used to define sarcopenia, and the ethnic differences determine critical variations in
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Table 2.1 Summary of different operational definitions of sarcopenia

Expert

group
EWGSOP1

EWGSOP2

AWGS

AWGS2019

IWGS

FNIH

SCWD

Cut-points for muscle mass

ALM/height (m?) using DXA:

Men: <7.23 kg/m?
Women: <5.67 kg/m?
SMM/height (m?) using BIA:
Men: <8.87 kg/m?
Women: <6.42 kg/m?
ALM

Men: <20 kg
Women: <15 kg
ALM/height (m?)
Men: <7 kg/m?*
Women: <5.50 kg/m?

ALM/height (m?) using DXA
Men: <7.0 kg/m?

Women: <5.4 kg/m?
SMM/height (m?) using BIA
Men: <7.0 kg/m?

Women: <5.7 kg/m?
ALM/height (m?) using DXA
Men: <7.0 kg/m?

Women: <5.4 kg/m?
SMM/height (m?) using BIA
Men: <7.0 kg/m?

Women: <5.7 kg/m?

ALM/height (m?) using DXA:

Men: <7.23 kg/m?
Women: <5.67 kg/m?

ALM/BMI (kg/m?) using DXA

Men: <0.789

Women: <0.512

ALM/height (m?) using DXA
<2 SD lower than apparently

healthy young adults of the same

ethnic group

Cut-points for
muscle strength

Men: <30 kg
Women: <20 kg

Men: <27 kg
Women: <16 kg

Men: <26 kg
Women: <18 kg

Men: <28 kg
Women: <18 kg

Men: <26 kg
Women: <16 kg

Cut-points for physical
performance
Gait speed <0.8 m/s

Gait speed <0.8 m/s, or
Short Physical
Performance Battery
score <9, or

Timed up and go >20 s,
or

400 m walk test >6 min
or non-completion

Gait speed <0.8 m/s

6-m walk <1.0 m/s, or
Short Physical
Performance Battery
score < 9, or

5-time chair stand test
>12s

Gait speed <1 m/s

Gait speed <0.8 m/s

Gait speed <1.0 m/s, or
<400 m in the 6-minute
walking test

EWGSOP1 European Working Group on Sarcopenia in Older People, EWGSOP2 revised version
of the European Working Group on Sarcopenia in Older People, AWGS Asian Working Group on
Sarcopenia, AWGS2019 revised version of the Asian Working Group on Sarcopenia, IWGS
International Working Group on Sarcopenia, FNIH Foundation of the National Institute of Health-
Sarcopenia Project, SCWD Society of Sarcopenia, Cachexia and Wasting Disorders, ALM appen-
dicular lean mass, DXA dual X-ray absorptiometry, BIA bioimpedence analysis, SMM skeletal
muscle mass, BMI body mass index
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the epidemiology of sarcopenia. Whenever a different definition is applied, with
consequently varying diagnostic tools and cut-points, inevitably, the results will
change, increasing the diagnostic standardization.

2.3 EWGSOP1 vs. EWGSOP2: What Is Changed?

As mentioned above, in 2010, the EWGSOP released its first consensus defining
sarcopenia as a bidimensional condition characterized by low muscle mass and poor
muscle function (i.e., strength or physical performance). Furthermore, three differ-
ent levels of sarcopenia severity were determined:

1. Presarcopenia (i.e., presence of low muscle mass alone).

2. Sarcopenia (i.e., presence of low muscle mass combined with reduced muscle
strength or physical performance).

3. Severe sarcopenia (i.e., the simultaneous presence of low muscle mass, muscle
weakness, and physical impairment).

In its original consensus document, the EWGSOP also distinguished between
primary and secondary sarcopenia. Primary sarcopenia was defined as the age-
related muscle decline in which no other causes than aging itself can be indicated.
Secondary sarcopenia was defined as that condition due to other detectable causes
(e.g., pathological conditions, physical inactivity, undernutrition). The cut-points
for muscle mass, strength, and physical performance suggested in the recommenda-
tions were retrieved from the existing literature. However, at that time, most of the
cut-points were still primarily defined from studies that had not been designed for
proposing universally applicable thresholds of risk but instead identified on specific
populations. In other words, they could be argued as not sufficiently data-driven [19].

The update EWGSOP2 document was justified by the need of implementing the
emerging evidence in the field and to facilitate the implementation of the research
findings into the clinical practice. In this context, it cannot be ignored the recogni-
tion of sarcopenia as a formal disease with its inclusion in the ICD-10 diagnosis
codebook. In the EWGSOP2 consensus, the operational definition of sarcopenia
was slightly modified. In fact, sarcopenia was here presented as “a progressive and
generalized skeletal muscle disorder that is associated with an increased likelihood
of adverse outcomes including falls, fractures, physical disability and mortality.” In
other words, sarcopenia was tending to become a “disorder” (sometimes in the text
“disease”), whereas it had before a rather syndromic profile [4]. The EWGSOP2
expert group also revised the cut-points for defining the abnormalities of muscle
mass and strength (Table 2.1) and proposed a new algorithm for case finding.
Interestingly, the proposed algorithm, identified by the acronym FACS (i.e., Find-
Assess-Confirm-Severity), is structured around four steps:

1. Find. The use of the SARC-F questionnaire [20] or a clinical suspicion [21] is
here recommended for detecting probable cases of sarcopenia. The SARC-F is a
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screening questionnaire for sarcopenia consisting of five self-reported items
(i.e., limitations in strength, walking ability, rising from a chair, climbing stairs,
and history of falls). The SARC-F has been translated into many languages and
has shown to be predictive of impaired physical function [22] as well as provided
by excellent specificity at identifying people with sarcopenia (defined with the
EWGSOP or AWGS criteria) [23].

2. Assess. The second part of the FACS is devoted to assessing muscle strength
through the grip strength or chair stand tests in those previously screened as posi-
tive. At this step, the muscle weakness determines the condition of probable
sarcopenia, which should pave the way towards the investigation of the underly-
ing causes, and the design of an ad hoc intervention. Interestingly, the choice of
prioritizing the assessment of muscle strength over the muscle mass quantifica-
tion was motivated by the need of promoting the concept of sarcopenia in clini-
cal practice. In fact, during the clinical routine, the evidence of muscle weakness
is perceived as both more evident and relevant than the shrinking of the muscle.

3. Confirm. The next step is to confirm the diagnosis of sarcopenia through the
formal assessment of the muscle quantity via DXA or bioelectrical impedance
analysis (BIA, as lower level alternative) in clinical practice. The use of BIA is
highly affected by the type and model of device, which requires population-
specific cut off [24]. For research purposes and specialty care, the EWGSOP2
recommends the DXA, magnetic resonance imaging (MRI), and the computed
tomography (CT) as standards.

4. Severity. For this final step, the EWGSOP2 explains that the assessment of phys-
ical performance (key defining criterion in the previous version of the recom-
mendations) should determine the severity of the sarcopenia condition. For this
purpose, the Short Physical Performance Battery was suggested.

In this new algorithm, it is evident how the process is redesigned, privileging the
clinical implementation (as previously mentioned) and its cost-effectiveness (delay-
ing to selected cases and specific settings the quantification of the muscle mass).

2.4 Thelmpact of Different Operational Definitions

The application of different operational definitions and cut-points to define sarco-
penia over time has been inevitably resulting in a marked heterogeneity of the
diagnostic process. Several authors reported considerable differences in both prev-
alence and risk factors associated with sarcopenia when different criteria are
applied [23, 25-28]. In 2014, Dam et al. [25] reported that the sarcopenic condition
defined according to the FNIH criteria was less prevalent (i.e., 1.3% in men and
2.3% in women) compared to the EWGSOP (i.e., 5.3% in men and 13.3% in
women), and the IWGS (i.e., 5.1% in men and 11.8% in women). The authors also
found a relatively low agreement among the different operational definitions.
Lee et al. [28] similarly reported a higher prevalence of sarcopenia in
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community-dwelling older people when the condition was assessed using the
EWGSOP rather than the IWGS criteria. Several studies have described that apply-
ing different criteria determines discrepancies in both prevalence and outcomes,
especially when the defining models developed in Western countries are used to
other regions [28, 29]. As mentioned above, because of anthropometric, ethnic,
genetic, and cultural backgrounds, the traditional cut-points working for Caucasian
populations seem hardly applicable to Asian populations [8, 28]. For example,
Asians may have substantially higher adiposity (also in terms of abdominal and
visceral fat deposition) than Western counterparts for the same body mass index
[30]. Indeed, given the differences in body composition across populations, it has
been argued that the defining cut-points for sarcopenia might be adjusted to the
local needs and characteristics [16].

In 2016, Bahat et al. [31] defined the alternative cut-points for determining low
muscle mass (i.e., 9.2 kg/m? in men and 7.4 kg/m? in women), low muscle strength
(i.e., 32 kg for men and 22 kg for women), and low calf circumference (i.e., 33 cm
for both men and women) in the Turkish adaptation of the EWGSOP recommenda-
tions. The Australian and New Zealand Society for Sarcopenia and Frailty Research
(ANZSSFR) [32] recently published a consensus about adopting the EWGSOP cri-
teria and the future definition of modified cut-points specific for Australian and New
Zealand populations. In 2019, the AWGS updated its consensus (i.e., AWGS 2019)
[33] in which the diagnostic algorithm, the protocols, and some cut-points were
revised. In particular, the cut-points for muscle strength were set out at 28 kg for
men and 18 kg for women. At the same time, poor physical performance was defined
by a 6-m walking speed lower than 1.0 m/s, a Short Physical Performance Battery
score lower than 9, or a 5-time chair stand test equal to or higher than 12 s (Table 2.1).
The AWGS in this revised consensus also revised the diagnostic algorithm, distin-
guishing a section for community care and another for the hospital setting. Both of
these two sections propose the case finding via the measurement of the calf circum-
ference (setting sex-specific thresholds at <34 cm for men and <33 cm for women),
the SARC-F score (with the critical cut-point set at >4), or the SARC-CalF (abnor-
mal results defined as >11). As done in the EWGSOP2, the AWGS 2019 also intro-
duced the concept of possible sarcopenia defined by low muscle strength,
independently from physical performance assessment.

Just recently, Yang et al. [34] compared the EWGSOP2 criteria with those of the
EWGSOP, AWGS, IWGS, and FNIH in a sample of Chinese community-dwelling
older persons in order to examine the prevalence and associated risk factors of sar-
copenia. They found that the prevalence of sarcopenia defined by the EWGSOP2
criteria was lower than that measured using the EWGSOP and AWGS definitions. It
was also reported that the FNIH criteria were more conservative than those of the
EWGSOP, EWGSOP2, AWGS, and IWGS. In fact, the FNIH criteria consider the
ASM adjusted for BMI for assessing the muscle mass, which results being more
selective compared to ASM adjusted for height (m?). Hand-grip strength adjusted to
body weight is also recommended to be superior to hand-grip strength in represent-
ing metabolic aspects of sarcopenia [35].
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2.5 Conclusion

Over the last decade, several operational definitions for sarcopenia have been pro-
posed across the world. The application of the different sarcopenia definitions has
resulted in a marked heterogeneity in the literature, especially in studies reporting
the prevalence and risk factors of sarcopenia. Given that ethnic differences deter-
mine a significant variability in body composition and lifestyle habits, it has been
pointed out that unique cut-points for muscle parameters may not be readily appli-
cable to everyone worldwide. If, on the one hand, the utility of having universal
standards/targets cannot be overlooked, the need for a less stringent approach is
reasonable for developing a person-centered approach, especially when dealing
with the complexity of aging individuals.
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Consequences of Sarcopenia in Older 3
People: The Epidemiological Evidence

Nicola Veronese and Mario Barbagallo

3.1 Introduction

Sarcopenia is traditionally defined as “age-related muscle loss, affecting a combina-
tion of appendicular muscle mass, muscle strength, and/or physical performance
measures” [1]. An increasing body of literature suggests that sarcopenia may
increase the risk of several negative outcomes, including falls [2], fractures [3], dis-
ability [4], mortality [5—7], being consequently associated also with poor quality of
life [8]. At the same time, the interest in sarcopenia is also increasing beyond the
perimeter of geriatric medicine [9], such as in oncology [10], cardiology [11], and
respiratory medicine [12]. Emerging literature has suggested that sarcopenia can be
considered as risk factor for dysphagia [13] or for gastric cancer [14].

Given this background, in this chapter, we will discuss the importance of sarco-
penia as potential risk factor for negative health outcomes in older people.

3.2  Sarcopenia as Risk Factor for Falls and Fractures

It is widely known that approximately one-third of older adults fall at least once a
year and a median of 4.1% of falls results in fractures [15]. Falls are associated with
several negative health outcomes in older people including disability, institutional-
ization, and finally increased morbidity and mortality [16]. A number of risk factors
have been found to predispose older adults to falls [17], and among them, poor
physical performance and muscle strength, typical of sarcopenia, seem to be impor-
tant [18]. Therefore, it is hardly surprising that sarcopenia could be associated with
a higher risk of falls in older people [19, 20]. These epidemiological findings
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indicate the urgency for timely diagnosis and treatment of sarcopenia, since we can
consider sarcopenia as a modifiable risk factor for falls and finally fractures [19,
20]. In this sense, increasing literature suggests an association between sarcopenia
and fractures [21], also independent from the increased risk of falls associated with
sarcopenia. Therefore, a new entity in geriatric medicine is emerging, i.e., osteosar-
copenia [22]. Bone and muscle, in fact, are closely interconnected not only for their
anatomical characteristics but also chemically and metabolically [22]. Moreover,
some pathophysiological processes (e.g., fat infiltration and alterations in stem cell
differentiation) are common to both sarcopenia and osteoporosis, therefore suggest-
ing that sarcopenia and osteoporosis are closely linked also from a molecular point
of view [23].

3.3  Sarcopenia as Risk Factor for Disability

Disability (usually defined as any restriction or lack of ability to perform an activity
in the manner or within the range considered normal for a human being) is, unfor-
tunately, a dramatic condition in older people [24]. For example, trends in the
United States showed an increase in disability rate from the 1970s and into the early
1980s for most noninstitutionalized age groups [25]. Disability is associated with
enormous health care costs. In the United States, for example, it is estimated that
disability-associated health care expenditures accounted for 26.7% of all health care
expenditures equal to $397.8 billion [26].

In epidemiological research, it was reported that sarcopenic patients have an
increased risk of about three times than non-sarcopenic subjects [27], and this evi-
dence seems to be supported by an evidence with poor risk of bias [20], meaning
that sarcopenia is an important and epidemiologically strong risk factor for disabil-
ity. In a seminal paper regarding this issue, it was reported that 6/7 studies included
reported that sarcopenia was significantly associated with functional decline and
consequently to disability [27]. Sarcopenia, in fact, is the first step of the transition
from healthy aging to disability that usually passes through frailty presence [28].
This aspect opens the topic of early identification of sarcopenia, in order to avoid
the progression to disability.

34 Sarcopenia, Hospitalization, and Mortality

The association between sarcopenia and mortality is the most explored in geriatric
medicine. Again, sarcopenia was significantly and strongly associated with mortal-
ity in older people. Until 2017, 10 over 12 studies exploring this association found
that sarcopenia is a risk factor for mortality and sarcopenic patients have a 4 times
higher risk of death than non-sarcopenic subjects [27]. The association between
sarcopenia and mortality seems not to be affected by the settings of the participants
(community-dwelling versus hospitalized subjects versus nursing home residents)
or to by the length of follow-up [27], and only age seems to have an impact on the
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results, since there was a stronger association of mortality with sarcopenia among
subjects aged 79 years or older [27].

In the last years, literature supports this association without any doubt and in
other contexts [29-31].

A similar association is present for sarcopenia and hospitalization [32].
Sarcopenia in old adults, in fact, has significantly higher risk of hospitalization,
particularly in already hospitalized patients. Moreover, sarcopenia is associated
with a longer length of stay in hospital [32], further justifying its inclusion in the
ICD-10 code [33].

3.5 Sarcopenia as Risk Factor for Negative Outcomes
in Surgery

A relatively novel topic that in our opinion merits a discussion is the potential asso-
ciation between sarcopenia and negative health outcomes in surgery [34]. We have,
in fact, an important literature supporting the association between sarcopenia with
postoperative complications of gastric cancer, such as postoperative ileus, and post-
operative pneumonia [20, 34]. These findings were substantially confirmed in other
areas of surgery including vascular surgery [35], cardiac surgery [36], and otolaryn-
gology [37].

3.6 Conclusions

From an epidemiological perspective, sarcopenia is associated with several negative
outcomes in older people. However, as shown in our chapter, we have a strong asso-
ciation between the presence of sarcopenia with some important negative outcomes,
such as mortality and disability. At the same time, increasing literature is showing
that sarcopenia is an important (and potentially modifiable) risk factor for other
conditions such as for fractures and falls and in specific settings, such as in surgery,
that merit further research.
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4.1 Introduction

In the past decade, there has been an obvious exponential progress in both interest
and literature on sarcopenia, largely driven after a consensus operational definition
has been published in 2010 [1]. The clear growth in sarcopenia research has eventu-
ally led to its recognition as an independent disease replete with its own code in
ICD-10-CM (M62.84) [2, 3]. This milestone has opened wider doors for more clini-
cal investigations and increased enthusiasm from major clinical institutions and
pharmaceutical companies. As is true with any disease entity, it is imperative to
understand the pathophysiology of sarcopenia, its relationship between measurable
biological processes and its associations with clinical outcomes. To achieve this,
there needs to be an in-depth study of genetic and serological biomarkers specific to
sarcopenia. This will not only deepen our still developing knowledge on sarcopenia
but more so lead to the unfolding of new treatments.

Biomarker is a generic term referring to a wide subgroup of clinical signs or
objective indications of a clinical state detected from patients which can be mea-
sured accurately and reproducibly [4]. The term biomarker is defined as “a charac-
teristic that is objectively measured and evaluated as an indicator of normal
biological processes, pathogenic processes, or pharmacologic responses to a thera-
peutic intervention” by the National Institutes of Health Biomarkers Definitions
Working Group in 1998 [5]. Fortunately, sarcopenia’s intricate link with aging has
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provided a foundational platform upon which emerging and overlapping biomark-
ers for frailty and sarcopenia can be extracted, since the age-related decrease in
skeletal muscle mass and strength that are indicative of sarcopenia are common and
significant risk factors for disability and mortality in aging. The biomarkers for
aging, as defined by the American Federation for Aging Research (AFAR), must (a)
predict an individual’s physiological, cognitive, and physical function in an age-
related way, future onset of age-related conditions and diseases, and do so indepen-
dently of chronological age; (b) be testable and not harmful to test subjects,
technically simple but accurate and reproducible, and (c) work in laboratory ani-
mals as well as humans [6]. It is important to emphasize that despite the advances
in geriatric research, there is still no gold standard or benchmark tool for measuring
healthy aging, and no single biomarker has yet qualified as a sensitive and specific
parameter for both aging and sarcopenia [7]. Case in point is telomere length, the
gene sequence at chromosomal ends that preserves genomic integrity, is widely
known to be a biomarker of aging [8]. However, alterations such as lengthening of
telomere lengths failed to offer advantages in age-related outcomes [8] and had
none to inconsistent effects on mortality among elderly patients with sarcopenia [9],
suggesting that a single biomarker cannot be considered a meaningful biological
indicator for complex, multifactorial age-related complications, including sarcope-
nia and frailty [10]. In this chapter, an overview of established biomarkers of sarco-
penia is discussed, as well as emerging biomarkers that can be used for future
clinical investigations.

4.2 Traditional Biomarkers of Sarcopenia

The first biomarkers for sarcopenia, as expected, were heavily concentrated on its
operational definition which included imaging techniques that can accurately assess
muscle mass and strength decline. The International Working Group on Sarcopenia
enumerated the first major diagnostic markers for sarcopenia for use in clinical trials
as listed in Table 4.1 which also included nonspecific muscle markers [11]. The list
does not include questionnaire-based screening tools such as the SARC-F, which,
on its own, is an excellent and easiest available tool requiring no special equipment
and endorsed by major global geriatric associations [12, 13].

The joint assessment of muscle mass and strength, while fundamental to the
diagnosis of sarcopenia, is still limited by the lack of consensus on thresholds that
will clearly distinguish normal from aberrant muscle aging [14, 15]. Furthermore,
the wide range of techniques that can be used to measure muscle mass also compli-
cate diagnosis as values differ, although this has been addressed with the endorse-
ment of dual-energy X-ray absorptiometry as a reference standard (not as a gold
standard) [16]. To compensate for this, additional measurements, such as serologic
or biofluid markers, are necessary and potentially critical, in facilitating manage-
ment and prediction of prognosis for individuals with sarcopenia. In the journey to
discover these biomarkers, experts in the field of geriatrics acknowledge that key
processes overlap between aging and age-related diseases, including sarcopenia.



4 Emerging Markers for Sarcopenia 35

Table 4.1 Markers for sarcopenia for use in prospective investigations (arranged according to
significance)

Assessment
End

Characteristic Screening Baseline point
Muscle specific
Function (physical performance, muscle strength, disability) Hkk S Hkok
Mass

* Bioelectrical impedance analysis (BIA) ok Hokk wkE

* Dual-energy X-ray absorptiometry (DXA) R G Kok

» Computerized tomography (CT) ok ook ook

» Magnetic resonance imaging (MRI) o #okok HHE

* Echography % ok *%

* Electrical impedance myography * sk K

* Anthropometry *
Non-muscle specific
Pathogenesis

* Inflammation % e *k

* Oxidative damage % ok ok

* Antioxidants ok Kok *%

* Apoptosis #* *k *k
Nutrition (albumin, hemoglobin, urinary creatinine, etc.) K ok ok
Hormones (dehydroepiandrosterone, testosterone, insulin-like =~ ** e *k

growth factor 1, etc.)

Note: * maybe useful but severely limited; ** suitable for use; *** recommended. Recreated, as
adopted from Cesari and colleagues [11]

Central to this is inflammation, or inflamm-aging, which is the by-product a chronic,
sterile, low-grade inflammation that cumulatively damages the innate immune sys-
tem and metabolism over time [17]. The following subsections below highlight the
biomarkers used for sarcopenia research, most of which are yet to be translated into
real-time clinical practice. A summary of the biomarkers mentioned is provided in
Fig. 4.1.

4.3 Inflammatory Biomarkers

Pro-inflammatory markers are one of the most studied groups of biomarkers in rela-
tion to both aging and sarcopenia, particularly the acute phase reactants. In a recent
systematic review and meta-analysis gathered from inception until June 2020
involving 168 articles (149 cross-sectional and 19 prospective studies) and having a
total of 89,194 participants, elevated levels of C reactive protein (CRP), interleukin-
6 (IL-6), and tumor necrosis factor-alpha (TNF-a) were found to be inversely asso-
ciated with lower handgrip and knee extension strength independent of sarcopenia
status. Furthermore, while these associations were also significantly associated with
progressive decline in muscle strength and mass, the strength of associations vary
widely depending on the population of sex of participants [18]. In elderly patients
with recent hip fracture stratified according to presence of sarcopenia, these
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Fig. 4.1 Functional, imaging, and biological markers of sarcopenia

significant inverse associations appear to be lost, with the exception of TNF-« being
significantly lower among those with sarcopenia than those without, suggesting
impaired immune response in the elderly as demonstrated by fracture-related early
inflammation being hampered by sarcopenia [19].

4.4 Nutritional Biomarkers

Adequate nutrition plays an important role in the maintenance of muscle health.
Guidelines have been developed taking into consideration specific intakes of protein
such as leucine and creatine which may not only slow muscle mass loss but also
enhance muscle strength among individuals with sarcopenia [20], and major food
groups such as vegetables and fruit consumption do not seem to be associated with
the disease, at least among individuals coming from low- to middle-income nations
[21]. Despite recommendations, investigations on dietary intake and muscle func-
tion appear limited and under focused as opposed to physical activity in the preven-
tion of sarcopenia [22, 23].

The “BIOmarkers associated with Sarcopenia and PHysical frailty in EldeRly
pErsons” (BIOSPHERE) study is a large-scale study conceived to search for novel
biomarkers that can be used to detect, monitor, and obtain information that can aid
in the identification of meaningful targets for the prevention and/or therapeutic
interventions of sarcopenia and physical frailty [24, 25]. In their study which used
metabolomics, patients with physical frailty and sarcopenia were observed to have
higher circulating levels of asparagine, aspartic acid, citrulline, ethanolamine, glu-
tamic acid, sarcosine, and taurine. In parallel, higher concentrations of alpha amino
butyric acid and methionine were seen in controls [24]. Furthermore, a link between
a poor-quality protein diet and impaired mitochondrial quality control mechanism
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was observed [24]. These results were echoed by the Maastricht Sarcopenia study
(MaSS) in which several branched-chain amino acids including vitamin D were
observed to be decreased in direct association with lower muscle mass and strength
in older adults [26].

Micronutrient deficiencies, vitamin D in particular, have been found to be related
to a number of diseases commonly observed among the elderly people, including
sarcopenia [27]. The discovery of vitamin D receptors (VDRs) in several tissues
including the muscles has gained considerable interest, and VDR levels were in fact
observed to decline in muscles with age, as well as circulating vitamin D being
associated with functional decline and muscle atrophy [28]. Despite several guide-
lines however advocating vitamin D supplementation in the elderly [26, 29], con-
crete beneficial effects as a standalone supplement such as suppression of muscle
atrophy and increased muscle strength are questionable [29], and may be more ben-
eficial in combination with protein [30].

4.5 Genetic Biomarkers

The identification of candidate gene biomarkers for sarcopenia was based on the
rationale that skeletal muscle traits are highly heritable by as much as 80% [31]. To
date, there has been a clear lack of genome-wide association studies in sarcopenia.
Nevertheless, a recent systematic review, which is the first to explore genetic asso-
ciations with muscle phenotypes in the elderly, was able to demonstrate (based on
available evidence from January 2004 to March 2019) several compelling evidence
of associations from select genotypes taken from a total of 38,112 participants
above 50 years old across 54 studies [32]. A summary of these genes is enumerated
in Table 4.2.

Table 4.2 Summary of gene markers associated with muscle phenotypes in the elderly

Gene

ACTN3 (Sprint Encodes ACTN3 protein which is crucial for muscle strength
Gene)

ACE Expressed in skeletal muscle endothelial cells; expression is highly
determined by ethnicity

VDR Known to stimulate muscle protein synthesis through messenger RNA
transcription

IGF1 and IGFBP3 Low levels of IGF1 seen in elderly and IGFBP3 is the most effective
stimulator of IGF1

TNF-a Integral mediator of the inflammatory response to muscle damage

APOE E4 allele associated with unfavorable muscle traits

CNTF and CNTFR Located in glial cells, limits muscle atrophy by denervation
UCP2 and UCP3  Mitochondrial transporters, active in later stages in life

Note: Summarized information based on the review of Pratt and colleagues [32]. ACTN3 actinin
alpha 3, ACE angiotensin converting enzyme, VDR vitamin D receptor, /GF'] insulin growth factor
1, IGFBP3 insulin growth factor binding protein 3, TNF-a tumor necrosis factor alpha, APOE
apolipoprotein E, CNTF ciliary neutrophic factor, CNTFR ciliary neutrophic factor receptor, UCP
uncoupling protein
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4.6 Hormones

A considerable decline in several hormones, notably the sex hormones, testoster-
one, and dehydroepiandrosterone (DHEA), as well as growth hormones and insulin-
like growth factors, characterizes the altered metabolic profile of individuals with
sarcopenia [33]. Treatment with testosterone was observed to increase types I and 11
muscle fibers, and while this remains promising, the side effects such as increased
risk for cardiovascular disease are a cause for concern [34]. Several proteins which
are also now being considered as hormones, such as adipocytokines and myokines,
shed light on the cross talks between adipose and muscle physiology [35]. These
cluster of hormones may soon be the next generation of biomarkers for sarcopenia
and will not be dealt in detail in this chapter given the limited information available.
However, “hormones” derived from muscle tissues such as myostatin and irisin
deserve special mention, as preliminary evidence has shown significant associations
that support the adipose-bone-muscle cross talk [36]. Irisin is directly correlated
with muscle mass and strength and has been observed to be highly heritable [37]. In
contrast, myostatin is mainly expressed in skeletal muscle tissues and is a negative
regulator of muscle mass [38]. Both muscle hormones are affected by physical
activity and possess anti-inflammatory effects, making them promising targets in
the development of aging and/or sarcopenia drugs [39].

4.7 Biomarkers of Oxidation

The free-radical theory of aging states that oxidative stress is a major factor initiat-
ing the onset of age-related conditions by stimulating several alterations in key cel-
lular components. While innate defenses exist for lowering the risk of detrimental
effects, their ability to thwart the persistent production of reactive oxygen species
becomes increasingly incompetent with aging [40]. In a recent review ascertaining
the association of longevity with oxidative stress, centenarians (individuals above
100 years old) presented significantly lower superoxide dismutase and elevated glu-
tathione reductase activities with lower susceptibility to lipid peroxidation than
elderly controls [41]. Glutathione deficiency in the elderly was also observed to
initiate a unique cycle connecting mitochondrial oxidation to protein catabolism,
contributing to sarcopenia [42].

4.8 Conclusion

In summary, research on the different biomarkers for sarcopenia is still a work in
progress. From discovery, validation, and standardization, it will take a while before
several biomarkers for sarcopenia can actually make it to clinical settings. Given the
multidimensional processes involved in sarcopenia, it is essential to conduct well-
designed studies with results that are reproducible, as most findings from new and
emerging biomarkers are promising, but remain suggestive. The biomarkers
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presented in this chapter are far from exhaustive as new markers are added in the
literature over time. The chapter nevertheless gives a snapshot of some of the well-
established biomarkers, and the emerging ones that are more likely to be used in the
years to come. Future investigations are recommended to involve clustering of these
biomarkers using the “omics” approach as this may yield more accurate predictions
and mechanistic insights.
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Screening for Sarcopenia 5

M. Locquet and Charlotte Beaudart

5.1 Introduction

It is now recognized that sarcopenia represents an important health concern.
Indeed, accumulating evidence have suggested that the prevalence of sarcopenia
is currently high; approximately 10% of older individuals around the world are
suffering from sarcopenia [1]. This prevalence could significantly increase over
the next few decades from 10.9 in 2016 to 18.7 million in 2045 [2].The impor-
tance of sarcopenia in terms of public health is also highlighted by researchers
who have suggested that untreated sarcopenia engenders objective and measur-
able detrimental health consequences such as falls, fractures, disabilities, hospi-
talizations, and, ultimately, death [3]. Finally, the financial burden linked to
sarcopenia is not negligible. A recent systematic review showed that individuals
with sarcopenia tend to have higher health care expenditures than non-sarcopenic
subjects [4].

The impact of sarcopenia on public health is therefore significant. However, at
present, this disease is often only highlighted when an adverse health event arises or
worsens, such as functional repercussions linked to the disease (e.g., falls, fractures,
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loss of autonomy, physical disabilities). This is where the advantage of a screening
comes in; it offers the possibility to act at an early stage, or a latent phase, of the
disease. If clinicians can detect individuals at risk of sarcopenia in a susceptible
group (i.e., older adults), before they become sarcopenic, then they can act proac-
tively by preventing downstream adverse health consequences. Two avenues are
currently being considered to prevent sarcopenia, based on early screening. First, as
shown in a recent umbrella review [5], exercise interventions (i.e., resistance train-
ing, multimodal exercise, blood flow restriction) are beneficial in improving muscle
strength and limiting sedentary lifestyle. Second, nutritional supplementation seems
to have an impact on muscle mass and function and could be interesting in prevent-
ing sarcopenia [6].

Screening in the area of sarcopenia could also, in select population, avoid cum-
bersome diagnostic procedures that are long and costly for the patient and the soci-
ety. Indeed, the screening test, not only being safe and inexpensive, is also intended
to be simpler and faster than diagnostic processes. It allows to differentiate, with a
certain error rate, healthy versus sick subjects. It will therefore facilitate identifica-
tion of patients who will benefit the most from early diagnostic procedures. To meet
the different screening objectives, different sarcopenia screening tools have been
validated in the scientific literature.

5.2  Part 1. Existing Screening Tools for Sarcopenia
5.2.1 Introduction

As mentioned above, because current methods for diagnosing sarcopenia are com-
plex to implement in daily practice, simplified methods have been developed by
different authors, not to replace a complete clinical diagnosis of sarcopenia but to
offer an easy way for a first screening of patients at risk of sarcopenia. If the screen-
ing test revealed to be positive, more sophisticated assessment of sarcopenia can be
performed. Consideration of possible sarcopenia in daily practice has been pro-
posed for older individuals (e.g., >65 years) with signs or symptoms suggestive of
the condition both in primary care and in specialized clinical settings [7]. Indeed,
there are no obvious symptoms of early sarcopenia, and patients with sarcopenia are
often unaware of their disease until the decline in strength and physical performance
becomes severe, resulting in physical and functional dependence [8]. Screening to
detect sarcopenia before the occurrence of physical disability is thus of great impor-
tance to prevent this dependence.

Several methods are proposed to perform a simple, rapid, and inexpensive iden-
tification of patients at risk. These methods are listed below, and the evidence-based
literature data available on their respective screening performance are presented in
the next chapter.
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5.2.2 Summary of Existing Screening Tools

5.2.2.1 SARC-F Questionnaire

The SARC-F [9] is a 5-item questionnaire used to determine the level of difficulty
experienced by an individual. It ranks five components: strength, assistance in walk-
ing, rise from a chair, climb stairs, and falls, with a three-level score range of 0-2
points for each item. The total score ranges from O to 10, with >4 points indicating
a risk of sarcopenia. Many different studies tested SARC-F as a screening tool for
sarcopenia and, despite some small variances, consensually reported a high speci-
ficity but a low sensitivity. In 2019, Ida et al. published a meta-analysis on SARC-F
accuracy which involved seven studies and 12,800 individuals [10]. The pooled
sensitivity was 21% and the pooled specificity was 90%, confirming that this ques-
tionnaire has a very good performance for identifying patients not at risk of sarco-
penia and therefore, those who should not undergo further testing for confirming a
diagnosis of sarcopenia.

5.2.2.2 Calf Circumference

Calf circumference is an anthropometric measurement that should be performed
with the patient sitting on a chair and holding his bare foot down, holding the leg
folded to 90°. The calf circumference has to be measured at its widest point, without
tightening (Fig. 5.1).

Many works have suggested that calf circumference could be used as a proxy of
appendicular muscle mass. Given this observation, several authors considered calf
circumference in their analyses as a measure of sarcopenia. In 2003, Rolland et al.
[11] demonstrated that a calf circumference under 31 cm was the best clinical indi-
cator for sarcopenia, with a sensitivity of 44.3% and a specificity of 91.4% in a
population of women aged 70 years and older. In a cohort of Korean adults aged
70 years and older, Kim et al. suggested in 2018 a cut-off of 32 cm as the best com-
promise between sensitivity and specificity in regard of a diagnosis of sarcopenia
(men: sensitivity 75%, specificity 83%; women: sensitivity 85%, specificity 57%).

5.2.2.3 SARC-CalF

Because of the low sensitivity of the SARC-F questionnaire, different groups of
researchers suggested to combine the SARC-F questionnaire with the measurement
of the calf circumference and that this combination may significantly improve the
diagnostic accuracy of the SARC-F and especially the sensitivity. In 2016, Barbosa-
Silva et al. [12] first tested this procedure and demonstrated a sensitivity for the
diagnosis of sarcopenia that increased from 33.3% using the SARC-F alone to
66.7% using the combined SARC-F and calf circumference, also called SARC-
CalF. Later, Yang et al. [13] also tested this method in a sample of 384 Chinese
participants aged 60 years and older. The sensitivity of the SARC-F alone was
29.5% and increased to 60.7% for the SARC-CalF. Specificity remained very high
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Fig. 5.1 Calf circumference measurement

in both studies. Very recently, a meta-analysis, including five studies and 1127 par-
ticipants (Barbosa-Silva and Yang included), indicated a sensitivity of 58% and a
specificity of 87% for the SARC-CalF as compared with the European Working
Group on Sarcopenia in Older People (EWGSOP) diagnosis criteria confirming the
idea of combining both screening tools for a better accuracy [14].

5.2.2.4 MSRA: Mini Sarcopenia Risk Assessment

The Mini Sarcopenia Risk Assessment (MSRA) questionnaire is composed of seven
questions and investigates anamnestic and nutritional characteristics related to the
risk of sarcopenia onset (age, protein and dairy products consumption, number of
meals per day, physical activity level, number of hospitalizations, and weight loss in
the last year). A smaller version composed of only five questions also exists. Rossi
et al. [15] developed and tested this questionnaire as a screening tool for sarcopenia
against EWGSOP diagnosis criteria among 274 community-dwelling people aged
65 years and older. Their results suggested that with the 7-item version of the
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MSRA, patients with a score of 30 or less had five times greater risk of being sarco-
penic, with a sensitivity of 80.4% and a specificity of 50.1%. Because two items
showed nonsignificant diagnostic power, they also tested the 5-item version and
demonstrated an equivalent sensitivity but a higher specificity (60.4%).

5.2.2.5 Ishii Score

A multivariate model has been developed in 2014 by Ishii et al. [16] to screen for
the risk of sarcopenia. It uses three variables: age, grip strength, and calf circumfer-
ence. A score is assigned to each parameter, and the summary score indicates the
likelihood of having sarcopenia. A score >105 and >120 in men and women, respec-
tively, identifies people with a high probability of having sarcopenia. Authors high-
lighted a sensitivity of 75.5% for women and 84.9% for men and a specificity of
92% for women and 88.2% for men based on the EWGSOP diagnosis criteria.

5.2.2.6 Equation of Yu

In 2015, Yu et al. also proposed a prediction equation based on four parameters to
estimate low muscle mass. The prediction equation included weight, body mass
index, age, and sex. Combined with a grip strength <30 kg, the sensitivity of the
proposed equation in predicting sarcopenia was 57.5% and 57.1% in men and
women, respectively, and the specificity was 99.5% in men and 94.7% in women.

5.2.2.7 Screening Grid of Goodman

The screening grid of Goodman et al. [17] is a practical tool built on three parame-
ters: age, body mass index (BMI), and sex. Sex-specific grids provide the probabil-
ity of having low muscle mass depending on the age and the BMI of the individual.
The authors consider that, in women, a probability greater than 80% is indicative of
low muscle mass (and therefore at risk of sarcopenia). In men, as soon as the prob-
ability exceeds 70%, a low muscle mass is considered present. The authors vali-
dated their tool in a sample of 200 subjects from the National Health and Nutrition
Examination Surveys (NHANES) cohort. In their validation sample, the sensitivity
of the instrument was 81.6% for men and 90.6% for women. As for specificity, it
reached 66.2% in both sexes.

5.2.2.8 Chair Stand Test

The chair stand test consists of instructing patients to cross their arms over their
chest and to stand up and sit down, five times, from a chair as fast as possible. The
time is measured in seconds. In 2016, Pinheiro et al. [18] described a positive asso-
ciation between the results of this test and the diagnosis of sarcopenia, considering
it as a performant screening test for sarcopenia. For each 1 s increment in the test
performance, they highlighted that the sarcopenia’s probability was increased by
8% in women aged 60 years and older. They also found that the best results for this
test to maximize sensitivity and specificity in regards to the clinical diagnosis was
13 s. This means that patients that performed the chair stand test in >13 s could be
identified as at high risk of sarcopenia with a sensitivity of 85.7% and a specificity
of 53.2%.
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5.2.2.9 Yubi-Wakka (Finger-Ring) Test

The “Yubi-wakka” test is a sarcopenia screening procedure proposed by Tanaka
et al. [19] in 2018 that checks whether the maximum nondominant calf circumfer-
ence is bigger than the individual’s own finger-ring circumference, which is formed
by the thumb and forefinger of both hands. Individuals’ calf circumference could
then be “bigger,” “just fits,” or “smaller” based on a comparison with the finger-ring
circumference. Authors did not provide sensitivity and specificity values in their
paper but highlighted that individuals in the “smaller” group had a 6.6-fold higher
prevalence of sarcopenia and individuals in the “just fit” group had a 2.4-fold higher
prevalence of sarcopenia than the “bigger” group. Later, Beaudart et al. assessed
this screening test in the SarcoPhAge study [20] and revealed a sensitivity of 46.9%
and a specificity of 78.3% for the “smaller” group as compared with the EWGSOP2
criteria [21] (data not published).

5.2.2.10 GripBMI

The GripBMI screening tool, proposed in 2020 by Churilov et al. [22], uses the
combined EWGSOP2 [21] recommended low grip strength cut offs and body mass
index of less than 25. Authors found a sensitivity of 83% and a specificity of 96%
using this technique among 277 post-acute rehabilitation inpatients.

5.2.2.11 TRSS:Taiwan Risk Score for Sarcopenia

Very recently, Tseng et al. [23] developed a prediction model called Taiwan Risk
Score for Sarcopenia (TRSS). On a sample of 1025 subjects, they found that based
on seven items, for instance, age, female sex, receiving social assistance pension,
absence of exercise, being underweight, abnormal fasting glucose levels, and
abnormal creatinine levels, the TRSS could be used as a screening tool for sarco-
penia with a sensitivity of 71.8% and a specificity of 71.1%. This model, which
requires serum biomarkers, is suggested to be a cost-effective screening tool for
sarcopenia.

5.2.2.12 Red Flag Method

Although not strictly a screening tool, the “Red Flag” method developed by Beaudart
et al. in 2016 [24] is proving to be an interesting method for the physician, easily
integrated into clinical practice. Indeed, the method consists in identifying, during a
usual consultation, the manifestations of sarcopenia. The authors suggest three dis-
tinct evaluations made up of several elements each considered as a “Red Flag™:

— Clinical observation: General weakness of the individual, visual identification of
loss of muscle mass, low walking speed;

— Individuals’ presenting features: Loss of weight, loss of muscle strength, general
weakness, fatigue, falls, mobility impairment, loss of energy, difficulties in phys-
ical activity, or activity of daily living;

— Clinical assessment: Nutrition, body weight, physical activity.
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The clinical assessment of nutrition and physical activity can be done in a simple
way (e.g., question on protein intake, question on the level of inactivity) and also by
using more demanding tools such as the Mini-Nutritional Assessment [25] (for
nutrition) or the Minnesota [26] (for physical activity).

If this strategy identifies a “Red Flag,” then one can suggest the potential pres-
ence of sarcopenia. From this observation, further diagnostic procedures can be
implemented.

5.3  Part 2. Performance Comparison of the Screening Tools
for Sarcopenia

5.3.1 Introduction

There are many tools to screen for sarcopenia. Therefore, an important step must
be undertaken to help the clinician in the choice of which one is most appropriate.
Indeed, it is important to compare mathematically the performance of the differ-
ent screening tools, through evidence-based screening studies. In general, this
type of study will compare the performance of the different tools via several
indicators:

— Sensitivity: or the proportion of subjects who actually present sarcopenia (based
on the reference diagnosis) that have been correctly identified as sarcopenic
using the screening tool (i.e., positive screening test).

— Specificity: or the proportion of subjects who are not actually affected by sarco-
penia (based on the reference diagnosis) that have been correctly identified as
non-sarcopenic using the screening tool (i.e., negative screening test).

— Positive predictive value (PPV): or the probability of presenting sarcopenia in
case of a positive screening test.

— Negative predictive value (NPV): or the probability of not suffering from sarco-
penia in case of a negative screening test.

— Area under the curve (AUC) via receiver operating characteristics (ROC) analy-
sis: or the capacity of the screening test to distinguish those at risk of sarcopenia
from those not at risk. The AUCs of each screening methods can be statistically
compared using a statistical test to verify that the AUCs of the different screening
tools differ significantly between them.

Several researchers have studied the question of the comparative performance of
screening tools. We will summarize it in this chapter. Four main studies compared
the performance of a large number of sarcopenia screening tools. That will be the
subject of our first paragraph. The other studies presented a comparison of the pri-
mary tool used in screening for sarcopenia, the SARC-F [9], with one and only one
other method. This will be the subject of our second paragraph.
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5.3.2 Head-to-Head Comparisons of the Performance
of Multiple Sarcopenia Screening Tools

The study comparing the most screening tools at a time is the study performed by
Locquet et al. [27], conducted in 2018, involving 306 community-dwelling older
subjects, mean age 74.8 + 5.9 years. Five screening methods were studied: the two-
stage algorithm of the EWGSOP [28], the SARC-F [9], the screening grid of
Goodman [29], the score chart of Ishii [16], and the equation of Yu [30]. The authors
carried out a sensitivity analysis indicating as a reference diagnosis five operational
definitions of sarcopenia: that of the European Working Group on Sarcopenia in
Older people (EWSOP) [28], that of the International Working Group on Sarcopenia
(IWGS) [31], that of the Society on Sarcopenia, Cachexia and Wasting disorders
(SSCWD) [32], that of the Asian Working Group and Sarcopenia (AWGS) [33], and
that of the Foundation of the National Institute of Health (FNIH) [34]. While the
sensitivity and PPV of the screening tests were low in most cases, the specificity and
the NPV were very high for all screening tests, regardless of the standard diagnostic
definition employed (e.g., specificity ranging from 60% to 91.1% and NPV ranging
from 87.2% to 100%). All the screening tools were able to distinguish between
those at risk of sarcopenia and those not at risk of sarcopenia (all AUCs significantly
superior to 0.5) with the best performance provided by the screening instrument of
Ishii, with an AUC rising to 0.914. In conclusion, for individuals who were not
affected by sarcopenia, screening tests performed well. The high specificity of the
screening equalled a high true-negative rate. These kinds of screening tests with
high specificity offer the advantage of avoiding unnecessary resource-consuming
diagnostic investigations in the subset of individuals classified as negative.
Furthermore, individuals screened negative for sarcopenia can be confident because
there is a probability equal to or higher than 87.2% (i.e., value of the NPV) of not
suffering from sarcopenia. However, the ideal screening test is one that would allow
the distinction, without error, between the positives and the negatives. In real-world
conditions, the best test is the one that optimizes its sensitivity and specificity simul-
taneously. In the study of Locquet et al. [35], this test was the equation of Ishii et al.
[16], (i.e., equation including age, grip strength, and calf circumference informa-
tion) which offered the best ratio sensitivity—specificity (i.e., an AUC rising
to 0.914).

This study already provides relevant information on the comparison of screening
tests for sarcopenia, but its main weakness is that it did not consider all the screen-
ing tests available in the field of sarcopenia. Another study will then allow us to
complete our first observations: that of Yang et al. [36], dating from the year 2019.
It should be noted here that the population of interest is different; these were 277
older people living in a nursing home, mean age 81.6 + 3.3 years. The screening
tools considered were the SARC-F [9], SARC-CalF [12], MSRA-5 [37], and
MSRA-7 [37]. Four gold standards (i.e., diagnosis references) were proposed to
compute sensitivity analyses: that of EWGSOP [28], that of IWGS [31], that of
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AWGS [33], and that of FNIH [34]. The sensitivity of the four different screening
tests was low or medium, depending on the diagnostic definition used (i.e., sensitiv-
ity ranging from 17.8% to 64.4%). The specificity was excellent in all cases, it
started at 80% to reach 98.4%. The poorest performance in discriminating people at
risk from those not at risk for sarcopenia was that obtained by the MSRA-7 (i.e.,
AUC of 0.681). The skills of the SARC-F and the MSRA-5 did not differ signifi-
cantly while the best performance was obtained by the SARC-CalF, with an excel-
lent AUC of maximum 0.867. Again, we can see that all of the screening tools
studied performed well to identify subjects not at risk of sarcopenia (i.e., high speci-
ficity). All the tools also made it possible to distinguish with satisfaction the indi-
viduals at risk of sarcopenia from those not at risk. The best performance was that
of the SARC-CalF tool, which, therefore, seems quite suitable for screening for
sarcopenia in a nursing home.

Another study [38], conducted in 2020 on 100 older people, but living in com-
munity, confirms these latest results. Indeed, after comparing the same screening
tools (SARC-F, SARC-CalF, MSRA-5, and MSRA-7) according to six different
diagnostic criteria, the authors conclude that the MSRA-7 has the smallest AUC and
the SARC-CalF is the most suitable screening tools for sarcopenia in older
community-dwelling individuals.

Finally, a last study [39] proposed a comparison of three screening tools for sar-
copenia: calf circumference, SARC-F, and SARC-CalF referred to the AWGS diag-
nosis reference. The study was conducted in 1050 community-dwelling individuals.
The notable difference with the other studies is, that for once, a screening instru-
ment offered a great sensitivity (81.5% for the calf circumference). The calf circum-
ference test obtained the best AUC (0.790).

However, the SARC-F remains recommended by scientific societies in the field
of sarcopenia [21, 40]. Therefore, this has been studied a lot in order to determine
its screening accuracy. A recent meta-analysis demonstrates excellent specificity
(pooled specificity = 0.90 (95% CI, 0.83-0.94), despite low sensitivity. The authors
therefore conclude that the tool is effective in detecting individuals who should
resort to a further diagnosis. Many other studies have therefore sought to compare
the performance of this SARC-F, specifically, with other screening tools.

5.3.3 Performance Comparison of the SARC-F with Other
Sarcopenia Screening Tools

A list of the different studies comparing the SARC-F with another tool is available
in Table 5.1. On this topic, six studies have been published. All the studies showed
that the two tools were effective in distinguishing individuals at risk from those not
at risk of sarcopenia. In general, when the SARC-F was enhanced with calf circum-
ference or EBM, it returned better screening accuracy. Ishii’s score was also very
powerful.
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5.3.4 Further Considerations Regarding the Performance
of Screening Methods

As we have seen, some screening tools seemed to perform better than others. Two
important points must, however, attract our attention. First, the studies presented
here have different settings and are performed on different samples. Therefore, a
large screening accuracy study, especially designed to compare the performance of
sarcopenia screening tools whatever the population, should be carried out while
being exhaustive in terms of the various existing screening tests but also in terms of
the different diagnosis definitions of sarcopenia that could be used as gold standard.
Second, and also an important consideration, is that it is essential to determine,
mathematically and statistically, which screening tool is the most efficient, but this
tool must also meet four other qualities other than that of statistical superiority:

. Ease of implementation.

. Reliability (results must be reproducible).

. Acceptability by the population.

. Validity (sensitivity, specificity, PPV, NPV, AUC).

AW N =

For the score chart of Ishii, for example, the complicated calculations that it
implies limit its use in clinical settings (quality criteria 1 not met). This screening
tool is ultimately close to a diagnosis technique since muscle strength (using a hand
dynamometer) and muscle mass (using anthropometry) have to be measured.
Therefore, we lose the targeted advantage of screening tests, which is to limit the
use of relatively resource-consuming diagnostic techniques in individuals. We can
also put this argument forward for the SARC-CalF which already requires an
anthropometric measurement as for the SARC-F + EBM.

Therefore, different working groups on sarcopenia (the EWGSOP and the
Society on Sarcopenia, Cachexia and Wasting Disorder) decided on the question of
the most appropriate screening test. The screening method of the SARC-F was cho-
sen by these groups as the best method for two reasons. First, the SARC-F had high
specificity regardless of the definition of sarcopenia that was used, as evidenced by
numerous studies. Second, by its five simple questions reflecting the five symptoms
usually associated with sarcopenia, the SARC-F is favored due to its rapidity and
simplicity of application that does not require specific resources for clinicians. The
project of translation and cross-cultural adaptation of the SARC-F in numerous lan-
guages around the world is currently ongoing [46]. However, even if not easily
implemented, the equation of Ishii et al. for screening sarcopenia has been proposed
by the EWGSOP as an alternative for clinicians who are seeking a more formal
case-finding tool and who have the time to adopt the calculations and assessments
required by this equation.

In future researches, it would be interesting to underline the importance of
screening by testing the hypothesis that individuals who are identified as at risk of
sarcopenia by the screening method will present more morbid events than those
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who are not at risk, as it has been demonstrated for the SARC-F [44]. Another step
will then be to investigate whether early detection of sarcopenia will ultimately
reduce the consequences of the disease. A screening strategy should indeed be
effective in reducing mortality and morbidity.
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Luciana La Tegola and Giuseppe Guglielmi

6.1 Introduction

In recent years, the importance of muscle mass has been emphasized in numerous
conditions [1-3]. The reduction of muscle mass, the decreasing of muscle strength,
and the declining of physical performance fall under the definition of sarcopenia
[4], a geriatric syndrome associated with increased risk of disability, poor quality of
life, and hospitalization [5].

As the elderly population increases, sarcopenia is expected to be one of the major
public health problems [6] and therefore, has become a topic of clinical interest.

There is still no general consensus about the definition of sarcopenia; however,
according the latest consensus of the European working group on sarcopenia in
older people (EWGSOP2) [4], the suspicion of probable sarcopenia is linked to a
reduction in muscle strength, while the diagnostic confirmation comes from the
detection of a poor muscle quality or quantity, so radiological assessment of skeletal
muscle in terms of size, mass, fatty infiltration, and inflammatory states plays an
important role in the diagnostic process and in the treatment response [4].

The most used imaging techniques for body composition assessment in daily
clinical practice and for research purposes are dual-energy X-ray absorptiometry
(DXA), computed tomography (CT), and magnetic resonance imaging (MRI).
Ultrasonography (US) is limited to some epidemiological studies [7, 8]. In this
chapter, we will briefly discuss these methods.
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6.2 US

Ultrasonography is a well-known technique characterized by low costs and wide
accessibility. It allows a regional assessment of muscle quantity (through the mea-
surement of muscle thickness and cross-sectional area) and muscle quality (through
the evaluation of echogenicity) with high inter/intra-operator reproducibility [9].
Both size and echo intensity are associated with muscle strength, as demonstrated
in several studies focusing on the association between ultrasound muscle measure-
ments and strength. Strasser et al. demonstrated that sarcopenia can be monitored
through vastus medialis muscle thickness measurement and that there is a high cor-
relation between muscle thickness and isometric maximum voluntary contraction
force [10].

Main limitations of US in the study of muscle mass are represented by the lack
of site-specific cut off, lack of standardization, and requirement of technical prepa-
ration of the operator; for these reasons, its application in sarcopenia diagnostic
algorithm is limited.

63 (T

CT is a tomographic imaging technique based on the different degree of attenuation
of X-rays in the passage through the tissues of the body. It is routinely performed in
many conditions, particularly for staging and follow-up of cancer, and so it can
allow the assessment of BC in this occasion without performing other
examinations.

The assessment of body composition (BC) with CT can be carried out both at the
level of the entire body through manual or semiautomatic segmentation software
and at the level of a single slice with high accuracy and strong correlation with
whole-body lean mass and fat mass [11].

The main parameter on a CT scan that give information on muscle mass is the
Cross-Sectional Area (CSA, cm?) measurement of skeletal muscles, while quality
muscle assessment is obtained by the estimation of fatty infiltration, or intermuscu-
lar adipose tissue (IMAT). Normally the muscle density values are between 40 and
100 Hounsfield Unit (HU). A reduction in the average density values calculated in a
region of interest (ROI) up to 0-30 HU is indicative of myosteatosis (Fig. 6.1), but
the lack of validated thresholds to put the diagnosis of sarcopenia represents a limit.

In addition to this, other limits of CT are the high dose of radiation exposure,
high costs, and not executability in severe obesity.

An alternative to CT is the peripheral quantitative computed tomography (pQCT)
which enables, through tomographic images, quantification of three-dimensional
tissue structure and skeletal muscle assessment with lower exposure dose and lower
cost than CT. The muscle density values are between 65 and 90 mg/cm® [12]; in
fatty infiltration the values decrease.

The pqCT scanner is small so that the study of muscle mass can only be per-
formed at a peripheral level; the latest scanners allow to study up to the mid-thigh
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Fig. 6.1 Axial CT image of the mid-thigh of an 84 years old woman. Note the different average
(Avg) of the density values in the ROIs; in the right thigh, there is greater fatty infiltration (on the
right Avg 20 HU about, on the left about 48 HU)

level, and this obviously represents a limit of muscle assessment; moreover, also in
this case, there is no validated protocol [13].

6.4 MRI

MR produces tomographic images by interaction between radiofrequency waves
and nuclei of the cellular elements, principally hydrogen in water and fat; it allows
to measure muscle mass and fat mass with high accuracy, thanks to multiparametric-
ity and high contrast resolution. With CT, it is considered the reference standard
imaging modality to assess muscle quantity and quality [14].

Lots of sequences can be useful in BC; among these Dixon, imaging plays an
important role. It is a multiecho gradient-echo sequence that obtains from a single
acquisition water-only and fat-only images allowing a quantitative assessment of
myosteatosis [15].

Moreover, with MR it is possible to get other muscle quality information such as
edema, fibrosis, elasticity, and contractility which correlate with decrease of muscle
quality and so with sarcopenia [16].

MR is considered a promising technique in sarcopenia and does not require ion-
izing radiation, but its use today is limited to research, because of high costs, scarce
availability, complex post-processing, and lack of standardization (Fig. 6.2).

6.5 DXA

DXA is the most commonly used technique in clinical routine for body composi-
tion. It is based on a three-compartment model of body composition (bone, fat, and
lean mass) obtained by the attenuation that a beam of X photons at two different
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Fig.6.2 Axial T1 weighted MRI images of the thighs of two patients of different ages. On the left
a patient of 32 years, on the right a patient of 76 years. The adipose infiltration of the muscles in
the older patient appears clear

energy levels undergoes through the body tissues. The reference parameter for the
sarcopenia assessment is ALMI, Appendicular Lean Mass Index. It is a parameter
derived from measuring the skeletal muscle mass at the limbs, where is represented
the 75% of the skeletal muscle mass of the whole body, proportionate to the height
squared (ALM/height?) [17]. ALMI, as demonstrated in several studies [13, 18], is
highly correlated to the skeletal muscle volume measured with the CT and the MR,
considered the reference standard techniques (Fig. 6.3).

The latest recommendations issued in 2018 by the European Working Group on
Sarcopenia in Older People (EWGSOP 2) define the ALMI cut-off values for sarco-
penia, setting the limit value of low muscle mass at 7 kg/m? in men and 5.5 kg/m? in
women [4].

In DXA, there is a very low dose of exposition radiation (<1 mSyv, corresponding
to the dose we are exposed to in 1 year for environmental radiation); it has low costs,
rapid acquisition times, precision, but also some limitations.

First of all, due to the intrinsic nature of the technique being projective, DXA
does not allow the study of a single muscle of interest. Moreover, there may be
interferences linked to the hydration state of the patient, in particular in cardiac or
nephropathic patients who have water retention problems can occur an overestima-
tion of the lean mass and therefore of the muscle. Finally, it is not a standardized
method; the densitometers of the various brands provide different results so when
you have to compare values of the same patient from two different devices, it is
necessary to perform an in vivo calibration, with the errors that may result.

6.6 Conclusions

In conclusion, there are several techniques for assessing muscle mass, but none
meets all the requirements for measuring muscle mass and none is standardized; for
this reason, there is still no gold standard.

DXA provides a reliable and reproducible measurement of the muscle mass at
low costs and minimal exposure to ionizing radiation, and its results have strong
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Fig. 6.3 DXA body composition report of a 57 years old male patient. The patient weighs 81.8 kg
(180 pounds) (“massa totale” in the report); 28,919 g (63 pounds) are represented by fat mass
(“grasso”), 49,646 g (109 pounds) lean mass (“magro”). The total percentage of fat mass is 36.8%
(“corpo intero % tessuto grasso”), with a prevalent android distribution. The patient has a
BMI = 24.5, a value that falls within the normal range (green line)

correlation with those of CT and MR; moreover, it provides at the same time BC and
bone information. For this reason, the EWGSOP guidelines suggest DXA as the
first examination to perform for clinical purposes, while CT and MR are limited to
research [4].
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Physical Performance and Muscle
Strength Tests: Pros and Cons

F. Buckinx and M. Aubertin-Leheudre

7.1 Introduction

Muscle strength and physical performances are evaluated for various conditions and
in clinical practice. In geriatric, it is known that older adults with low muscle func-
tion are more likely to be dependent in activities of daily living [1]. Therefore,
assessing muscle function is essential to prevent these consequences or to rehabili-
tate it. An international survey found that, among the 255 clinicians, muscle strength
and muscle performance are assessed in clinical practice by 54.5% and 71.4% of
them, respectively [2]. Moreover, measures of muscle strength and physical perfor-
mances are also often included in epidemiological studies or clinical trials to moni-
tor, for example, the evolution over time or the change following an intervention in
older adults.

From a clinical and epidemiological point of view, identifying individuals at risk
is important since poor muscle strength and physical performances, also called sar-
copenia, are associated with adverse health outcomes such as falls, hospitalizations,
functional decline, loss of autonomy, and mortality [3]. In the literature, a large
number of tools are available to assess muscle strength and physical performances,
and therefore to diagnose sarcopenia [4]. However, all these tools have advantages
and disadvantages. Consequently, clinicians and researchers often struggle to
choose the most appropriate and/or validated tool for their needs and for older
adults. Briefly, some of these instruments are not available in clinical setting, require
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highly qualified staff, or are expensive; while more accessible instruments are avail-
able for daily practice but their reliability and reproducibility are not always opti-
mal. Therefore, the aim of this chapter is to summarize the pros and cons of the
available tests to assess muscle strength and physical function.

7.2  Muscle Strength

Increasingly compelling evidence have highlighted the potential role of muscle
function (i.e., strength-power-quality) as a protective factor for health across popu-
lations [5]. According to the revised European consensus on sarcopenia, muscle
strength is the primary parameter of sarcopenia [6] and is the better predictor of
adverse outcomes or physical limitation [7—12]. It is necessary to have objective,
reliable, and sensitive tools to assess muscle strength (i.e., upper or lower limb
muscle strength) to detect and quantify weakness, to adapt physical exercises to
patients’ capacity, and to evaluate the effects of intervention [13].

7.2.1 Upper Limb Muscle Strength

In many clinical areas, handgrip strength appears to be the most widely used method
for the measurement of overall muscle strength [14]. The international survey pub-
lished by Bruyere et al. showed that 66.4% of the clinicians (i.e., in the fields of
geriatric medicine and rheumatology) used handgrip strength to assess muscle
strength in daily practice [2]. Handgrip strength is also used as an indicator of gen-
eral health [15], nutritional status [16], and has been recently suggested as risk-
stratifying method for all-cause death [9]. In addition, good correlation between
handgrip strength and lower limb muscle strength is observed [17].

Thus, the use of this measure is not surprising since it is easy to perform, affordable,
noninvasive [18], not requiring a highly trained staff [19], highly reliable [20], and very
accessible [21]. However, the two main limitations are that (1) only isometric measure-
ment is possible, whereas most daily activities require dynamic muscle contractions
and (2) handgrip strength measurement may not overall strength of the body [22].

In addition, a standardized protocol to assess handgrip strength is also recom-
mended in order to make studies comparable to each other [23]. Thus, the protocol
should be: (1) tested individual needs to sit in a standard chair with his forearms
resting on the armchairs; (2) clinicians or investigators should demonstrate the use
of the dynamometer and show how to grip very tightly the hand dynamometer; (3)
six handgrip measures should be taken, three with each arm; (4) ideally, encourage-
ments should be given to the patient to invite him to squeeze as hard and as tightly
as possible during 3-5 s for each of the six trials and same encouragements between
each patient to not induce bias; (5) usually, the highest reading of the six measure-
ments is reported as the final result [24].

Moreover, regarding the handgrip tool, the Jamar dynamometer, or similar
hydraulic dynamometer, is the gold standard for this measurement [23]. However,
for patients with advanced arthritis, the design of this dynamometer may be a
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limitation [25]. A pneumatic dynamometer, such as the Martin vigorimeter, may be
a good alternative. This flexible pear-shaped vigorimeter is available in three sizes
will facilitate the measurement of grip strength in these special cases.

Based on the European Working Group on Sarcopenia in Older People 2
(EWGSOP2), cut-off points for low absolute handgrip strength are <27 kg for men
and <16 kg for women [6]. The Foundation for the National Institutes of Health
(FNIH) Sarcopenia Study suggested, based on the likelihood of mobility impair-
ment, absolute handgrip strength cut-off points of 26 kg for men and 16 kg for
women [26]. Similar values have also been suggested by Dodds et al., who gener-
ated grip strength reference values and calculated cut-off points 2.5 standard devia-
tions below the mean from 12 United Kingdom-based epidemiology studies [27].

The minimal clinically important difference in grip strength is critical to inter-
preting changes in grip strength over time. In the meantime, based on the recent
systematic review of Bohannon, absolute changes between 5.0 and 6.5 kg should be
considered as meaningful changes in grip strength [28].

7.2.2 Lower Limb Muscle Strength

Lower limb muscle strength (i.e., knee flexors and extensors) is also often studied
and used in clinical practice. Lower limb muscle strength is more associated with
functional activities than handgrip strength [29-32]. According to Buckinx et al.,
lower limb muscle strength is also associated with motor skills [29]. The interna-
tional survey of Bruyere et al. revealed that leg press is used by 24.2% of the clini-
cians to estimate muscle strength in daily practice. Generally, lower limb muscle
strength is measured in isokinetic and/or isometric condition.

The criteria referenced assessment of lower limb muscle strength involves spe-
cific dynamometers such as isokinetic devices [33], which proposes a unidirectional
analytical motion, performed at a constant angular velocity imposed by the experi-
menter [34]. This strength is a result from the intervention of a variable resistance,
constantly enslaved to the subject’s capacity for effort. The isokinetic technique
guarantees maximum muscle contraction during the entire exercise, and for each
degree of joint movement. The isokinetic strength measure is, therefore, the closest
technique to capture a real and physiological muscle contraction. This technique is
commonly used in athletes to characterize muscle performance [35] and also to
detect bilateral asymmetries or imbalances between agonist and antagonist muscles
[36]. This technique has also been found to be useful in clinical practice, for exam-
ple, in orthopedic patients [37]. However, these devices are often found and used in
laboratory-based. In addition, a limitation of these laboratory-based dynamometers
is that they are expensive and not handheld, which precludes their use as a clinical
device in usual patient assessment and in specific conditions or environments (e.g.,
at home or in nursing home settings) [38]. The use of these tools may differ depend-
ing on the clinical settings or measurement objectives. For example, if it seems
worthwhile to recommend assessing grip strength in daily clinical practice, isokinetic
therapy has added value in more specific clinical situations (e.g., muscle atrophy).
The cut-off values are very variable depending on the population and conditions.



68 F. Buckinx and M. Aubertin-Leheudre

As an alternative to isokinetic devices, portable and low-cost dynamometers
seem more appropriate and convenient method to assess muscle strength in clinical
and research practice but only if they have been previously validated [33, 38]. In this
context, isometric strength method consists in measuring the isometric maximum
voluntary strength during contractions performed at constant angular position
against resistance. The result is specific to the fixed angular position and reflects the
ability of the muscle group to generate a force during isometric contraction (i.e.,
without variation in overall muscle length). As opposed to dynamic muscle strength,
it is therefore considered as a measure of the static muscle strength. A portable
dynamometer, even if it is convenient and useful in clinical practice (especially
outside medical centers), can induce reproducibility and reliability limitations due
to, for example, measurement position (joint angle), measurement site, type of mea-
surement, type of muscle contraction, or movement speed. Standardization of mea-
surement is therefore necessary, and a protocol has been recently proposed [38]. In
addition, another bias in the assessment which may affect the result is the skill of the
evaluators [39]. Few years ago, Stark and collaborators synthesized the validity of
portable dynamometers available in the scientific literature [40]. According to the
authors, the reproducibility of portable dynamometers varies from “moderate” to
“good.” Other portable dynamometers are sometimes used without having been
validated. However, it is highly recommended to use tools that have been validated
by scientific studies. The measurement of isometric strength has a poor specificity
for the evaluation of dynamic strength. In some cases, the clinician cannot be satis-
fied with an isometric evaluation and must access the dynamic strength (i.e., eccen-
tric and concentric torque). Isometric strength of ten muscle groups has been
evaluated, bilaterally (dominant and nondominant), in men and women aged
between 50 and 79 years old. Based on these studies, reference values of muscle
strength ranged from 66.7 + 16.0 to 458.4 £ 79.7 N [41, 42]. Buckinx et al. provided
also normative values for isometric strength of eight different muscle groups among
nursing home residents [43]. Thus, threshold values of relative isometric strength in
this specific population were 0.94 N/kg for knee flexors, 1.07 N/kg for knee exten-
sors, 0.77 N/kg for ankle flexors, 0.88 N/kg for ankle extensors, 0.78 N/kg for hip
abductor, 0.79 N/kg for hip extensors, 0.99 N/kg for elbow flexors, and 0.71 N/kg
for elbow extensors [43].

In clinical practice or in research setting, different validated tests are also used to
assess lower limb muscle strength. The most common are:

— The chair test: The 30-s Chair stand test (30s-CST) was developed by Rikli and
Jones [44], and is one of the most commonly used clinical test to assess lower
limb muscle function (strength and power) [45]. This test allows to assess func-
tional fitness level [46] and also to monitor training [47, 48] and rehabilitation
[49]. This test consists on sit up and get up from a chair as quickly as possible
without using arms (i.e., arms crossed over chest), during 30 s and the number of
repetitions is recorded. Based on this test, subjects can be classified as having
either low physical performance (30s-CST <8 rep) or high physical performance
(30s-CST >8 rep) [50]. The minimal detectable change is 1.6 repetitions in
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patient with osteoarthritis [51] and 3 repetitions in Parkinson’s patients [52].
Nevertheless, no responsiveness data are available in the general population.

10 sit-to-stand repetition: This test which consists of sit up and get up 10
times from a chair as quickly as possible without using arms (i.e., arms crossed
over chest) estimate lower limb functional capacity. This simple clinical measure
can also be useful to estimate lower limb muscle power index using the validated
Takai equation [53]. To be able to determine the muscle power index, the clini-
cian needs, in addition to the time needed to complete the 10 sit-to-stand repeti-
tion (Tsit-stand), to measure the leg length (L; from the head of the femur to the
lateral malleolus) using a soft tape measure. The validated Takai equation is:
(L - 0.4%) x body mass (kg) x g (9.8 m/s?) x 10)/Tsit-stand (*0.4 represents the
height of the chair) [53]. Finally, a change of 9-10% is considered clinically
significant [54]. This measure was chosen because the strength of the lower
limbs is associated with disabilities and functional limitations [55].

5 sit-to-stand repetition: Another alternative of this test consists of recording
the amount of time to complete 5 sit-to-stand position [56, 57]. Bohannon dem-
onstrated that individuals can be considered to have worse than average perfor-
mance when realizing a S-repetition chair test and having a time exceeding:
11.4 s (60-69 years), 12.6 s (70-79 years), and 14.8 s (80-89 years) [58]. In
addition, the cut-off point for the risk of having sarcopenia is 13 s [59]. The
Minimal Detectable Change (MDC) time for the test is within 3.6-4.2 s [60]
while the Minimal Clinically Important Difference (MCID) is 2.3 s [61].

The advantage of this test is that it is very predicable, but its disadvantage is
that it is limited for subjects suffering from moderate to severe mobility limita-
tions. This test has also a restricted capacity to assess a wide variation in ability,
which is relevant in older people, since some older adults cannot complete the
five attempts and are therefore not assigned a score (i.e., floor effect) [62].
Because of this limitation, the literature recommends the use of the 30-s chair
stand test. In addition, this last one is fast, easy to use, quick (i.e., 1-2 min), and
therefore feasible in clinical practice. Moreover, only a chair with a straight back
without arm rests and a stopwatch is required and highly qualified staff is not
required [63]. The reliability of the test is good in healthy older adults [64]. Thus,
the 5-chair STS test is a proxy indicator of lower limb muscle speed and power,
while the 30-s STS test is a proxy indicator of lower limb endurance (muscular
capacity). Both tests are therefore complementary.

— Leg press/leg extension: Leg press machine involves subject sitting at an angle
that puts his feet against a platform and push away from him by straightening his
legs. This test is generally used to quantify maximal muscle strength through the
1RM (1 Repetition Maximum Resistance), wherein the evaluation is carried out
at the highest resistance for which the subject can complete the exercise only
once. To find the 1RM, the exercise is repeated several times at increasing resis-
tance until failure to complete a single repetition. The range of motion performed
during the leg press exercises ranged from 120° to 0° knee flexion, with 0° being
understood as a full knee extension [65], except for one study which interpreted
180° as the full knee extension [66].
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The minimal detectable change indicates that changes of 0.4 kg can be detected
by the leg press 1-RM, which means detectable changes of 1.1% [67]. Because
resistance machines such as the leg press only allow movement in a fixed pattern,
they are great for non-experimented people or after injuries. They are also useful
to isolate a specific muscle. Leg press test presents a high reliability (ICC > 0.94)
among community older adults [4]. However, the disadvantage is that these resis-
tance machines do not require the activation or engagement of any of the impor-
tant stabilizing muscles. More specifically, leg press is performed using
closed-chain kinetic effort [68] while the knee extension involves large lower
body muscle groups (i.e., the quadriceps, hamstring) [69]. Consequently, the leg
press exercise is widely used for strengthening the lower limbs. Currently, a refer-
ence range of maximal muscle strength is not yet available.

— Leg power rig: This test is generally used to quantify maximal muscle power. In
practice, participants were asked to push the pedal down as hard and fast as pos-
sible, accelerating a flywheel attached to an A-D converter [70]. Power is
recorded for each push until a plateau/decrease was observed. Muscular power
among community-dwelling older adults has been reported to range between 1.7
and 8.64 W/kg [71]. Another study showed that mean lower limb muscle power
assessed by the Nottingham power rig was 184.9 + 89.4 W, in older adults [45].
Regarding reliability, mean change remained trivial (1.0-2.5%), typical errors
remained small (5.8-8.6%), and ICCs very high (0.94-0.96) [72]. The advantage
of assessment has been demonstrated to be safe, sensitive, and reliable in older
adults, even in at risk of fracture population (osteoporosis) [70]. The Nottingham
power rig has been identified as the “gold standard” assessment of power among
older adults. Some disadvantages must also be acknowledged. Measuring mus-
cle power is compromised in clinical settings because it requires complex and
sometimes expensive machines, and clinicians need to be trained.

7.2.3 Muscle Strength Indexes

Muscle mass index has long been used as a useful index to evaluate the risks of
developing functional impairments in older adults. Nevertheless, the association
between functional impairments and muscle strength indexes is even more impor-
tantly related [73, 74]. According to Barbat-Artigas et al., the risk of presenting
disabilities is at least three times higher in individuals with low muscle strength
indexes values compared with individuals with high indexes values [73]. Therefore,
there is evidence that muscle strength indexes are useful to evaluate the risks of
developing functional impairments [73, 75, 76]. Among these indexes, the lower
body muscle strength relative to body weight index seems to be the most relevant
[73]. Indeed, the predominant role of lower extremities in performing ADL has
previously been emphasized [77]. The advantage of this index is the combination of
two measures (i.e., knee extensors muscle strength and body weight) which are eas-
ily measurable in the clinical setting.
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Moreover, handgrip strength [78, 79] and mostly divided by body weight [80] is
considered as a strong clinical predictor of disability and mortality. More importantly,
body composition alone (e.g., muscle mass) is of little importance for performing the
tasks of daily living (e.g., walking, rising from a chair, or climbing stairs), as long as
enough strength is generated to move the entire body [81]. Muscle quality (MQ),
defined as the ratio of strength and muscle mass, has been also proposed as a potential
clinical index of functional impairments [32, 82]. The limitation of this index is that it
neglects body composition, whereas the latter may play a key role in functional per-
formance. In addition, there is no universal consensus definition or assessment method
for muscle quality [83]. This is also a complex measure since multiple factors have the
potential to influence muscle quality including muscle composition (e.g., architecture,
fiber type), metabolism, fat infiltration, fibrosis, and neural activation [83]. Upper
body MQ is estimated by dividing the maximum handgrip strength by upper body
appendicular lean mass (ALM), with clinical cut-points determined as <5.76 kg/kg
for men and <5.47 kg/kg for women [84]. Lower body MQ is defined as the ratio of
leg extension strength to leg lean mass, and cut-points of <2.11 kg/kg for men and
<1.56 kg/kg for women have been determined as clinically significant [85, 86].

Muscle strength data are summarized in Table 7.1.

7.3  Physical Performance

Physical performance can be defined as an objective measure of whole body func-
tion related with mobility [62]. It is well recognized that poor nutritional status [87],
sarcopenia [88], frailty [89], sarcopenic-obesity [90], disability [91], mortality [92],
and dementia [93] are health consequences of poor physical performance. Therefore,
it is important to assess physical performance among older adults. Based on an
international survey, 71.4% of the clinicians measured physical performance in
daily practice [2]. More specifically, the most commonly administrated tests were:
walking capacity (63.3%), timed up and go test (58.6%) and self-reported physical
function (58.1%) [2]. Many tests are described in the literature to measure physical
performance of older adults. The advantages and disadvantages of these tests are
discussed below and summarized in Table 7.2.

7.3.1 Walking Capacity
Two main types of walking capacity tests exist:

7.3.1.1 The Short-Distance Walking Tests (4-m Distance, 6-m

Distance, and 10-m Distance)
These tests measure the overall functional status in older adults [94] and can be used
as surrogates for long-distance walking tests. They are also predictive for future
care dependence [95], for other adverse health events such as severe mobility
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limitation or mortality [96]. Because they require less time and space, these tests are
more easily applicable than long-distance walking tests in routine practice. Another
advantage is that no specific material is necessary to perform these tests. Moreover,
no highly qualified human resource is required. The 4-m walk distance is the most
commonly used short-walking test validated in older adults [50, 51]. In practice, the
time needed to cover the entire distance is recorded [52], and the cut-off <0.8 m/s
identifies subjects with poor physical performance [97]. The 4-m walk speed is
responsive since a small change of 0.05 m/s or a substantial change of 0.1 m/s is
considered as a clinically meaningful change [98]. For the 6-m and 10-m distances,
the cut-offof <1 m/s was chosen to identify older adults at high risk of health-
related negative events [99]. A standardized protocol has been defined to assess the
4-m distance walking speed in clinical and in research setting: (1) use a static start
with timing commencing when the foot touches the floor the first time after the line;
(2) usual or comfortable pace to be used as the standard, with fast pace used as
appropriate for specific research questions; (3) walking protocol to be reported in
detail including pace instructions, verbal or other encouragement, and specific tim-
ing procedures [100]. The 4-m walk distance test has also an excellent reliability
(ICC=0.94) [101].

7.3.1.2 The Long-Distance Walking Tests (400-m Walk

Test and 6-min Walk Test)
These tests have the potential to discriminate different categories of risk among
older individuals in healthy conditions. In addition to evaluate mobility, these tests
also estimate endurance of the subjects [62]. These tests are simple, noninvasive,
and low cost. However, the inconvenience is that long-distance walking tests require
a corridor of at least 20 m and at least 15 min for execution.

The most common long-distance walking test to assess mobility and aerobic
capacity is the 6-min walking test. In practice, participants are asked to walk as
much and fast as possible, without running, during 6 min. In each minute of the test,
volunteers received the same standardized encouragement according to the ATS/
American College of Chest Physicians recommendations for the 6-min walking test
[31]. A lower score (reflecting less distance covered in 6 min) indicates worse func-
tion. The 6-min walk distance in healthy adults has been reported to range from 400
to 700 m [102]. Moreover, age- and sex-specific reference standards are available
and may be helpful for interpreting 6MWT scores for both healthy adults and those
with chronic diseases [103]. An improvement of 54 m has been shown to be a clini-
cally important difference [104]. The distance, in meters, is recorded and is also
used to estimate aerobic capacity (i.e., VO,max) according to the following equa-
tion: VO,max (mL-kg'-min~!): 70.161 + (0.023 x distance [m]) — (0.276 x body
weight [kg]) — (6.79 x sex [Men = 0, Women = 1]) — (0.193 x HR [pulse/
min]) — (0.191 x age [years]) [38]. The 6-min walk had good test—retest reliability
(i.e., ICC between 0.88 and 0.94) in older adults [105]. Test-retest reliability has
been reported as high, with an ICC of 0.90 [106].

The time and ability to complete a 400-m walk has been shown to predict adverse
events such as mortality, mobility limitation, and disability [107]. In practice,
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participants received instructions to walk 400-m in a hallway on a 20-m per segment
course for 10 laps (40-m per lap) after a 2-min warm-up with standard encourage-
ment given at each lap. Instructions were to “walk as quickly as you can, without
running, at a pace you can maintain” [107]. Sex-specific quartiles of 400-m walking
time were: Q1:<4.29 min or <5.06 min; Q2: 4.30-5.02 min or 5.07-5.44 min; Q3:
5.03-5.44 min or 5.45-6.43 min; Q4:>5.45 min or >6.44 min for men and women,
respectively [108]. For this test, minimally significant change estimates were
20-30 s while substantial changes were 50-60 s [109]. Finally, the walk test had
excellent reproducibility [110].

During long-distance walk tests, the GAITrite© system can be used. It is a clini-
cal tool for the objective assessment of gait parameters. The walk-way system is
embedded with pressure sensors that detect series of foot cycles and allows to esti-
mate temporal and spatial gait parameters through the Gaitrite© software [111].
This objective gait parameter tool has also strong concurrent validity and test-retest
reliability [112].

Another tool, the Gait up system, which is a triaxial accelerometer, can also be
used to perform motion analysis with high precision outside laboratory. It is com-
posed of two sensors and a software for computer. It has been validated against gold
standards in numerous scientific studies on various populations. Dadashi et al. pro-
vides normative values for widely used gait parameters in more than 1400 able-
bodied adults over the age of 65 [113]. Gait up system allows simple and accurate
Gait and analysis in real-world context. The advantages are that it is validated, por-
table, and affordable.

7.3.2 Lower Limbs Muscle Function

Many tests are described in the literature to measure lower limbs muscle function in
older adults. The most widely used in clinical and research settings are
described below.

e Chair Test
Besides measuring lower limbs muscle strength, the chair test, which has been
described above, may be one of the most important functional measures of physi-
cal capacity [114]. In this sense, the 5-chair STS test is reported to be used by
53.9% of the clinicians in daily practice to assess physical performances [2].
Effectively, the ability to perform the sit-to-stand movement is important to
maintaining physical independence. Getting up and sitting in a chair involves
activation of lower limb muscles, this is why the sit-to-stand test represents a
good alternative for measuring muscle capacity of lower limbs [57, 63].

e Alternate-Step Test
Going up and down stairs is a commonly performed as activity in daily life and
is useful as functional measure in various populations including older adults
[115]. This test measures the ability of weight shifting in the forward and upward
directions, as well as lower limb muscle power and balance. In practice, subjects
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are facing toward a 20-cm height step and instructed to touch the top of it with
the right and left foot, alternately, as fast as possible during a 15-s period [116,
117]. At this end, the clinician recorded the number of step counts executed.
Normative values for step test in age groups between 20 and 79 have been pub-
lished by Isles et al. in 2004 [118]. This test is quick (less than 5 min) and easy
to perform. This is also an inexpensive test which requires only access to a step
and a stopwatch. Excellent inter- and intra-reliability was observed for the
alternate-step test (ICC > 0.9) [116]. Finally, the step test is used by 25.1% of the
clinicians in daily practice to assess physical performances [2].

7.3.3 Balance

Poor balance is associated with an increased risk of falls among older adults.
Effectively, adjusted relative risk estimates for an increased risk of any fall were
1.58 (95% confidence interval = 1.06, 2.35) for self-report of balance problems,
1.58 (95% CI = 1.03, 2.41) for one-leg stance, and 1.46 (95% CI = 1.02, 2.09) for
limits of stability [119]. Nevertheless, balance impairment is common among older
adults and estimates of its prevalence range between 20 and 50% [120]. More spe-
cifically, one-third of community-dwelling older adults over the age of 65 years fall
each year; this proportion increases to 50% by the age of 80 years [121].

Postural balance can be estimated subjectively by questionnaires, assessed by
clinical examinations but also objectively by means of force platforms. Physical
performance tests are based on postural activities and movements which occur in
the activities of everyday life and are summarized in this section.

e The unipedal balance test in the frontal plane is pertinent to capture the swing
phase of bipodal gait [122]. In practice, participants standing on both legs and
alternately standing on the right and left leg with eyes opened and arms by the
side of the trunk. The time was recorded in seconds from the moment 1 ft. was
lifted from the floor to when it touched the ground, the stance leg moved, or until
60 s had elapsed. This test correlated with frailty, peripheral neuropathy, and risk
of injurious falls [123, 124]. The unipedal balance test is very popular due to its
simplicity. Indeed, advantages of the test are that no equipment is required, it is
simple to set up, and it can be conducted almost anywhere. In addition, The reli-
ability of this test is excellent [125]. Normative data for older adults is 26.9 s.
Time is longer for individuals who are younger, male, and allowed longer test
durations (e.g., 2120 vs. 30 s) [126]. In addition, minimal detectable change at
the 95% confidence level is 24.1 s for this test. More importantly, change in uni-
pedal balance performance should exceed 24.1 s to be considered real change
[127]. More precisions have been provided in the paper of Springer et al. present-
ing normative data for unipedal balance test with closed and open eyes, for males
and females [128].

e The bipodal balance test is a part of the global Short Physical Performance
Battery (SPPB) test and it assesses static balance [92]. Subject is asked to hold
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three increasingly challenging standing positions for 10 s each: (1) a side-by-side
position; (2) semi-tandem position (the heel of 1 ft. beside the big toe of the other
foot); and (3) tandem position (the heel of 1 ft. in front of and touching the toes
of the other foot).

The berg balance scale evaluates functional balance (i.e., static and dynamic)
during everyday situations using scores to evaluate different populations [117],
such as elderly [129], stroke patients [130], and people with severe intellectual
and visual disabilities [130]. The maximum score is 56 points, a score between 0
and 20 represents balance deficit while a score between 21 and 40 and between
41 and 56 is considered as acceptable balance and good balance, respectively
[117]. In addition, a change on the Berg Balance Scale of 4 points is needed if a
patient scores within 45-56 initially, 5 points if the score range within 35-44, 6
points if initial score range within 25-34, and 7 points if the initial score is within
0-24 [131]. This test is highly reliable between observers and intra-observer.
Few equipment are required: ruler, two standard chairs (one with arm rests, one
without), footstool or step, stopwatch or wristwatch, and 15 ft. walkway.
Nevertheless, potential ceiling effects are observed with higher level patients.
Another cons is that the scale does not include gait items. Finally, the test can
take 15-20 min to complete, depending on the level of function and can be
demanding to frail population.

The force platform is a plate under which are distributed four dynamometers to
measure the three components of force and torque (anterior-posterior, medial-
lateral, and vertical) exerted by the body over the platform. The derivation of
these forces is shown as a point representing the center of pressure, and the varia-
tion of these values through time is the movement of the center of mass and the
effect of forces used to maintain balance. The signals are amplified and transmit-
ted to a computer that manages the acquisition of data and can thus be used as an
indicator for risk of falls [132]. The reliability of the balance test using the force
platform is moderate to very high in the elderly population [133]. Another pro of
this technique is not invasive for patients [134]. In addition, it provides an objec-
tive measure and no ceiling effects are observed [134]. The tool is also sensitive
to change [134]. Some limitations of force platform must be emphasized: the
equipment is expensive and cumbersome, training of the staff is required, the
results can be affected by emotional status or external factors, and it is not so
easy and fast to administer [134].

The balance error scoring system (BESS): Static balance is sometimes
assessed using BESS, which is an easily administered, static balance assessment
for sideline use. The participant is asked to hold different static postures while an
evaluator assesses deviations from this desired posture [135]. More specifically,
the BESS consists of subjects holding specific stances for 20-s durations with
their hands on their hips and eyes closed. The test stances (double leg, single leg,
and tandem) are carried out on two surfaces (flat ground and a foam pad). Scoring
for the BESS consists of the researcher counting the number of participant errors
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within each stance [136]. The maximum total number of errors for any single
condition is 10. Thus, lower BESS scores are associated with better postural
control. Iverson et al. have provided normative data for community-dwelling
healthy subjects between the ages of 20 and 69 [137]. The cons of the BESS is
that the learning effect is often observed in studies involving the BESS [136].
However, it is more portable and less expensive than force platform, it is a rapid,
relatively easy-to-administer. Then, a strong test-retest reliability has been iden-
tified (ICC = 0.784) with a MDC (minimal detectable change) of 6-10 error
points [138].

7.4  Global Functional Capacity

The SPPB evaluates lower extremity functional performance using timed measures
of balance test, walking speed, and chair stand test. Both the global score and its
individual elements may be analyzed separately in different clinical or research set-
tings. Effectively, the score of each of the three tests ranges from O to 4, where 4
indicates the best result and O the worst result. Therefore, a summary score ranging
from O (worst performers) to 12 (best performers) is calculated. Cut-off point of <8
points has been showed to be associated with mobility-related disability and is used
for the diagnosis of sarcopenia [95]. More precisely, a score ranged between 0 and
6 is associated with poor performance, a score ranged between 7 and 9 is associated
with intermediary performance while a score above 9 indicates high performance
[95]. The relative risks of mobility-related disability for those with scores of 4-6
ranged from 2.9 to 4.9, and the relative risk of disability for those with scores of 7-9
ranged from 1.5 to 2.1, with similar consistent results for ADL disability [95].

More specifically, for the balance test, the subject is asked to hold three increas-
ingly challenging standing positions for 10 s each: (1) a side-by-side position; (2)
semi-tandem position (the heel of 1 ft. beside the big toe of the other foot); and (3)
tandem position (the heel of 1 ft. in front of and touching the toes of the other foot).
For the walking speed test, the subject is asked to walk at his usual pace over a 4-m
course. The use of walking aids (cane, walker, or other walking aid) is allowed if
necessary, but no assistance by another person can be provided. The time (in sec-
onds) needed to complete the entire distance is recorded. Finally, for the repeated
chair stands test, a straight-backed chair is used. The subjects are placed with its
back against a wall. The subject is asked to stand from a sitting position and to sit
down without using their arms (arms folded across the chest), five consecutive
times. The time to complete this task is recorded. These independent tests have been
described more in details above.

The test is applicable in research and in clinics as well as in GPs offices but
small training is required, which may limit its use. The time of administration is
around 10 min, and few equipment are needed: a 4-m track, ground marks, a chro-
nometer, and straight-backed chair. Moreover, the reproducibility and the
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reliability of the SPPB are excellent [139, 140]. The SPPB is also responsive to
clinically meaningful changes [140]: 0.5 points indicate a small change (i.e., not
at individual-level) and 1 point indicates a substantial change [98]. However, a
disadvantage is that ceiling effects can be observed for high functioning and very
fit older adults (who will score 12 points) while floor effects can be observed for
very low functioning adults [62].

The Tinetti test or performance oriented mobility assessment (POMA) is
an easily administered task-oriented test that measures an older adult’s gait and
balance abilities. This is the oldest clinical balance assessment tool and one of the
widest used among older people [141]. It consists of two subtests: a balance test
(9 items scored on 16 points) and a gait test (7 items scored on 12 points). A total
score <19 points indicates severe risk, a score between 19 and 24 points indicates
moderate risk, and a score of more than 24 points indicates low risk of falls [142].
On the basis of the MDC(95) values, a change in POMA scores at the individual
level should be at least 5 points and that those at the group level should be at least
0.8 point to be considered reliable [143]. It simple and easy with a completion
time of around 10 min. Few equipment are needed: hard armless chair, stopwatch
or wristwatch, and 15 ft. walkway. In addition, the test presents a good inter-rater
reliability and a good sensitivity (93% of fallers were identified) [144, 145]. The
disadvantages of the Tinetti test are: a poor specificity (only 11% of non-fallers
were identified), ceiling effect, and no identification of the type of balance prob-
lem [146, 147].

This section is summarized in Table 7.3.
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7.5 Conclusion

Limited muscle strength and/or physical performance results in physical limitations
which are important predictors of adverse health outcomes (e.g., care dependence,
falls, fractures, hospitalization, and even death). Moreover, the diagnosis of sarco-
penia requires the presence of both low muscle mass and low muscle function,
which can be defined by low muscle strength or low physical performance. It is
therefore essential to assess accurately muscle strength and physical performance in
an aging population, and clinicians are encouraged to routinely assess these param-
eters. Indeed, measurements of muscle strength and function are facilitated by their
noninvasiveness and their effective limited time for application. However, many
tools are referenced in the literature to assess muscle strength and physical perfor-
mance. Since some of these instruments are less validated than others, a greater
awareness among practitioners of the importance of using a fully validated tool is
essential. In fact, the choice of the methods used depends on several criteria, such as
accessibility, cost, specificity, and performance of the tool.
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Is Sarcopenia a Condition, a Disorder,
a Disease, or a True Geriatric Syndrome?

Jean-Pierre Michel, Fiona Ecarnot, and Christophe Graf

“After a long history of near neglect, unimaginative structure, and factious development,
health terminologies are in an era of unprecedented importance,

sophistication, and international collaboration/implications”

G CHUTE [1]

With the emergence of precision [2] and high-definition medicine [3], the inter-
rogative title of this chapter seems obvious. However, it reflects the current state of
the art regarding sarcopenia, as a recent literature review has proven [4]. Sarcopenia
has been indifferently labeled as a “condition,” [5-7] “disorder,* [8] “disease,* [9]
“syndrome, [10, 11] or “geriatric syndrome” [12, 13] in the most recent interna-
tional scientific papers.

The confusion surrounding sarcopenia is exacerbated by the appearance of com-
binations of physiopathological mechanisms, giving rise to terms such as “sarcope-
nic obesity” [14] and more recently “osteosarcopenia” [15, 16].

The explanation of the imprecision in nomenclature is undoubtedly linked to
the short history of the concept of sarcopenia, which was first elaborated in the
1990s by Rosenberg, and defined as a loss of muscle mass and muscle function,
related to important changes in body composition during illness or age [17]. Since
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then, numerous authors have discussed, completed, or radically changed its defi-
nition and scope, proposing other terms, such as “dynapenia” (loss of muscle
power) [18] or “keratopenia” (loss of muscle force) [5]. Recently, discussions
have mostly focused on improved understanding of the physiopathology, early
recognition of risk factors, an integrative approach to clinical presentations, com-
plications and preventive treatment, and the reversibility of the loss of skeletal
muscle mass and function. However, the major issue in this ever-changing context
is the search for the best clinical diagnostic criteria. After the first attempt by the
European Working Group on Sarcopenia in Older Adults (EWGSOP) [19], numer-
ous international initiatives have been set up to establish other criteria, more
suited to their own populations, including (but not limited to): the International
Working Group on Sarcopenia (IWGS) [20], the Foundation for the National
Institutes of Health (FNIH) project [21], and the Asian Working Group on
Sarcopenia (AWDS) [12]. This continuous evolution of the diagnostic criteria has
modified the prevalence and incidence of sarcopenia. Indeed, in parallel to the
search for the most appropriate set of diagnostic criteria, pharmacological and
non-pharmacological interventions have been developed, but are beyond the
scope of this chapter.

It is crucial to celebrate the most important achievement to come out of the inter-
national involvement of the scientific community, with the recognition of sarcope-
nia as a “disease” in 2016, and its inclusion in the ICD-10-CM (M62.84 code for
sarcopenia) [9]. Yet, the official integration of sarcopenia into the ICD-10 as a “dis-
ease” only served to increase the uncertainty regarding the correct labeling of sarco-
penia. To come full circle, therefore, we can see that the question raised by the title
of this chapter is still relevant. To answer it, a short recap is warranted of the mean-
ing of terms such as clinical condition, medical disorder, disease, syndrome, and
geriatric syndrome, before deciding which term is the best fit for the concept of
sarcopenia.

8.1 Is Sarcopenia a “Clinical Condition”?

The term “clinical condition” corresponds to any disease, illness, or injury as well
as any physiologic, mental or psychological organ, or functional disturbances,
which exceeds the normal range. Several criteria are used to describe medical con-
ditions as “serious and complex.” These could include the severity of the condition
(life threatening or degree of impairment or disability), and the level of need in
terms of comprehensive care management (frequent monitoring, interdisciplinary
teamwork, implication of caregivers). The term “medical condition” is often used in
official documents (medical boards, professional insurance, and government
classifications).

Sarcopenia could be included in the very wide and imprecise definition “clini-
cal condition,” with neither specific meaning nor valuable information on its prev-
alence, physiopathology, diagnostic criteria, management, and functional
outcomes.
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8.2 Is Sarcopenia a “Disorder”?

The term disorder is often considered more value-neutral and less stigmatizing than
the term disease and is therefore a preferred terminology in some circumstances,
primarily to identify physical disorders that are not caused by infectious organisms,
such as metabolic disorders. It is also used to describe a disruption to the normal or
regular functions in the body (or part thereof) occurring as the result of a disease. A
clinical disorder disturbs a person’s thinking, feeling, and general daily functioning.
For example, a disorder resulting from cardiovascular disease could be arrhythmia
or breathlessness.

In mental health, the term mental disorder is used as a means of acknowledging
the complex interaction of biological, social, and psychological factors at play in
psychiatric conditions. A mental disorder affects thinking, feeling, mood, and
behavior and may be occasional or long-lasting (chronic).

Can this equivocal definition of a disorder be applied to describe sarcopenia?
Yes, indeed it could, because sarcopenia alters gait speed, increases mobility dis-
orders, and remodels a person’s ability to perform daily activities. However, label-
ing sarcopenia as a disorder is wide and imprecise, affirming that sarcopenia
compounds inability in physical functioning, yet without acknowledging its epi-
demiology, complex risk factors, intricate physiopathological interactions, and
outcomes.

8.3 Is Sarcopenia a Disease?

The word “disease” apparently first appeared in the fourteenth century as a deriva-
tive of the old French “desaise,” meaning “lack of ease or convenience” (“des-”
expressing reversal and “aise” meaning “ease”). In the sixteenth and seventeenth
centuries, deaths started to be distinguished by medieval causes (scurvy, leprosy,
and plague). Currently, disease is defined as a clinical entity that is medically diag-
nosed by a physician. Disease has an unequivocal etiology and pathogenesis, as
well as a classical or attenuated clinical presentation, which may either be a single
symptom or clinical sign, or a well-known combination of clinical signs. The dis-
ease construct may be developed on one or more types of bases:

* An anatomical base (e.g., aortic or mitral insufficiency).

* A physiological or metabolic base (e.g., hypercholesterolemia, diabetes, malab-
sorption, vasculitis).

* An etiological base (e.g., infectious diseases: HIV, influenza, pneumococcal
pneumonia).

e Or a combination of one or more of these bases (myocardial infarction, stroke,
prostate cancer).

Diseases do not generally have discrete boundaries, and clinical judgment is
required to determine the thresholds for diagnoses. Being diagnosed with a disease
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only benefits the patient if the diagnosis assists in understanding current symptoms
or the risk of future clinically important events, and/or if the patient can benefit from
specific treatment.

The disease definition, for instance, is the only one that is universally recognized.
Diseases are generally more frequent at a given stage of the life course; for example,
genetic disease can become clinically apparent at any stage of the life course, even
very late [22]. Measles is frequent in early life, while tuberculosis and varicella/
herpes zoster occur in early life, but also in old age.

Considering the different criteria of the current definition of a disease, it is logi-
cal to consider that sarcopenia could be labeled as a disease that predominates in the
late stage of life. Indeed, it corresponds to a specific medical diagnosis with differ-
ent grades of severity (from pre-sarcopenia to severe sarcopenia or sarcopenia with
disability). However, the “disease” definition does not encompass the high preva-
lence, shared risk factors, multiple etiologies, and the absence of specific treatment.
Moreover, sarcopenia cannot be considered as a standalone disease, independent of
the aging process [23].

8.4 Is Sarcopenia a“Syndrome” or a “Geriatric Syndrome”?

Derived from the Greek “syn” (meaning together) and “drom-" (meaning to run) or
“concurrence” (proposed by the Greek physician Galen), and translated into English
in 1541, a syndrome is a set of symptoms and clinical signs that are not correlated
and not fixed, and whose combination, more frequent than it would be by chance
alone, constitutes a clinical entity.

Various types of syndromes can be distinguished, such as:

* Those with an evident pathogenesis (Cushing’s syndrome).

e Those with evident etiology, but with unclear or as yet unknown pathogenesis
(e.g., Marfan syndrome).

e A combination of symptoms grouped together, without current evidence of etiol-
ogy or pathogenesis (e.g., chronic fatigue syndrome).

In the cases mentioned above, the cure of the evident etiology or pathogenesis
makes it possible to cure the syndrome. After controlling the specific morbid pro-
cess (for example, cortisol excess), the multiple phenotypes of the syndrome (e.g.,
moon facies, buffalo neck, truncal obesity, proximal muscle weakness, skin thin-
ning and bruisability, as well as osteoporosis) tend to disappear or at least sharply
decrease [24].

Prior to the publication of the landmark paper by Inouye [25], the term “geriatric
syndrome” was commonly used to capture clinical conditions in older persons that
do not fit into discrete disease categories, but was already recognized as being an
“ill-defined concept” [24]. In their report on the clinical, research, and policy impli-
cations of “geriatric syndrome” as a core geriatric concept, Inouye et al. reviewed
the risk factors for five frequent geriatric conditions (delirium, falls, functional



8 Is Sarcopenia a Condition, a Disorder, a Disease, or a True Geriatric Syndrome? 105

decline, incontinence, and pressure ulcers). For each of these clinical conditions, the
authors found the following common characteristics:

e High prevalence of the clinical issue.

e Shared risk factors (older age, impaired cognition, mobility disorders and inabil-
ity in daily functioning).

e Multifactorial and cross-organ components.

e Association with another morbidity.

e Poor outcomes (disability, dependence, nursing home placement, and ulti-
mately death).

This unifying concept made it possible to add further entities to the initial five,
including anorexia of aging [26] and frailty [27], but also sarcopenia [19], sarcope-
nic obesity [14], osteosarcopenia [16], and locomotive syndrome [28].

The specific phenomenology of all these geriatric syndromes is caused by a
variety of multimorbid processes, which complicate the treatment approach. For
example, typical delirium can be linked to bladder retention, constipation, dehy-
dration, fever, infections, drugs, and more. The reversal of the delirium will occur
only after controlling its unique or combined causes. This illustrates the complex-
ity of geriatric medicine and the need for a holistic approach in this population.
Comprehensive geriatric assessment helps to detect these syndromes accurately
and may positively influence prognosis in terms of such outcomes as hospitaliza-
tion, institutionalization, and even mortality, although cost-effectiveness data
remain sparse.

8.5 The Confirmation That Sarcopenia Must be Considered
as a Geriatric Syndrome

Following the acclaimed 2007 definition of the geriatric syndrome [25], it is impor-
tant to underline once again how the different facets of sarcopenia make it possible
to integrate sarcopenia into this category.

8.5.1 High Prevalence of Sarcopenia

In a systematic review of the prevalence of sarcopenia in the world based on general
population estimates and totalling over 58,000 individuals, overall prevalence was
estimated at 10% (95% CI: 8-12%) in men and 10% (95% CI: 8-13%) in women,
respectively [29]. In a recent paper, Martone et al. [30] applied the second version
of the EWGSOP diagnostic criteria [8] to a community-dwelling population of
11,253 adults aged from 18 to 98 years (mean age: 55.6 years), including 56%
women. The authors found 8.6% of patients to be sarcopenic. The prevalence of
sarcopenia increases with age, sedentary lifestyle, unhealthy diet, diabetes, and
impairment on the 400 m walk test [30].
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Another interesting paper recently published by Van Ancum et al. [31] compared
the prevalence of sarcopenia in 2256 participants, including community-dwelling
older adults, geriatric outpatients, and patients admitted to acute and subacute inpa-
tient wards, according to the 2010 and 2019 EWGSOP diagnostic criteria [8, 31,
32]. Prevalence changed in relation with the modified cut-offs for handgrip strength
(30 to 27 kg in men and 20 to 16 kg in women). As expected, the prevalence of
sarcopenic patients decreased sharply in males using the more recent criteria
(EWGSOP-2) instead of the initial version (EWGSOP) (falling from 31.9 to 12%),
whereas no significant difference was noticed in women (prevalence increased
slightly from 4.9 to 6.1%) [31].

Regardless of whether the modifications to the diagnostic criteria for sarcopenia
were justified or not, and regardless of the conflicting results that arise from the dif-
ferent definitions, it remains undisputed that sarcopenia is highly prevalent in the
aged population.

8.5.2 Shared Risk Factors

Among the common features defined by Inouye et al., increasing age is one of the
main risk factors for sarcopenia [30, 33], along with sedentary lifestyle and malnu-
trition [34, 35]. Mobility disorders and inability in the activities of daily living can
be considered both as risks for and consequences of sarcopenia [36].

8.5.3 Multifactorial and Cross-Organ Components
of Sarcopenia

The aging of the muscle leads to reduction in muscle size, with a reduction in the
fibers expressing type II (fast) myosin heavy chain, a decline of the number and
function of satellite cells (type II fibers), decrements in elasticity of the whole mus-
cle as well as in single fibers, a decrease in muscle capillary density, and loss of the
number and function of mitochondria. Moreover, fragmentation of the sarcoplasmic
reticulum impairs calcium release and muscle activation [37, 38].

On top of these age-related changes to the muscle composition and function,
hormonal modifications also partially explain the protein imbalance, which com-
bines with increased oxidative stress and inflammaging to accelerate the sarcopenia
process [39, 40].

8.5.4 Association with Another Morbidity

Apart from the classical association of sarcopenia and diabetes, it should be underlined
that numerous links with the skeletal muscle have recently been brought to light. The
“bone muscle unit,” [41] “muscle brain cross talk,” [42] and “‘gut muscle axis” [43] are
opening new avenues of thought, research, and maybe even treatment for sarcopenia.
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8.5.5 Poor Outcomes of Sarcopenia

A meta-analysis of 33 studies totalling 45,926 individuals concluded that sarcope-
nia was associated with a significantly higher risk of falls (with an OR of 1.89;
95%CI 1.33-2.68 in prospective studies, p < 0.001) and fractures (OR in prospec-
tive studies 1.71; 95% CI 1.44-2.03, p = 0.011), compared to non-sarcopenic indi-
viduals [44]. These data are in line with previous reports indicating that sarcopenia
is associated with a 50% increase in hospital admission, a 20-day increase in the
length of hospital stay, and a 34%—58% increase in hospital care costs, leading to a
greater risk of dependency, loss of quality of life, and a 3.7-fold increase in mortal-
ity [45-48].

8.6 Conclusion

The history of sarcopenia has accelerated greatly since its first pathophysiological
and clinical definition in the late 1990s. Sarcopenia has now become one of the most
intensely investigated topics among the scientific community working in the field of
aging. Its current denomination as a “clinical condition” or “disorder” in the scien-
tific literature is imprecise and inconsistent. However, the intensity of multidomain
research into aging muscle dysfunction, clinical consequences, and preventable out-
comes led to the inclusion of sarcopenia in the International Classification of
Disease in 2016 under the official label of “disease.” Nevertheless, this term does
not capture the full spectrum of the functional interactions of the skeletal muscle
with the other parts of the body. As noted by Casati et al. [23], “sarcopenia cannot
be considered as a standalone disease, independent of the ageing process.” Rather,
the characteristics sarcopenia fit better with Inouye’s 2007 definition of “geriatric
syndrome” [25].
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9.1 Introduction

Sarcopenia is defined as a progressive syndrome that reduces whole-body muscle
mass, muscle strength, and muscle function [1]. It is increasingly recognized as a
correlate of ageing and is associated with increased probability of adverse outcomes
including falls, fractures, frailty, and mortality [2—4]. In older adults in particular,
the function and strength of muscles may be reduced or weakened due to the
advancement of age, affecting the ability to remain active, underscoring the need to
assess this condition in daily practice. Sarcopenia has multifactorial origins, involv-
ing lifestyle habits, disease triggers, and age-dependent biological changes (e.g.,
chronic inflammation, mitochondrial abnormalities, loss of neuromuscular junc-
tions, reduced satellite cell numbers, hormonal alterations). Moreover, sarcopenia
carries a high personal, social, and economic burden when untreated. However, the
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complexities of determining which variables to measure, how to measure them,
which cut-off points may best guide diagnosis and treatment, and how to best evalu-
ate effects of therapeutic interventions, have resulted in sarcopenia remaining a long
neglected and undertreated condition [5].

In this chapter, we will discuss the strategies to detect sarcopenia and its impact
in different settings, namely primary care, cardiovascular disease, and surgery.

9.2  Sarcopeniain Primary Care

The existence of several definitions of sarcopenia, the time constraints related to
assessing various features of sarcopenia, and the lack of access to specialized equip-
ment, may render the evaluation of sarcopenia challenging in the primary care con-
text. In this regard, a recent consensus defined the role of the primary care physician
in sarcopenia as that of identifying patients who are at risk of sarcopenia and refer-
ring them to specialists in the field [6]. To this end, primary care physicians should
consider possible sarcopenia in older individuals (e.g., >65 years) with signs or
symptoms suggestive of the condition. Several rapid and inexpensive methods can
be employed in primary care to detect patients in need of specialist referral for sus-
pected sarcopenia, and the most common of these methods are outlined below.

9.2.1 Screening and Evaluation

9.2.1.1 The Red Flag Method

In every consultation or health assessment, warning signs or “red flags™ alerting to
the possible presence of sarcopenia or pre-sarcopenia may be detected by the pri-
mary care physician (Table 9.1). Notably, signs of declining muscle mass or general

Table 9.1 Red Flag Method

Red flags®

Clinician’s observation General weakness of the subject
Visual identification of loss of muscle mass
Low walking speed

Subject’s presenting Weight loss

features Loss of muscle strength (arms or legs)
General weakness
Fatigue
Falls

Impaired mobility
Loss of energy
Difficulties performing physical activity or activities of daily
living
Clinician’s assessment Nutrition
Body weight
Physical activity

“Red flags identified by review and published in a consensus paper by Beaudart et al. [6]
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weakness may be detected or investigated, as physical signs of sarcopenia. The
physician should also inquire about symptoms such as loss of weight, loss of muscle
strength, loss of energy, or falls. In parallel, patients should be questioned about
their level of physical activity, as reduced activity or sedentary behavior may also
alert to the possible onset of sarcopenia. Finally, a rapid assessment of the risk of
nutrition should also be performed, for example, using the Mini Nutritional
Assessment [7]. The presence of any one or more red flags should prompt the pri-
mary care physician to refer the patient for specialist evaluation for suspected
sarcopenia.

9.2.1.2 The SARC-F Questionnaire

The SARC-F questionnaire was developed by Malmstrom et al. as a means for pri-
mary care providers to rapidly screen for sarcopenia during a standard consultation
[8, 9]. The SARC-F questionnaire comprises five components, namely strength,
assistance with walking, rising from a chair, climbing stairs, and falls. Each item is
score 0 to 2 points, yielding a total score ranging from 0 to 10. Malmstrom et al.
suggest that a score of 4 or more is predictive of sarcopenia and poor outcomes [9].
This cut-off should thus be a trigger for more detailed assessment of sarcopenia
through specialist referral.

A prospective study of 4000 community-living Chinese men and women aged
65 years and older by Woo et al. compared the SARC-F against three consensus
definitions of sarcopenia from Europe, Asia, and an international group, notably
in terms of the ability of all four measures to predict 4-year physical limitation
[10]. They found that the SARC-F questionnaire had excellent specificity but
poor sensitivity for sarcopenia classification. Nevertheless, the SARC-F remains
one of the best available tools for use in primary care for the diagnosis of
sarcopenia.

9.2.2 Management of Sarcopenia in Primary Care

9.2.2.1 Physical Activity

As regards physical activity, there is currently no standardized physical intervention
that can be recommended to enhance muscle strength. However, a general practitio-
ner may advice the patient to engage in aerobic and resistance exercise that have
been shown to improve muscle mass and strength in older adults with sarcopenia
[11]. A recent meta-analysis of 22 studies totaling 1041 individuals (81% female,
mean age 60 to 86 years) investigated the effects of exercise programs consisting of
30 to 80 min of training, with 1 to 5 training sessions weekly for 6 to 36 weeks [12].
The authors reported a significant improvement in muscle strength but not muscle
mass following exercise treatment. For exercise interventions, the EWGSOP and
IWGS Report of the International Sarcopenia Initiative suggests that supervised
resistance exercise or composite exercise programs may be recommended for frail
or sedentary community-dwelling individuals and that a minimum duration of at
least 3 months (and probably longer) is necessary to achieve a notable benefit in
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relevant clinical parameters (muscle strength and physical performance) [13]. In
addition, they advise that increased physical activity in daily life be recommended.

9.2.2.2 Nutrition

Regarding nutrition, similar to physical activity, there are currently no consensual
recommendations regarding nutritional intake or supplementation in individuals
with sarcopenia. Results of randomized trials of nutritional supplementation are
inconsistent, but there is a growing body of evidence indicating that maintaining
adequate levels of protein intake in older age is important to preserve muscle mass
and strength [6, 14—16]. The European Society for Clinical Nutrition and Metabolism
(ESPEN) recommends protein consumption of over 1 g/kg/day (up to 1.5 g/kg/day)
for older adults in order to delay the increased risk of sarcopenia [17]. However,
older people often have lower nutrient intake than recommended, especially protein
[18], for various reasons including lack of appetite or low income, and may avoid
meat due to difficulties in chewing or swallowing [14—16]. This in turn can lead to
a failure to achieve the recommended protein intake, which is associated with an
increased risk of developing severe sarcopenia [14]. A meta-analysis of 30 random-
ized controlled trials totaling 5615 individuals (mean age: 61 years) reported a small
but significant positive effect of vitamin D supplementation on global muscle
strength [19]. In summary, based on available evidence, primary care physicians
should investigate overall calorie intake and, if possible, protein intake in older
individuals. Prescription of nutritional supplements may be useful in patients at risk
of insufficient protein or dietary intake [6].

9.3 Sarcopenia and Cardiovascular Diseases

Metabolic and cardiovascular risks are also closely related to aging, and cardiovas-
cular diseases (CVDs) are an important worldwide cause of disability and mortality.
Although the pathways have not yet been completely elucidated, numerous studies
have shown an association between sarcopenia and cardiovascular complications
[20, 21].

9.3.1 HeartFailure

Chronic heart failure (CHF) is a common condition in old age, and its prevalence
doubles approximately every 10 years in men, and every 7 years in women beyond the
age of 55 years [22]. With improvements in therapy and population ageing, the num-
ber of persons with heart failure is likely to continue rising in the coming decades.
Sarcopenia is closely related to chronic heart failure (CHF), and its prevalence is
higher in older patients with than in those without CHF. Sarcopenia occurs in
30-50% of patients with heart failure with reduced ejection fraction (<40%)
(HFrEF) [23], and prevalence is higher in people aged <80 years [24], at about 20%
more than in the healthy population [23]. Sarcopenia can account for the loss of
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1-2% of skeletal muscle per year [25]. Heart failure could compound this patho-
physiological process, impairing muscle strength and function. Indeed, CHF and
sarcopenia are intricately linked in a vicious circle, where the former may cause the
latter through common pathways, including inflammation, hormonal changes,
physical inactivity, low ventricular ejection fraction, malnutrition, and oxidative
stress [20]. Conversely, sarcopenia may contribute to the development or aggrava-
tion of heart failure through reduced muscle mass, declining muscle strength, lack
of physical activity, and endothelial dysfunction.

Unfortunately, there are limited treatment options for sarcopenia in CHF, and
strategies are mainly limited to resistance exercise [26—28], possibly also in combi-
nation with nutritional supplements, aimed at increasing the intake of protein, in
particular [29]. In CHF, exercise training has been shown to prevent the progressive
loss of exercise capacity by antagonizing peripheral skeletal muscle wasting and by
promoting left ventricular reverse remodeling, consequently improving ejection
fraction [30]. This effect can slow the transition from cardiac dysfunction to
(chronic) heart failure by counteracting the increased catabolic state [31].

Of note, the skeletal and myocardial muscles are histologically similar, so the
systemic pathways that cause sarcopenia may influence myocardial mass, strength,
and function [32]. Sarcopenia is characterized by the atrophy of type II muscle
fibers and apoptosis with progressive reduction of organelles, such as mitochondria
dysfunction and progressive denervation and reinnervation resulting in the loss of
motor units [33]. Angiotensin II may lead to apoptosis, ubiquitin-proteasome sys-
tem activation, continuous sympathetic nerve activity, and excessive oxidative stress
by modifying the insulin-like growth factor-1 signal. This may cause mitochondrial
damage, muscle protein degradation, and decreased appetite, eventually leading to
muscle wasting [34]. Secondly, the infiltration of fat and connective tissue is another
important element of reduced muscle mass. As adipose tissue is constantly depos-
ited between muscle fibers, the number of muscle satellite cells continues to
decrease, and muscle function declines further [35]. In addition, sarcopenia can also
weaken left ventricular mass through some common pathways, including muscle
tissue remodeling, complications (e.g., frailty and CHF), low nutritional intake, and
lack of activity. Finally, skeletal muscle can secrete several substances that have
protective and anti-inflammatory paracrine or endocrine effects on myocardial tis-
sue such as Akt protein kinase B [36, 37]. However, recent evidence from sarcope-
nic patients suggests that pathological abnormalities in skeletal muscular tissue
could reduce the protective effects of cardiac protective factors [35].

The most important therapy for CHF patients is a maximal tolerated dose of
ACE-inhibitors and beta-blockers, with the addition of mineralocorticoid-receptor
antagonists if the patient remains symptomatic. There is robust scientific evidence
in favor of the beneficial effects of these drugs on symptom relief and prognosis,
with results that both ESC and AHA/ACC guidelines for the management of heart
failure strongly recommend [38—40]. Moreover, there are also some data showing a
potential reduction in muscle wasting [41, 42]. Data from the SOLVD trial showed
that patients receiving enalapril had a reduced risk of muscle wasting compared to
the placebo group [41], but this was a cross-sectional study and prospective
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validation is warranted. A small, prospective study examined muscle wasting in 27
CHF patients with and without cachexia undergoing beta-blockade with carvedilol
or long-acting metoprolol. After 6 months of follow-up, subjects with baseline
cachexia demonstrated significantly greater weight gain (+5.2 +9.6 vs. +0.8 £ 5.0 kg,
p = 0.027), a greater increase in plasma leptin levels, and a greater decrease in
plasma norepinephrine levels when compared with noncachectic subjects [42].
However, the effects on body weight were likely due to the increase in fat mass.
There are no available data on other CHF drugs. Promising new drugs such as sacu-
bitril/valsartan are now being progressively administered in increasing numbers of
HF patients, with consistent efficacy across a range of subgroups including age, sex,
HR etiology, comorbidities, EF, and estimated cardiovascular risk [43]. These drugs
might indirectly impede sarcopenia, but to date, data are lacking to substantiate this
hypothesis.

9.3.2 Coronary Artery Disease

There is paucity of data regarding the frequency and prognostic value of sarcope-
nia in patients with ischemic heart disease, with only few studies published to date.
A study from China reported that the prevalence of sarcopenia was 22.6% (defined
by the Asian working group definition [44]) among patients with coronary heart
disease [45]. In a multicenter pooled registry of 1086 older patients (>65 years)
undergoing percutaneous coronary intervention (PCI) with drug-eluting stent
implantation, sarcopenia, as assessed by the ratio of serum creatinine to serum
cystatin C (or sarcopenia index, SI), was found to be an independent predictor of
major adverse cardiovascular events (hazard ratio (HR) 2.2, 95% confidence inter-
val (CI) 1.6-3.1, p < 0.001) [46]. In another study of 9394 consecutive patients
aged >65 years undergoing PCI from 2000 to 2011, compared with patients with
normal body mass index (BMI), those with low BMI had significantly increased
all-cause mortality (HR 1.4, 95% CI 1.1-1.7), related to both cardiovascular (HR
1.4, 95% CI 1.0-1.8) and noncardiovascular causes (HR 1.4, 95% CI 1.06-1.9)
[47]. However, it should be noted that in this study, the authors evaluated only BMI
and not sarcopenia per se.

9.3.3 Transcatheter Aortic Valve Replacement

Several meta-analyses have investigated the prognostic value of sarcopenia (or com-
ponents thereof) in the setting of transcatheter aortic valve replacement (TAVR). In
a meta-analysis of six studies including 1237 TAVR patients with available 1- to
2-year follow-up, psoas-muscle area was associated with significantly higher mor-
tality (p < 0.0001) in both men and women [48]. In another meta-analysis of studies
reporting CT-derived skeletal muscle area (SMA) and survival outcomes, Soud
et al. identified eight studies totaling 1881 patients (mean age 81.8 + 12 years,
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55.9% men) that evaluated the incidence of early (<30 days) and late all-cause mor-
tality (>30 days) post TAVR [49]. They reported that higher SMA was associated
with lower long-term mortality [odds ratio (OR) 0.49, 95% CI10.28-0.83, p = 0.049],
but not with early mortality [49]. Finally, Bertschi et al. performed a meta-analysis
of 18 observational studies enrolling a total of 9513 patients that assessed skeletal
muscle mass, muscle quality, and muscle function as measures for sarcopenia in
patients undergoing TAVR [50]. They investigated the effects of sarcopenia on mor-
tality at >1 year, length of hospital stay, and functional decline. Among seven stud-
ies that measured the prevalence of sarcopenia, five found it to be a significant
predictor of mortality at 1 year or beyond, while several studies in the meta-analysis
also found muscle mass to be a significant predictor of mortality at >1 year [50]. Of
note, these authors found no study in the literature that measured the effect of nutri-
tional and/or exercise interventions on sarcopenia in patients undergoing TAVR.

9.3.4 Atrial Fibrillation

Few studies have investigated the association between sarcopenia and atrial fibrilla-
tion, but available studies report an approximately fivefold increase in the risk of
atrial fibrillation (OR 5.68 [1.34-24.12], P = 0.019) in patients with concomitant
sarcopenia and overweight/obesity [51]. In another study of 596 patients with non-
valvular atrial fibrillation and a mean age of 84.9 + 5.2 years, 295 (49.5%) presented
sarcopenia, which was significantly associated with mortality (HR: 1.77; 95%CI:
1.27-2.48) [52].

9.3.5 Peripheral Artery Disease (PAD)

PAD is an age-related condition affecting up to 20% of older adults [53, 54]. It
results in decreased blood flow to the lower limbs due to atherosclerosis, and
patients with PAD may experience exertional leg symptoms including intermittent
claudication, resting pain, and ulcers [54]. The prevalence of sarcopenia in
community-dwelling males with PAD ranges from 2 to 13% in various publications.
Smoliner et al. found a prevalence of 15.2% in hospitalized patients from acute
geriatric wards with a mean age of 82.8 = 5.9 years [55], while Landi et al. reported
a prevalence of 32.8% in a population of 122 nursing-home residents in Italy [56].
In another study of the same cohort, Landi et al. reported that residents with sarco-
penia were more likely to die compared to those without sarcopenia (HR 2.34; 95%
CI 1.04-5.24), after adjustment for age, gender, cerebrovascular diseases, osteoar-
thritis, chronic obstructive pulmonary disease, activity of daily living impairment,
and body mass index [57]. According to a study by Addison et al., sarcopenia was
more prevalent in patients with PAD than in matched non-PAD controls (23.8% vs.
2.4%; p < 0.05) [58]. Furthermore, the authors reported a lower 6-min walk distance
in those with both PAD and sarcopenia compared to those with only PAD,
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indicating a possible increased risk for accelerated loss of mobility in individuals
with both conditions [58].

9.4  Sarcopenia and Surgery

The prevalence of sarcopenia in surgical patients varies widely, with lower rates in
hepatocellular (40.3%—-54.1%) and colorectal cancer (38.9%—-47.7%), but higher
rates in gastric (43-79%) and esophageal cancer (14%-80%) [59, 60]. It is also
frequently reported in patients undergoing surgery for benign pathologies, such as
inflammatory bowel disease (12%-21%) [61], and in speciality surgeries, such as
cardiac surgery (27%) [62], orthopedics (41%) [63], and vascular surgery (41%) [64].

The causes of sarcopenia in the surgical patient are complex and are frequently
the sum of a paraphysiologic aging process with other diseases. Consequently, sarco-
penia can have multifactorial causes, including reduced appetite (increase of tumor
necrosis factor, etc.), malnutrition and reduction of protein intake (on a dysphagic,
malabsorbent basis), and increase in the use of proteins linked to the underlying dis-
ease (cancer, inflammatory bowel disease, cirrhosis, etc.). Furthermore, the surgery
itself can impact the patient by compounding a state of frailty or sarcopenia [65].

The need for major surgery in a sarcopenic patients places them at an increased
risk of several complications [66]and higher postoperative mortality [67-69].
Sarcopenia was also found to be an independent predictor of postoperative mortality
in the context of emergency surgery [70]. Consequently, sarcopenic patients repre-
sent a particularly costly patient demographic [71]. Given that sarcopenia may be
remediable, efforts to attenuate the costs associated with major surgery should focus
on targeted preoperative interventions to optimize these high-risk patients and pre-
pare them to undergo surgery [72]. To this end, it is therefore necessary to recognize
the sarcopenic patient, or the potentially sarcopenic patient, in order to evaluate the
risk, and balance the risk against the benefit of the surgical procedure. Finally, it is
essential to identify surgical patients at risk of, or with existing sarcopenia, in order
to implement activities aimed at improving the sarcopenic condition or actively
preventing its development or aggravation.

9.4.1 Preoperative Assessment of Sarcopenia

Careful selection of the surgical patient is essential in daily clinical practice and is
one of the most challenging areas of surgical management. It is particularly impor-
tant in geriatric surgical patients in whom preoperative evaluation makes it possible
to assign them to a specific risk class. In recent years, sarcopenia has been studied as
arisk parameter in the evaluation of the fragile patient and for the evaluation of surgi-
cal risk, but the role of sarcopenia in preoperative risk stratification remains unclear.
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Some studies have reported better stratification of complication risk when sarco-
penia is taken into consideration in gastrointestinal surgical oncology [73], gastric
cancer [74], hepatobiliary malignancy [75], and colorectal cancer [76]. In esopha-
geal cancer, the value of considering sarcopenia is debated, with contrasting evi-
dence [77-79]. Similar results have been reported also for urological oncologic
surgery [80], gynecological surgery [81, 82], and orthopedic surgery [83], while
worse long-term outcomes after thoracic surgery have been reported [84]. Due to
the heterogeneity of data published, further studies are needed to better evaluate the
role of sarcopenia as a risk factor in surgical patients [85].

According to the recent consensus conference on sarcopenia [86], every
patient aged over 65 years should be screened prior to surgery, with evaluation
of muscle strength, muscle quantity, and physical performance. However, due to
the various definitions available and the variety of cut-off values in use, sarco-
penia is notoriously difficult to evaluate on a clinical level or through the classic
anthropometric parameters (BMI, etc.), and frequently used nutritional scores
[87] are not accurate, especially in the early stages of the syndrome. Moreover,
most of the clinical and surgical stratification scores in elderly and/or frail
patients do not include an assessment of sarcopenia. As suggested above for
primary care, suitable methods for performing a rapid assessment of sarcopenia
during a standard consultation include the use of the gait speed test [88] or the
SARC-F questionnaire [89]. These tests can be included in the initial surgical
multidimensional assessment and could be integrated into more widely known
multidimensional instruments (ASA, frailty scores, etc.). In patients with abnor-
mal screening results, these initial evaluations can prompt the use of second-
level diagnostic tests as suggested by the algorithm of EWGSOP guidelines [1].
For surgical patients, the frequently available CT or MRI images make radio-
logical measurement of muscular compartments [87] (such as psoas muscle
mass) more feasible and more easily available compared to DXA [86]. Moreover,
it has been shown that muscular evaluation by imaging is a strong predictive
prognostic factor of postoperative complications [85], even if there is consider-
able variance in the cut-off values reported for these diagnostic exams [90].
Potentially useful new methods for the diagnosis of sarcopenia have been pro-
posed such as ultrasound evaluation [91], but more evidence is needed to
increase its applicability.

In order to integrate sarcopenia into the assessment of frailty in surgical patients,
Buettner et al. developed a 28-point preoperative frailty risk model capable of strati-
fying patients based on 1-year mortality risk [92]. This score was developed on a
sample of patients undergoing abdominal surgery and was found to be more accu-
rate than the frailty index (C-statistic = 0.55) and ECOG score (C-statistic = 0.57).
Further studies are needed to develop and validate multidimensional indices that
integrate sarcopenia as a risk factor for the development of postoperative complica-
tions and mortality [85].
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9.4.2 Prehabilitation and Sarcopenia

The success of a surgical intervention is not limited to the technical act alone but
requires restoring the patient’s physical and psychological balance as close as pos-
sible to the preoperative state [93]. This objective can be obtained by close coopera-
tion across all the phases of the surgical activity in a multidisciplinary fashion.

Preoperative sarcopenia is widely known to be one of the risk factors predicting
poor postoperative outcomes (sarcopenia, frailty, malnutrition, impaired exercise
tolerance). Due to the interdependence of the causal factors of sarcopenia, a multi-
disciplinary approach must be applied in the surgical patient, with a multidimen-
sional approach during all the perioperative phases (pre, intra, postoperative). In
particular, sarcopenic patients must be managed before surgery to correct, as far as
possible, the nutritional state, and to optimize muscle mass and physical function
[94] as much as possible according to the patient’s general state.

In recent decades, the concept of prehabilitation has been developed [95] to
describe a multimodal program based on three fundamental pillars: physical exer-
cise, nutritional optimization, and psychological well-being [93] with the aim of
improving surgical outcomes. Prehabilitation is especially appropriate in the time
interval after neoadjuvant treatment before surgery [96], but is potentially applica-
ble in all surgical cases.

Prehabilitation strategies have been applied in elderly [97] and fragile patients
[98]. They can be also useful in sarcopenic patients, although there is a lack of evi-
dence of the benefit of such a strategy in these subgroups of patients. The waiting
time prior to the surgical procedure can be used profitably to implement multifacto-
rial optimization of the patient’s physical state and increase functional reserve
through multiple activities and actions. Various models following this principle
have been developed, which provide for an initial assessment with screening tools
and initial information that can be proposed to all surgical patients [99, 100]. No
clear evidence of the superiority of any specific program over the others has
emerged. Further degrees of implementation can be offered based on the character-
istics and needs of individual patients under the supervision of an integrated profes-
sional team [101]. The various activities of the prehabilitation program must be
tailored on the patient, taking into account the general characteristics, comorbidi-
ties, and functional capacity of each individual patient.

To date, data on the effects of prehabilitation are conflicting. It is generally
accepted that prehabilitation before surgery results in a more rapid return to baseline
functional capacity after surgery [102]. As a consequence of the short waiting period
frequently available between diagnosis and surgery, it is necessary to implement a
program that encompasses multifaceted action targeting the various factors to obtain
the best results [93]. Particular attention must be paid to the evaluation of nutritional
status. Patients in whom there is an identified risk of malnutrition, or documented
malnutrition, must undergo a dietary intervention to correct nutritional deficiencies,
restore energy deficit, improve functional performance, avoid weight loss, and pre-
serve the intestinal microbiome. Preoperative nutritional conditioning must be per-
sonalized and prescribed by dedicated professionals taking into account the patient’s
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comorbidities. The basic principles of this approach are reported in the ESPEN
guidelines on the perioperative treatment of sarcopenia. A norm-calorie diet with a
protein intake of 1.2 g/kg is recommended [103]. In general, the enteral route should
be preferred, but when this is not possible, different means of administering nutri-
ents (parenteral route, etc.) may be considered. When patients have a normal diet, it
is often insufficient to meet their energy needs, so it is recommended that patients
receive oral dietary supplements (ONS) in the preoperative period, regardless of
their nutritional status [104]. There is good evidence to support ONS in the periop-
erative period. A meta-analysis of nine studies [105] found that nutritional supple-
mentation prior to surgery was associated with a 35% reduction in total complications
(p < 0.001). In parallel with the correction of nutritional status, it is important to
stimulate physical activity. Performing regular strength, aerobic exercise [106—109],
and physical conditioning has been shown to be effective in positively modifying
cardiorespiratory function, reducing weight [108], and improving physical perfor-
mance [99], particularly in elderly patients. Based on these findings, presurgical
exercise programs should include both strength and aerobic training [106—109] and
some stretching exercises [110, 111]. Aerobic and muscular strength training in
elderly patients increases endurance capacity [112], reduces weight gain [108],
improves muscle strength [113], reduces fall risk [114], and increases range of
motion in a number of joints [108].

In recent years, there has been increasing interest in the utility of physical activ-
ity programs for the treatment of sarcopenia, with or without additional nutritional
supplementation [115, 116]. Published meta-analyses have evaluated the impact of
physical activity programs on sarcopenic patients preoperatively and have yielded
conflicting results. A recent meta-analysis of physical exercise before major surgery
[117] evaluated prehabilitation in various subgroups of surgical interventions
(hepatic, colorectal, gastroesophageal, major abdominal surgery) in a total of 442
patients. Across the various randomized controlled trials included in the meta-
analysis, there was wide variability in terms of the type of surgery, the duration of
prehabilitation (7—49 days), the type of prehabilitation program, and the outcomes
assessed. However, better results were observed following the application of preha-
bilitation in terms of overall postoperative morbidity (OR 0.52; p = 0.01) and pul-
monary complications (OR = 0.20; p = 0.001). Despite these encouraging results, in
clinical practice, prehabilitation with targeted exercise programs is not always fea-
sible, not only due to the patient’s general state of health but often due to organiza-
tional constraints and a lack of available human resources.

9.4.3 Enhanced Recovery After Surgery (ERAS)

The Enhanced Recovery After Surgery (ERAS) program was developed to optimize
and standardize the post-surgery pathway, with the goal of reducing postoperative
stress, and enabling rapid recovery and early discharge. Based largely on the fast-
track surgery theory devised by Kehlet in 2000 [118], the ERAS program has been
progressively developed on the basis of evidence-based medicine and applied in
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general surgery and other specialized surgical branches. Unlike prehabilitation,
ERAS interventions focus more on hospital care and the postoperative period,
applying a series of interventions that are implemented starting from hospitalization
and progressively applied in all surgical phases (intraoperative, postoperative) until
discharge. The ERAS approach is based on fundamental pillars, such as the reduc-
tion of preoperative fasting, optimization of hemoglobin values, reduction of surgi-
cal trauma (use of minimally invasive surgery, intraoperative normothermia,
reduction of the number of drains), improved intraoperative and postoperative anes-
thetic management, mobilization early and physiotherapy incentives, and resump-
tion of normal nutrition to reduce catabolism and hypofunction syndrome. It
requires multidimensional activity involving many healthcare professionals (nurses,
physiotherapists, dieticians, anesthetists, surgeons, etc.) who take care of the patient
in a multidimensional way aimed at improving surgical outcomes. This has been
shown to be feasible by multiple studies and scientifically consolidated by reports
and a Cochrane systematic review demonstrating the ability of the ERAS program
to reduce postoperative morbidity, reduce length of hospital stay, and improve
patient satisfaction [119-122].

In recent years, evidence has emerged regarding the usefulness of the ERAS
approach in the elderly patient (>70 years old) undergoing colorectal surgery, not only
confirming the classic postoperative outcomes but also demonstrating a lower rate of
anastomotic dehiscence and a high compliance with the protocol (70%) [123]. There
has been some evidence demonstrating the efficacy of ERAS in improving outcomes
in sarcopenic patients, particularly in association with laparoscopic colorectal resec-
tion [124]. On the contrary, the application of the ERAS protocol and an intensive
postoperative nutrition after esophagectomy did not show benefits in terms of improv-
ing sarcopenia [125]. Consequently, the application of the ERAS approach is not cur-
rently supported by strong evidence in terms of correction of sarcopenia. Further
studies are needed to investigate whether there is any specific benefit to be yielded on
sarcopenia outcomes by the use of the ERAS approach.

9.5 Conclusion

In summary, sarcopenia is a frequent finding in patients across a range of medical
disciplines and settings. It may compound the severity of comorbidities and expose
the patient to a higher risk of complications, morbidity, and mortality In primary
care, it is essential to screen for salient features of sarcopenia using validated tools
that are rapid and easy to implement during a standard consultation, such as the red
flag method or the SARC-F questionnaire. Physical activity and nutritional supple-
mentation are the cornerstones of management of sarcopenia in primary care, but
detection of patients with sarcopenia or at risk thereof should also prompt referral
for specialist evaluation. In cardiovascular disease, sarcopenia may be brought on
by conditions that share common pathophysiological pathways, such as heart fail-
ure. Conversely, sarcopenia may contribute to the development or aggravation of
heart failure, through reduced muscle mass and lack of physical activity. Here again,
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physical activity may yield benefits both on sarcopenia and physical function. In
heart failure patients in particular, maximal tolerated medical therapy must be main-
tained. Sarcopenia has been shown to be associated with higher post-procedural
mortality in patients undergoing transcatheter aortic valve replacement and may
also have a negative prognostic effect in atrial fibrillation, coronary artery disease,
and peripheral artery disease. In surgical patients, sarcopenia is highly prevalent and
places them at increased risk of postoperative complications and mortality.
Approaches such as prehabilitation and enhanced recovery after surgery may help
to reduce surgical stress response, optimize physiologic function, and facilitate
recovery.
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Check for
updates

Acute Sarcopenia: Definition and Actual 1 0
Issues

Carly Welch

10.1 Acute Sarcopenia: The Last Remaining Acute
Organ Insufficiency

The revised European Working Group on Sarcopenia in Older People 2 (EWGSOP2)
definition distinguishes acute and chronic sarcopenia [1]. Acute sarcopenia is
defined as declines in muscle quantity/quality and/or function leading to incident
sarcopenia within 6 months, normally following a stressor event [1]. As has been
described, sarcopenia can be considered as muscle insufficiency [2]; this can be
either acute or chronic. Acute sarcopenia should be considered as acute organ insuf-
ficiency, akin to acute organ dysfunction elsewhere (e.g., acute kidney injury, delir-
ium) [3]. Unfortunately, changes in muscle quantity/quality and function are
currently not routinely measured in clinical practice. It is not known how acute
sarcopenia relates to longer term outcomes. Deteriorations in muscle quantity, qual-
ity, and function experienced following a stressor event may be partially recover-
able, but may increase the risk of chronic sarcopenia over time (Fig. 10.1) [3].
Acute sarcopenia, in line with chronic sarcopenia, is currently defined by the
demonstration of muscle function (normally handgrip strength) and muscle quan-
tity/quality more than two standard deviations (SDs) below the mean of a young
healthy reference population [1]. However, this diagnosis will only encompass the
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Muscle quantity, quality, and function

Healthy ageing Years of life

Sarcopenia accelerated by acute stressor events

- Chronic age-related sarcopenia

Fig. 10.1 Hypothesised trajectories of acute and chronic sarcopenia (adapted from previously
published figure [3]). Deteriorations in muscle quantity, quality, and function may be partially
recoverable but may be associated with an acceleration in chronic sarcopenia over time

most extreme cases where the muscle has already reached the point of insufficiency.
Indeed, it is recognised that in individuals with previously normal muscle quantity/
quality or function, declines that do not acutely meet criteria for sarcopenia may
still be highly significant for the individual [3]. In these cases, an acute percentage
decline may be significant and warrant treatment. At present, no consensus cut-off
for a percentage decline or dynamic change in muscle quantity/quality or function
has been agreed. Older adults are considered most at risk; however, it is increasingly
recognised that sarcopenia can occur at any age, particularly in the presence of
organ dysfunction elsewhere [4]. Acute sarcopenia may affect younger individuals
with underlying morbidity or in the presence of critical illness.

10.2 Mechanisms and Drivers of Acute Sarcopenia

The precise mechanisms involved in the development of acute sarcopenia and bio-
logical and clinical risk factors remain undetermined [3]. Figure 10.2 demonstrates
how proposed mechanisms and drivers interact. Determining factors that are most
predictive of risk of acute sarcopenia will enable targeted interventions towards
prevention, as well as treatment. Acute sarcopenia is hypothesised to be caused by
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Fig. 10.2 Mechanisms and drivers of acute sarcopenia in hospitalised older adults. Acute sarco-
penia is considered to be precipitated by a combination of heightened inflammation and bedrest,
on a background of age-associated vulnerability. This leads to an imbalance in muscle protein
synthesis and degradation. Inhibited pathways are shown by transverse double lines, and upregu-
lated pathways are shown by arrows. GH growth hormone, /GF-1 insulin-like growth factor 1, IL-6
Interleukin 6, TNF-a tumour necrosis factor alpha, DHEA-s Dehydroepiandrosterone sulphate

a combination of reduced physical activity, increased inflammatory surge, and ana-
bolic resistance (blunted muscle protein synthesis with expected protein intake) [3].
Hospitalisation is frequently associated with periods of bedrest. Studies involving
healthy volunteers have demonstrated that bedrest is associated with declines in
muscle quantity, strength, and aerobic performance and that this effect is exacer-
bated by age [5, 6]. Bedrest has been shown to lead to reduced muscle protein syn-
thesis via altered expression of muscle-specific E3 ubiquitin protein ligases Muscle
Atrophy F-box (MAFbx) and Muscle RING Finger protein-1 (MuRF-1) [7],
increased insulin resistance [8], and reduced oxidation of saturated dietary fat [9] in
healthy younger adults. However, it is not known how muscle “senses” bedrest to
precipitate these effects [10].
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Acute illness (e.g., acute bacterial infection and, most recently, the global pan-
demic Coronavirus 2019, COVID-19, infection [11]) and major surgery are associ-
ated with systemic inflammatory response [12] and endocrinological stress response
(e.g., increased cortisol, decreased dehydroepiandrosterone sulphate (DHEA-s))
[13]. Medically induced hypercortisolaemia (hydrocortisone injection) has been
shown to exacerbate loss of muscle quantity during bedrest [14], and synthetic glu-
cocorticoid (dexamethasone) has been shown to upregulate MuRF-1 and MAFbx
tenfold [15]. Preliminary research suggested that baseline DHEA-s levels may cor-
relate with declines in physical performance experienced during hospitalisation
[16]. Additionally, nutritional intake frequently declines during acute illness, par-
ticularly in older adults, due to age- and illness-related anorexia [17], physical limi-
tations [18], and swallowing difficulties [19]. This leads to ineffective protein intake
for muscle protein synthesis, which is compounded by higher protein requirements
with acute illness-related inflammation. Inflammation associated with acute illness
reduces muscle protein synthesis. Tumour Necrosis Factor Alpha (TNF-a) has been
shown to decrease messenger ribonucleic acid (mRNA) translational efficiency
through alterations in eukaryotic translation initiation factor 4E (eIF-4E) availabil-
ity [20]. This leads to a state of anabolic resistance whereby higher protein doses are
needed to stimulate an adequate response.

Vitamin D has been implicated in the regulation of muscle quantity and func-
tion. Vitamin D receptor mRNA has been demonstrated in skeletal muscle, and
this inversely correlates with inactive 25-hydroxyvitamin D3 (250HD3) concen-
tration levels [21]. Active serum 1,25-dihydroxyvitamin D3 (1a,25(OH)2D3)
concentration levels have been shown to correlate with lower limb muscle
strength [21]. Vitamin D has been shown to inhibit Forkhead box O (FoxO)-
mediated transcriptional activity to prevent muscle protein degradation and
induce muscle atrophy [22]. Plasma 250HD3 concentration levels have been
shown to decline following elective surgery, with this change correlating with
inflammation [23]. Therefore, vitamin D deficiency or insufficiency may contrib-
ute towards the development of acute sarcopenia following surgery or acute
illness.

Ageing is associated with cellular senescence; a process whereby cells stop
dividing [24]. Senescence is considered to be protective against cancer by prevent-
ing uncontrolled cell division and replication [24]. However, senescent cells have
been shown to be metabolically active and contribute to production of inflammatory
mediators (e.g., TNF-a, Interleukin-6, IL-6) [25]. Senescence-associated inflamma-
tion may drive sarcopenia via activation of Nuclear Factor Kappa-light-chain-
enhancer of activated B cells (NFkB) and FoxO in muscle by pro-inflammatory
cytokines [26]. Activation of NFkB and FoxO is considered to lead to increased
muscle protein degradation via activation of MAFbx and MuRF-1 [15, 27]. Secretion
of growth hormone (GH) and insulin-like growth factor-1 (IGF-1) declines with age
after approximately 60 years of age; the “somatopause” which has also been dem-
onstrated in other mammals [28]. IGF-1 stimulates muscle protein synthesis via
stimulation of the mammalian/mechanistic target of rapamycin (mTOR) via the
phosphatidylinositol-3-kinase (PI3K)/alpha serine/threonine-protein kinase (Akt)
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pathway, thus reduced IGF-1 secretion with age leads to reduced muscle protein
synthesis [29].

Additionally, the number of motor neurones has been shown to decline with age
[30]. However, mechanisms of this are unclear; this may relate to feedback from
already dysfunctional muscle, impaired signalling from the central nervous system,
local degeneration, or a combination of all of these factors [31]. Additionally, preva-
lence of myosteatosis (intra- and intermuscular fat infiltration) increases with age
[32], leading to reduced muscle quality and impaired physical performance [33].
The mechanisms that drive myosteatosis with ageing are unclear. It has been pro-
posed that this may be driven by the differentiation of satellite cells (pluripotent
muscle “stem” cells involved in muscle regeneration) into adipocytes, or increased
fatty acid transport, uptake, and storage [34]. Adipose tissue itself secretes pro-
inflammatory cytokines [35], which further induces muscle protein degradation.

Ageing and frailty, the syndrome of increased likelihood of reduced resolution of
homeostasis following a stressor event [36], are associated with immunesenescence
[37]. Impairments in the immune response can lead to impairments in muscle
metabolism. Following injury, immune cells are recruited into muscles in order to
initiate pathogen clearance and tissue repair [38]. Frailty is associated with impaired
migration of neutrophils and other immune cells meaning this process may be
impaired [39], potentially increasing the risk of acute sarcopenia in this vulnerable
population. Acute illness may also lead to a state of “induced frailty,” which is asso-
ciated with systemic inflammation and catabolism [40], thus compounding the
development of acute sarcopenia.

Frail older adults are also at increased risk of development of delirium during
acute illness and hospitalisation [41]. Delirium is an acute severe neuropsychiatric
condition, which is increasingly recognised to be associated with systemic inflam-
mation [42]. Combined with the cognitive effects of delirium which may directly
impact upon the initiation of motor control, this may also be associated with
increased risk of acute sarcopenia. Although acute declines in muscle quantity,
quality, or function may be experienced during acute illness at any age, it is this
interplay between ageing, immunesenescence, and acute illness factors that makes
older adults most vulnerable.

Conversely, there is increasing evidence that older adults with chronic sarcope-
nia and severely reduced muscle quantity experience minimal further declines in
muscle quantity during periods of immobility and acute illness. Bedrest studies
have involved participants who were far younger and fitter than the typical popula-
tion of older adults admitted to hospital within developed countries; these studies
did not involve participants with frailty or chronic sarcopenia [5, 6]. This “end-
stage” of muscle organ dysfunction may lead to blunting of responsiveness of com-
munication between the muscle and immune system. In the presence of pronounced
chronic sarcopenia, the muscle may no longer respond and react to systemic inflam-
mation. This is important as this group of individuals may require a different focus
of treatment to prevent further loss of function. Increased understanding will ensure
that clinicians can appropriately prognosticate for their patients and that the infor-
mation patients are given is correct and of relevance to them.
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10.3 Overlap with Other Clinical Syndromes

Acute sarcopenia can be considered part of a spectrum of acute muscle wasting
disorders. Intensive Care Unit-Acquired Weakness (ICU-AW) is a recognised com-
plication following admission to critical care. Similarly to acute sarcopenia, it is
considered to arise due to a combination of prolonged bedrest and acute surge in
systemic inflammation. Following the COVID-19 pandemic, many patients who
were previously fit with normal muscle quantity and function who survived admis-
sion to critical care with COVID-19 infection were found to develop profound skel-
etal muscle atrophy and required intense targeted multidisciplinary rehabilitation
[11]. The longer term effects of ICU-AW on these patients remain unknown.

Another overlapping syndrome with acute sarcopenia is that of “induced frailty”
[40], as described in the previous section. Similar to sarcopenia, frailty can be con-
sidered a dynamic process. A patient who was previously fit and robust may become
more dependent and vulnerable as a result of acute illness, and a patient who was
previously mildly frail may become moderately or even severely frail [43].
Importantly, however, this process is potentially reversible [44]. Nonetheless, this
state will increase the risk of adverse outcomes if they should develop a second
acute illness and may increase their risk of frailty in the future, even after they have
recovered.

“Deconditioning” is another term that has been widely used in the medical litera-
ture. However, there is no one recognised definition for this term [45]. Rather it is
an all-encompassing term that is not organ-specific, but implies a worsening in the
overall health state of the individual, related to illness, bedrest, or restrictive care-
giving. It encompasses the development of any or all of pressure ulcers, urinary
incontinence, demotivation, falls related to instability and balance disorders, as well
as declines in muscle strength [46]. Declines in muscle strength in the context of
deconditioning may relate to fatigue, lack of motivation, or acute sarcopenia.

10.4 Diagnosis of Acute Sarcopenia in Clinical Settings

Handgrip strength is recommended for initial assessment for sarcopenia by
EWGSOP2, with low muscle quantity or quality being only confirmatory [1].
However, this definition was developed with a focus on chronic sarcopenia. In the
context of acute illness, handgrip strength may be affected by fatigue, impairments
in consciousness, and effort [47]. This may mean that handgrip strength actually
increases during the course of illness, representing a recovery from illness fatigue
rather than a recovery of muscle function. In addition, acute changes in muscle
quantity and quality may occur rapidly, with longer term impacts on muscle func-
tion [3]. Therefore, measurement of muscle quantity or quality may be especially
important in the assessment of acute sarcopenia compared to chronic sarcopenia.
Computed tomography (CT), magnetic resonance imaging (MRI), or dual-energy
X-ray absorptiometry (DXA) are recommended for gold standard quantification of
muscle quantification by EWGSOP2 [1]. However, none of these tests can be
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performed at the bedside, and all have limitations when performed serially (e.g., due
to the risk of ionising radiation, physical/psychological burden to patients).

Bioelectrical impedance analysis (BIA) has been used for the assessment of
chronic sarcopenia, but measurements may be affected by fluid balance [48].
Ultrasound is recognised as a developing alternative technique for muscle quantity
and quality assessment. Ultrasound has benefits in that serial measurements can be
taken with ease in a variety of environments including the outpatient department,
inpatient wards, and in the community. It is safe, non-invasive, does not involve
ionising radiation, and requires minimal training. However, preliminary research
has suggested that muscle quantity and quality may be affected by hypervolaemia in
post-operative patients [16, 49].

At present, acute sarcopenia is best identified as part of a comprehensive assess-
ment. Anthropometry may lead to falsely elevated results in the presence of
increased oedema. However, demonstration of reductions in calf circumference
should prompt multidisciplinary assessment and management including nutrition,
physical activity, and review of medical management, e.g., drugs. Where a dyna-
mometer is not available, serial assessment of patients’ abilities to complete chair
stands can be used to demonstrate responsiveness of muscle strength, provided the
patient is able to comply with instructions and sit out in a chair. Integration of the
Hierarchical Assessment of Balance and Mobility (HABAM) into clinical practice
in acute settings enables monitoring of function in the same way as vital signs [50].
Further research is necessary to assess the sensitivity to change of measures such as
fatigue resistance in the acute setting, the time for force to decline by more than
50% of peak strength [51].

10.5 Proposed Interventions

Most effective prevention and intervention strategies are unknown [3]. However, it
is conceivable that effective interventions will target any or all of the potential
mechanisms described. This is likely to include a combination of physical activity
(e.g., resistance exercise to combat negative effects of bedrest), nutritional (e.g.,
high protein supplementation in view of anabolic resistance), and pharmaceutical
interventions (e.g., vitamin D, DHEA-s, novel agents). Neuromuscular electrical
stimulation uses low-frequency, low-amplitude electrical current to activate motor
neurones resulting in muscle contraction, and has been proposed as another poten-
tial treatment [3]. A recent systematic review of interventions to ameliorate negative
changes in muscle quantity and function in hospitalised older adults provides an
assimilation of evidence towards interventions for acute sarcopenia [52]. There is
currently no definitive evidence for effective interventions; effect sizes for interven-
tion types differed between trials, and there was high heterogeneity in terms of
interventions that were trialled and outcome measures. However, many interven-
tions have been trialled and shown to be safe and feasible. This is a rapidly growing
research field, and knowledge that trials of complex interventions in complex
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populations are feasible should assist in driving further effectiveness trials, with
potential for direct clinical implementation.

10.6 Recommendations for Future Research

Clinical characterisation studies [53] will assist to enhance understanding of the
prevalence and outcomes of acute sarcopenia across multiple settings. Detailed
evaluation will enable risk stratification towards targeted interventions. Research
should strive to enhance knowledge of underlying mechanisms and expected inter-
vention efficacy, whilst pragmatically trialling interventions for effectiveness.
Increased understanding of mechanisms may also enable the identification of novel
biomarkers for incorporation into clinical practice. Research that evaluates the long-
term consequences of acute sarcopenia is strongly encouraged.

10.7 Conclusions

Acute sarcopenia is defined by the development of incident sarcopenia within six
months and is normally proceeded by a stressor event. The longer term conse-
quences of acute sarcopenia are unknown, but it is considered to increase the risk of
developing chronic sarcopenia over time. Acute sarcopenia is considered to arise
due to a combination of bedrest and inflammatory surge; these effects may be
enhanced by underlying predisposition with age and frailty. Incorporation of serial
measurements of muscle quantity and function in clinical practice will enable early
identification of acute sarcopenia development. Further research is necessary to
increase understanding of underlying mechanisms and enable targeted
interventions.
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Shaun Sabico and Nasser M. Al-Daghri

11.1 Introduction

The term “sarcopenic obesity” was first coined in 1996 by Heber and colleagues, a
type of body composition characterized by “reduced lean mass with excess fat as a
percentage of body weight” [1]. As a separate entity and under normal physiologic
conditions, sarcopenia is expected, given the age-related decline in muscle mass and
strength. This is supported by a recent study by Santos and colleagues, where data
from a large retrospective cohort of more than 400,000 anonymized participants
showed that while the evolution of BMI varies widely overtime, there is a distinct
pattern of progressive increase in total body fat with age, with a similar trajectory
observed in lean body mass but plateauing in mid-40s, and followed by an oppos-
ing, uninterrupted decrease as the age progresses [2]. The universally accepted defi-
nition of sarcopenia, which is loss of muscle mass, strength, and physical
performance, is in a way eclipsed by the heterogeneity of diagnostic cut-offs used
and other factors to clinically identify a patient with sarcopenia [3]. Hence, the
prevalence is largely dependent on the cut-offs applied and may range from 6 to
12% in large-scale studies [4].

On the other hand, obesity or excessive fat accumulation is a by-product of
unhealthy behaviors such as sedentary lifestyle and overeating, to name a few [5].
The global prevalence of adult obesity has increased to pandemic proportions since
1975 [6], with trends predicting an even higher prevalence reaching 18% in men and
21% in women by the year 2025 [7].

Sarcopenia and obesity have been observed to coexist particularly among the
elderly, given the age-related alterations in body composition. Globally and as of
2019, there were an estimated 703 million individuals aged 65 years and above, and
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this is expected to increase by as much as 1.5 billion in 2050 [8]. It makes sense
therefore to anticipate that the incidence of sarcopenic obesity will also increase. In
this chapter, we intend to shed light on what is already known in the emerging field
of sarcopenic obesity, its implications, and current clinical approaches.

11.2 Pathogenesis

The pathogenesis of sarcopenic obesity has been comprehensively discussed in
various literature and will not be further covered in this chapter [9—13]. In brief,
non-modifiable risk factors affecting the muscle tissue (aging and age-related loss
of anabolic signals that initiate decrease in muscle tissue mass), in combination with
modifiable risk factors associated with obesity (physical inactivity and decreased
protein intake that promote increased adiposity which triggers low-grade inflamma-
tion, insulin resistance, and hormonal changes) impair the complex cross talk
between adipose and muscle tissue, leading to sarcopenic obesity. Figure 11.1
shows the simplified mechanisms leading to sarcopenic obesity.

11.3 Evolving Definition

Given the inconsistencies of preliminary available literature, early investigations on
the combination of obesity with low muscle strength cautioned on the use of the
terms sarcopenic obesity, and instead referred to it as obesity/muscle impairment
geriatric syndrome, a type of obesity in the elderly that are at special risk for adverse
outcomes [14]. Even at present, there is no consensus on the exact operational
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Fig. 11.1 Proposed etiology of sarcopenic obesity
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diagnosis of sarcopenic obesity, making epidemiologic studies virtually incompa-
rable. Existing definitions are based on the individual cut-offs used to diagnose
sarcopenia and obesity, respectively, with both entities also having multiple cut-offs
to choose from. Batsis and Villareal, in their recent comprehensive review, assem-
bled some of the selected working definitions of sarcopenic obesity as seen in
Table 11.1 [13]. Baumgartner was the first to use dual-energy X-ray absorptiometry
(DXA) among the elderly obese to assess sarcopenia in combination with body fat
percentage (%) [15], and also the first to identify sarcopenic obesity to be indepen-
dently associated with incident disability [16]. The first study observed increasing
prevalence of sarcopenic obesity from 2% among 60—69 years of age to about 10%
in those >80 years [15], while the second study provided a working definition for
sarcopenic obesity, which was the combination of an ALM index of <7.26 kg/m?
and body fat mass of >28% in men; or <5.45 kg/m? and body fat mass of >40% in
women [16, 17]. In another study, Newman and colleagues analyzed anthropomet-
rics of more than 3000 men and women using the conventional definition of obesity
(body mass index, BMI >30 kg/m?) [17] and determined the prevalence of sarcope-
nia among obese participants using two definitions. Their results showed that none
of the obese participants had sarcopenia using the conventional appendicular lean
mass divided by height squared method (ALM/ht*). However, when relative lean
mass was adjusted for fat mass and height, and using the residuals’ 20th percentile
as a cut-off for sarcopenia, the prevalence was 11.5% in obese men and 21% in

Table 11.1 Selected definitions of sarcopenia with obesity

Sarcopenia Measurement cut-off Obesity
Author (year ) definition points definition Population
Baumgartner ALM/ht* DXA (men <7.26 kg/ Body fat (men New Mexico aging
(2000) [15] m?; women <5.45 kg/ >27%; women process study
m?) >38%)
Newman et al. ALM/ht? DXA (men <7.23 kg/ BMI (=30 kg/ New Mexico elder
(2003) [17] m?; women <5.67 kg/ m?) health survey
m?)
ALM divided DXA (lowest 20th BMI (>30 kg/ Health ABC study
by height and  percentile of m?)
fat mass residuals
(sex-specific))
Baumgartner ALM/ht? DXA (men <7.26 kg/ Body fat mass New Mexico elder
et al. (2004) [16] m? women <5.45 kg/ (men >28%;  health survey
m?) women
>40%)
Villareal et al. ALM/ht? ALM (<5.45 kg/m?,  BMI (>30 kg/ Young healthy
(2005), sex is not specified)  m?) population
ASN-TOS [18]
Bouchardetal.  ALM/ht? DXA (men <8.51 kg/ Body fat Nutrition as a
(2009) [19] m?% women <6.29 kg/ (men >28%;  determinant of
m?) women successful aging
>35%) study

Note: ABC ageing, body, and body composition, ALM appendicular lean mass, DXA dual-energy
X-ray absorptiometry, i’ height squared; The Obesity Society. Modified table taken from Batsis
and Villareal [13]
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women, highlighting the importance of fat mass in the evaluation of sarcopenia
among the obese [18]. Lastly, Bouchard and colleagues’ working definition of sar-
copenic obesity was based on body fat percentage cut-off defined by the American
College of Sports Medicine and ALM index based on previously obtained data of
young adults aged 20-35 years (<6.29 kg/m? in women and <8.51 kg/m? in men)
[19]. A summary of working definitions has been provided in Table 11.1.

Clearly, while the operational definitions provided in this chapter are in no way
exhaustive, it is reasonable to assume that low muscle mass and strength maybe
pathologically associated with increased adiposity in the elderly. For future investi-
gations on sarcopenic obesity, researchers and clinicians are encouraged to use
DXA as the modality of choice for body composition analysis, given its accessibil-
ity and superiority in providing the essential information, with excellent correlation
compared to more expensive but gold standard methods such as the computed
tomography (CT) scan and magnetic resonance imaging (MRI). Other body compo-
sition tools such as bioelectrical impedance and conventional anthropometric mea-
sures can also be used but should be interpreted with extreme caution, given its low
precision and accuracy in distinguishing different components of body mass [20].
While the absence of a consensus definition for sarcopenic obesity is amplified by
the abundance of thresholds and reference populations to name a few, the clinical
implications of sarcopenic obesity as a single disease entity are much more
established.

11.4 Complications of Sarcopenic Obesity

In previous chapters, the consequences of sarcopenia such as disability, fractures,
hospitalization, and mortality, to name a few, have already been elaborately
described. Majority, if not all, also apply to sarcopenic obesity. In addition, given
that obesity alone is independently associated with reduced functional capacity and
quality of life among the elderly, the combination of obesity-related cardiometa-
bolic diseases such as type 2 diabetes (T2D) and atherosclerosis with sarcopenia
accelerates functional decline and mortality among individuals with sarcopenic
obesity [21-23]. In a recent study involving more than 2400 middle-aged and
elderly Chinese, sarcopenia or obesity alone showed no higher risk for atrial fibril-
lation, but the coexistence of both was associated with more than fivefold risk (odds
ratio, OR, 5.68 [95% confidence interval, CI, 1.3-24.1], p-value = 0.019) even after
adjustment for multiple confounders [24].

Aside from the diseases mentioned, sarcopenic obesity has also been associated
with depression and poor mental health. In a large-scale study involving 3862
community-dwelling elderly, those who were obese with lower grip strength twice
as likely to have depressive symptoms (OR = 1.97 [95% CI, 1.22-3.17]) compared
to their nonobese with stable grip strength counterparts [25]. Lastly, an emerging
complication of sarcopenic obesity that remains under investigated is its
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coexistence with osteoporosis, or osteosarcopenic obesity [26]. The overlap of
weakened bone health, impaired muscle mass, and strength with increased body fat
has been observed, but causality is yet to be established. In a recent systematic
review by Bauer and colleagues, collected evidence was insufficient to consider it
as a distinct disease entity and whether the cluster of diseases mentioned cumula-
tively raises additional adverse outcomes aside from the ones already identified [27].

11.5 Management

Physical inactivity is arguably the single most important preventable and modifiable
risk factor for sarcopenia, obesity, and sarcopenic obesity [28]. In a 2013 review
involving 23 reports from seven countries, it was estimated that 65% of adults above
60 years were sedentary for almost 9 h per day [29]. Physical inactivity, which is an
established risk factor for obesity, is also common in older adults due to progressive
loss of physical fitness. Increased physical activity therefore is central to the man-
agement of sarcopenic obesity, in terms of increasing muscle strength and decreas-
ing excess adiposity [28, 30, 31]. Aside from exercise, nutritional strategies are also
warranted. In a comprehensive review done by Trouwbost and colleagues, they rec-
ommended that a combination of a diet ideal for moderate weight loss, combined
with exercise and a high animal protein intake (>1.2 g/kg/day) spread throughout
the day, has the greatest benefit in improving different components of sarcopenic
obesity [32]. Other potential therapies are listed in Table 11.2 [13].

Table 11.2 Recommended therapies in sarcopenic obesity

Component Goal Proposed approach
Calorie restriction ~ Body fat loss and enhance 500-1000 kcal per day
physical function ~0.5 kg per week aiming for 8—10%

weight loss at 6 months followed by
weight loss maintenance

Aerobic exercises  Enhance cardiorespiratory fitness 2.5 h per week of moderate to
vigorous aerobic exercise

Resistance Enhance muscle strength and 60—75 min of resistance training three
exercises mass; reduce muscle and bone times weekly, separated by 1 day
loss during weight loss focusing on strength, balance, and
flexibility
Protein Lessen muscle mass and strength  1.0-1.2 g/kg of protein in divided
supplementation  loss doses (25-30 g daily)
2.5-2.8 g leucine daily
Calcium Prevent adverse disturbances in 1200 mg per day preferably through
supplementation bone metabolism dietary measures
Vitamin D 1000 IU vitamin D per day, ideally
supplementation maintaining blood levels >30 ng/mL

Note: 1U international units. Modified table taken from Batsis and Villareal [13]
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11.6 Conclusion

Sarcopenic obesity is an important clinical entity in geriatric medicine that may get
worse overtime, given the increasing elderly population and the still uncontrolled
pandemic of obesity. A unified consensus in its definition maybe the first step to
determine a more accurate picture of the disease burden. While lifestyle interven-
tions remain the hallmark strategies for managing sarcopenic obesity, further inves-
tigations are warranted to identify promising therapies that target harmonization of
the muscle and adipose tissue cross talk among at risk populations, especially the
elderly.
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The Role of Physical Activity 1 2
in Sarcopenia

Lee Smith and Shaea Alkahtani

12.1 An Overview of Physical Activity

Physical activity may be defined as any bodily movement caused by contraction of
skeletal muscle that results in energy expenditure [1]. Physical activity can be cat-
egorised by its intensity measured in metabolic equivalents or METs. One MET is
defined as the amount of oxygen consumed while sitting at rest and is equal to
3.5 mL O, per kg body weight per min [2]. Zero to 1.5 METs is classed as sedentary
behaviour (activities such as TV viewing and computer use), 1.5 to 3 METs is cat-
egorised as light intensity physical activity (activities such as arts and crafts), 3 to 6
METS as moderate physical activity (activities such as walking and vacuuming) and
6+ METs as vigorous physical activity (activities such as riding a bike or running)
[3], (Fig. 12.1).

There is a plethora of literature to show that regular and sustained participation
in physical activity is beneficial for almost every facet of health, for example, with
preventive benefits being observed in relation to cancer, cardiovascular disease,
depression and anxiety. Moreover, physical activity has been found to be a useful
tool in the treatment/reduction of severity in several noncommunicable diseases
such as cardiovascular disease and depression. Physical activity improves physical
and mental health via many mechanisms, such a discussion is beyond the scope of
this chapter and we refer the interested reader to [4, 5]. It should be noted here that
the greatest health benefits from physical activity are acquired at a moderate or
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Fig. 12.1 The Energy Expenditure Continuum

higher intensity. However, participation in light physical activity is beneficial to
health if one is replacing sedentary time [3].

12.2 Physical Activity and Its Role in Preventing
and Managing Sarcopenia

Importantly, regular participation in physical activity is an essential tool for older
adults to utilise to aid in the prevention and/or management of several noncommu-
nicable diseases. One such condition is sarcopenia. Sarcopenia is broadly defined
here as “age-related muscle loss, affecting a combination of appendicular muscle
mass, muscle strength, and/or physical performance measures” [6]. The prevalence
of sarcopenia is high in older adults. For example, a recent meta-analysis suggested
that sarcopenia prevalence in older adults is approximately 10% [7]. The reader is
referred to Chap. 2 for a detailed discussion on the prevalence of sarcopenia and
Chap. 3 on the health consequence of sarcopenia.

Owing to the high prevalence of sarcopenia and its associated detrimental
impact on physical as well as mental health, it is essential that intervention strate-
gies are implemented to aid in the prevention and management of sarcopenia,
one potentially effective strategy is the promotion of physical activity. Indeed,
there is a large body of literature to suggest that participation in physical activity
is beneficial for the prevention of sarcopenia and for improvement in sarcopenia-
related outcomes in those who are sarcopenic. For example, in one systematic
review, ten studies were identified of which seven studies were randomized con-
trolled trials, and three were cross-sectional or longitudinal. The results of eight
studies indicated significant improvement in muscle mass, muscle strength, and
physical performance through exercise (one domain of physical activity) inter-
vention, as determined by long-term observation. Consequently, the review con-
cluded that participation in physical activity is an effective protective strategy for
sarcopenia in geriatric populations [8]. However, it is important to note that the
review highlights there was no consistency in the measurement of sarcopenia.
This is indeed a key limitation and one that limits the whole field of sarcopenia.
Another systematic review identified 37 randomised controlled trials utilising
exercise interventions in relation to sarcopenic outcomes. In 79% of studies,
muscle mass increased with exercise and muscle strength increased in 82.8% of
the studies. Finally, the majority of studies showed an increase of physical
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performance following exercise intervention. The review concluded that exercise
has a positive impact on muscle mass and muscle function in subjects aged
60 years and older. The biggest effect of exercise intervention, of any type, was
observed in relation to physical performance (gait speed, chair rising test, bal-
ance, etc.) [9]. Another systematic review summarised the available literature on
the effects of exercise interventions on sarcopenia-related outcome measures in
community-dwelling older people. A total of nine studies were identified includ-
ing eight randomised controlled trials. The review reports that in exercise-only
interventions a significant improvement in muscle mass in one study, muscle
strength in two studies, and physical performance in two studies were observed.
It should also be noted that the review found similar outcomes with combined
physical activity and nutrition interventions [10].

Taken together the evidence presented in these systematic reviews unquestion-
ably supports the promotion of physical activity in the prevention and management
of sarcopenia. Participation in physical activity likely protects against onset sarco-
penia and aids in the management of sarcopenia as it can lead to an increase in
muscle mass and muscle strength [11]. Moreover, participation in physical activity
can also improve the status of skeletal muscle [8]. For example, mitochondrial vol-
ume and enzyme activity increase after aerobic exercise demonstrate that muscle
protein synthesis and muscle quality improve irrespective of age [12].

12.3 Aerobic Physical Activity and Sarcopenia

Participation in aerobic activity and particularly that of at least a moderate intensity
has been found to preserve muscle function with age, as well as motor units, mito-
chondrial function, and proteostasis [13]. Consequently, aiding in the prevention of
onset sarcopenia. In those who are sarcopenic and participate in aerobic exercise,
beneficial outcomes have also been observed. Literature has shown that aerobic
exercise may suppress the apoptotic pathway in skeletal muscle and helps maintain
the expression of autophagy protein as well as increases the expressions of
autophagy-related proteins in skeletal muscle [14]. Moreover, several studies have
shown that aerobic exercise controls mRNA expression of myostatin. These molec-
ular factors are associated with age-related sarcopenia, and thus it is likely that aero-
bic physical activity has a protective effect against sarcopenic-related outcomes. For
example, one study examined potential age-specific adaptations in skeletal muscle
size and myofiber contractile physiology in response to 12 weeks of cycle ergome-
ter training. The study found that in both young males (20 + 1 years) and older
males (74 + 3 years) improvements in muscle size and aerobic capacity were simi-
lar, while adaptations in myofiber contractile function showed a general improve-
ment in older males only. Training-related increases in slow and fast myofibers peak
power suggest that skeletal muscle of older males is responsive to aerobic exercise
training and further support the use of aerobic exercise for improving skeletal mus-
cle health in older individuals [15].



156 L. Smith and S. Alkahtani

12.4 Resistance Exercise and Sarcopenia

In addition to aerobic activity having a beneficial influence in the prevention and
management of sarcopenia, there is a growing body of literature to support the ben-
efits of resistance exercise [16]. Resistance exercise stimulates muscle hypertrophy
and increases muscle strength [17] by promoting muscle protein synthesis [18]. In
a systematic review of 121 trials including over 6700 participants, it was concluded
that “progressive resistance training is an effective intervention for improving phys-
ical functioning in older people, including improving strength and the performance
of some simple and complex activities” [19]. Moreover, the majority of included
trials involved high intensity training two to three times per week. Participation in
these trials resulted in large positive effects on both muscle mass (hypertrophy) and
strength. In one controlled trial, residents of Nursing Care Facilities (85.9 +7.5 years;
n = 42) were required to participate in a resistance and balance exercise program
twice a week for 6 months. A total of 35.7% of participants had sarcopenia at base-
line, with prevalence increasing in the control group post-intervention
(42.9%-52.4%). Following intervention, the exercise group experienced a signifi-
cant increase in grip strength when compared to controls (p = 0.02), and a within-
group decrease in body mass index and increase in grip strength (p < 007) [20].
These findings provide further evidence for the implementation of resistance exer-
cise for the prevention and management of sarcopenia.

In adults, a decline in voluntary muscle contraction of 1-2% per year after the
sixth decade occurs. Importantly, the effect of aging is more pronounced in concen-
tric (muscle shortening) than eccentric (muscle lengthening) contraction, which
may be linked to “the stiffer muscle structures and prolonged myosin cross-bridge
cycles of aged muscles” [21]. Eccentric exercise requires less demand on cardiopul-
monary system, and therefore for some individuals, it can be advantageous as it
allows for an “easier” increase in workload and/or to perform exercise at a low
metabolic effort. For example, 19 older and 19 young adults completed a program
of eccentric and concentric leg squats, 5—7 days apart. Cardiovascular and pulmo-
nary measures including heart rate, systolic blood pressure, cardiac index and
expired ventilation were significantly lower during eccentric compared to concen-
tric exercise in young and old participants [22]. Two sessions per week of conven-
tional resistance training and eccentric ergometer training for 12 weeks were
compared in older men and women. Maximal isometric leg extension strength,
eccentric muscle coordination and loss of body and thigh fat were significantly
improved with eccentric ergometer training, whereas both training increased thigh
lean mass [23]. A greater preservation of muscle strength and force during eccentric
compared to concentric contraction was observed in older adults, and residual force
enhancement after lengthening contraction was greater in old than young muscle
fibres. The decline in mobility with aging is partially due to change in muscle force—
velocity relationship, and eccentric exercise can help to increase the velocity of
contraction to improve muscle force—velocity [24]. However, senescence can affect
inflammatory (TNF-o and IL-1p) and anti-inflammatory (interleukin-6 (IL-6) and
TGF-B1) cytokines in response to exercise-induced injury [25], which could suggest
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performing eccentric resistance exercise at moderate intensity and impose a recov-
ery period of 48-72 h for the trained muscle group. Ninety elderly obese women
completed an acute eccentric resistance exercise session, and the responses of mus-
cle damage-induced hormones (e.g. creatine kinase and IL-6) were monitored
throughout 48 h post exercise. There were wide variations among participants who
were classified as high and normal responders [26]. It was suggested that optimal
resistance training is to implement eccentric and concentric contractile on the same
force—velocity curve with different load even for a short period [27], but this model
is not practically feasible in the long term.

12.5 Combined Aerobic and Resistance Exercise
and Sarcopenia

It seems plausible that a combination of both aerobic and resistance exercise will
yield the greatest benefits in the prevention and management of sarcopenia. As age
increases, levels of physical activity decrease predisposing individuals to positive
energy balance and increasing fat mass. With a decreased muscle mass due to sar-
copenia symptoms, old individuals are expected to develop sarcopenic obesity pro-
moting insulin resistance, metabolic syndrome, and inflammatory markers [28].
Whether sarcopenia and obesity act synergistically or not, sarcopenic obesity is a
pathogenic multifactorial chronic condition increasing worldwide and causing a
major public health problem [29]. Therefore, physical activity interventions should
aim to increase energy expenditure to reduce fat mass via aerobic training and to
increase muscle mass mainly via resistance exercise. In one study, 100 breast cancer
survivors (53 + 10.4 years) were randomly assigned to either an exercise condition,
consisting of moderate-to-vigorous intensity aerobic and resistance exercise three
times per week for 16 weeks, or control condition. It was found that the intervention
effectively attenuated metabolic syndrome, sarcopenic obesity and relevant bio-
markers in an ethnically diverse sample of sedentary, overweight or obese survivors
of breast cancer [30]. The effectiveness of a 6-month obesity management program
plus three types of training (aerobic, resistance or combined) was compared in 160
obese older adults. Maximal oxygen consumption significantly increased more in
the combination and aerobic groups than in the resistance group, and strength sig-
nificantly increased more in the combination and resistance groups than in the aero-
bic group. Body weight similarly decreased in all exercise groups, and lean mass
decreased less in the combination and resistance groups than in the aerobic group
[31]. Combined training can also exhibit a greater improvement in metabolic mark-
ers such as insulin resistance and chemerin protein than resistance exercise alone
[32]. Interestingly, Shiotsu and Yanagita [33] examined the effect of the order of
resistance and aerobic exercise in older adults and found that there was no different
effect of exercise order on body composition and strength, but performing aerobic
after resistance exercise reduced arterial stiffness to a greater extent than perform-
ing aerobic before resistance exercise and the control group. The same authors
repeated the study at low- and moderate-intensity resistance exercise and found that
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all groups improved body composition, functional performance and muscle strength,
whereas only moderate resistance intensity independent of aerobic and resistance
exercise orders improved functional reach test which reflects dynamic balance
capacity [34]. The increase in resistance exercise intensity could be a suggested
strategy in age-related sarcopenia, which can increase protein synthesis, improve
muscle strength and to some extent improve muscle hypertrophy, although there is
lack of data of long-term interventions in older adults [35]. Moreover, decreased
muscle mass and increased fat mass may be associated with decreased bone density,
which synergistically can accelerate falls risk and fractures. A cross-sectional study
found that osteoporosis increased among low appendicular skeletal muscle mass
group, and further deficiency in gait speed and balance in sarcopenic obesity group
[36]. Indeed, a recent review on physical activity and sarcopenia concluded that
combined exercise training regimes (aerobic and resistance) have been shown to
produce the most beneficial preventive and therapeutic effects for sarcopenia [18].

12.6 Neuromotor Exercise and Sarcopenia

Decreased postural stability and increased risks for falls are main challenges to
address in relation to older adults. It should be noted that loss of muscle mass and
strength and neuromuscular deficiency in the low extremities are the main causes of
fall. Neuromotor fitness is important among older adults, and training of balance
and coordination should be implemented in the exercise prescription for sarcopenia
in older adults. Tai Chi is an ancient Chinese martial art embracing the mind, body
and spirit and consisting of a series of slow and continuous movements of the human
body, which is simple, easy to learn and does not need to require high metabolic
demand [37]. It has been suggested that Tai Chi can benefit older people to prevent
falls because of its positive effect on strength, balance, posture and concentration
[38]. The effects of long-term Tai Chi exercise on muscle strength of lower extremi-
ties were tested in 205 older adults who practiced in Tai Chi compared with 205
matched controls who did not practice in Tai Chi. The strength of low extremities
(e.g. iliopsoas, quadriceps femoris, tibialis anterior and hamstrings) in the Tai Chi
group was significantly higher than that in the control group, and the strength of the
muscles within the Tai Chi group was not different between age subgroups (60 and
69, 70 and 79, and 80 and 89 years) [39]. Another study found that people who
practiced in Tai Chi had significantly higher knee extensor strength at all speeds
tested than people who did not practice in Tai Chi, but no significant difference
existed in knee flexors between the two groups. Moreover, eccentric strength of
knee extensors was correlated to the foot centre of pressure, which demonstrates the
importance of long-term Tai Chi training on postural muscles in the lower extremi-
ties [40]. However, it has been shown that a 16-week intervention of Tai Chi training
is not a sufficient duration to enhance biomechanical characteristic changes of lower
extremity muscles [41], which means long-term practice of Tai Chi may be required
to elicit a positive effect on muscle and balance. Another intervention study with
12-week training also found a modest improvement or no changes in older men and
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women [42]. A systematic review showed evidence of Tai Chi combined with resis-
tance training intervention, lasting 12 weeks to 12 months, on physical function and
muscle strength of adults aged 50 years and older, but reported the limitations
including sample size and study type in most available studies [43]. Another sys-
tematic review and meta-analysis showed a moderate to strong evidence of Tai Chi
intervention starting from 12 weeks to maintain and improve lower limb proprio-
ception in adults older than 55 years [44]. Finally, another review reported that there
is limited evidence to support the role of Tai Chi on postural balance and fall preven-
tion [38].

12.7 Sedentary Behaviour and Sarcopenia

There is currently a small but growing body of literature investigating the relation-
ship between sedentary (0 to 1.5 METs) time and sarcopenia. Importantly, older
adults spend the majority of their waking day in sedentary activities as opposed to
being physically active [45]. In a recent study examining the cross-sectional asso-
ciation between sedentary behaviour and sarcopenia among 14,585 adults aged
>65 years from low-middle income countries, it was found that compared to seden-
tary behaviour of 0—<4 h/day, >11 h/day was significantly associated with 2.14
(95%CI = 1.06-4.33) times higher odds for sarcopenia. Other studies have found
similar findings, ([46, 47].

It may be that the association between sedentary behaviour and sarcopenia is
the reverse of the association between light physical activity and sarcopenia.
However, higher levels of sedentary behaviour have been shown to be associated
with higher levels of liver adiposity and visceral/subcutaneous abdominal fat
ratio [48]. Importantly, deep adipose tissue and visceral adiposity have been
shown to be associated with an increase in pro-inflammatory cytokines and a
decrease in anti-inflammatory markers, which can have a catabolic effect on
muscle by promoting protein degradation [49]. Interestingly, sedentary behav-
iour per se has been shown to be associated with higher levels of chronic low-
grade inflammation, and thus, potentially directly associated with a higher risk of
sarcopenia [50].

12.8 Summary

To sum up, sarcopenia is predominantly a geriatric condition with a high global
prevalence. The literature overwhelmingly suggests that physical activity per se is
an important tool that can be utilised to aid in prevention and support the manage-
ment of sarcopenia. To yield the greatest health benefits, a combination of aerobic
and resistance exercise should be promoted. Additional, benefits in the prevention
and management of sarcopenia may be observed from the parallel reduction in sed-
entary time. Future research taking a holistic approach where combined aerobic and
resistance exercise interventions and sedentary behaviour reduction techniques are
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simultaneously employed are warranted, such an intervention may produce greater
benefits than those observed to date.
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Ailsa A. Welch and Richard P. G. Hayhoe

13.1 Introduction

Sarcopenia is associated with the conditions of frailty, falls, osteoporosis and risk of
fracture, as well as with malnutrition [1-3]. In addition, there are metabolic conse-
quences of loss of skeletal muscle mass during aging which include reduced energy
expenditure, which affects obesity as well as glucose dysregulation, effects of gly-
caemic control and the onset of type-2 diabetes [1, 4]. The loss of, and changes to,
skeletal muscle mass with aging also contribute to age-associated reduction in utili-
sation of dietary protein and fat [1].

In this chapter, the term ‘sarcopenic factors’ refers to the loss of skeletal muscle
strength or function or loss or changes in skeletal muscle mass or combinations of
these. The term ‘fat free mass’ (FFM) is used, since FFM is often measured and
used as a proxy for skeletal muscle mass (SMM). Since FFM increases both with
increased body weight and size, measurements of FFM in human studies are scaled
for body size by height (skeletal muscle mass index—SMI), percentage of total
body weight or Body Mass Index (BMI) (FFM/gy;, FFM divided by BMI).

Nutrition is a modifiable lifestyle factor that can interact with the mechanisms of
loss of skeletal muscle mass and function, as well as with the mechanisms of aging,
and previous research has focused on a number of nutrients that are relevant for
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skeletal muscle physiology and metabolism. However, the major focus to date has
been on protein intake. Lesser focus has been centred on the micronutrient vitamins
and minerals, and on intake of fats and fatty acids. There have also been some recent
studies examining the relevance of patterns of dietary intake. The relevance of
dietary patterns may be due to the individual nutrients such as protein or the micro-
nutrients which are associated with the optimal dietary patterns as well as to the
synergistic effects of these nutrients and the foods within these dietary patterns.

This chapter covers the foods, nutrients and dietary patterns that have been linked
to either prevention or treatment of sarcopenia and suggests areas for future research
in relation to aspects of nutrition and prevention of sarcopenia.

13.2 Nitrogen Balance and Exogenous Antioxidants

Maintaining the balance between the continuous anabolism and catabolism of pro-
tein occurring in the body and thus ensuring nitrogen balance does not become
negative are crucial for conserving skeletal muscle during aging [1, 5-8]. Thus,
factors that interfere with this process such as inflammaging and insulin resistance
have an adverse impact on nitrogen balance. There is also an increase in anabolic
resistance, i.e. lower myofibrillar synthesis of protein, during aging.

A number of micronutrient vitamins or minerals are known to act as exogenous
antioxidants or help counteract the increased circulating concentrations of inflam-
matory cytokines associated with aging, and thus may be beneficial to muscle health
and prevention of sarcopenia. These include vitamins C, E, and D, the carotenoids
and the minerals, magnesium, selenium and zinc, but there is also evidence for spe-
cific dietary patterns being relevant. Specific relationships between the mechanisms
of aging with nutrients and patterns of dietary intake are described in the following
sections.

13.2.1 Important Dietary Factors

13.2.1.1 Protein
Skeletal muscle is the main reserve of protein in the body, and protein is required to
maintain this reserve of protein in the muscle through protein synthesis. It is thus
logical that there has been extensive research into the relevance of protein intake to
conservation and prevention of sarcopenia during aging [2, 3, 5, 6, 9]. As the rele-
vance of protein to maintenance of sarcopenic factors and prevention of sarcopenia
during aging has been studied extensively a summary of the importance of protein
as well, as the most recent developments in this area of research are covered in this
chapter. Readers may refer to the earlier work in the following publications [2, 3,
5,6,9].

A recent review of nutritional interventions to improve sarcopenic factors and
sarcopenia found that the evidence was generally not of high quality and was insuf-
ficient to establish with any certainty the effects of supplementation with protein,
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essential amino acids or creatine, or 3-hydroxy-B-methylbutyrate [10]. The authors
determined that the level of evidence supporting most recommendations was low to
moderate, but that the best evidence related to the amino acid leucine which has a
significant effect on muscle mass in older people with sarcopenia. However, the
review also recommended that increases in protein intake designed to increase mus-
cle mass and strength should be accompanied by resistance exercise programmes
[10]. By contrast, another systematic review found that protein does not augment
the effects of resistance exercise on skeletal muscle mass and function in older
people [11]. However, most recent research and clinical recommendations have
noted that reducing the decline in sarcopenic factors during aging requires that the
increase in intake of protein should accompanied by resistance exercise [9, 12—15].
This is because an increase in physical activity synergises with increased protein
intake to affect regulation of protein synthesis.

Variability in Response to Interventions with Dietary Protein

The limited effectiveness of interventions with protein in older people and the vari-
ability in response to interventions with dietary protein may be due to a number of
reasons including the anabolic resistance that occurs during aging [5, 15]. Recent
research studied the effect of protein supplementation on muscle disuse in young
men and found substantial declines in muscle mass and myofibrillar protein synthe-
sis rates during inactivity [16]. The authors also found that the high intake of protein
used in their intervention, 1.6 g/kg body weight per day, did not attenuate the
decreases in quadriceps muscle volume that occurred during inactivity when com-
pared with the control interventions with low, or no, protein intake; the control
groups received either 0.5 g or 0.15 g/kg/day, respectively [9, 16]. Therefore,
increased protein intake did not counteract the reduced myofibrillar protein synthe-
sis rates that occurred during inactivity, even in young men. Other recent work has
also demonstrated that the incorporation of amino acids such as leucine into skeletal
muscle, during muscle protein synthesis, occurs only for a period of 2-3 h in a
rested state. This is known as the muscle full phenomenon which means that muscle
becomes unresponsive to higher doses of protein intake after a short period follow-
ing protein consumption [13]. This phenomenon may also explain the limited effec-
tiveness of increases in protein intake that are designed to overcome the anabolic
resistance to protein synthesis in muscle during older age.

Other factors such as sex and race potentially also influence the effectiveness of
protein intake in interventions to improve sarcopenic factors during aging. Recent
research found that associations between protein intake and sarcopenic factors dif-
fered according to sex and race, in a longitudinal study [17].

Some of the variability in response to interventions with protein may also be due
to the type of protein used since protein from animal sources such as meat or dairy
foods is more biologically available than protein from vegetable sources such as
pulses (beans and lentils) and vegetables [18]. Animal sources of protein have a
profile of amino acids that is higher in indispensable amino acids, including the
branch chain amino acids that stimulate the production of mTOR that is required to
increase the synthesis of protein [7]. However, a recent population study, The
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NU-AGE Study, found an interaction between plant and animal protein intakes on
the risk of sarcopenia [19]. Though the risk of sarcopenia decreased with increased
intakes of total protein, this decrease was greater when intakes of vegetable protein
were also higher [19].

A number of the dietary interventions with protein-containing foods have
found variability in sarcopenic outcomes which may be due to not only the pro-
tein composition of the foods that were administered but also to the associated
nutrients in the foods. For instance, one intervention in an Australian population
that was accompanied by resistance exercise training found positive effects of a
red meat intervention on lean muscle mass in women when compared with a
control group [20]. However, the increase in protein intake in the group provided
with red meat was also accompanied by a significant increase in intake of zinc
which may also have increased the effectiveness of the intervention. In a further
study of similar design, which also included men, no significant effect of
increased intake of meat was found. However, a similar increase in zinc intake
occurred during the study that was also associated with the group with increased
meat intake [21].

Finally, variation in the interaction between protein intake and the composition
of the microbiome in the gut may occur. Thus, it has been hypothesised that the gut
microbiome may modulate individual response to dietary protein and thus have
effects on sarcopenia and sarcopenic factors [22, 23].

Intake of Dietary Amino Acids

To date, there is little data on intakes of amino acids in general populations of mid-
dle and older age who are at risk of sarcopenia. In recent unpublished research, we
investigated the full range of amino acids in the diet and contributors to sarcopenia,
skeletal muscle mass and function and found a number of differences in the associa-
tions between individual amino acids and sarcopenic factors in both younger and
older women in the UK-Twin cohort.

Current Clinical Recommendations for Protein Intake

Current recommendations regarding protein intake during aging include increasing
total protein intakes, between 1.0 g and 1.5 g protein per kg body weight per day, for
individuals older than 65 years [5]. However, other reviews and dietary recommen-
dations do not recommend intakes higher than 1.0 g protein/kg/day in older age
groups [24]. It has also been suggested that ensuring protein intake balanced across
meal occasions is important in older people, to ensure maximal utilisation of protein
and muscle protein synthesis [5, 14].

In summary, adequate protein is undoubtably important for the maintenance of
skeletal muscle function and structure during aging, but to date the evidence is
mixed for the effectiveness of dietary interventions with protein to rectify or prevent
sarcopenia. Accompanying increases in protein intake with sufficient micronutrient
vitamins and minerals or as part of improvements in overall dietary intakes may be
important in the prevention and treatment of sarcopenia, as described in the follow-
ing sections.
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13.2.1.2 The B Group Vitamins

The B vitamins are a diverse group of vitamins with important biological functions.
Several of the B vitamins are highly relevant to muscle, acting as cofactors in pro-
cesses involved in muscle synthesis and as neurotrophic agents that maintain neural
integrity and function [25, 26]. In addition, deficiencies of a number of B vitamins
result in neuromuscular problems (e.g. beri beri) and neurological symptoms (e.g.
pellagra). So, maintenance of vitamin B status may be important for prevention of
sarcopenia. However, very few studies have investigated relationships between
dietary intake of B vitamins and circulating blood concentrations [25]. One study in
the Netherlands found associations between dietary folate, vitamin Bg, and B,
intakes and physical function in older adults in the Netherlands [27]. Another study,
in adults older than 65 years, found lower intakes of vitamin B4 and folic acid in
adults with sarcopenia compared with those without [28]. Two further studies found
that lower intakes and concentrations of circulating vitamin B, were associated
with low SMI, sarcopenia or dynapenia [29, 30]. Lastly, in unpublished work from
our group, using the Twins UK Study of adult women aged 18-79 years, significant
positive associations were evident in multivariable models between dietary B vita-
min intakes (niacin, folate, pantothenate, riboflavin, thiamine and B¢) and measures
of fat-free mass. Similarly, positive trends were observed across niacin, folate, pan-
tothenate, riboflavin and thiamine dietary intakes and leg explosive power (mea-
sured using a Nottingham Power Rig). Therefore, although more research is
required, the current evidence suggests that dietary intake of B vitamins is impor-
tant for both skeletal muscle mass and function.

13.2.1.3 VitaminC

Vitamin C has several mechanistic functions relevant to skeletal muscle metabolism
and physiology, which could prevent age-related loss of skeletal muscle. Vitamin C
in muscle is involved in synthesis of carnitine, an important factor involved in
energy production, and collagen, an essential structural component of muscle [31,
32]. It also has a strong capability to act as an electron donor. Reactive oxygen spe-
cies (ROS) are produced during normal oxidative metabolism in muscle, but capa-
ble of cellular damage if uncontrolled [33]. Under normal physiological conditions,
the presence of ROS is controlled by antioxidant and enzymatic defence systems
including superoxide dismutase and glutathione peroxidase as well as antioxidants
from the diet [33, 34]. Age-related increases in ROS due to mitochondrial dysfunc-
tion, modification to enzymatic defences and changes to muscle fibres may lead to
cellular damage in muscle, as does the age-related increase in circulating concentra-
tions of inflammatory cytokines [33, 35]. If in sufficient supply, the antioxidant
capacity of vitamin C may therefore help to reduce oxidative damage to muscle, as
well as reducing potentially damaging concentrations of inflammatory cytokines in
the circulation [35]. In previous observational studies, positive associations between
dietary vitamin C and measures of skeletal muscle function were found in the Italian
InCHIANTT Study, and for women only in the UK [36-39]. One study examined
both FFM and muscle function with intake as well as circulating vitamin C, finding
positive associations between measures of physical function but not FFM [38]. A
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further study found intake of vitamin C was associated with FFM after 2.6 years of
follow up [36]. More recent observational evidence in women of all ages found that
higher intakes of vitamin C were associated with significantly higher indices of
FFM and leg explosive power [40]. The differences between the highest intakes in
quintile 5 versus those in quintile 1 ranged between 2.0% and 12.8% (P <0.01-0.02)
[40]. Further observational study evidence shows positive associations of both
dietary and circulating vitamin C with measures of skeletal muscle mass in middle-
and older-aged men and women [41]. Overall, the evidence thus points towards
potential protective effects of vitamin C on measures of skeletal muscle mass and
function.

13.2.1.4 VitaminD

Vitamin D may be protective for development of sarcopenia through a number of
direct or indirect mechanisms [7]. Receptors for vitamin D are found in skeletal
muscle, but discussion is still ongoing as to the importance of this and the relevance
to aging, such as whether levels or expression of these receptors decline during
aging and whether they are important for the morphological changes that affect both
skeletal muscle mass and function during aging [42]. Known roles of vitamin D are
participation in myogenesis, cell proliferation, differentiation and regulation of cell
signalling cascades, as well as signalling for potential genomic targets [43]. The
functional effects of vitamin D in muscle may be through calcium and phosphate
handling and signalling, particularly in relation to muscle strength and contraction
[42]. Deficiency of vitamin D leads to muscle weakness which is one of the symp-
toms found in rickets in children, as well as in adults, where it is accompanied by
muscle pain, in the condition of osteomalacia [42].

A recent systematic review summarised the evidence for supplementation of
vitamin D in community-dwelling older adults aged 65 years and older in relation
effects on muscle strength and function [44]. Studies included were those testing
supplementation with vitamin D alone, or alongside calcium supplementation. Of
the 15 studies included in the review, the majority found no improvement in muscle
strength and mobility after administration of vitamin D with or without calcium
supplements. In the meta-analyses performed, non-significant changes in hand-grip
strength were found in the seven studies analysed and a small, but significant,
increase in the timed-up and-go test of 0.3 s (95% CI = 0.1-0.5 s) in five studies.
However, there was a high degree of heterogeneity between the studies. The overall
conclusion was supplementation with vitamin D or with calcium did not result in
improvements in skeletal muscle function [44]. A more recent intervention study
with vitamin D in men aged 60 years and over, with low concentrations of circulat-
ing vitamin D, found no effect on lower extremity power, strength or lean mass over
a period of 12 months of supplementation [45]. Further recent intervention studies,
over shorter periods of 3—6 months, found either effects on appendicular skeletal
muscle mass, but not grip strength [46], or improvements in skeletal muscle mass,
but not strength.

There is also limited evidence that co-administration of vitamin D alongside the
amino acid leucine is more likely to improve the efficacy of leucine supplementation
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on skeletal muscle mass [47]. It is clear from the existing evidence that vitamin D
plays a role in maintenance of skeletal muscle mass strength or function, but in
older populations the effects of supplementation on sarcopenic outcomes are mixed.
Differences in the findings of intervention trials with vitamin D may be due to initial
concentrations of circulating vitamin D, as well as to dosages used in the interven-
tions, the age of the intervention groups and duration of the studies.

13.2.1.5 VitaminE

Vitamin E, like vitamin C, has the potential to act as an antioxidant, preventing
build-up of free radicals in cell membranes and in plasma lipoproteins. Vitamin E
consists of two classes of molecules, tocopherols and tocotrienols, which are cate-
gorised according to the saturation of their phytyl tail groups. Observational data of
individuals 65 years or over has shown a positive association between plasma alpha-
tocopherol concentration and knee extension strength and physical performance,
and between gamma-tocopherol and physical performance [48, 49]. In addition, low
circulating vitamin E concentrations have been identified in frail individuals, com-
pared to non-frail individuals, suggesting a lack of vitamin E may be linked to the
transition from non-frail to frail [50]. Other cross-sectional analyses, of data from
women aged 18—79 years in the Twins UK cohort, found that higher intake of vita-
min E was associated with higher indices of skeletal muscle mass, but not function
[40]. Further work in the EPIC-Norfolk study has found potentially protective asso-
ciations in fat-free mass with higher intakes of dietary vitamin E or circulating con-
centrations of a-tocopherol [51].

The observational data are supported by mechanistic evidence from a number of
animal studies, which demonstrate the role of vitamin E as an antioxidant and anti-
inflammatory agent. This includes evidence that: in a rat model, vitamin E prevents
increased nuclear translocation of NF-kB, increased expression of chemokines and
the resultant leukocyte infiltration associated with H,O,-induced oxidative stress
[52]; and in a mouse model, vitamin E reduces lipopolysaccharide (LPS)-induced
inflammation by modulating the LPS-induced, and NF-kB mediated, upregulation
of IL-6 gene and protein expression [53].

13.2.1.6 Carotenoids

The carotenoid family of phytochemical vitamins is found in yellow, orange and
green leafy fruits and vegetables and includes f-carotene, pB-cryptoxanthin, lyco-
pene, lutein and zeaxthanin. These carotenoids function as exogenous antioxidants
and anti-inflammatory agents thus interacting with the mechanisms of mus-
cle aging.

Relatively few studies have investigated the relevance of total carotene, carot-
enoid intakes, or circulating concentrations, in relation to sarcopenia and sarcopenic
factors. Two studies from a UK cohort found positive associations between higher
intakes of carotene on grip strength or physical activity, with the latter finding of
associations only in women [37, 39]. Several studies also found protective associa-
tions with higher circulating concentrations of p-carotene and indices of knee
strength or function, or rate of decline in walking speed [49, 51-57].
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Few studies have investigated associations with more detailed dietary intakes of
the individual carotenoids and sarcopenic factors. In the UK Twin cohort, we found
that higher intakes of total and individual carotenoids were significantly associated
with indices of FFM and leg explosive power with differences across quintiles of
between 1.0 and 7.5% [41]. The strongest associations for indices of FFM were
found with a-carotene intake (Q5-Q1 0.24 kg/m 2 + 0.1 P-trend = 0.03), a 1.6%
difference across quintiles. Significant associations were also found with FFM% for
B-cryptoxthanin and with FFM% and FFMgy; for lutein and zeaxthanin, with inter-
quintle differences ranging from 1.1 to 7.2% [40]. LEP was associated significantly
with carotenoid intakes, with the exception of a-carotene, with differences in LEP
ranging from 6.3 to 7.5% when comparing extreme quintiles of carotenoid intakes
[40]. A previous study found that dietary carotenoid intake as total carotene,
B-cryptoxthanin, and combined lutein and zeaxanthin was positively associated
with FFM, expressed as percentage body weight, in both men and women, with
lycopene associated only in women [58]. The greatest association was found for
combined lutein and zeaxanthin in women with an interquintile difference of 2.5%.
A more recent longitudinal analysis from the Framingham cohort study also found
protective effects with higher intakes of total carotenoids, lycopene and combined
Iutein and zeathanin with annualised change in grip strength or faster gait speed,
over a period of follow up which ranged from 4.5 to 15.4 years [59]. However, rep-
lication of the analyses in the Cardiovascular Heart Study found no associations
between total carotenoid intake and either grip strength or gait speed [59]. The
research findings, though limited, indicate that future intervention studies with
carotenoid containing foods are warranted.

13.2.1.7 Minerals: Magnesium

Skeletal muscle acts as a major store of magnesium where it is important for energy
metabolism, protein synthesis and turnover, transmembrane transport and muscle
contraction and relaxation [60, 61]. Magnesium is also integral to function of the
mitochondria thus influencing muscle performance through energy metabolism
(ATP generation).

A number of observational studies have shown dietary magnesium intake, serum
magnesium or muscle magnesium concentrations are positively associated with
measures of skeletal muscle mass [62, 63] and function [64]. Magnesium supple-
mentation has also been shown to increase the muscle strength in young adults
gained through exercise [65] and improve physical performance in older individuals
[66]. Lower magnesium intake has also been associated with sarcopenia [28, 29].
However, the mechanisms by which magnesium may be acting in muscle are not
fully understood. Cell culture and animal studies have demonstrated that magne-
sium depletion can cause structural damage to muscle cells due to oxidative stress
and disrupted calcium homeostasis [67]. It has also been suggested that magnesium
protects against inflammaging, a known risk factor for sarcopenia [7]. Indeed, cir-
culating concentrations of inflammatory cytokines, including C-reactive protein
(CRP), IL-6 and TNF-a, have been negatively associated with skeletal muscle mea-
sures of both mass and function in a number of studies [64, 68-70]. Systematic
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review evidence also indicates that dietary magnesium intake is inversely associated
with serum CRP concentration [71]. Furthermore, it is relevant that age-related
physiological decline in function of the gastrointestinal and renal systems may lead
to an increased susceptibility of older individuals to develop low magnesium sta-
tus [72].

13.2.1.8 Minerals and Trace Elements: Calcium, Iron, Potassium,
Phosphorus, Selenium and Zinc

Although a number of minerals and trace elements, such as selenium, zinc, potas-
sium, iron and phosphorus, play roles in muscle metabolism and function, com-
paratively little research has focused on this area [7, 73]. The minerals calcium,
potassium, and sodium are necessary for healthy muscle and nerve activity.
Calcium is the main regulatory signalling molecule for skeletal muscle fibres.
Also, low iron blood serum concentrations may be associated with poor physical
performance. Phosphorus can lead to muscle weakness, and selenium deficiency
is associated with several muscular diseases that also include symptoms of weak-
ness. Both selenium and zinc potentially play a role in protecting skeletal muscle
from oxidative damage, and zinc is also integral to protein synthesis, and in ani-
mal studies, zinc deficiency has been shown to impaired protein synthesis in skel-
etal muscle [74].

One observational study in older people found that higher iron, phosphorus and
zinc intakes were associated with conservation of lean mass over a period of
2.6 years, indicating a potential role for minerals in sarcopenic factors or prevention
of sarcopenia [36]. A more recent systematic review identified only six studies
investigating the role of minerals on prevention or treatment of sarcopenia in indi-
viduals, aged 65 years or over [73]. Evidence was provided mainly from observa-
tional studies, finding that serum selenium and calcium intakes were significantly
associated with muscle mass, and selenium, iron, and zinc intakes were significantly
and positively associated with physical performance in older adults [73]. Also, sele-
nium, calcium and phosphorus intakes were associated with the prevalence of sar-
copenia [74]. Although the majority of studies in this review reported on dietary
intakes only, a study of community-dwelling older individuals that measured sele-
nium in the serum of participants found that those in the lowest tertile of circulating
selenium concentrations were at an increased risk of low skeletal muscle mass [75].
Also, an earlier study in men and women, which was not included in the review,
found those individuals in the lowest quartile of circulating selenium concentration
had lower measures of grip, knee and hip strength [76].

As comparatively little research has involved the relevance of minerals and trace
elements to skeletal muscle health and sarcopenia, further research is needed to
improve our knowledge and understanding in this area.

13.2.1.9 Fatty Acids

Dietary sources of fat exist as a combination of different classes of fatty acid. Thus,
dietary fat intake may vary significantly between individuals with regard to both
total consumption and the ratios of different fatty acids including saturated (SFA),
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monounsaturated (MUFA), polyunsaturated (PUFA) and trans (TFA) fatty acids
[77, 78].

There are several aspects to the rationale for dietary fat being important to mus-
cle health. During aerobic exercise, fatty acids provide energy by acting as a critical
substrate for production of ATP [79]. Phospholipid fatty acids also act as key struc-
tural components of muscle cell membranes (sarcolemma), and incorporation of
different types of fatty acids may influence cellular signalling and function [80].
Fatty acids may also affect inflammatory pathways, which could have consequences
on muscle. Indeed, in general terms, it is though that higher SFA and total fat intakes
are associated with higher risk of inflammation, while other fatty acids, including
n-3 PUFA, are associated with anti-inflammatory properties and protein synthe-
sis [81].

A number of observational studies have suggested a role for fatty acids and their
dietary profiles and measures of skeletal muscle mass or sarcopenia. In an analysis
of Twins UK data, positive associations were evident between the PUFA to SFA
ratio and indices of FFM, and negative associations were evident with the propor-
tion of energy from fat in the diet, and SFA, MUFA and TFA, individually as a
percentage of total dietary energy [82]. There is also some suggestion that a higher
omega-3: omega-6 ratio is desirable as omega-3 fatty acids may provide protective
effects for muscle, while omega-6 has pro-inflammatory effects which result in
adverse effects. However, a recent systematic review showed no significant effects
of total PUFA or specific omega-3 or omega-6 fatty acids on indices of skeletal
muscle mass [83]. In conclusion therefore, there is rationale for the importance of
different profiles of fatty acid in the diet, with ratios of different fatty acids relevant
to measures of muscle health and sarcopenic risk factors. However, further investi-
gation is required before definitive conclusions can be made, and recommendations
given to optimise fatty acid intakes for muscle health.

13.2.2 Dietary Patterns

Most previous research has studied associations between individual components of
the diet and musculoskeletal health, but it is likely that the balance of dietary com-
ponents is also important. Indeed, we consume nutrients in combinations in food,
and thus there may be synergistic and cumulative effects of different dietary compo-
nents including protein and micronutrients on health and disease which might not
be seen by examining the effects of nutrients or foods individually.

The Mediterranean diet (MD) pattern is characterised by high intakes of fruits
and vegetables, legumes, nuts, cereals and olive oil with low intakes of saturated fat,
moderately high intakes of fish, low to moderate intakes of dairy products, low
intake of meat and regular but moderate intake of alcohol [84]. This micronutrient
rich diet is associated with a number of favourable health outcomes, including over-
all mortality and protective effects on cardiovascular disease, hypertension and can-
cer [85, 86]. Comparatively few studies have explored the relationship between the
MD and sarcopenia or sarcopenic factors [87]. In terms of muscle health and
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relevance to sarcopenia, observational studies, including data from the Twins UK
study of adult women, have demonstrated that higher adherence to the MD is asso-
ciated with higher measures of fat-free mass, and leg explosive power [88]. Likewise
in the EPIC-Norfolk cohort, higher adherence to a Mediterranean diet was associ-
ated with significantly higher indices of FFM [89].

Potential Renal Acid Load (PRAL) is a means to quantify acid-base load of the
diet as well as the effect of diet on systemic acid-base balance. A more alkalino-
genic load, low PRAL, is considered protective. Fruits and vegetables have a low
PRAL and tend to promote systemic alkalinity due to the bicarbonate present, while
hepatic oxidation of the sulphur-containing amino acids, cysteine and methionine
found in meats, grains and cheeses generates hydrogen ions and thus has the oppo-
site effect [90].

Metabolic acidosis may be detrimental to skeletal muscle by decreasing protein
synthesis and increasing proteolysis and oxidation of amino acids, through actions
of the ubiquitin proteasome pathway and insulin-like growth factor-1 signalling
[91]. It has been associated with muscle wasting in patients with chronic renal fail-
ure [92], and in acidotic obese individuals undergoing very low calorie diets for
weight loss [93, 94]. While this process is a useful adaptive response to acidosis
resulting in release of amino acids in the blood as a substrate for synthesis of gluta-
mine and in turn ammonia, which helps mop up excess hydrogen ions for excretion
as ammonium ions and thus reduce the acidosis [95], it does nevertheless occur to
the detriment of muscle. A number of population studies have therefore investigated
PRAL in relation to muscle health in young and old individuals [96, 97]. For exam-
ple, evidence from the Twins UK study in women [97] aged 18-79 years showed a
positive association between a more alkaline diet and muscle mass indexes, and this
association was also evident in the middle- to older aged men and women in the
EPIC-Norfolk cohort [98].

13.3 Summary, Recommendations, and Guidelines

To date, published observational studies, both cross-sectional and longitudinal in
design, have demonstrated significant relationships between specific dietary factors
and dietary patterns with muscle measures of mass and function, and thus sarcope-
nic risk factors. They have also highlighted a number of differences in these rela-
tionships according to sex. The major evidence for micronutrients that may be
relevant during muscle aging involves vitamin C and the mineral magnesium, with
much less evidence available for the carotenoids, vitamin E, and other minerals and
trace elements including iron, selenium, calcium and phosphorus. Many of these
findings have not been translated into intervention study designs, but evidence from
observational studies is nevertheless somewhat convincing. There is also a small but
growing body of evidence to suggest that adherence to specific dietary patterns,
including the Mediterranean diet, and diets with a more alkalinogenic, low PRAL,
also has improved muscle measures and thus reduced sarcopenic risk factors. Within
the observational studies for both micronutrients and dietary patterns, there are
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differences between extremes of population intakes of a magnitude that could be
clinically relevant. These suggest that more optimal dietary intakes may have ben-
eficial effects on sarcopenic factors during aging.

Until recently, the impact of nutrition on muscle health and sarcopenia has been
largely underestimated. Indeed, efforts to promote or retain muscle mass and
strength and thus reduce the risk of sarcopenia have mainly been focused on a com-
bination of increased protein intake alongside resistance exercise. However, as sum-
marised here, increasing evidence is emerging to show that overall diet quality and
intake of a range of nutrients including vitamins and minerals, not only protein, may
play an important role in muscle health in older people.

Dietary recommendations for older adults in relation to skeletal muscle health
are limited. The current recommendations are summarised in Table 13.1. In making

Table 13.1 Current status of evidence for dietary nutrients and associations with sarcopenia and
skeletal muscle health and a summary of dietary recommendations for older adults

Overall
strength of ~ Recommendation daily
Nutrient in diet evidence intakes Notes
Protein +++ EFSA PRI 0.83 g/kg++ Divide intakes of protein across
0.80-1.0 g/kg +++ meal occasions during the day
1.0-1.2 g/kg ++
Fat, fatty acids  + + Reduce total dietary fat
as a percentage
+ Reduce dietary saturated
fatty acids
+ Improve PUFA:SFA ratio
++ Improve n-3 PUFA
intake
Vitamin D ++ Meet recommendation of ~ May require supplementation of
15 pg/day 10 pg/day
Ensure appropriate exposure to
sun during summer months
Vitamin C + Meet recommendation of ~ *Avoid supplementary doses of
AR F: 80 mg/day, M: >500 mg/day due to potential
90 mg/day prooxidant effects
Carotenoids + N/A
Vitamin E + Meet diet recommendations
B vitamins + Meet diet recommendations
Magnesium ++ Meet recommendations of  Magnesium supplements can
Al of F: 300 mg/day, M: cause gastrointestinal upset.
350 mg/day Interact with calcium
supplementation
Minerals—Ca, + Meet diet recommendations
Fe, P, K, Zn, Se

Strength of evidence: +++ strong evidence ++ moderate evidence + emerging evidence. N/A not
available, AR average requirement, PRI population reference intake, A/ average intake

“Evidence for effectiveness of single doses of micronutrients is lacking. Supra-physiological doses
should be avoided

Dietary recommenations taken from the EFSA Dietary Reference Values for nutrients Summary
report European Food Safety Authority (EFSA) update 2019. https://doi.org/10.2903/sp.efsa.2017.
el5121. https://www.efsa.europa.eu/en/supporting/pub/e15121
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recommendations for intakes of specific nutrients for muscle health, it is important
to consider that current dietary recommendations and clinical deficiency or suffi-
ciency criteria have not been generated using muscle health outcomes. The current
published recommended nutrient intakes or the body composition criteria utilised to
derive dietary recommendations may therefore not be directly relevant to maintain-
ing or improving muscle health. Indeed, it may be necessary to achieve higher
intakes for optimal muscle health than might be predicted using other health out-
comes, and further investigation will be required to determine this in the future.
With this caveat, it is nevertheless reasonable to deduce from the current evidence
that individuals should, in conjunction with an active lifestyle, aim to consume suf-
ficient fruits and vegetables, and protein, and to limit their saturated fat intake, for
muscle health in later life.
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14.1 Introduction

Sarcopenia is the age-related decline in muscle mass and strength and is associated
with increased risk of adverse health outcomes including falls, morbidity, loss of
independence, disability and mortality [1, 2].

The cause of sarcopenia is multifactorial, including alteration in the composition
of muscle fibres, neurological factors related to the loss of motor neurons occurring
with ageing, endocrine alterations resulting from the decrease of hormone levels
and nutritional and lifestyle changes related to the adoption of sedentary hab-
its [3, 4].

Starting from the fifth decade of life, muscle mass declines approximately 0.8%
per year [5]. From the sixth decade of life, gradual loss in skeletal muscle mass and
strength is estimated to be around 2% per year [6]. Other studies report a reduction
in lean muscle mass by 3—-8% per decade starting at age 30 [7, 8].

Lifestyle interventions (i.e. physical activity and nutrition) have proven to have
significant impact in improving this condition [2, 9]. However, many of those with
sarcopenia are unable to exercise or unable to maintain a healthy nutritional status.
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Despite important efforts to find effective drugs to address this condition, to date
there are no official US Food and Drug Administration (FDA) or European
Medicines Agency (EMA) approved drugs for the treatment of sarcopenia [10].

In this chapter, we review the implications of drugs developed with the aim of
preventing, slowing progression, reversing sarcopenia, and increasing muscular
outcomes in older adults.

14.2 Myostatin/Activin Pathway Antagonism
14.2.1 Myostatin Inhibitors

Myostatin, also known as growth differentiation factor-8 (GDFS8), is a member of
the transforming growth factor-f (TGF-f) family expressed in skeletal muscle. It
inhibits myogenesis and activates protein degradation by interacting with several
pathways of muscle cell growth and differentiation [11-14]. With ageing, the
expression of myostatin within the muscle increases, leading to progressive muscle
athrophy [12].

Myostatin forms tetrameric complexes through the binding of the receptor com-
plex activin type 2B (ACVR2B) and activin-like kinase 4 (ALK4) which allows the
phosphorylation of the serine and threonine residues of type 1 receptors through
the kinase activity of type 2 receptors, with consequent activation of the transcrip-
tion factors SMAD2 and SMAD3 that eventually downregulates genes involved in
myogenic differentiation such as MyoD, myogenin, myf5 [8, 12] and MRF4/
Myf6 [15].

Also, ageing itself is associated with an alteration in the differentiating capacity
of satellite cells and with a reduced number of differentiating cells. The blockage of
the myostatin pathway could therefore overcome this age-related modification and
increase the rate of satellite cell differentiation into myo-tubes.

Furthermore myostatin, through the suppression of the Akt/mTOR axis, is
involved in the direct activation of transcriptional factor FOXO which is connected
to the expression of muscle-1 ring-finger protein-1 (MuRF-1) and other transcrip-
tional factors in the ubiquitin-proteasome and autophagy pathways [8, 16].

The role of myostatin was primarily evaluated when mutations of the myostatin
gene were found to be associated with muscle hypertrophy in children [17, 18].
Theoretically, agents targeting the myostatin pathway may be useful in increasing
muscle mass and have been studied in order to find a molecular target that could
play a significant role in age-related sarcopenia.

In murine ageing models, antibody directed against myostatin significantly
improved muscle mass, fibre size and function [11, 19]. In middle-aged mice, antag-
onizing myostatin enhanced muscle tissue regeneration [20]. Recombinant human
antibody, follistatin (a myostatin binding protein) or myostatin-antagonists such as
trichostatin-A, also offers potential for treatment of sarcopenia [21].

There have been no in-human trials testing the efficacy of myostatin inhibitors
for sarcopenia. Nevertheless, the first trial of myostatin inhibitors concerned
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muscular dystrophy patients and assessed efficacy of stamulumab (MYO-029), a
recombinant human antibody. Stamulumab neutralizes the activity of myostatin
protein by preventing myostatin from binding to ACVR2B [22]. MYO-29 has been
tested in phase 2 trials for muscular dystrophy, and preliminary results have shown
a good safety and tolerability profile [22]. However, it has been reported that muscle
tissue may be more susceptible to muscle and tendon injuries in mice with myo-
statin deficiency [17].

In the last 10 years, two phase 2 randomized control trials have investigated the
safety and efficacy of landogrozumab (LY-2495655), a humanized monoclonal anti-
body which neutralizes activity of the myostatin protein. The first study, in 400
adults aged >50 years who had undergone elective total hip surgery for osteoarthri-
tis, found that subcutaneous injections of landogrozumab demonstrated a dose-
dependent increase in appendicular lean body mass and decrease in fat mass in the
intervention versus placebo group [23].

The second evaluated whether LY-2495655 increased appendicular lean body
mass and physical performance in older fallers with low muscle strength. Participants
aged 75 years or older were randomized to receive a subcutaneous injection of
315 mg of landogrozumab or placebo. A significant increase in lean mass and a
trend of improvement of functional measures was found in the intervention as com-
pared to placebo group [24]. Other phase 2 clinical trials of LY-2495655 in patients
with sarcopenia are currently under review [10].

Another phase 2 trial determined the efficacy of trevogrumab (REGN1033),
another myostatin antibody. The trial evaluated whether REGN1033 could be safe
and effective in increasing muscle mass and function in patients affected by sarco-
penia. Definitive results and evaluations have not been published yet [10, 25].

Development of a fusion protein of activin receptor type 2B and IgG1-Fc, rama-
tercept (ACE-031), for the treatment of muscular dystrophy, was discontinued due
to safety concerns including minor nosebleeds, gum bleeding and small dilated
blood vessels within the skin [13, 26].

Recently, a newer form of ACE-031 called ACE-083 has been designed for
facioscapulohumeral muscular dystrophy (FSHD) and Charcot-Marie-Tooth (CMT)
disease based on a modified form of human follistatin [13].

ACE-083 is a recombinant fusion protein consisting of a modified form of human
follistatin linked to the human immunoglobulin G2 Fc domain [27].

Inhibition of the myostatin pathway with follistatin may have potential therapeu-
tic benefits on skeletal muscle. Follistatin inhibits muscle growth signalling by
binding activins A and B and myostatin, inducing muscle hypertrophy through sat-
ellite cell proliferation [27-29].

The results of a phase 1 clinical trial assessing safety and efficacy of a local
injection of ACE-083 to the rectus femoris or tibialis anterior muscles in healthy
postmenopausal women reported an increase in muscle volume directly related to
an increase in the dose. However, no significant changes in muscle strength were
noticed [30]. Phase 2 clinical trials are ongoing in patients with FSHD and CMT
[10, 31].
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14.2.2 Activin Inhibitors

Other potential targets are activin receptors.

As mentioned, myostatin acts as a negative regulator of muscle mass via the
activin receptor type 2B (ACVR2B). ACVR2B binds numerous ligands, including
the activins (activin A, B, C and E), GDF11, bone morphogenetic protein 9
(BMP9) and BMP10, suggesting the presence of additional negative regulators of
muscle hypertrophy and more intricated mechanism in the development of sarco-
penia [32].

Monoclonal antibodies have been produced with the aim of blocking this signal-
ling pathway.

Bimagrumab (BYM-338) is a human monoclonal antibody that binds activin
receptors ACVR2A and ACVR2B and prevents the binding of its ligands that usu-
ally act as inhibitors of muscle growth and protein anabolism.

By blocking these ligands, BYM-338 promotes differentiation of myoblasts and
prevents the inhibition of differentiation induced by myostatin or activin A.

BYM-338 has been evaluated as a therapy for sporadic inclusion body myositis,
an inflammatory myopathy that is characterized by progressive pathological muscle
weakness and atrophy. BYM-338 also inhibits myostatin- or activin A-induced atro-
phy, thus sparing the myosin heavy chain from degradation.

Bimagrumab significantly increased skeletal muscle mass in mice, beyond the
sole inhibition of myostatin [33].

The effect of a 24-week treatment with 30 mg/kg intravenous BYM-338 was
evaluated in a randomized control study of community-dwelling adults aged 65 and
older with sarcopenia and mobility limitations. It was safe and well tolerated by
older adults [34]. After the first of two doses, patients showed an increase in out-
comes including thigh muscle volume, lean body mass, appendicular lean mass and
reductions in body fat mass as compared to the placebo group. Patients also showed
improvements in mobility and physical function, as assessed by 6-min walk dis-
tance and gait speed.

The same authors evaluated the clinical potential of BYM-338 in the recovery of
skeletal muscle volume from disuse atrophy in healthy young males in a double-
blind, placebo-controlled trial. A full-length cast was placed on all participants on
one of the lower extremities for 2 weeks. After cast removal, subjects were random-
ized to receive a single intravenous dose of either bimagrumab 30 mg/kg or placebo.
Participants who received bimagrumab demonstrated a more rapid recovery of tight
muscle volume [33, 35].

Principal studies addressing the myostatin/activin pathway antagonism are sum-
marized in Table 14.1.
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At time of writing, no other conclusive data have been reported from human studies
[11]. Other monoclonal antibodies have been evaluated in primate and murine mod-
els suggesting that the blockage of the activin signalling pathway, in particular the
blockage of activin A, may more prominently regulate muscle mass in primates than
myostatin [32]. Although there are currently no clear drug candidates to directly
inhibit sarcopenia, the inhibition of myostatin/ACVR2 signalling may improve
muscle mass in patients with muscle wasting syndromes and could represent a
potential therapeutic target for sarcopenia.

14.3 Hormones

The reduction of circulating hormones which occurs with ageing is believed to con-
tribute to changes in muscle mass and function in older individuals [36]. Hormonal
supplementation has therefore been studied as a potential therapeutic option for
sarcopenia [37].

14.3.1 Androgen Supplementation

14.3.1.1 Testosterone
Testosterone is a steroid hormone secreted by the ovarian thecal cells in women and
by the Leydig cells in men.

Higher testosterone levels are associated with higher muscle mass and increased
muscle protein anabolism [36].

Several randomized controlled studies support the relationship between decline
in testosterone levels with age and loss of muscle mass and strength, suggesting a
direct effect of testosterone on muscle mass and strength [38—42].

Testosterone induces muscle fibre hypertrophy and regulates muscle protein syn-
thesis and breakdown. It also appears to increase the number of satellite cells in both
animals and human studies [43, 44]. By modulating the differentiation of mesen-
chymal pluripotent cells, it promotes cellular commitment to the myogenic lineage
and inhibits differentiation into the adipogenic lineage through an androgen
receptor-mediated pathway. Testosterone administration is associated with an
increase in the cross-sectional areas of both type I and II muscle fibers [45, 46].

As well as anabolic effects, testosterone is also purported to exert effects via its
action on motor neurons. Motor neurons have androgen receptors [47]. With ageing,
muscular junctions and fibres suffer from instability or denervation due to loss of
motor neurones, reduction in axonal size and demyelination at the level of the
peripheral nerve with consequent reduction in conduction speed. This process
affects particularly larger motor neurons and its accompanied by a compensational
remodelling of the motor units which increase in size which initially helps main-
taining muscle function to some extent [4, 48], eventually leading to strength loss
and fatigue [4].
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Testosterone may enhance peripheral motor nerve regeneration following injury
by stimulating the production of neuritin-a protein that is involved in the re-
establishment of neuronal connectivity following traumatic damage to the nervous
system [49].

Results from studies assessing testosterone replacement therapy in men are het-
erogenous, with differences among age of participants, level of plasma testosterone
before the treatment and route of administration. Such studies heterogeneity makes
it difficult to draw firm conclusions regarding the effect of testosterone replacing
treatment on disability and physical performance. A meta-analysis performed in
2006, including data from 11 randomized-clinical trials, suggests that testosterone
treatment produces a moderate increase in muscle strength compared to placebo
[50]. A significant positive effect of testosterone supplementation on muscle mass
in older participants was demonstrated by a 2018 umbrella review of systematic
reviews and meta-analyses. However, sarcopenic status of participants was not sys-
temically assessed, and effects on muscle strength and physical performance were
minimal when compared to the effect on muscle mass, especially among men with
low serum levels of testosterone (<200-300 ng/dL) [51].

In frail older men, administration of 50 mg per day of transdermal testosterone
hydro-alcoholic gel for 6 months led to a significant increase in lean body mass and
an increase in knee extensor strength [52]. Moreover, the combination with nutri-
tional supplements or physical exercise enhanced the effects of transdermal supple-
mentation of testosterone improved on muscle mass and function [53-56]. Similarly,
a prospective study demonstrated an increase in upper body strength during resis-
tance exercise alone following testosterone treatment of older patients with low to
normal serum testosterone [57, 58].

Furthermore, testosterone replacement therapy can have possible side effects
that need to be balanced against the potential benefits of treatment. Testosterone is
associated with adverse effects including peripheral oedema, gynecomastia, polycy-
thaemia and sleep apnoea [17]. Perhaps more importantly, there is a correlation
between serum testosterone levels and prostate cancer. In the Baltimore Longitudinal
Study on Ageing involving 781 subjects, likelihood of developing high-risk prostate
cancer in men 65 years or older doubled for every 0.1 unit increase in free testoster-
one level [59]. Furthermore, testosterone was associated with increased risk of car-
diovascular events [60]. In the Testosterone Trials (TTrials), testosterone
supplementation increased the non-calcified plaque volume of coronary artery
assessed with computed tomographic angiography [61]. However, the TTrials found
no significant differences in number of cardiovascular or prostate adverse events
with testosterone supplementation versus placebo [61].

Given current uncertainties, it may be recommended to treat only older men with
repeatedly low serum testosterone levels and symptoms and signs consistent with
androgen deficiency.

14.3.1.2 Selective Androgen Receptor Modulators
Selective androgen receptor modulators (SARMs) are synthetic androgen modula-
tors and potential alternatives to testosterone. By improving tissue selectivity,
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SARMs have a similar anabolic effect as testosterone on muscle tissue, without
many of the undesirable side effects associated with traditional androgen therapies.
They may also offer therapeutic options for androgen use in women.

One study demonstrated that 3 months treatment with a SARM called ostarine
(MK-2866) induced a dose-dependent increase in muscle mass and stair-climbing
power in healthy older adults [62, 63].

Another randomized control study, of 170 women aged >65 years with sarcope-
nia and moderate physical dysfunction, showed how 6 months of treatment with a
SARM (MK-0773), in combination with vitamin D and protein supplementation,
significantly increased lean body mass versus placebo, although no improvement
was observed in muscle strength or physical performances [64].

Although early evidence is promising, future of SARMs for the treatment of
sarcopenia depends on necessary further studies demonstrating safety and efficacy.

14.3.1.3 Dehydroepiandrosterone
Dehydroepiandrosterone (DHEA) is a hormone precursor that is converted to tes-
tosterone/oestrogen hormones at specific target tissues [65].

Animal models have demonstrated that skeletal muscle contains specific enzymes
able of converting circulating DHEA to testosterone and dehydrotestosterone, the
androgen that acts at a steroid receptors’ level. Moreover, DHEA supplementation
increases insulin growth-factor 1 (IGF-1) levels that stimulates the proliferation and
migration of myogenic or muscle precursor cells [66].

Therefore, DHEA supplementation could potentially help enhance muscle mass
and strength in both males and females and could be of particular importance in
older subjects, where almost all of the total androgens are derived from these adre-
nal precursor steroids [67].

Unfortunately, there are few studies evaluating the impact of DHEA supplemen-
tation in older adults, and the effects on muscle mass and function are inconsistent.

In the inChianti study, authors found that circulating DHEA was independently
correlated with muscle strength and calf muscle area in men aged 60-79 years [68].

However, a systematic review of eight studies investigating the effect of DHEA
supplementation on body composition and physical performance in older adults
found inconclusive results concerning muscle strength and physical function in
older adults [67]. Other studies demonstrated that supplementation of DHEA
increased the bone density but had no effects on muscle size, strength or function in
aged men and women [65].

Improvement in strength and function may require a combination of DHEA and
exercise. In a randomized trial of 99 older frail women (mean age 76.6), DHEA
supplementation in combination with exercise improved lower extremity strength
and function [54]. Similarly, another study showed improvement in strength in a
group of healthy older adults from a combination of DHEA supplementation and
high-resistance training [69].

Other researches have suggested that, in ageing adults, the effect of DHEA sup-
plementation should be evaluated over a longer period of time, so that supplementa-
tion with DHEA would result in increased levels of circulating androgen levels as
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compared to young and healthy adults [65]. However, a study investigating the
effects of 6 months of DHEA supplementation in women with adrenal failure found
no effects on muscle and fat mass or bone tissue, with high frequency of docu-
mented side effects [70].

Overall, studies demonstrating safety and efficacy of androgens supplementation
as a pharmacological treatment of sarcopenia are controversial. To this date proba-
bly only SERMs, thanks to reduced adverse effects due to higher tissue selectivity,
may represent an important potential therapy for sarcopenia, but further studies are
required to be able to recommend them as a standard therapy for sarcopenia.

14.3.2 Oestrogens and Phytoestrogens

Oestrogen levels in women are associated with muscle mass and strengths. Hormone
changes after menopause, in association with a more sedentary lifestyle, contribute
to both bone loss and loss of muscle mass and strength [71]. The role of oestrogens
on body composition is uncertain, with studies suggesting they could increase lean
body mass and decrease fat mass and other studies showing no effects [71].

Oestrogen is converted to testosterone mainly by the action of the aromatase,
which converts testosterone to oestradiol and androstenedione to oestrone. As
above, this has a known anabolic effect on muscle protein synthesis.

Moreover, it seems to have a suppressing effect on inflammatory cytokines that
have catabolic effects on skeletal muscle [72].

In postmenopausal women, oestrogen therapy results in a higher myogenic regu-
latory factor gene expression, a greater myogenic response to physical exercise and
a lower muscle damage after maximal eccentric exercise [73]. Oestrogen replace-
ment treatment has been reported to also improve insulin response during physical
activity, possibly activating the anabolic pathway related to insulin secretion [74].

Evidence demonstrating the association between hormonal replacement treat-
ment and muscle mass and muscle strength is controversial.

Some trials showed a significant positive effect of oestrogens on muscle strength
[75-77]; while other randomized controlled trials did not find any significant effect
on muscle mass [78] or strength [79-81]. Despite significant differences in duration
of observation periods and mean age of participants in these trials, overall treatment
with oestrogens demonstrated no significant effects in older women as compared to
younger ones.

These findings, given also the well-documented side effects associated with
these drugs (such as breast cancer, endometrial cancer, ovarian cancer, venous
thromboembolic risk and stroke), are inconclusive, and further research is needed
before recommending oestrogens as treatment for sarcopenia.

In line with oestrogens supplementation, another potential approach to prevent
or treat sarcopenia might be represented by phytoestrogens supplementation.
Phytoestrogens or isoflavones are produced almost exclusively by the members of
the leguminosae family. They have a high affinity for the oestrogen receptor-a,
which is found in muscle, thus having a possible beneficial effect on muscle mass.
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Isoflavone supplements are mainly found in soy products. Isoflavones have lipid-
lowering effect, favour vasodilatation as well as arterial compliance and regulate
fasting glucose and insulin levels, overall contributing to reducing chronic inflam-
mation [82].

An animal study demonstrated that chronic high soy protein diet was effective to
reduce the activation of pathway involved in muscle protein degradation [83].

In humans, results are contrasting. In obese-sarcopenic postmenopausal women,
soy isoflavone supplementation was associated with a significant increase in fat-free
mass [84, 85]. However, a study reported that, in postmenopausal women, 16 weeks
supplementation of soy protein in combination with resistance training did not signifi-
cantly impact on muscle mass as compared to physical exercise alone [86]. Similar
results were found in a more recent study which showed that adding soy protein to
milk resulted in a greater increase in muscle strength but not in muscle gain after
16 weeks of resistance training in healthy postmenopausal women [87]. To this date,
supplementation of phytoestrogens as a treatment for sarcopenia remains inconclusive.

14.3.3 Tibolone

Tibolone is a synthetic steroid with weak estrogenic, progestogenic and androgenic
activity. Tibolone can have an impact on muscle anabolism acting by binding androgen
receptors in muscle fibres and increasing serum-free testosterone, growth hormone and
insulin growth-factor 1 (IGF-1) levels [88]. Tibolone demonstrated also a positive
effect on muscle strength, increasing the plasma levels of nitric oxide that mediates
satellite cell activation, and positively impacting on chronic inflammation [72, 89].

Some studies have documented a significant positive effect of tibolone on muscle
strength [90] and muscle mass [91]. In particular, tibolone seems to increase fat-free
mass and total body water content and reduce fat mass. Positive effects of tibolone
were also shown when used in combination with oestrogens. In contrast, Hanggi
et al. demonstrated that tibolone treatment had no impact on muscle mass [91].
Finally, it is worth mentioning that only a few of the clinical studies on oestrogens
and on tibolone described included older women [80]. Once again, similarly to
androgens supplementation, the available evidence is yet too controversial and
insufficient to be able to systemically recommend oestrogens, phytoestrogens or
tibolone as a standard treatment for sarcopenia.

14.3.4 Growth Hormone

Levels of growth hormone (GH) are usually lower in older subjects and this is one
of the reasons why there is increasing interest surrounding the effect of GH in pre-
venting age-related muscle mass loss and its potential in treatment of sarcopenia.
The effects of GH on muscle are principally mediated via insulin growth factor
1 (IGF-1), produced by the liver and the skeletal muscle in response to GH. IGF-1
stimulates the Akt/mTOR pathway which promotes muscle anabolism and protein
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synthesis in response to exercise [92], resulting in the proliferation of muscle
satellite cells and the increase of synthesis of contractile proteins. In addition,
IGF-1 suppresses proteolysis, promotes the delivery of amino acids and glucose
to myocytes and stimulates myoblast proliferation and differentiation. Systemic
IGF-1 administration enhances the rate of muscle functional recovery after injury
and improves endurance and contractile muscle function, and low IGF-1 levels
have been associated with poorer physical performance and strength [93].

Moreover, IGF-1 expression modulates systemic inflammation by decreasing
plasma levels of pro-inflammatory cytokines, such as tumour necrosis factor alpha
(TNF-a) and interleukin-1 beta (IL-1p).

The impact on sarcopenia could be mediated by muscle expression of IGF-1
accelerating the regenerative process of injured muscle, regulating the inflammatory
response and limiting the development of fibrosis [94].

Furthermore, given that a low-grade chronic inflammation has been linked to the
etiopathogenesis of sarcopenia [1], GH supplementation, downregulating systemic
inflammation, could have an impact in preventing onset of sarcopenia.

Studies addressing GH supplementation in non-GH-deficient older adults found
differing results, with most documenting inefficacy of GH treatment on muscle
mass and strength.

A meta-analysis on the effects of GH administration on aerobic exercise capacity
and muscle strength in GH-deficient adults, analyzing 15 randomized, double-blind,
placebo-controlled trials, reported that GH replacement in GH-deficient adults was
associated with a significant positive effect on aerobic exercise capacity and muscle
mass [95]. However, 1 year later, another meta-analysis, restricted to eight high-
quality studies involving 231 patients in nine cohorts, does not support a beneficial
effect of GH replacement on strength in GH deficiency adults [96].

In 2002, Brill et al. demonstrated that 1 month supplementation of GH in combi-
nation with testosterone ameliorated balance and physical function but had no effect
on muscle strength [97].

In another previous study, among healthy subjects aged 69 years and older,
6 months GH treatment increased muscle mass and decreased fat mass, without
improving physical performance [98]. Blackman et al. found that supplementation
with GH marginally increased muscle strength in men treated with GH and testos-
terone, but found no significant effect on muscle strength among healthy older
women [99]. Another study documented that, in a group of older men, a combined
supplementation of GH with testosterone for 4 months significantly increased mus-
cle mass and muscle strength, while it decreased the fat mass [100].

Some other studies reported an increase of muscle mass and strength in healthy
older persons after GH supplementation [17, 65].

Inefficacy of recombinant human GH was also reported in combination with an
exercise program in older men [101] and moderately obese postmenopausal
women [102].

Also in 2002, Lange et al. conducted a randomized clinical trial examining the
effects of GH alone, exercise alone and GH combined with exercise. This study
showed that GH alone had no effect on muscle mass, strength and power as com-
pared to the other two intervention groups [103].
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Furthermore, most GH supplementation trials have reported a high occurrence of
adverse reactions, such as orthostatic hypotension, diabetes, fluid retention, soft tis-
sue oedema, carpal tunnel syndrome, arthralgias and gynecomastia.

Numerous causes may explain the ineffectiveness of GH supplementation to
improve muscle mass and strength, such as the failure of exogenous GH administra-
tion to mimic the pulsatile pattern of natural GH secretion or the induction of
GH-related insulin resistance [17].

Once again, based on the current evidence, GH treatment should not be considered
as a safe strategy to improve body composition and functionality in older individuals.

14.3.5 Ghrelin and Melanocortin

Ghrelin is a peptide hormone secreted by the stomach in response to fasting that
stimulates the release of GH through an activation of the GH secretagogue-receptor
(GHS-R1a) present in the hypothalamus. Ghrelin concentrations have been reported
to be strongly correlated with the amount of skeletal muscle mass—presumably
through stimulation of appetite, or is it direct effect [104]. However, very few clini-
cal studies have been conducted in older subjects.

Promising results have been reported in a sample of 25 subjects with chronic
obstructive pulmonary disease and reduced mobility, where subcutaneous injections
of a synthetic ghrelin analogue tended to increase the lean mass and physical perfor-
mance [11]. In another study of healthy older adults without sarcopenia, 2 years of
an oral ghrelin mimetic agent increased the GH and IGF-1 blood levels and muscle
mass, without significant changes in strength or physical function [105]. Given the
important role of malnutrition in development of sarcopenia, further studies on the
impact of ghrelin supplementation are recommended.

The effect of ghrelin is partially related to the melanocortin receptor antagonism
that modulates food intake [11]. The melanocortin-4 receptor (MC4R) is a G-protein
receptor that is expressed in the hypothalamus [11, 38] which is thought to be
related to the pathogenesis of cachexia. In murine models, stimulation of the MC4R
modulated food-seeking behaviour, increased basal metabolic rate and decreased
lean body mass [11]. Blockage of central melanocortin signalling increased both
lean body mass and fat mass in a rat model of cardiac cachexia [106].

In humans, mutations of the MC4R are associated with obesity [107]. Inhibition
of the melanocortin system either through antagonism or by an antibody against the
MC4R has shown encouraging results in animal models of cachexia [11]. This pos-
sible therapeutic target is yet to be properly evaluated in humans.

14.3.6 Pathways of Sarcopenia and Possible Future
Target Treatment

Molecular mechanisms behind the development of sarcopenia are not completely
defined and represent an intense area of research, given their potential as target
therapy [4, 8, 108].
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A complex interaction of genetic and molecular pathways has been implicated in
the development of the age-related muscle loss and the onset of sarcopenia [8].
Sarcopenia could in same ways represent one of the epiphenomena of the complex
mechanisms which represent the hallmarks of ageing.

Age-related intracellular changes in the DNA damages repairing system of mus-
cle cells, cellular senescence hallmark such as the reduction of telomers length and
alteration in the mitochondrial function of the muscle cells, are among the mecha-
nisms that have been evaluated. However, these alterations might hardly constitute
easily usable pharmaceutical targets.

Moreover, alterations in the proteolytic system, antioxidative system and systemic
inflammation have also been acknowledged to explain the intricated mechanism
leading to sarcopenia [8, 109] and could potentially be targeted pharmaceutically.

In particular, the proteolytic processes involving the ubiquitin-proteasome sys-
tem plays a key role in controlling size of muscle fibres [110] and could represent a
potential target therapy which has not been yet evaluated for pharmacological
purposes.

In fact, preliminary studies have indicated that atrogin-1 and muscle-1 ring-fin-
ger protein-1 (MuRF-1), two ubiquitin ligases, are upregulated in situations of mus-
cle atrophy. Their expression has also been observed in autophagy-related muscle
degeneration processes. Atrogin-1 and MuRF-1 activations seem to be modulated
by the FOXO family of transcriptional factors, which integrates signals generated
by nutrient deprivation and stress circumstances, stimulating the degradation sys-
tems of ubiquitin-proteasome and autophagy pathways and favouring the degrada-
tion of muscle proteins [4, 110]. In addition, MuRF-1 may also be associated with
mechanisms that cause neuromuscular junction alterations [4, 14, 111], another
mechanism that is thought to lead to muscle degeneration and concur to the devel-
opment of sarcopenia.

Moreover, oxidative stress and systemic inflammation seems to play a key role in
the onset of sarcopenia, and their exogenous modulation may have potential as
another possible target for new potential treatments.

The ageing process is associated with an unbalanced production of free radicals
which are not counteracted by antioxidant and repairing systems. Free radicals are
a product of reactive oxygen (ROS), which are produced especially by the mito-
chondria, and nitrogen species (RNS), which are a product of nitric oxide synthase
(NOS) in which arginine, one of the essential amino acids, is a fundamental sub-
strate [4, 8].

Because of high metabolic rate, myocytes are particularly susceptible to oxida-
tive damage and, especially in older persons, are particularly predisposed to accu-
mulate oxidatively damaged molecules. Also, skeletal muscle accounts for a large
share of total oxygen consumption, increasing the risk of collateral mitochondria-
derived production of ROS, such as hydrogen peroxide that can cause progressive
cellular damage, determining enzymatic dysfunction and affecting the proteolytic
system, facilitating an imbalance between protein synthesis and breakdown.
Increased susceptibility to oxidative stress alters both structure and function of the
muscular cells and affecting metabolism and muscle contraction, ultimately
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contributing to the appearance of sarcopenia and delay of muscle regeneration in the
elderly [4, 8, 112]. Oral antioxidant supplementation has been suggested as a poten-
tial treatment to reduce muscle wasting, but so far, results from different studies
have been inconsistent and poorly relevant in a clinical environment [113]. Potential
of this pathway could relay in downregulating the synthesis of RNS, thanks to mol-
ecules inhibiting the inducible form of NOS (iNOS) [114]. Those inhibitors have
demonstrated a significant efficiency to prevent symptoms of muscle wasting [114],
albeit further studies are needed.

Furthermore, ageing is knowingly associated with a low-grade chronic inflam-
mation due to increased circulating pro-inflammatory cytokines—among which the
tumour necrosis factor-a (TNF-a) and interleukin-6 (IL-6)—and presence of dys-
functional immune systems determining the condition of immune-senescence and
inflammaging [115-118].

Inflammation in the long term can progressively lead to muscle deterioration
[118], affecting skeletal muscle regeneration capacity and inducing a reduction in
the number of satellite cells and in the neurohormonal response [4, 118].

Increased serum levels of TNF-a and IL-6 can be considered as a marker of the
impact of inflammation on the development of sarcopenia and are associated with
the release of other inflammatory markers such as C-reactive protein (CRP), one of
the acute-phase reactive proteins produced by the liver [4, 118]. TNF-a activates
local vascular endothelial cells via the release of NO, increasing vascular permea-
bility and allowing the passage of pro-inflammatory cells that contribute to systemic
inflammation. High plasma levels of TNF-a and IL-6 have been respectively cor-
related to lower muscle mass and strength [119], fatigue and disability associated
with muscle destruction and are related with a decrease in physical performance and
a greater degree of disability [4, 120].

Pro-inflammatory cytokines could be potential pharmacological targets in sarco-
penia treatment, although results of treatment in the TNF-a signalling pathways
have not been promising.

14.4 Conclusion

To this date, there are no licensed drugs for the treatment of sarcopenia. However,
the impact of sarcopenia is detrimental to healthy ageing, increasing the risk of
adverse outcomes and reducing quality of life.

Developing treatments for sarcopenia is vital. Despite new discoveries and the
development of new drugs, non-pharmacological options should also be considered
for prevention and treatment of changes in muscle mass, strength and function asso-
ciated with ageing [4]. Positive effects on muscle have been reported with nutri-
tional supplements and exercise training which are strongly recommended in the
prevention of sarcopenia and reduction of negative outcomes by slowing the process
of age-related muscle wasting [121-123].

In order to be able to revert sarcopenia, possible future hybrid therapies combin-
ing myostatin/activin inhibitors, hormonal therapy—SERM in particular—in
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combination with physical exercise and nutritional therapy could represent a novel
approach in the treatment of sarcopenia [13]; however, further studies are needed in
order to derive conclusive guidance and standard treatment approaches and before
these therapy will be incorporated into mainstream clinical practise.
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Shaun Sabico and Nicola Veronese

15.1 Introduction

Since the Severe Acute Respiratory Syndrome Coronavirus-2’s (SARS-CoV-2) dis-
covery in late 2019 [1], our knowledge about the virus and the coronavirus disease-
2019 (COVID-19) in general have exponentially evolved which, over time,
translated to modest but substantial control in the pandemic’s irreversible damages
and progression. At the time of writing this chapter, COVID-19 has so far claimed
more than three million human lives globally [2], with casualties concentrated dis-
proportionately in older people and those with preexisting conditions [3].
Nevertheless, as more and more vulnerable people get access to several emergency-
use COVID-19 vaccines, the promise of herd immunity is now within reach.
Currently, the global medical community has started to shift its focus on the long-
term effects of this disease, independent from its respiratory sequelae. In particular,
given that the older population is arguably the most vulnerable group in the current
pandemic, active management and identification of secondary consequences are
crucial and warrant special attention in decreasing risk of unnecessary and highly
preventable complications, either from COVID-19 itself or from the drastic mea-
sures to prevent COVID-19 that predisposes to anticipated acute disorders.

During the first wave of COVID-19, border lockdowns, quarantines, and social
restrictions became the new normal. This prolonged period of confinement has sig-
nificantly altered the diet and physical activity habits of the general population,
resulting in acute and unfavorable metabolic changes [4]. Among the roster of
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potential metabolic disorders is acute sarcopenic obesity, which is secondary to
reduced physical activity and over nutrition, increasing both muscle loss and fat
mass [5]. In COVID-19 patients, weight loss and decreased muscle mass and
strength are common, in part because of anorexia and elevated inflammatory cyto-
kines, leading to increased risk for cachexia and secondary sarcopenia [6].
Furthermore, it is known that among the critically ill, bed-ridden patients, rapid
decreases in muscle mass and bone mineral density (BMD) are anticipated. In a
recent study, Kilroe and colleagues demonstrated that muscle volume loss by as
much as 1.7% as a consequence of just 2 days (short term) of leg immobilization,
which rapidly deteriorates to 5.5% muscle volume loss after 1 week [7]. Finally, in
terms of mental health, the pandemic restrictions have been a major factor in trig-
gering several eating disorders across all populations [8]. COVID-19 in its mild
forms is associated with weight loss, most likely from acute chemosensory altera-
tions, but severe manifestations have been associated with anorexia and malnutri-
tion [9].

In the present chapter, we highlight the limited yet expanding literature on the
musculoskeletal and nutritional challenges encountered particularly in older adults
in the ongoing pandemic, the associated risk of secondary sarcopenia among those
with severe COVID-19, as well as the still evolving management options among
patients with sarcopenia in the era of COVID-19. The chapter is by no means com-
prehensive, but nonetheless offers insights on the coexistence of sarcopenia and
COVID-19, as well as the necessity to address the long lasting and probably lifelong
rehabilitation of these patients.

15.2 Nutritional Problems in COVID-19

Preliminary retrospective studies of in-patients with confirmed SARS-CoV-2 have
uncovered several risk factors associated with COVID-19 which included old age,
male, ethnicity, and preexisting chronic conditions such as obesity, hypertension,
diabetes, and cardiovascular diseases [10-12]. Individuals with these lifestyle-
related diseases suffered inadvertently more during the imposed lockdowns, because
of the sudden lack of access to proper care, negative changes in dietary habits,
physical activity, and over-all mental health [13]. As the focus was geared towards
the protection of the elderly and the immunocompromised, strategies to cope with
pandemic-related stress, including proper nutrition and in-door exercises, were
advised by major health institutions. As stated in a recent review by Wang and col-
leagues [14], hypothetically, the interaction between sarcopenia and COVID-19
could be bidirectional and may form a vicious circle, yet the therapies for sarcope-
nia can potentially break this cycle and benefit the treatment of both conditions
(Fig. 15.1) [15].

Other major nutritional issues relative to sarcopenia during the pandemic are
highlighted below, which include micronutrient deficiencies and access to nutri-
tional care.
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Fig. 15.1 A vicious circle of interactions between sarcopenia and COVID-19. Interventions tar-
geting sarcopenia are anticipated to benefit the treatment of both conditions [15]

Table 15.1 Micronutrients associated with COVID-19

Micronutrient Action Ref.

Ascorbic acid or Decreases interleukin-6 which is elevated in severe COVID-19 [22]

vitamin C

Zinc Inhibits enzymatic activity and replication of SARS-CoV-2 RNA [23]
polymerase and to some extent, ACE2 activity

Selenium Demonstrates antiviral effect by regulating CD4+ T cell response; [24]
deficiency exacerbates progression of viral infections

Omega-3 fatty As an anti-inflammatory, inhibits the production of mediators such  [25]

acids as IL-1p, IL-6, tumor necrosis factor alpha (TNF-a) and may prevent
cytokine storm

Magnesium Decreases inflammation, oxidative stress, and bronchial smooth [26]

muscle relaxation

15.2.1 Micronutrient Deficiencies

A major part of the preventive management (other than hygiene and isolation mea-
sures) included boosting the immune system by correcting micronutrient deficien-
cies prevalent in the general and the aging population. Vitamin D deficiency, for
instance, has been associated with increased mortality among COVID-19 patients
[16-18], but evidence as to whether supplementation translates to better outcomes
are still limited and not clinically meaningful [19]. Nevertheless, it is known the
angiotensin converting enzyme 2 (ACE2) receptors, the point of entry for SARS-
CoV-2, is downregulated in COVID-19, with evidence that vitamin D upregulates
ACE2, which can bind to SARS-CoV-2 and prevent it from binding to ACE2 recep-
tor [20]. Table 15.1 shows some of the other micronutrients of special interest dur-
ing the pandemic that are used either as adjuvant or as prophylactic therapy against
SARS-CoV-2 infection. The micronutrients have been studied, at varying levels, for
their associations with physical performance, muscle mass and function especially
in older individuals [21].
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15.2.2 Access to Nutritional Care

Access to health and nutritional care has been greatly reduced because of the
COVID-19 pandemic as in-person visits are potential sources of SARS-CoV-2
transmission [27]. Patients having both sarcopenia and COVID-19 infection require
intensive care and aggressive management, which is also applicable for patients
who survived severe COVID-19 and developed acute sarcopenia following illness
and intensive care [14]. Currently, the provision of at-home physical activities
together with protein supplementation is expected to reverse sarcopenia and pro-
mote the prevention and treatment of COVID-19 [15], as discussed below.

15.3 Muscle Mass Loss and Sarcopenia in COVID-19
15.3.1 Acute Sarcopeniain COVID-19

Muscle loss in COVID-19 is mainly acute, also because this condition is known
from about 1 year; therefore, we do not know the long-term consequences on mus-
cle mass.

The crucial occurrence in the train of events leading to sarcopenia in COVID-19
is practically due to two main factors, i.e., low physical activity and bedrest [6].
During the COVID-19 pandemic, the bedrest and low physical activity could be
associated either with the acute disease or with the universal imposition of lock-
down measures and social distancing. It is widely known that immobilization trans-
lates into significant changes of muscle cross-sectional area, volume, and mass,
promoting the metabolic dysfunction and leading to impaired functionality and
finally to disability [4, 28]. In one seminal paper, 10-day forced immobility of
healthy older persons would translate to a significant decrease in lower limb lean
body mass corresponding to a decrease of isokinetic force, stair-climbing force, and
VO2 max [29, 30]. It is estimated that this loss roughly corresponds to the physio-
logical loss of 10 years in healthy young people.

However, these data predate COVID-19 era. It is possible that due to the impact
of SARS-CoV-2 infection on energy-producing capabilities, the abovementioned
decreases could be even larger. Likewise, longer hospitalization times might translate
to larger proportional damage to muscle, as the process may be rather exponential
than linear. The immobilization during COVID-19 hospitalization differs markedly
from the immobilization due to other conditions, e.g., hip fracture. The experience in
COVID-19 suggests that the patient may experience profound weakness, spend
hours on high-flow oxygen therapy or in the prone position, and stay in the intensive
care unit which was associated per se in only 1 week with an important decrease in
muscle mass and strength [31]. They may also develop the post-intensive care syn-
drome (PICS) which apart from muscular weakness encompasses fatigue, impaired
thinking, difficulty swallowing, anxiety, depression, and sleep disturbances [32, 33].
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Physical inactivity is also related to a relevant metabolic derangement [4]. The
studies of step reduction, both in younger and older healthy adults, demonstrated
decrease in insulin sensitivity and finally to higher insulin resistance [34, 35]. In this
sense, unfortunately, the COVID-19 pandemic significantly changed patterns of
physical activity. The Effects of home Confinement on multiple Lifestyle Behaviours
during the COVID-19 outbreak (ECLB-COVID19) was a large multinational web-
based questionnaire study that examined an impact of the lockdown measures asso-
ciated with the first wave of COVID-19 in more than 1000 participants, with a
consistent part of older persons [36]. In this study, the physical activity decreased,
by approximately one-third, from the baseline vigorous, moderate, weak, and all
physical activity estimates. Similarly, the sitting time increased from 5 to 8 h per
day [36]. Another study presenting the data for a wide age spectrum in COVID-19
indicates an increase of the number of hours spent in bed at night [37]. Likewise, the
type of the activity changed during the pandemic; however, the data pertaining
directly to older subjects are lacking, indicating the necessity of specific studies in
this sense.

15.3.2 Post-COVID-19 Syndrome

The recovery from the acute COVID-19 does not mark full return to health. The
sarcopenic, cardiovascular, pulmonary, psychological, and other symptoms may lag
into a long recovery phase [38, 39]. Further, the physiologic, psychologic, and
social aftermath of the disease, framing the so-called post-COVID-19 syndrome,
may further negatively impact the physical activity and adversely influence the per-
formance and quality of the muscle, leading to sarcopenia.

One study demonstrated that 87.4% of patients had at least one symptom extend-
ing into the post-COVID-19 phase. Most of these symptoms included dyspnea or
fatigue [40]. Only 12.6% of patients were free from any symptom. Of note, a pro-
portion of patients had arthralgias or pain in other parts of the body [40]. The analy-
sis including data from previous coronavirus infections indicates that the
postinfection physical function and fitness may be deteriorated as late as 2 years
after the disease [41]. These factors may purely mechanistically adversely influence
the physical performance and thus promote sarcopenia [42]. The emotional disorder
post-COVID-19 has been observed [43]. This may result in an increase of number
of people with depressed mood with the negative consequences that abulia may
have on physical activity [44]. Another study of Nordic population demonstrated
that while over a half of the patients were free from symptoms 1.5 to 6 months post-
COVID-19. In some patients, the symptoms, especially dyspnea, tarried, possibly
translating to less physical activity [45]. The prolonged bedrest, vasculitis with a
potential to baroreceptor damage, and autonomic neuropathy may contribute to the
orthostatic hypotension and induce fear of falling, which may in turn again limit
physical activity [46, 47].
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However, long-term data on sarcopenia incidence in COVID-19 are urgently
needed to confirm the importance of this infectious disease on muscle mass

physiology.

15.4 Possible Treatments of Sarcopenia in COVID-19
15.4.1 Nutritional Approaches to Sarcopenia in COVID-19

Sarcopenia is characterized by a high catabolism. It is therefore not surprising that
malnutrition should be a common condition among older persons with COVID-19
[48]. Along these lines, if left untreated, it is also associated with a higher mortality
[49], making the nutritional counselling especially important in older COVID-19
survivors [50]. This should not only include advice to increase calorie intake but
also to ensure adequate protein, vitamin, and mineral intakes [51]. Establishing pro-
tein requirements and ensuring that the protein supply be divided among all meals
and snacks is of paramount importance [52]. In these patients, dietary recommenda-
tions should include oral nutritional supplements (ONS), especially when the diet
alone would not be sufficient to meet the nutritional requirements posed by the
developing sarcopenia [51]. The patient with the acutely developing post-COVID-19
sarcopenia may benefit from an ONS providing at least 400 kcal per day, with 30 g
protein or more. Such strategy should be continued for at least 30 days [53]. The
strategy should be stepped-up to 600 kcal per day in persons at a particularly high
risk of malnutrition [51]. In the post-COVID-19, post-ICU patients, the high inten-
sity ONS should be continued for over 60 days [53].

The link between vitamin D deficiency and COVID-19 has been postulated [54].
Vitamin D deficiency may be of a prognostic importance, especially in the severe
COVID-19 cases [55, 56]. However, whether the supplementation of vitamin D
might reduce the risk of a negative outcome, including in the sarcopenic patients,
remains to be established. Despite that, in some countries, the authorities recom-
mended the vitamin D supplementation as a possible preventive measure in persons
with a high risk of COVID-19 [57]. In a pooled analysis of data from 30 interven-
tional studies, vitamin D has been shown to improve, to some extent, muscle
strength. The effect has been greater in persons with baseline vitamin D deficiency
[58]. These results should be confirmed in future studies that would lead to a better
understanding of the prognostic role of low serum vitamin D levels and the effect of
vitamin D supplementation in the acute post-COVID-19 sarcopenia.

The COVID-19 in many patients leads to the fatal outcome [59]. The changing
gut microbiota have been implicated in the change of the immune response, and
thus might in part be associated with a greater morbidity and possibly mortality due
to COVID-19. The support of the gut microbiota with probiotics could therefore
improve the immunity and help fighting the SARS-CoV-2 infection [60]. The pro-
biotics and prebiotics have been postulated to be beneficial in the frail older
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persons; however, the conclusive evidence as regards the post-COVID-19 older
patients is still to be obtained [61].

15.4.2 Rehabilitation for Sarcopenia in COVID-19

The rehabilitation in the COVID-19 and post-COVID-19 older patients has been
earmarked as the especially important therapeutic modality [62]. Recently, a com-
prehensive approach to the pulmonary rehabilitation in the COVID-19 patients has
been proposed [63]. This includes stratified protocols considering the setting and
the severity of the pathological involvement. Such approaches may be of special
importance as the organ-related consequences of the COVID-19, for instance, respi-
ratory or cardiovascular [64], but also psychological, are far reaching. Respiratory
rehabilitation, which in a small study of 6-week duration, has been shown to improve
pulmonary function and has indeed been able to influence quality of life and reduce
anxiety [65]. The rehabilitation is always a task for a multidisciplinary team. In the
case of the acute sarcopenia after COVID-19, the involvement of a multidisciplinary
team is crucial to foster awareness, education, and support whenever required [66,
67]. An important aspect of the rehabilitation of the post-COVID-19 patients, as
shown based on the data from persons who had been treated in the ICU setting, is to
combine its classic forms with other approaches such as dietary intervention, and
the instrumental techniques involving the neuromuscular electrical stimulation [68].

There have been a relative paucity of data concerning the physical rehabilitation
in the sarcopenic post-COVID-19 persons. A Cochrane Review from September
2020 concluded that most studies are not focusing on the issues of rehabilitation and
the efficacy of the physiotherapeutic interventions [69], a finding in-line with earlier
reviews [70]. However, some data did emerge, pointing for instance to the tangible
beneficiary effects of post-ICU post-COVID-19 daily 30-min multicomponent exer-
cise program comprising resistance, endurance, and balance training [71].

The COVID-19 has been associated with the incident stroke. Therefore, the
modalities employed in the general poststroke rehabilitation may be useful in a
subset of post-COVID-19 patients [72, 73]. A small case series proposed that in the
ICU-treated COVID-19 patients who would develop focal amyotrophy possibly
associated with the prone position, electrostimulation should be used early in the
treatment [74]. However, whether similar approach might be effective in the acute
sarcopenia after the infection should be verified in future studies.

Finally, with the COVID-19 imposed social distancing, older persons experience
more loneliness [75, 76]. Therefore, as pointed out by the World Health Organization,
the emotional and indeed the practical support of older persons with the daily living
tasks is much advised [77]. Also, the cognitive consequences of COVID-19, with
possible obvious implications for physical activity and thus sarcopenia, have been
pointed to [78]. Therefore, the cognitive training programs may be a valid part of
any post-COVID-19 rehabilitation aiming to fight sarcopenia [79, 80].
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15.5 Conclusions

COVID-19 currently is a pandemic affecting particularly older people in terms of
hospitalization and mortality. Current data suggested that COVID-19 is associated
with sarcopenia through several ways, including malnutrition, bedrest, physical
inactivity, medications, cytokines storm and many other that we do not actually
know. The preliminary data on this condition suggested that COVID-19 is associ-
ated with a higher presence of sarcopenia, but future long-term researches are
urgently needed to better understand the real role of this acute disease in muscle
mass quality and performance.
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