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Abstract Sarcopenia, which is an age-related loss of skeletal muscle mass and
muscle weakness, is a disease that is currently attracting attention due to its high
prevalence and significant impact on adverse health outcomes. Several international
working groups have reported diagnostic criteria for sarcopenia, and it is now
common to diagnose sarcopenia based on skeletal muscle mass, muscle strength,
and physical performance. As countermeasures, resistance exercise and protein
(amino acid) intake are recommended, as these have been shown to increase skeletal
muscle mass, increase muscle strength, and improve physical function. We expect
that more substantial basic and clinical research will be conducted in the future so
that more appropriate management strategies for sarcopenia can be implemented.
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12.1 What Is Sarcopenia?

Sarcopenia is a term coined by Rosenberg in 1989, combining the Greek words
“sarx,” meaning muscle, and “penia,” meaning loss (Rosenberg 1989). When this
term was first proposed, it meant only a decrease in skeletal muscle mass, but since
the European Working Group on Sarcopenia in Older People (EWGSOP) reported
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new diagnostic criteria in 2010 (Cruz-Jentoft et al. 2010), it has become common to
define sarcopenia as a combination of skeletal muscle loss and muscle weakness/
physical function decline. We organized the Asian Working Group (AWGS) for
Sarcopenia in 2013 and proposed an algorithm specific for Asian people in 2014
(Chen et al. 2014). A new ICD-10-CM disease code for sarcopenia (M62.84) was
established in October 2016, and many countries have accepted sarcopenia as a
disease entity. Recently, the importance of muscle quality in addition to quantity and
strength as skeletal muscle indicators has been indicated, and the understanding of
sarcopenia is gradually changing with the progression of research.

12.2 How to Diagnose Sarcopenia

There are several international diagnostic criteria for sarcopenia, including the
EWGSOP2 (Cruz-Jentoft et al. 2019), AWGS 2019 (Chen et al. 2020), International
Working Group on Sarcopenia (IWGS) (Fielding et al. 2011), and the Foundation
for the National Institutes of Health Sarcopenia Project (FNIH) (Studenski et al.
2014) criteria (Table 12.1). All of the criteria include measurements of skeletal
muscle mass and physical function. However, muscle strength assessment is not
included in the IWGS criteria.

In terms of appendicular skeletal muscle mass, the method of correcting muscle
mass using the square of the height or body mass index (BMI) has been used.
Although there is currently no consensus on which correction method is more
appropriate (Cruz-Jentoft et al. 2019; Chen et al. 2020), we recently reported that
low muscle mass with either height-squared or BMI correction was associated with
adverse outcomes among Japanese older adults (Kinoshita et al. 2021b). The same
study suggested that height-squared correction is more likely to miss sarcopenia
associated with obesity, whereas BMI correction is more likely to miss sarcopenia
associated with thinness (Kinoshita et al. 2021b). In addition, our study indicated
that the cutoff value for low muscle mass with BMI correction in Asians may be
lower than that the FNIH criterion (Moon et al. 2016; Kinoshita et al. 2021a), and the
accumulation of evidence is necessary to establish an optimal cutoff value.

Table 12.1 Definitions of sarcopenia according to the different research groups

Skeletal muscle mass Physical function Muscle strength
EWGSOP o o o
AWGS o) o o
IWGS o) o
FNIH o ) ¢}

EWGSOP European Working Group on Sarcopenia in Older People, AWGS Asian Working Group
for Sarcopenia, IWGS International Working Group on Sarcopenia, FNIH Foundation for the
National Institutes of Health Sarcopenia Project
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Although physical function indicators are included in many criteria, they were
positioned as outcome indicators in the FNIH criteria and as severity assessment
indicators in the EWGSOP2 criteria. Walking speed is a typical physical function
assessment, but the AWGS 2019 criteria also includes the five times sit-to-stand test
and the Short Physical Performance Battery (SPPB) as physical function measures
and proposes cutoff values based on evidence from Asian populations.

12.3 AWGS 2019

Here, we take the most recent criteria, the AWGS 2019 criteria, as an example and
outline its contents. AWGS published a consensus report (AWGS 2019) (Chen et al.
2020), which was a revised version of the diagnostic criteria reported in 2014 (Chen
et al. 2014). Since there are many older people with or at risk of sarcopenia in Asian
countries with aging populations, the AWGS 2019 proposed the use of community
or primary care settings in addition to clinical settings to diagnose sarcopenia
(Fig. 12.1). The diagnostic indicators are muscle strength, physical function, and
skeletal muscle mass, and sarcopenia is determined by low skeletal muscle mass plus
low muscle strength or low physical function. The reference values for each of these
are determined by data from representative cohort studies in Asian countries and by
expert consensus (Table 12.2).

The flow of the AWGS 2019 guidelines in the clinical setting is described below.
The process begins with the detection of patients with possible sarcopenia based on

Primary health care or community preventive services settings Acute to chronic health care or clinical research settings
> Calfcircumference (M:<3dem, F: <33 em) f any of the folk g clinical condith
or » SARCF 24 > decline or kmi intentional weight loss;
or » SARC-Ca¥F z11 depressive mood; cognitive i repeated falls; malnutrith

» Chronic conditions (heart failure, chronic obstructive pulmonany
disease, diabetes mellitus, chronic kidney disease, etc)

¥ ro clinical conditions above are present
» Ca¥ circurnference (M: <34cm, F: <33 cm)

or > SARC-F 24
ar > SARC-CalF 211
r
Muscle strength  oF  Physical performance Muscle strength
» Handgrip strength * Stime chair stand test (z12 5) * Handgrip strength (M: <28 kg F: <18 kg)
[M: <28 kg, F: <18 kg) |
Physical performance
m:'. . confin > Gmetrewalk: <1.0 mfs
“Possible sarcopenia” - o LN PRSI | or > stime chair sand test 2125
l or » ShartPhysical Performance Battery: <9
Lifestyle modifications "
In diet and Appendicular skeletal muscle mass [ASM)
e > Duakenergy ¥-ray absorptiometry (M: <7.0 kg/m?, F: <5.4 kg/m?)
or » Boekecrialimpedance analysis (M: <7.0 kg/m?, F: <5.7 kg/m%)

“

Sarcopenia Severe sarcopenia
Low ASM + low musde strength Low ASM + low musche strength
OR Low physical performance AND Low physical performance

Fig. 12.1 Diagnostic algorithm of sarcopenia in AWGS 2019 (Chen et al. 2020)
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Table 12.2 Cutoff values for diagnosing sarcopenia according to the AWGS 2019 criteria

Men Women
Calf circumference <34 cm <33 cm
SARC-F Z4
Grip strength <28 kg <18 kg
5 times sit-to-stand test Z12s
Gait speed <1.0 m/s
Short Physical Performance Battery =9
Skeletal muscle index
Bioelectrical impedance <7.0 kg/m? <7.0 kg/m?
Dual-energy X-ray absorptiometry <7.0 kg/m2 <54 kg/m2

clinical symptoms and case finding. The clinical symptoms include functional
decline and weight loss, whereas case finding tests include calf circumference,
SARC-F and SARC-CalF. This is followed by measurements of muscle strength
(grip strength), physical function (gait speed, 5 times sit-to-stand test, and SPPB),
and skeletal muscle mass (dual-energy X-ray absorptiometry (DXA) and bioelectri-
cal impedance (BIA)). Skeletal muscle mass loss is a requirement for diagnosing
sarcopenia, and sarcopenia is determined when muscle weakness or physical func-
tion decline is observed. If all three indicators of skeletal muscle mass loss, muscle
weakness, and physical function decline are present, the patient is judged to have
severe sarcopenia. In community or primary care settings, grip strength and five
times sit-to-stand tests should be performed for the diagnosis of possible sarcopenia
after case finding with calf circumference measurements or SARC-F/SARC-CalF.
Thus, the diagnosis of sarcopenia is widely applicable in almost all clinical settings
based on the AWGS 2019 criteria.

12.4 Utilization of Phase Angle

In recent years, with the increase in the use of BIA to measure skeletal muscle mass,
the phase angle (PhA), which is calculated from reactance and resistance measured
by BIA, has become the focus of attention. PhA is thought to reflect the physiolog-
ical functioning level of the cell, and in unhealthy cells, the reactance at the cell
membrane is reduced, resulting in a lower PhA. It has been shown to be related to the
quantity and quality of skeletal muscle, muscle strength, and physical function
(Basile et al. 2014; Yamada et al. 2017, 2019) and has been reported to be useful
in identifying sarcopenia (Di Vincenzo et al. 2021). Characteristically, PhA, like
muscle strength, changes sensitively with training (Dos Santos et al. 2016) and is
thought to be useful as an outcome measure for determining the effectiveness of
interventions. Although PhA is not included in the diagnostic algorithm for
sarcopenia, further evidence could support the inclusion of PhA as a criterion for
sarcopenia.
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12.5 Prevalence of Sarcopenia

The prevalence of sarcopenia varies widely by age, definition, and study setting.
Reports that have determined age-specific prevalence rates in community-dwelling
older adults have shown that the prevalence of sarcopenia increases with age,
especially after the age of 75 years (Yamada et al. 2013; Kitamura et al. 2021). In
addition, a systematic review examining the prevalence of sarcopenia in community-
dwelling older adults using each diagnostic guideline reported a 12.9% prevalence
by the EWGSOP criteria and AWGS criteria, a 9.9% prevalence by the IWGS
criteria, and an 18.6% prevalence by the FNIH criteria (Mayhew et al. 2019).
Furthermore, a systematic review examining the prevalence by setting showed that
the prevalence was 11% in males and 9% in females among community-dwelling
older people, 51% in males and 31% in females among nursing home residents, and
23% in males and 24% in females among inpatients (Papadopoulou et al. 2020).
Thus, although the prevalence varies somewhat according to diagnostic criteria and
setting, the high prevalence of sarcopenia is noteworthy and indicates the need for
widespread measures.

12.6 Etiology of Sarcopenia

A variety of factors are thought to be associated with sarcopenia, including inactivity
and poor nutrition, as well as few exercise units, chronic inflammation, increased
oxidative stress, and increased insulin resistance (Fig. 12.2) (Dickinson et al. 2013).
In this context, inactivity and poor nutrition are variable factors, and there is ample
room for intervention.

12.7 Genetics of Sarcopenia

Although extensive studies on the genetic basis of muscle quality and quantity have
been performed to date, there is insufficient evidence to demonstrate a causal
relationship with sarcopenia, suggesting that the multifactorial mechanisms under-
pinning muscle regulation may not be reducible to one single gene or gene variant.
Pratt et al. conducted a systematic review demonstrating that the alpha-actinin
(ACTN3), angiotensin-converting enzyme (ACE), and vitamin D receptor (VDR)
genotypes and ten DNA polymorphisms were significantly associated with muscle
phenotypes (Pratt et al. 2019). Further studies need to be conducted to elucidate the
causal relationship of specific genotypes or gene polymorphisms to predict the
development of sarcopenia in humans. In addition, microRNAs are promising
candidates for sarcopenia research because they are involved in the proliferation,
differentiation, and stem cell renewal of skeletal muscle and the aging-related loss of
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Fig. 12.2 Factors associated with sarcopenia

muscle mass (Jung et al. 2019). Jung et al. conducted a comprehensive review on the
role of microRNAs in skeletal muscle aging and highlighted their potential as
biomarkers or therapeutic targets (Jung et al. 2019).

12.8 Prognosis of Sarcopenia

Sarcopenia is known to be strongly associated with the development of subsequent
adverse health outcomes, such as falls, fractures, hospitalization, disability, and
death (Fig. 12.3) (Bianchi et al. 2016; Beaudart et al. 2017; Liu et al. 2017; Uemura
et al. 2019; Yeung et al. 2019; Zhang et al. 2020; Huang et al. 2021). It is
characterized not only by falls, fractures, and disability, which are directly affected
by muscle weakness, but also by outcomes such as hospitalization and death.

12.9 Relationship Between Sarcopenia and Disease

Although sarcopenia is an age-related disease, many people with comorbidities are
likely to develop sarcopenia. Among them, so-called secondary sarcopenia caused
by diseases, such as type 2 diabetes, respiratory disease, cardiovascular disease, and
osteoporosis, can develop (Fig. 12.3) (Pacifico et al. 2020). In particular, osteopo-
rosis is strongly associated with sarcopenia; previous studies have shown that
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sarcopenia and osteoporosis often coexist (Huo et al. 2015; Drey et al. 2016), and the
concept of osteosarcopenia has been proposed (Fagundes Belchior et al. 2020).
Recently, the association between cognitive decline and sarcopenia has also been
indicated (Chang et al. 2016), but since both are affected by aging, their interpreta-
tion needs careful consideration.

12.10 Macroscopic Features of Age-Related Changes
in Skeletal Muscle

It is obvious that skeletal muscles undergo age-related changes. Various studies have
shown that skeletal muscle mass shows a gradual decline among total body muscle
mass starting at approximately 40-50 years of age (Fig. 12.4) (Speakman and
Westerterp 2010; Jackson et al. 2012; Yamada et al. 2014), and in sarcopenic
individuals, the amount of decline deviates from that associated with the normal
aging process. However, such age-related changes do not occur in the same way in
all skeletal muscles, of which there are more than 400 in the whole body; a study on
age-related changes in muscle strength over a 10-year period showed that muscle
weakness was more pronounced in the lower limbs than in the upper limbs in both
men and women (Hughes et al. 2001). A study that included the trunk showed that
so-called antigravity muscles were more likely to be affected (Fig. 12.5) (Vitasalo
et al. 1984). In particular, among the anti-gravity muscles, relatively large muscle
groups located near the body surface have a common characteristic of containing a
large number of type 2 fibers and are prone to age-related changes. Among them, the
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Fig. 12.4 Age-dependent changes in skeletal muscle

quadriceps, which is a representative anti-gravity muscle, is an especially major
indicator of age-related changes in skeletal muscle. In our study, the quadriceps
muscle showed greater age-related changes than the other muscles in the thigh
region, and such changes were more pronounced in males than in females (Kasai
et al. 2015). In a study using CT cross-sections in the same cohort, the quadriceps
cross-sectional area was found to be associated with lower extremity muscle strength
just as much as or more than the skeletal muscle mass index (SMI) obtained by DXA
(Tsukasaki et al. 2020). Moreover, the muscle cross-sectional area, which represents
muscle mass, as well as CT values, which represent muscle quality, were indepen-
dently associated with muscle strength (Mizuno et al. 2021). Similarly, in a recent
study in frailty-clinic outpatients assessed with CT cross-sectional images of the
quadriceps muscle, muscle cross-sectional area was more closely related to muscle
strength, whereas CT values were more closely related to physical function (Oba
et al. 2021).

12.11 Microscopic Features of Age-Related Changes
in Skeletal Muscle

Age-related changes in skeletal muscle naturally occur in the muscle fibers.
Age-related changes in muscle fibers have two characteristics: (1) a decrease in the
number of muscle fibers and (2) a decrease in the cross-sectional area of muscle
fibers (Lexell 1995). The latter is a common feature of disuse muscular atrophy,
while the former is a characteristic unique to age-related changes that are not
observed in disuse muscular atrophy (Table 12.3) (Kanazawa et al. 2017). In
addition, although muscle fibers can be broadly classified into type 1 fibers and
type 2 fibers, it has been shown that type 2 fibers are more susceptible to the effects
of aging, whereas type 1 fibers are relatively easy to maintain (Fig. 12.6) (Lexell
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Table 12.3 Characteristics of sarcopenia caused by aging and disuse

Age-related sarcopenia Disuse-related sarcopenia
Number of muscle fibers 1 —
Cross sectional area of muscle fibers l l

1995). One of the reasons for this difference is thought to be the influence of satellite
cells. Satellite cells are considered to be involved in the repair and hypertrophy of
myofibers, and it has been shown that satellite cells in type 2 fibers decrease with
age, whereas satellite cells in type 1 fibers are unaffected (Verdijk et al. 2007). While
changes in muscle fiber type are a factor pertaining to muscle quality, other micro
changes related to muscle quality include increased accumulation of intra- and
intermuscular fat (Goodpaster et al. 2001; Therkelsen et al. 2016), increased muscle
fibrosis (Brack et al. 2007), and increased fat indicated by lower CT values on CT
images (Aubrey et al. 2014).
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Fig.12.6 Age-related changes in type 1 and 2 muscle fibers in human cells (image of cross-section
of skeletal muscle on electron microscopy)

12.12 Prevention of Sarcopenia

There are few studies that consider the development of sarcopenia as an outcome,
and it is not clear whether various interventions can prevent the development of
sarcopenia. Several interventional studies have examined the effects of exercise and
protein intake on skeletal muscle mass and strength; however, the outcomes were not
limited to the occurrence of sarcopenia. A meta-analysis showed that resistance
exercise increased muscle strength and skeletal muscle mass in healthy older people
(Borde et al. 2015). On the other hand, a meta-analysis examining the effects of
protein intake on muscle strength and skeletal muscle mass in healthy older subjects
did not find any advantage of protein intake (Ten Haaf et al. 2018). In many cases,
healthy older people are able to consume sufficient amounts of protein from their
daily diet, and it is thought that the significance of additional protein is unlikely to
affect outcomes.

12.13 Interventions for Sarcopenia

Exercise, protein (essential amino acids) intake, and a combination of these inter-
ventions have been shown to be effective for the treatment of sarcopenia. Resistance
exercise has been shown to be effective for the treatment and prevention of
sarcopenia and has been shown to improve skeletal muscle mass, muscle strength,
and physical function (Yoshimura et al. 2017; Arai et al. 2018; Bao et al. 2020). In
addition, it is known that protein intake, which is not significant in the prevention of
sarcopenia, has a significant effect on skeletal muscle in sarcopenic subjects (Komar
et al. 2015).
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12.14 How to Provide Resistance Training

When resistance exercise is performed for the purpose of preventing or treating
sarcopenia, the following two points should be carefully considered. The first is
awareness of the number of repetitions as well as the amount of load, and the second
is the continuation of exercise.

In general, when resistance exercise is performed for the purpose of muscle
strengthening, it is considered ideal to perform it with a high load of 70-80% of
the maximum performance. However, in recent years, it has been shown that muscle
protein synthesis and muscle strengthening effects can be obtained by performing
many repetitions with low loads rather than high loads when the target population is
older people (Van Roie et al. 2013; Agergaard et al. 2017). This evidence is
important when prescribing exercise for older adults with various risk levels, and
the fact that increased repetitions, even at low loads, can help counteract sarcopenia
is important information.

The effects of resistance exercise are not permanent and disappear in a relatively
short period of time. Studies with a 12-week resistance exercise period followed by a
24-week rest period showed that muscle strength and muscle mass gained through
resistance exercise were almost halved after 12 weeks and almost completely lost
after 24 weeks (Fig. 12.7) (Taaffe et al. 2009; Zech et al. 2012; Yasuda et al. 2014).
This trend was also observed for muscle quality, and it has been shown that muscle
density and phase angle, which are indicators of muscle quality, improve with
training and worsen with the cessation of training (Taaffe et al. 2009; Dos Santos

Training for 12 weeks Cessation of training

- o mmessmeaees Muscle strength
o = Skeletal muscle mass

Before training After training 12 weeks after 24 weeks after
training training

Fig. 12.7 Effects of resistance exercise on muscle strength and skeletal muscle mass
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et al. 2016). Therefore, it is important for patients to continue exercise and to
promote awareness of and behavioral changes focusing on low-load, high-repetition
exercise as described above for a long period of time.

12.15 How to Provide Amino Acids and Protein for Persons
with Sarcopenia

Although amino acid and protein intake have been demonstrated to be useful in the
treatment of sarcopenia, the method of intake also needs to be examined. In general,
amino acid/protein intake immediately after exercise is considered beneficial, but
this method is not necessarily optimal for older subjects. It is known that muscle
protein synthesis is accelerated 1-2 h after exercise in both young and older people
in a similar manner (Kumar et al. 2009). However, when protein is ingested, more
time is needed to increase the amino acid concentration in the blood, and it peaks
after approximately 1 h in young people and 3 h in older people (Milan et al. 2015).
In other words, protein intake immediately after exercise contributes to the promo-
tion of postexercise muscle protein synthesis in young people, but it is difficult to
contribute to the promotion of postexercise muscle protein synthesis in older people,
even if protein is consumed immediately after exercise.

Against this background, in recent years, there has been a renewed emphasis on
the need to maintain a balance between three daily meals. This is based on the idea
that by maintaining a uniform protein intake in all three meals, the amino acid
concentration in the blood will be maintained above a certain level throughout the
day. In general, protein intake at breakfast tends to be inadequate and increases
gradually with lunch and dinner (Paddon-Jones et al. 2015). Therefore, if protein is
to be provided as a supplement, it is considered important to fortify protein in the
morning. Muscle protein synthesis is more likely to decrease not only in the morning
but also when protein intake is uneven among the three meals than when it is uniform
(Paddon-Jones et al. 2015). Therefore, in the case of sarcopenia prevention, the
current protein balance among the three meals should be examined, and the same
daily protein intake should be maintained. In the case of treatment, the daily protein
intake should be increased while maintaining a balance among the three meals.

12.16 Pharmacological Treatment of Sarcopenia

Although a variety of drugs for sarcopenia, including myostatin/ActR2 signaling
inhibitors, exercise mimetics, anabolic hormones, and natural compounds, have been
investigated for sarcopenia treatment, none have been approved for clinical use. For
example, one novel approach targets the myostatin/activin type II receptor (ActRII)
pathway to induce hypertrophy of skeletal muscles, with the expectation of
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improved functional ability (Lach-Trifilieff et al. 2014). Bimagrumab (BYM?338) is
a fully human monoclonal antibody that can block ligand binding and promote the
differentiation of human myoblasts (Rooks and Roubenoff 2019). However, no
significant improvement in skeletal muscle function in old sarcopenic patients was
shown in a preclinical study (Rooks et al. 2020). Further drug development for the
treatment of sarcopenia is warranted because a significant number of sarcopenic
patients cannot perform resistance training or achieve appropriate nutritional intake,
as suggested by the recommendation.

12.17 Conclusions

Here, we summarized the current status of the concept, pathogenesis, diagnosis, and
epidemiology of and intervention methods for sarcopenia. Sarcopenia is still a
relatively new concept, and only recently has clinical research been actively pursued.
Therefore, there are limits to what is known, and many unknowns remain in this
field. We hope that an interdisciplinary approach to sarcopenia will contribute to
global aging research by consolidating knowledge from around the world.
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