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11.1 Introduction

The effects of aging on muscle tissue—in terms of
total and regional muscle mass, muscle fiber size
and number—and its clinical consequences with
respect to muscle power, strength, and endurance
have been investigated extensively during the past
few decades. The aging process of striated muscle
tissue is based on a complex (patho)physiological
mechanism that includes numerous interacting
factors, such as hormones, sex, nutrition, and
physical activity. The histopathological, imaging,
and functional (clinical) features of the “normal
aging muscle” are referred to as ‘“‘sarcopenia.”
Although sarcopenia is a normal aging phenome-
non, it has a substantial clinical and financial impact
on health systems because the human life-span is
increasing, particularly in the developed Western
countries. Sarcopenia is strongly related to acciden-
tal falls and injuries as well as to a higher incidence
of other systemic diseases including osteoporosis,

M.P. Wattjes (0<1)

Department of Radiology, Nuclear Medicine

& PET Research, VU University Medical Center,
De Boelelaan 1117, 1081 HV Amsterdam,

The Netherlands

e-mail: m.wattjes@vumc.nl

D. Fischer
Division of Neuropaediatrics, University
Childrens Hospital Basel, 4056 Basel, Switzerland

Department of Neurology, Petersgraben 4,
University Hospital Basel, 4031 Basel, Switzerland
e-mail: Dirk.fischer@ukbb.ch

M.P. Wattjes and D. Fischer (eds.), Neuromuscular Imaging, DOI 10.1007/978-1-4614-6552-2_11,

© Springer Science+Business Media New York 2013

obesity, and insulin resistance. Therefore, sarcopenia
is substantially influencing the quality of life of
the elderly as well as their life-span.

11.2 Sarcopenia

The literal interpretation of the Greek word sar-
copenia is “poverty of flesh.” In general, this term
describes the age-related changes of striated tis-
sue. Using muscle mass assessment with dual-
energy X-ray absorptiometry (DEXA), sarcopenia
was defined in research studies as the loss of
muscle tissue more than two standard deviations
below the mean for young adults. In general, sar-
copenia shows a high variability among patients
of different ages.

11.3 Loss of Skeletal Muscle Mass

The total muscle mass is strongly age-dependent.
It continuously increases until the age of 24 years.
During the span from 24 to 50 years of age, the
muscle mass decreases only slightly (~10 %). In
people older than 50 years, the reduction of mus-
cle mass accelerates, and 30 % of muscle is lost
between 50 and 80 years of age. Using imaging
techniques—computed tomography (CT), mag-
netic resonance imaging (MRI), ultrasonography
(US)—an annual reduction rate in the whole mus-
cle size ranges from 0.5 % to 0.8 % beyond the
age of 50 years based on cross-sectional data and
1.4 % based on longitudinal data (Figs. 11.1, 11.2,
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Fig. 11.1 Axial computed tomography (CT) images loss of muscle tissue, particularly the decreased muscle
obtained from a 33-year-old man (/eft) and an 88-year-old  thickness in the older subject. Note also the increased
man in various anatomical regions. Note the generalized amount of intermuscular and intramuscular fat tissue
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Fig. 11.3 Muscle echo intensity is dependent on age,
data on 194 healthy volunteers. The muscle intensity is
expressed as a value between 0 (black) and 255 (white).
Note that the presented values are specific for the particu-
lar ultrasonography system used. During childhood, there
are no substantial differences between boys and girls.
From early adulthood on, men show lower muscle echo
intensity than women. After the age of 40 years, the mus-
cle echo intensity increases continuously. From Pillen S,
Arts IMP, Zwarts MJ (2008) Muscle ultrasound in neuro-
muscular disorders. Muscle Nerve. 37:679-693. Reprinted
with permission from John Wiley and Sons

11.3; see Chap. 2, Fig. 2.12). Adjusted for age,
height, and body weight, men have more muscle
tissue than women. However, men experience a
higher degree of loss of muscle tissue during
aging than do women. This phenomenon is not
fully understood. It is probably due to a complex
interaction of multiple factors including hormones
(growth hormone, insulin-like growth factor,
estrogen, testosterone), exercise, and lifestyle.
The underlying pathophysiological mecha-
nisms include a decrease in fiber size and num-
ber. The aging process in terms of fiber size
reduction is more prominent in type II fibers. The
reduction of the type II fiber area during aging is
20-50 % compared to 1-25 % of the fiber type I
area (Fig. 11.4). Even among the type II fibers
there seems to be differences in the degree of
fiber size reduction. Several studies have conclu-
sively demonstrated that type IIB fibers were
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more severely affected than type IIA fibers in
elderly women and men.

In contrast to the fiber size area, the reduction
in fiber number does equally affect type I and
type Il muscle fibers. Data from postmortem stud-
ies have demonstrated that the number of type I
and type II fibers has decreased by 50 % at the
ninth decade compared to individuals at the age
of 20 years. The rate of decrement in fiber number
accelerates during the aging process. Between the
third and fifth decade a 5 % reduction can be
observed compared to a reduction of 35 %
between the fifth and the eighth decades of life.

Although normal aging of the muscle tissue
does not affect the overall ratio of fiber types in
terms of fiber numbers, there is a certain fiber
grouping that can be observed in aging muscle tis-
sue. In young muscle tissue, the various fiber types
are scattered, resulting in a normal “checkerboard”
mosaic appearance, whereas in older muscle tis-
sue several fibers types are arranged in groups.
More recent studies focusing on the myosin heavy-
chain composition of different muscle fibers
showed that the number of so-called hybrid fibers,
expressing more than a single myosin heavy chain
isoform, is increased in aging muscle tissue.

11.4 Pathophysiology of Sarcopenia

Age-related denervation of striated muscle tissue
is one of the most important factors leading to
loss of muscle fibers/total muscle tissue and asso-
ciated clinical manifestations in the elderly. It has
been conclusively demonstrated that the number
of a-motoneurons in the ventral horn of the spi-
nal cord remains almost constant during life until
the seventh decade. During the following years
of life, the number of a-motoneurons decrease
continuously. This leads to progressive denerva-
tion of muscle tissue, in turn leading to losses of
functional motor units of the proximal and distal
muscle in the upper and lower extremities and a
subsequent increase in size of the remaining
motor units. The chronic denervation process has
been linked to possible underlying pathophysio-
logical mechanisms regarding the phenomenon
of fiber grouping in aging muscle tissue (described
earlier). In addition, the progressive denervation
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Fig. 11.4 (a) Age-related changes in (maximum) muscle
force in terms of representative isometric twitch contrac-
tile responses. (b) Extensor digitorum longus muscle
obtained from 16- to 28-month-old rats stained with myo-
sin ATPase. Note the relative increase of the dark-stained

process explains the acceleration of muscle tissue
loss in the elderly and the rather constant muscle
tissue volume in middle-aged persons. The under-
lying reason for the loss of motoneurons is still
not understood. Molecules influencing function
and survival of motoneurons such as the ciliary
neurothrophic factor (CNTF) are currently being
investigated.

In addition to chronic denervation, there are
other multifactorial pathophysiological pathways
that contribute to muscle fiber loss and atrophy in
sarcopenia. They include hormonal, metabolic,
nutritional, and immunological factors.

Old EDL
type I fibers in the older muscles. From Ryall JG (2008)
Cellular and molecular mechanisms underlying age-
related skeletal muscle wasting and weakness.

Biogerontology 9:213-228. Reprinted with permission
from Springer

11.4.1 Protein Metabolism

Alterations in protein metabolism affect normal
aging striated muscle tissue. They can be addressed
from various (patho)physiological aspects. First,
reduced protein synthesis is observed during the
early stages of sarcopenia even in middle-aged per-
sons (50-60 years) before age-related denervation
occurs. To a certain extent, this can explain the
observation that mild sarcopenia is present before
denervation appears. The decline in protein synthe-
sis particularly affects myofibrillar (actin, myosin)
and mitochondrial proteins. The assumption that
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mitochondrial proteins (e.g., aerobic enzymes) are
involved is supported by the fact that mitochondria
and mitochondrial DNA levels are substantial
reduced (approximately 40 %) in normal aging
muscle tissue. This decline in oxidative phosphory-
lation, and therefore adenosine triphosphate (ATP)
production, leads to overall impaired protein metab-
olism with consequences on muscle function.

11.4.2 Hormone Status

The decreasing blood-borne concentrations of ana-
bolic hormones during aging represent an impor-
tant factor contributing to sarcopenia. In elderly
men, the concentrations of total testosterone and,
more importantly, unbound testosterone are
reduced by 35 % and 50 %, respectively, between
the age of 20 to 80 years. The functioning of the
hypothalamic-pituitary-gonadal axis influences the
status of testosterone, particularly the circadian
variation of testosterone concentrations, in elderly
men. The multifactorial aspects of anabolic hor-
mone dysfunction affecting the anabolic hormones
include impaired secretion of gonadotropin-releas-
ing hormone (GrH) by the hypothalamus, relative
insensitivity of Leydig cells to luteinizing hormone
(LH) (which normally stimulates testosterone
secretion), and reduced responses of several tissue
types (e.g., muscle tissue) to anabolic hormones. It
has been conclusively demonstrated that adequate
replacement of testosterone in elderly men is an
effective treatment strategy regarding muscle mass
recovery and has clinical benefits in terms of
improved muscle strength.

Another important anabolic hormone that
influences muscle metabolism, particularly in
women, is the growth hormone (GH). Men and
women show a 50 % reduction of GH levels
between the age of 20 to 70 years, with a substan-
tial effect on muscle mass reduction. GH also
regulates the synthesis of insulin-like growth fac-
tor-1 (IGF-1). A reduced IGF-1 level is another
contributing factor of sarcopenia. IGF-1 plays an
important role in the recruitment of satellite cells
in muscle tissue. Satellite cells in the muscle rep-
resent the proliferative reserve. Stimulation of
satellite cells leads to muscle fiber proliferation.
Thus, fewer satellite cells during aging limit the
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proliferative capacity. IGF-1 not only leads to a
proliferation of satellite cells but also stimulates
satellite cell mitosis. However, in contrast to tes-
tosterone replacement, a therapeutic benefit of
GH supplementation has not been conclusively
shown. GH replacement can lead to increased
muscle mass but not to increased muscle strength.
It is therefore not recommended as an effective
treatment option in sarcopenia.

11.4.3 Nutrition

Nutritional status is an important contributing
factor to sarcopenia in the elderly. Aging leads to
an impaired nutritional state, for which the term
“anorexia of aging” has been coined. The under-
lying pathophysiological mechanism of anorexia
and sarcopenia is not fully understood. The
impaired intake of proteins under a certain level
is crucial for the maintenance of muscle tissue
and the impaired intake of certain aliment that
play an important role in muscle homeostasis
(e.g., creatine) have been suggested as possible
factors. The benefit of anorexia treatment in terms
of clinical outcome measures (e.g., muscle
strength) is still under debate and has not yet been
conclusively demonstrated.

11.4.4 Inflammation

There is increasing evidence that inflammatory
reactions in the muscle tissue contribute to sar-
copenia. Particularly, increased levels of
inflammatory cytokines such as interleukin-6
(IL-6), interleukin-1f3 (IL-18), and tumor necro-
sis factor-o. (TNFa) have been observed in aging
muscle tissue. These cytokines have some cata-
bolic effects. To what extent these inflammatory
changes contribute to sarcopenia is currently
under investigation.

11.4.5 Exercise
Reduced physical activity is a well-known phe-

nomenon in the elderly and contributes
significantly to sarcopenia. Resistance exercise
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can reverse age-related changes in muscle tissue
in terms of an increase in muscle mass and
benefits regarding functional outcome measures
such as muscle strength. Exercise-induced
increases in muscle mass (cross-sectional area)
of up to 40 % have been reported. It is likely that
resistance exercise acts in various ways, directly
affecting the muscle tissue. Neuronal mecha-
nisms are also being considered.

11.5 Loss of Muscle Function

Age-related loss of muscle strength is the most
important clinical manifestation of sarcopenia. In
general, the loss involves all domains including
concentric, eccentric, and isometric strength,
although eccentric strength is relatively preserved.
The course of the muscle strength decline corre-
sponds well with the age-related loss of muscle
mass (Fig. 11.4). There are no substantial differ-
ences in the loss of muscle strength between
proximal and distal limb muscles. After reaching
30 years of age, muscle strength shows almost
constant values until age 50 years. A rather mild
decrease in muscle strength is observed between
the ages of 50 and 60 years, followed by a more
accelerated loss of muscle strength in people older
than 60 years. Men show higher values of muscle
mass and strength at baseline, and their absolute
loss of muscle strength is greater. However, both
men and women show the same rate of age-related
muscle strength decline. Several cross-sectional
and longitudinal studies have been performed to
estimate the rate of muscle strength reduction.
The data are difficult to interpret because we are
dealing with different baseline ages and different
follow-up periods. In general, longitudinal studies
show greater declines than do cross-sectional
studies. Roughly, a decrease of approximately
15 % per decade is observed in persons beyond
the fifth decade of life. Please consider the sug-
gestions for further reading (below) for more
detailed information on this topic. Physical activ-
ity, particularly resistance training, can influence
and recover muscle strength to a certain extent
even in very old persons.
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In contrast to muscle strength, muscle endur-
ance or, in other words, muscular fatigue is not
strongly related to sarcopenia. Studies investigat-
ing the effect of aging on muscle endurance are
inconclusive, probably due at least partly to meth-
odological differences and difficulties. It has been
shown that fatigue in the elderly is not linked to
differences of the contractile components in mus-
cle tissue. It has therefore been postulated that
fatigue in aged muscle is more likely caused by
altered central nervous system factors.
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Key Points

e The term sarcopenia describes age-
related changes in muscle tissue in terms
of muscle mass and muscle strength.

e The age-related changes in muscle tis-
sue accelerate in patients beyond the
seventh decade of life.

e The pathophysiology of sarcopenia is
complex and multi-factorial, including
features of denervation, inflammation,
metabolic and hormonal changes, nutri-
tional status, and physical activity.

e Imaging modalities (US, CT, MRI) are
useful for assessing and quantifying the
degree of sarcopenia in the elderly.

e Physical activity (resistance training) is
helpful for slowing down the process
of sarcopenia and recovering muscle
strength.
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