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Preface

Enormous progress has been made regarding genetic diagnosis of inherited
neuromuscular diseases in recent years. A large number of new genetic abnor-
malities associated with dystrophic or nondystrophic myopathies have been
identified, leading to new insights into understanding the pathological aspects
of these heterogeneous disorders. The classic three pillars of the diagnostic
process for neuromuscular diseases have been the neurological examination to
determine the clinical phenotype, the neurophysiological assessment, and diag-
nostic muscle biopsies. It seems that a fourth pillar, neuromuscular imaging, is
becoming increasingly important as a tool for detecting muscular involvement
and describing the degree and pattern of involvement. Muscle imaging tech-
niques have thus made their entrance into clinical practice. Neuromuscular
imaging has become particularly helpful in supporting the clinical diagnosis,
confining the complex range of differential diagnoses, and guiding interven-
tional diagnostic procedures, such as muscle biopsy. This book was inspired by
the great success and the recent developments in neuromuscular imaging. There
is definitely a need to summarize and categorize the increasing amount of data
that have accumulated during the past few years in a precise and comprehen-
sive way. Creating a completely new book that deals with a rather new disci-
pline of imaging —including aspects of neuroimaging as well as musculoskeletal
imaging—we aimed to provide a comprehensive overview of the available
imaging modalities and the genetic, clinical, and pathological backgrounds of
acquired and inherited neuromuscular disorders. To make it as clinically useful
as possible, we created a standardized structure for the chapters that includes
illustrations, figures, and summarizing key points.

It has been a great pleasure for us to collaborate with so many internation-
ally well-known experts, colleagues, and friends. We trust that this work will
guide you through the huge and complex field of neuromuscular disorder
(differential) diagnosis and we hope that you will find this book comprehen-
sive and informative enough to use it in your daily practice for clinical and
research purposes.

Amsterdam, The Netherlands Mike P. Wattjes
Basel, Switzerland Dirk Fischer
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How to Use This Book?

The main focus of this book is the use of neuromuscular imaging in the clini-
cal setting of inherited and acquired neuromuscular diseases. We aimed to
create a practical guide that is useful in the daily clinical practice rather than
an all-embracing reference book that most of the time is in a bookcase. The
role of imaging in inherited and acquired neuromuscular disorders has been
extensively investigated by many researchers and has become increasingly
important in the routine clinical setting, particularly in terms of supporting
the clinical (differential) diagnosis before interventional procedures take
place. The vast majority of publications in this field of research have described
single disease entities. To our mind, it is now time to collect, categorize, and
present this knowledge in the context of differential diagnostic consider-
ations. We believe that there is a need for a comprehensive book as a guid-
ance in the diagnosis and differential diagnosis of neuromuscular disorders
with special regard to imaging findings.

The organization of this book starts with descriptions of the imaging
modalities that are currently used as standard techniques in the field of neu-
romuscular imaging or experimental applications that might become impor-
tant in the near future. The second part focuses on the anatomical and
histopathological backgrounds, which aids in the understanding of the under-
lying pathogenesis and anatomical distribution patterns of neuromuscular
disorders. The various neuromuscular disease entities are subdivided into
three parts: hereditary muscle diseases; acquired muscles diseases; and dis-
eases of the neurons/peripheral nerves. Given the multi-modality approach to
diagnosing neuromuscular disorders—in particular inherited muscle dis-
eases—brief but important background information on their clinical presen-
tation, genetics, and histopathology are addressed. The descriptions of the
muscle disease entities are structured in a certain way, focusing on genetics,
pathophysiology, histopathology, clinical presentation, imaging findings, and
differential diagnosis. For readers who are interested in more detailed infor-
mation suggestions of further reading sections are provided at the end of each
chapter. Although the main emphasis of this book is on primary muscle dis-
eases, it also includes important, often underrated aspects of neuromuscular
imaging, such as muscle neoplasms and peripheral nerve imaging. Particularly
the latter benefits from the advances in magnetic resonance imaging and has
gained increasing interest among neuroradiologists.



How to Use This Book?

Once again, this book does not represent an encyclopedia of imaging of
neuromuscular diseases. It is the first approach to collect, categorize, and
summarize the most clinically relevant aspects of this group of diseases. On
behalf of all the contributors, we would very much appreciate comments and
suggestions to improve this book and make it even more comprehensive for
future editions.

Mike P. Wattjes and Dirk Fischer
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Introduction

Mike P. Wattjes

The choice and use of certain imaging modali-
ties in the diagnostic workup of patients with
inherited or acquired myopathies has changed
during the past decades. Whereas computed
tomography (CT) was introduced and used dur-
ing the 1980s and early 1990s for this purpose,
during the past two decades magnetic resonance
imaging (MRI) has become increasingly avail-
able and has been used in the diagnostic process
and monitoring of neuromuscular disorders. This
has led to almost complete replacement of CT by
MRI in this field. CT is still valuable, however,
for studying certain disease entities such as neo-
plasms and under specific conditions (e.g., dis-
eases for which MRI is contraindicated,
claustrophobic patients).

Despite the fact that MRI is the imaging modal-
ity of choice for many neuromuscular disorders,
ultrasonography, a rather “old fashioned” imaging
technique, is still extremely valuable. Progress in
the technical development of ultrasonography
enables high-resolution and even dynamic
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imaging of muscles and peripheral nerves. These
improvements make it indispensable for neuro-
muscular imaging, particularly in children.

Newer advanced imaging techniques dealing
with the functional assessment of muscle tissue
have recently been introduced, including perfu-
sion MRI, diffusion MRI, and MR spectroscopy.
Most of these imaging methods are available but
are not yet used routinely in the clinical setting.

Peripheral nerve imaging is increasingly
becoming an important part of neuromuscular
imaging in various disease entities. It joins a
broad selection of imaging modalities including
MRI, CT, ultrasonography, and positron emission
tomography.

This section of the book focuses on the various
imaging techniques that are available and used in
clinical and research settings. All of the chapters
discuss the strengths, challenges, and limitations
of each method. They also provide a perspective
of possible future roles for the technique in the
field of neuromuscular imaging.
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Ultrasonography

Sigrid Pillen and Nens van Alfen

2.1 Introduction
Ultrasonography (US) was first used in human
medical practice during the 1950s and has since
developed into a well-established diagnostic
imaging method. In 1980, dystrophic muscle tis-
sue was found to show typical US changes. Over
the next three decades, muscle US has developed
into a reliable screening tool for childhood neu-
romuscular disorders that can also be used to
select an optimal biopsy site. In addition to its
application in the field of neurology, muscle US
is used in oncology for diagnosing soft tissue
tumors and in sports medicine and physical ther-
apy for imaging muscle and tendon injuries.
During the 1990s, with the advent of more
advanced US machines and software, imaging of
peripheral nerves has become feasible for everyday
clinical use. Initially, nerve US was mainly used by
anesthesiologists to facilitate and help prevent
complications during peripheral nerve blocks, but
soon the imaging of nerve entrapments—especially
carpal tunnel syndrome—became routine practice
in many neurology and radiology departments.
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The main advantage of US over other imag-
ing modalities is the possibility of capturing mov-
ing (real time) images. Muscle US can help
analyze muscle contractions and corresponding
pennation angles, and it can show finer intramus-
cular movements such as fasciculations and even
fibrillations. Fasciculation screening is easy and
reliable with muscle US, which makes the tech-
nique a valuable noninvasive tool for diagnosing
disorders such as motor neuron disease. Further
advanced applications, such as power Doppler
and contrast-enhanced US, provide opportunities
to not only image muscle and nerve tissue itself
but also its vascularization, which helps diagnose
inflammatory and infectious conditions such as
myositis or leprosy.

2.2  Principles of Ultrasonography
in Relation to Neuromuscular
Imaging

2.2.1 Transducer Types

Transducers, or “probes,” are nowadays made of
rows of electronically steered ceramic polymer
piezoelectric elements that can usually send out
and receive a range of US frequencies. These so-
called broadband transducers come in different
shapes and sizes, such as rectangular or curved
forms, each with its own special advantages and
purpose. For neuromuscular imaging, a linear
probe with a frequency ranging between of 5 to
20 MHz that produces a rectangular image is
most practical, except for deep structures such as

M.P. Wattjes and D. Fischer (eds.), Neuromuscular Imaging, DOI 10.1007/978-1-4614-6552-2_2, 5
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Fig. 2.1 Measurement of the abdominal wall and under-
lying structures in an 8 months pregnant woman with a
high-frequency transducer (17-5 MHz, left panel) and a
lower-frequency transducer (8—4 MHz, right panel). The
high-frequency transducer depicts superficial structures
such as the abdominal wall muscles with high resolution,

the diaphragm or sciatic nerve where a sector-
scanning or curvilinear probe may be more
convenient.

2.2.2 Attenuation, Resolution,
and Transducer Choice

Ultrasonography is less capable of displaying
deep tissues than other imaging techniques such
as magnetic resonance imaging (MRI). The rea-
son for this is attenuation. That is, there is a pro-
gressive reduction in amplitude of the US beam as
it travels through a medium such as muscle.
Attenuation results from the loss of sound waves
from the penetrating US beam by absorption of
wave energy and other mechanisms such as
reflection and scattering. The amount of absorp-
tion depends on the type of tissue (e.g., attenua-
tion is very high in bone). Absorption increases
with the use of higher transducer frequencies
(Fig. 2.1), just as the higher tones in music are lost
before the bass tones when the sound moves far-
ther away from its source. For average soft tissues,
the loss of US energy amounts to approximately

S. Pillen and N. van Alfen

whereas deeper structures are more difficult to visualize.
Only highly reflective structures such as bone remain vis-
ible. The low-frequency probe results in lower resolution,
but deeper structures such as the fetal vertebra in utero are
visible (subcut. subcutaneous tissue, abd. muscle abdomi-
nal muscle)

1 dB per 10 mm tissue depth for each megahertz.
This means that a 50 MHz transducer can image
tissue at up to 12 mm depth, whereas a 3 MHz
probe can reach approximately 200 mm deep.

It is tempting to use a low-frequency trans-
ducer to prevent image loss due to attenuation. To
do so, however, would compromise the maximum
image resolution when scanning a tissue more
superficial than the maximum image depth. The
resolution of US images must be considered sep-
arately for the axial direction (i.e., depth along
the beam) and lateral direction (i.e., transversely
across the beam). Axial resolution is linearly
related to transducer frequency and at best
approaches the wavelength of the sound emitted.
Neuromuscular imaging uses frequencies rang-
ing from 5 to 20 MHz, with corresponding
wavelengths—and therefore resolution—of 0.3—
0.08 mm. The lateral resolution of US is limited
by the beam width and is several times larger
than the axial resolution. For optimal resolution,
the highest possible transducer frequency is pref-
erable. However, this choice contradicts using the
lowest possible frequency to prevent beam atten-
uation. Thus, choosing a transducer is always a
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Table 2.1 Transducer frequencies for various tissues

Exam Transducer frequency (MHz)
Transcranial 2-3

Abdominal organs 3-7

Deep muscles 4-8

Superficial muscles 7-17

Eye 30-100

Table 2.2 Sound velocity in various tissue types

Tissue Sound velocity (m/s)
Air 330
Fat 1,450
Water 1,540
Connective tissue 1,540
Blood 1,570
Muscle 1,585
Bone 4,080

trade-off depending on the depth and type of tis-
sue under investigation (Table 2.1; Fig. 2.1).
Modern broadband US equipment facilitates
adjusting the frequency, which is done by imag-
ing software based on the depth, focus, and reso-
lution required for the measurement.

2.2.3 Effects of Tissue Properties:
Acoustical Impedance and
Anisotropy

The amount of sound reflection depends on the
difference in acoustical impedance between tis-
sues. Acoustical impedance is determined by a
combination of the tissue density and the sound
velocity within that tissue (Table 2.2). It varies
according to the tissue type. The larger the imped-
ance difference, the larger is the degree of
reflection of the US beam. For example, the
difference in acoustical impedance of air and skin
is large, which makes it impossible to produce
US images without gel or another contact medium
placed between the transducer and the skin.
Without a suitable contact medium, all sound
would be reflected at the air—skin surface before
it could penetrate the skin. A muscle-to-bone
transition or intramuscular calcifications also
cause a strong reflection with a typical “acoustic

Fig. 2.2 Transverse image of the lower leg shows the
tibialis anterior muscle (7A) and the tibialis posterior mus-
cle (TP) between the tibia (7) and fibula (F). The bone
reflections are very strong, resulting in clear white lines
with a typical bone shadow underneath

shadow” underneath because no sound gets
through (Fig. 2.2). Conversely, a small difference
in acoustical impedance, such as in normal mus-
cle tissue, results in little to no sound reflection
and almost no image signal as most of the US
beam is transmitted to deeper layers. Therefore,
normal muscle tissue usually appears relatively
black on US images (Fig. 2.3).

Anisotropy is the property of soft tissues to
vary in the amount of US reflection depending on
the angle of insonation. It is caused by the amount
of parallel, usually collagen-type structures pres-
ent in a tissue, which reflect only sound that is
perpendicular to their fibers. Anisotropy is pres-
ent particularly in healthy tendon and other con-
nective tissues and to a lesser degree in peripheral
nerves and skeletal muscle (Fig. 2.4).

2.2.4 Image Formation

The same transducer that creates sound waves
of the desired frequency and sends them to the
target tissue also receives their echoes
(reflections). US differs from other imaging
modalities in that it does not display tissue itself
but the transitions between two adjacent tissue
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Fig. 2.3 Transverse image of the upper arm at one-third
of the way from the elbow to the acromion shows a healthy
biceps brachii and brachialis muscle. Healthy muscle
appears relatively black with a few white lines caused by
the reflections of fascia. Depending on the angle of

types. When high-frequency sound waves sent
by the transducer interact with tissue, four things
can happen to the US beam: The sound waves
are reflected, deflected, scattered, or absorbed
(Figs. 2.5 and 2.6). Only sound waves that return
to the transducer by direct reflection or as part
of the scattering can form an image on the
screen. Reflection or deflection of the US beam
depends on the angle of impact. A 90° angle
results in reflection of all sound back to the
transducer, resulting in an image signal
(Fig. 2.5). A smaller or larger angle of impact
leads to deflection of a part or all of the sound
waves. The tissue transition that caused them is
not displayed in the image (Fig. 2.5). For exam-
ple, an intermuscular fascia that is parallel to the
direction of the US beam (i.e., at a 180° angle)
is displayed as a black area (no signal) or as an
interrupted line (Fig. 2.5). Conversely, these
anisotropic fascial structures are highly echo-
genic when they lie perpendicular to the beam.
Because of their anisotropy, though, even
slightly oblique scanning results in diminished
echo intensity (Fig. 2.4). When the US beam
encounters structures smaller than the US wave-
length, the sound waves are scattered (Fig. 2.6).
Thus, only a small portion of this sound returns

skin

subcutaneous tiSSUE e =

\;;pta

m
scattering
> e
—_
- biceps

. -
humerus

insonation, a part of the muscle can have a homogeneous
gray appearance caused by scattering of sound on some
of the muscle fascicles. Some bright white lines can also
be visible in the subcutaneous tissue. These are connec-
tive tissue septa between the fat lobules

to the transducer, resulting in only a small
increase in signal strength in the image. Typical
scattering occurs in the liver and thyroid, which
contain many small ducts and veins (Fig. 2.6),
giving healthy liver and thyroid tissue a homo-
geneous aspect. Little scattering occurs in
healthy muscle (Fig. 2.3).

2.2.5 Image Quality Optimization

and Postprocessing Techniques

The final step is building an image based on the
reflections received by the transducer. The equip-
ment software calculates to which parts of the
image the shades of white, gray, and black are
allocated. These allocations are based on how
long it took for the sound wave to return to the
transducer (i.e., signal depth), from which direc-
tion it came, and how strong the returning signal
is in decibels (i.e., signal brightness).

Next, several postprocessing techniques incor-
porated into the US machine hardware and soft-
ware are applied to create the optimal image.
First, the US echoes have to be amplified for fur-
ther processing by a mechanism called gain.
Because of the attenuation that occurs in deeper
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radius
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Fig. 2.4 Transverse image of the distal forearm shows
the median nerve (gray oval with white dots in schematic
picture) surrounded by several tendons. The nerve has a
coarse granular “honeycomb” appearance, whereas the
internal structure of the tendons is finer. Angulation of the
transducer can help distinguish nerve and tendon as nerve
is less anisotropic than tendon. When measuring tendons
perpendicularly, all reflections of their internal structure
return to the transducer, causing a finely speckled pattern.
However, scanning at even slightly oblique angles causes
all sound to be deflected, resulting in a black image (mid-
dle panel). Nerves show less anisotropy, so their internal
structure remains preserved even when scanning at
slightly oblique angles

layers, returning signals from deeper layers have
to be amplified more than echoes from superficial
layers to achieve an even image. This is achieved
by time gain control amplification (TGC).

The returning tissue echoes have a large
dynamic range (i.e., large variation in signal
amplitude). As this would translate to more gray
values than can be processed by the human visual
system, signals are usually compressed to 256
gray values, which is about the maximum the
human eye can discern. As most clinically rele-
vant information lies in the lower- and mid-range
signals, compression settings are chosen to show
most contrast in these lower ranges. The final
compression pattern is often called a gray map or
look-up table. Most US machines have different

preset gray maps to suit optimal imaging of the
structure of interest.

Compound imaging is frequently applied for
nerve US. It combines successive frames using
different steering angles to form a single image
on the screen. In this way, compounding dimin-
ishes the effects of single-angle beam signal
deflection, resulting in fewer image artifacts,
smoother image texture, and improved delinea-
tion of tissue boundaries, especially in a direction
parallel to the US beam (Fig. 2.7).

Other US techniques include panoramic, or
extended field-of-view, imaging. With this tech-
nique, the probe motion and echoes are tracked
during real time, and the complete image is grad-
ually built on screen. Panoramic view technology
requires special software but allows, for example,
tracking of nerve abnormalities over a long dis-
tance (Fig. 2.8).

Recent advances in Doppler flow imaging
technology make it possible to detect signals from
low-flow vasculature, such as intramuscular arte-
rioles or epineural blood vessels. Power Doppler
indirectly measures the number of red blood cells,
creating the Doppler frequency shift, in contrast
to normal color Doppler, which measures the
mean frequency shift (or velocity) of blood cells
(Fig. 2.9). Its main advantage is that any flow is
assigned a color, improving sensitivity for low-
flow signals. It allows us to measure the degree of
tissue vascularization and to detect hyperemia
(Fig. 2.9), which in turn can help detect locally
increased blood flow in patients with inflammatory
conditions (e.g., myositis, leprous neuropathy).
Because Power Doppler is independent of the
angle of insonation, however, it cannot discern
between arterial and venous flow.

Microvascular imaging can be enhanced by
the use of intravenous contrast fluids containing
US reflectors. Most commonly, small (1-5 pm)
lipid or protein capsules (microbubbles) contain-
ing an inert gas are used. These microbubbles are
then imaged during destruction using high-energy
US pulses or by imaging the harmonics of their
oscillations using lower-energy pulses. Contrast-
enhanced imaging is highly sensitive for measur-
ing capillary perfusion and can even be used to
deliver specific drugs to a particular site. The
drug is then released upon insonation.
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Fig. 2.5 Transverse image of the lower leg shows the
peroneus longus muscle over the fibula. Bright fascia is
visible within the peroneus longus. This structure is per-
pendicular to the ultrasonography (US) beam and is there-
fore highly reflective. Part of the extensor digitorum
longus (EDL) is visible on the left side. The boundary
between the EDL and the peroneus longus is askew with

Fig.2.6 The thyroid is an example of tissue that scatters
the US beam, resulting in a homogeneous gray appear-
ance. The surrounding muscle structures show little scat-

2.3  Ultrasonography of Normal
Neuromuscular Tissue
2.3.1 Muscle Appearancein

Transverse and Longitudinal
Planes

Skeletal muscles are composed of bundles of
muscle fibers (Fig. 2.10, see also Chap. 9). Each
muscle fiber is surrounded by thin connective tis-
sue called the endomysium. Bundles of muscle

Reflection Transmission

Deflection

—~—

GL
Peroneus longus

.
fibula

EDL

respect to the direction of the US beam. Therefore a large
part of the beam is deflected from this boundary, which
makes it difficult to see. The fascia between the peroneus
longus and the lateral head of the gastrocnemius (GL) is
not visible because it is parallel to the US beam and no
sound is reflected, which results in a broad black line

m. sternothyroideus

thyroid:
scattering

tering and only some reflections, which leads to a black
image with a few white spots and lines (CA carotid artery,
SCM sternocleidomastoid muscle)

fibers are surrounded by the epimysium, which
also contains small blood vessels and nerve
fibers. The muscle as a whole is covered by the
epimysium or fascia that also forms the tendons
and aponeuroses.

Healthy muscle tissue has low echo intensity;
that is, it appears black on a US scan. When mea-
sured in a transverse plane, it has a speckled
appearance (Fig. 2.3). The intramuscular
reflections originate from the perimysium, intra-
muscular fascia, and veins. The epimysium, or
surrounding fascia, is normally thin, consisting
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Normal imaging

Compound imaging

Fig. 2.7 Transverse image of the forearm, halfway
between the elbow and the wrist, shows the median nerve
(arrow) between the superficial and deep finger flexor

Panoramic view of ulnar nerve in forearm

nerve fascicles

Fig. 2.8 Longitudinal image of the ulnar nerve in the
forearm of a patient with an inflammatory nerve disorder,
which has led to gross swelling of the nerve. The fascicu-
lar structure is still visible in some parts of the nerve,
although the nerve fascicles are wider apart than normal.

muscles. With compound imaging the fascia surrounding
the muscle a more visible and have a rounder appearance.
The nerve is also easier recognizable (R radius, U ulna)

total disruption of fascicular structure

Other nerve parts are even more disrupted, leading to a
very thick nerve without any visible internal structure.
Panoramic imaging makes it possible to visualize a longer
stretch of the nerve in a single image, although it comes at
the cost of reduced image resolution
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after exercise

Fig. 2.9 Transverse image of the forearm with power Doppler applied before exercise (left panel) and directly after
20 s of maximum voluntary muscle contraction (finger flexion), resulting in hyperemia

perimysium

muscle fascicle

» endomysium

—p muscle fibre

Fig. 2.10 Overview of normal muscle architecture

of one or a few layers that are strongly reflective
and sharply demarcated. In a longitudinal plane,
the fascicular organization of muscle becomes
visible. For example, the tibialis anterior muscle
has a pennate, feather-like structure in which the
muscle fibers are attached to a central aponeuro-
sis, and the biceps brachii exhibits uniform paral-
lel tissue organization (Fig. 2.11). Scanning

muscle in a longitudinal direction makes it pos-
sible to visualize the muscle architecture and
measure pennation angles. In case of suspected
muscle pathology, longitudinal imaging can visu-
alize disruption of muscle structures caused by
tears, hematomas, or tumors.

Muscle tissue echo intensity is relatively low
In children and young adults, although obese
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Biceps brachii

Fig. 2.11 Longitudinal image of the biceps brachii and
tibialis anterior muscle. The biceps brachii has a parallel
structure, whereas the tibialis anterior is a bipennate mus-

Tibialis anterior

cle, meaning that the muscle fascicles are attached to a
central aponeurosis, which gives the muscle a feather-like
appearance (Double arrow =subcutaneous tissue)

20 years

Fig. 2.12 Transverse image of the tibialis anterior mus-
cles of three healthy men from one family, ages 20, 50,
and 80 years. All images were made at the same anatomi-

people may show slightly increased echo inten-
sity, probably caused by the increased intramus-
cular fat content. With advancing age, especially
in people over 60 years, muscle tissue becomes
increasingly whiter with higher echo intensity. It
is caused by age-related muscle changes called
sarcopenia, which lead to a higher connective tis-
sue content (Fig. 2.12) and a steady age-related
decrease in muscle thickness. Finally, muscle
echo intensity and US morphology also differ
between relaxation (muscle resting state) and
contraction. Contraction leads to increased cross-
sectional muscle thickness, a blacker appearance
(i.e., decreased echo intensity), and a change in
the pennation angle.

50 years

80 years

cal location and with identical US settings. Note the
increasing echo intensity with older age caused by
sarcopenia

Because each muscle has a different architec-
ture, the specific echo intensity varies per muscle.
Thus, each muscle has its own set of age-specific
reference values for echo intensity.

2.3.2 Ultrasonography of Nerves

Peripheral nerves are composed of fascicles: bun-
dles of myelinated and unmyelinated axons lying
in endoneurial connective tissue and surrounded
by a dense layer of perineurium, which also con-
tains the nervi and vasa nervorum. A single nerve
contains one to several fascicles, grouped together
by an epineurial sheath (Fig. 2.13). Peripheral
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Fig. 2.13 Overview of
normal nerve architecture

peripheral nerve

epineurium

intraneural vessel

nerve fascicles

perineurium
endoneurium

nerves run between the muscle fascia or next to
bone (just as blood vessels do) and have shapes to
suit their environment. Current high-resolution
US allows imaging of the individual fascicles
within a nerve. As the perineurium is strongly
reflective, it usually makes the demarcation of
the nerve quite clear.

The proximal nerve roots and trunks have few
fascicles and little epineurium. They often appear
on transverse images as a single round structure
with low echo intensity (Fig. 2.14a). In the bra-
chial plexus, the nerve roots form multifascicular
strands in the supraclavicular area that resemble a
cluster of grapes (Fig. 2.14b). More distally, the
limb nerves appear as oval, round, or triangular
structures with a honeycomb appearance
(Fig. 2.14c¢). On longitudinal images the nerves
are visible as tube-like structures containing sev-
eral parallel lines that represent the perineural
fascicle sheaths (Fig. 2.15).

2.3.2.1 Ultrasonography Appearance

of Structures Surrounding

Muscle and Nerves
The skin (i.e., epidermis and dermis) is visible as
two thin straight lines just below the transducer
surface. The deepest line demarcates the transi-
tion to the subcutaneous layer. The subcutaneous
tissue consists of fat (relatively black). Between
the fat lobules are several connective tissue septa
also containing the lymphatic vessels. Septa

» axXon

appear as bright, sharp lines (Fig. 2.3). Especially
in the case of muscle atrophy one should take
care not to mistake these septa for muscle tissue
or fascia. To differentiate between fat and muscle,
the patient can perform a muscle contraction, or
longitudinal scanning can assess the extent of the
connective tissue structure.

Differentiation of nerves and tendons can be
challenging during nerve US. In a transverse
plane, tendons also have a round or oval shape
with a granular internal pattern, but this pattern
tends to be finer compared to the coarse granular
honeycomb appearance of nerves (Fig. 2.4). In
longitudinal orientation, tendons appear as finer,
more fibrillar parallel structures that are less
compact than those of nerves, although the dif-
ference can be difficult to see (Fig. 2.15). Tendons
are also more anisotropic than nerves owing to
the strong longitudinal orientation of their con-
nective tissue fibers. Angulation of the transducer
leads to a larger variation in echo intensity
(Fig. 2.4).

Blood vessels are visible as black dots or tubes
depending on the image angle. Arterial pulsa-
tions are usually visible during scanning. If there
is any doubt, Doppler imaging can help identify
the nature of a round or tube-like structure. Bone
has high acoustical impedance, causing a strong
reflection and a typical acoustical shadow under-
neath (Fig. 2.2). The same is seen in the case of
tissue calcifications.



2 Ultrasonography

15

Brachial plexus sonoanatomy at three levels

a Roots

C5, C6, C7
in interscalene region

b Trunks

<09,
=7
oS3
supraclavicular region:
“cluster of grapes”

¢ Peripheral nerves

median, ulnar and radial
nerve, axillary region

Fig. 2.14 The US appearance of nerves at several levels
of the brachial plexus. The roots consist of a single bundle
of axons and contain little connective tissue, appearing as
black circles on US (a). A little more distally the nerve
fascicles appear in the trunks. They become visible at the
supraclavicular level as a compact granular structure that

teres major.

resembles a cluster of grapes (b). Even more distally, at
the axillary level, the individual nerves emerge with their
typical honeycomb-like appearance (c). AA axillary artery,
AS anterior scalene muscle, BB biceps brachii muscle, CB
coracobrachialis muscle, MS middle scalene muscle, SA
subclavian artery, SCM sternocleidomastoid muscle

Fig. 2.15 Longitudinal image of the median nerve
(between “+.....4”) in a healthy subject (left) and a patient
with a traumatic nerve lesion (right). The fascicles are vis-
ible with parallel organization. A tendon is visible directly
below the median nerve. Although tendons normally
have a slightly finer structure, differentiation based on the

US appearance alone can be difficult. On the right, inter-
ruption of the longitudinal structure is seen that corre-
sponds to a partial nerve tear caused by trauma. Courtesy
of T. T. M. Claessen-Oude Luttikhuis, Department of
Neurology, Canisius Wilhelmina Hospital, Nijmegen,
The Netherlands



24  General Aspects of Muscle
Ultrasonography in

Neuromuscular Disorders

Many neuromuscular disorders are characterized
by increased muscle echo intensity caused by a
gradual replacement of healthy muscle tissue by
fibrosis and fatty infiltration. Such change
increases the number of tissue transitions and
thus the number of reflections (Fig. 2.16). These
changes in echo intensity and morphology (e.g.,
atrophy, hypertrophy) aid in the diagnostic
workup of patients with a suspected neuromuscu-
lar disorder. Depending on the type of pathology,
the muscle may appear diffusely gray as in
Duchenne muscular dystrophy (DMD) (Fig.2.16),
or it may develop a moth-eaten appearance as
seen in motor neuron disorders. Inflammatory
changes blur normal muscle architecture, leading
to a fuzzy appearance of the intramuscular fascia
(Fig. 2.17). Inflammation probably also increases
muscle echo intensity although not as much as
fibrosis does.

S. Pillen and N. van Alfen
2.4.1 Quantification of Muscle
Echo Intensity

A marked increased of muscle echo intensity can
be easily identified. However, as muscle echo
intensity increases with age and varies individu-
ally per muscle, visual distinction of healthy and
diseased muscles can be unreliable. Unreliability
also occurs during early stages of a neuromuscu-
lar disease, when muscle echo intensity might be
only slightly increased. Consequently, the sensi-
tivity of visual muscle US evaluation for detect-
ing neuromuscular disorders in children is
relatively low (67-81 %, depending on operator
experience).

Standardized techniques for quantifying echo
intensity produce more objective results and
increase the reliability and sensitivity of muscle
US. There are several established ways to quan-
tify muscle US images, such as backscatter, the
luminosity ratio, or gray scale analysis. Of these
methods, gray scale analysis has been studied
most extensively and has proven to be sensitive
and reliable in patients with neuromuscular

Fig. 2.16 Transverse image of the biceps brachii muscle
in a patient with Duchenne muscular dystrophy (DMD)
and a patient with spinal muscular atrophy. In both images,
muscle echo intensity is severely increased with a loss of
internal muscle architecture. In DMD, the muscle echo
intensity is homogeneously increased with a strong atten-

uation of the US beam. Therefore the humerus (H) can no
longer be visualized. In SMA a moth-eaten pattern is vis-
ible with very white spots caused by severely atrophic
fibers and black spots caused by groups of hypertrophic
muscle fibers (arrow)
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quadriceps muscle of healthy 2 year old

Fig. 2.17 Transverse US scan of the quadriceps muscle
of a healthy 2-year-old child (/eff) and a 2-year-old suffer-
ing from fasciitis (right). Note the atrophy and increased
echo intensity in the rectus femoris muscle. The intramus-
cular fascia are thickened and fuzzy (long arrow), as is the

disorders. Quantitative gray scale analysis is
conducted as follows: A region of muscle in the
image is selected, and subsequently an average
gray value that describes the degree to which the
muscle is black, gray, or white is calculated. This
value can then be compared to the corresponding
reference value for that specific muscle and
patient. To use reference values reliably, the same
measurement protocol should be used each time,
including the measurement location and the posi-
tion of the patient. Care must be taken to measure
muscles in a relaxed position as contraction leads
to increased muscle thickness and decreased
muscle echo intensity. Measurements must be
performed in a transverse plane, avoiding too
much pressure on the skin as compression
increases muscle echo intensity. As system set-
tings strongly influence echo intensity, it is
important to keep all settings that influence the
gray value (e.g., the gain, compression, focus,
TGC) constant throughout the measurements.
Gray scale analysis is performed offline by select-
ing a region of interest in the output image and
running a standard histogram function, which is
widely available in commercial software pro-
grams for image editing. To facilitate clinical use,
customized gray scale analysis software has been
developed that already incorporates reference
values (Fig. 2.18).

2 year old with fasciitis

fascia between the rectus femoris muscle and the vastus
intermedius muscle (short arrow) (Double arrow =subcu-
taneous tissue, F femur, R rectus femoris muscle, VI vas-
tus intermedius muscle)

The main difficulty with implementing
quantitative muscle US in different centers is the
need for specific reference values for each US
machine because each device has its own charac-
teristics that are incorporated into the machine
and cannot be adjusted (e.g., beam frequency,
transducer shape, gray map, and several other
postprocessing techniques that transform the sig-
nal). Copying the user-adjustable system settings
to another US device therefore does not lead to a
similar range of muscle echo intensities.

Device-specific reference values can be
obtained by establishing one’s own or by using
degradable muscle phantoms (i.e., meat) and cal-
culating a conversion equation between machines.
The gray value analysis technique is a sufficiently
robust measurement to transpose reference val-
ues reliably to other US devices after application
of such a conversion factor. Both methods are
somewhat cumbersome, so new developments in
US and phantom technology that focus on the
device-independent interpretation of echo inten-
sities would be most welcome.

Other quantification techniques that are sup-
posedly less US device-dependent have been
proposed. One is the luminosity ratio, which
compares muscle echo intensity to that of subcu-
taneous tissue. Another is backscatter analysis,
which compares the measured echo intensity to
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Fig. 2.18 QUMIA software and its output format. The
mean echo intensity can easily be calculated and com-
pared to muscle- and age-specific normal values using this
customized quantitative muscle image analysis program.
The output consists of a diagram showing which muscles

that of a calibrated phantom. These techniques,
however, also depend on several system settings
and transducer characteristics, and they have not
yet been proven to be as sensitive or reliable as
plain gray scale analysis.

2.4.2 Dynamic Muscle
Ultrasonography

The main advantage of US compared to other
imaging techniques (e.g., MRI, CT) is that it is
dynamic: The image is formed online and can
be tracked in real time. US can thus help detect
both physiological and pathological muscle
movements.

Although individual motor units or muscle
fibers cannot be visualized with current US reso-
lutions, simultaneous contraction of several mus-
cle fibers causes enough displacement of
surrounding tissue to be visible. Contractions
lead to a change in shape, resulting in an increased
diameter or cross-sectional area (Fig. 2.19) and a
slight decrease in echo intensity. Both voluntary
and involuntary movements (e.g., cramps, tremor,

CJ=as
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were measured and how (ab-)normal their echo intensity
is. With this format it is easy to appreciate the pattern of
muscle involvement and chose an optimal site for muscle
biopsy

clonus) can easily be visualized. Because all con-
tractions look similar, it is not possible to discern
voluntary from involuntary contractions by
dynamic muscle US alone. Different patterns
with certain clinical significance can be observed,
however. Tremor, for example, is recognized as a
rhythmic contraction of the entire muscle, and
dynamic muscle US can be used to estimate
tremor frequency.

Smaller, intramuscular movements are also
visible with dynamic imaging. Fasciculations—
involuntary random contractions of single motor
units (an area of #2—-8 mm)—are easily detected
with dynamic US and with higher sensitivity than
when using needle electromyography (EMG) or
clinical examination. This is because a larger
muscle area is screened with dynamic US than
with EMG, and deeper muscle parts can be exam-
ined that are not visible from the outside. Interob-
server agreement is good (0.85—comparable to
that for EMG). Fasciculations, caused by sponta-
neous depolarization somewhere along the motor
neuron or axonal membrane, are a hallmark of
motor neuron disease. They appear on US as
spontaneous focal jerky movements that occur
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At rest

Fig. 2.19 Muscle US image of the upper arm showing
the biceps brachii (Bi) and brachialis muscle (Br) at rest
(left panel) and during isometric elbow flexion with the
forearm supinated (right panel). The US image shows that

irregularly and randomly throughout the muscle.
Fasciculations are best recognized in a transverse
plane, appearing as focal muscle thickening in
both horizontal and vertical directions.

With its increasing resolution and frame rate,
US is now able to detect fibrillations. Although a
fibrillation is spontaneous activity of a single
muscle fiber (~40-80 pm), multiple fibrillating
muscle fibers cause sufficient displacement of
their surroundings to be detectable. Fibrillations
appear on US scans as small, irregularly oscillat-
ing movements within an overall preserved mus-
cle shape. The skin and subcutaneous tissue are
not displaced. Fibrillations are caused by sponta-
neous depolarization of individual muscle fiber
membranes when a fiber loses contact with its
innervating axon. This makes fibrillations an
important sign of axonal damage in peripheral
nerve disorders and of muscle inflammation (with
fiber breakage) in inflammatory myopathies. It is
important to know that fibrillations are very tem-
perature-dependent and are best detected in limbs
warmed to at least 34 °C.

2.4.3 Diagnostic Value of Muscle
Ultrasonography

In children, quantitative muscle US using gray
scale analysis is capable of detecting a neuro-
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Contraction

the biceps brachii is more active (i.e., more contracted)
during this movement as its diameter clearly increases,
whereas the diameter of the brachialis muscle is
unchanged. H humerus

muscular disorder with an overall positive
predictive value of 91 % and a negative predictive
value (NPV) of 86 %. Muscle US is even more
reliable (NPV 95 %) in patients over age 3 years.
Below the age of 3 years more false-negative
results are found (sensitivity 75 % in patients
younger than 3 years), as often during the early
stages of a neuromuscular disorder few structural
muscle changes are present. False-negative US
results are also seen in children with mitochon-
drial myopathy in which an energy disturbance in
muscle metabolism affects function before it
affects structure. It thus presents in only 25-46 %
with increased echo intensities.

No prospective studies of muscle US as a
screening tool for adult neuromuscular disorders
are available yet, although recently it was shown
that quantitative muscle US can aid in diagnosing
amyotrophic lateral sclerosis. Apart from
increased echo intensities in affected regions, US
can confirm the presence of lower motor nerve
involvement by detecting fasciculations. US is
more sensitive for detecting fasciculations than
EMG or clinical evaluation. It has a specificity of
86 %, which equals that of visual inspection. US
criteria similar to the El Escorial criteria for EMG
have been established to describe the likelihood
of a motor neuron disorder being present.

In other adult manifestations of neuromuscu-
lar disorders, muscle US usually shows increasing
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echo intensity and atrophy as the disease
progresses. However, the exact diagnostic value
for specific neuromuscular disorders is not yet
known.

2.5 General Ultrasonographic

Aspects of Nerve Pathology

Many peripheral nerves are accessible to US pro-
vided they are not located too deep. The best
images are obtained from relatively superficial
nerves that can be reached with high-frequency
probes. For example, the median nerve at the
wrist can be imaged using a 17-5 MHz broadband

transducer with better resolution than when using
7-tesla MRI. Conversely, the lumbar and sacral
plexus are almost impossible to image with
sufficient resolution using US.

Nerve US is most commonly used to detect
entrapment neuropathies, such as carpal tunnel
syndrome, compression neuropathy of the ulnar
nerve at the elbow, or entrapment of the peroneal
nerve at the fibular head. Nerves can also be
scanned for inflammation, a neoplasm, or trau-
matic lesions. The most basic US abnormality in
patients with nerve pathology is focal thickening
leading to a hypoechogenic appearance and loss
of the internal fascicular (“honeycomb”) struc-
ture (Fig. 2.20). These abnormalities, which are

bifid median nerve with median artery

Fig.2.20 Transverse US image of the distal forearm just
proximal to the carpal tunnel. In the upper panel a normal
median nerve is visible (short arrow). Middle panel
shows an enlarged median nerve (with preservation of
the fascicular architecture) caused by carpal tunnel syn-

drome. Lower panel shows a bifid median nerve with a
persistent median artery in between (long arrow). Courtesy
of T. T. M. Claessen-Oude Luttikhuis, Department of
Neurology, Canisius Wilhelmina Hospital, Nijmegen,
The Netherlands
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probably caused by edema and accumulation of
axonal flow, can be seen just proximal to the
entrapment site (whereas relative thinning occurs
at the entrapment site itself) and in inflamed or
traumatically injured nerve segments. In trauma
patients, interruption of the fascicular lines or
gap between adjacent segments can be seen in a
longitudinal or panoramic scan (Fig. 2.15).

Ultrasonography can assess both nerves and
their surrounding structures, which is useful in
case of nerve entrapment by synovial thickening
in patients with rheumatoid arthritis, tendon gan-
glia, or misaligned fracture segments. Additional
anatomical information can help when planning a
surgical intervention for carpal tunnel syndrome
when (in a few percent of the population) a per-
sistent median artery is found to be present
between both segments of a bifid median nerve
(Fig. 2.20).

Because nerve pathology usually appears as
focal nerve thickening, reference values have
been established for a number of nerves and sites.
As nerves are often not round or symmetrical,
using a simple diameter is somewhat problem-
atic. Most commonly, the cross-sectional area
(CSA) of the nerve, traced within the hyperecho-
genic epineural rim, is used as a measure. Other
parameters such as proximal to distal segment
ratios or semiquantitative texture analysis can
also be helpful as adjuncts to the CSA. So far, no
single method has been found superior with
respect to diagnostic accuracy. Nerve size is
dependent on other parameters, such as height,
body weight, and whether the nerve is measured
proximally or distally. Currently, no reference
values are available for children or patients of
extreme height or weight. Therefore, good clini-
cal judgment is imperative when using nerve US
for diagnostic purposes in these patients.

Dynamic imaging with nerve US can also be
useful, such as when looking for ulnar nerve lux-
ation from the cubital tunnel with hyperflexion of
the elbow as a cause of cubital tunnel syndrome.
Doppler imaging can be used when inflammation
is suspected in patients with vasculitis, leprous
neuropathy, or chronic inflammatory demyelinat-
ing neuropathy. It can also demonstrate increased
blood flow surrounding a schwannoma or other
peripheral nervous system tumor.
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Imaging Modalities:
Ultrasonography

Key Points

e Ultrasonography has excellent capabili-
ties for imaging muscle and nerve, espe-
cially in superficial tissue layers.

e Ultrasonography techniques such as
compound imaging and panoramic
imaging help with easy identification of
specific muscles and nerves.

» The advantages of ultrasonography over
other imaging modalities are its easy
access, bedside availability, and nonin-
vasive character. It is also patient-
friendly. Ultrasonography can be used
for dynamic, real-time imaging to detect
normal and pathological muscle and
nerve movement.

* Quantitative muscle ultrasonography
using gray scale analysis is a reliable
technique for confirming the presence
of a neuromuscular disorder, with high
sensitivity and specificity.

e In patients with myopathies, the ultra-
sonographic appearance of muscles
becomes increasingly more white (i.e.,
echogenic) as normal muscle tissue is
replaced by fat and fibrosis. Because the
same process happens during normal
aging, quantitative analysis using age-
specific reference values is the optimal
method for assessing echo intensity and
following it over time.

* Nerve ultrasonography is mainly used in
neurology to detect nerve entrapment
(e.g., carpal tunnel syndrome). It can
also be used to screen for hereditary or
inflammatory neuropathy and to assess
nerve trauma.
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Computed Tomography

Mike P. Wattjes

3.1 Introduction

The use of computed tomography (CT) for diag-
nosing inherited and inflammatory muscle dis-
ease using second-generation whole-body CT
systems was first described during the late 1970s
and early 1980s. These first reports focused on
the normal appearance of the skeletal muscle in
terms of size, shape, and soft tissue densities.
They also described pathological changes such
as atrophy, abnormal appearance in general, and
focal changes in muscle tissue architecture
(“moth-eaten appearance”). Compared to the
image quality today, the initial results were dis-
appointing. With the development of newer gen-
erations of whole-body (spiral) CT systems using
multi-detector rows, the quality and applicability
of CT to imaging muscle improved dramatically.
However, since the development of whole-body
magnetic resonance imaging (MRI) systems dur-
ing the 1990s, CT imaging in inherited and
inflammatory muscle disease became less impor-
tant. This chapter gives a brief overview of CT
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applications in the field of neuromuscular imag-
ing in the past and present, including the advan-
tages and disadvantages of this imaging modality
compared to ultrasonography (US) and MRI.

3.2 Imaging Protocol

Standardized imaging protocols are not available
for evaluating inherited or inflammatory muscle
disease. The exact protocol (i.e., tube voltage,
tube output, collimation, pitch) has to be adjusted
and optimized according to the individual CT
scanner. Currently, multi-detector row spiral CT
systems are widely available and used in clinical
practice, allowing multi-planar reconstructions.
However, for the evaluation of patients with inher-
ited or inflammatory muscle diseases, CT imaging
should be limited to certain (e.g., clinically
affected) muscles or certain important anatomical
regions (e.g., pelvis, thigh, calf) to limit the radia-
tion dose. Whole-body imaging protocols are
therefore not recommended for CT. As with MRI
(see Chap. 4), intravenous contrast administra-
tion is not recommended in patients with sus-
pected muscular dystrophy or inflammatory
muscle disease. Intravenous contrast administra-
tion is helpful only in patients with suspected soft
tissue tumors. In addition to visualizing the local
expansion and infiltration of the tumor, further
tumor staging can be performed via lymph node
and/or organ metastasis evaluation.
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3.3 Image Analysis of Muscle

Tissueon CT

The macroscopic tissue architecture of the stri-
ated muscle with its subcomponents such as con-
nective and fat tissues can be easily identified on
CT. The tissue radiodensity is described using a
quantitative Hounsfield unit (HU) scale. The
radiodensity of water is per definition 0. The stri-
ated muscle tissue has a CT attenuation of
approximately 40-50 HU and fat has one of
—100+ 20 HU depending on tube voltage. For
image analysis, early CT studies used a window
center of 50 HU and a window width of 250 HU,
which is also appropriate for the current genera-
tion of CT scanners. Alternatively, a window cen-
ter of 40 HE and a width of 400 HE can be used.
The appearance of various muscles seen on
MRI (see Chap. 10) can also be identified on CT.
According to the radiodensity values, lipomatous
tissue appears more hypodense than normal mus-
cle tissue. Atrophy and secondary fatty replace-
ment leads to increased fatty tissue between the
muscle bundles, whereas dystrophic fatty degen-
eration leads to destruction of muscle tissue and
secondary fatty replacement. Examples of differ-
ent degrees of fatty degeneration in muscular
dystrophy patients are presented in Figure 3.1a—d.
First reports on muscle CT used a rather rough
four-point rating scale established by Bulcke and
colleagues.
* Normal: normal appearance and attenuation
of the striated muscle
e Atrophy: reduced muscle area, abnormally
clear delineation and/or areas of decreased
attenuation
*  Moth-eaten: patchy areas of low attenuation
*  Washed-out: generalized low attenuation with-
out focal abnormalities
The term “moth-eaten” refers to fatty replace-
ment and degeneration. Because the image qual-
ity has been substantially improved during the
past two decades, the imaging criteria for these
phenomena are the same on MRI and CT. Also,
the established MRI rating scales for semi-quan-
titative assessment of these changes (see Chap. 4,
Table 4.1) can be applied to CT images. However,

M.P. Wattjes

based on the lower soft tissue contrast on CT, the
visual rating of fatty replacement and degenera-
tion on CT is probably less sensitive than that on
MRI (Fig. 3.2).

Regarding inflammatory changes, CT is much
less sensitive when compared to MRI. Discrete
muscle inflammation, as seen during the early
stages of muscle degeneration, is missed on CT.
Severe and chronic muscle inflammation leads
to low attenuation of the muscle or muscle
groups because of the larger amount of water in
terms of muscle edema. This has also been
described as “washed-out” during the early days
of CT imaging for muscle disease. ‘“Washed-
out” changes have also been observed in dystro-
phic muscles.

3.4 Value of CT Compared

to MRl and US

In general, CT is an operator-independent imag-
ing technique that allows fast, reproducible image
acquisition. In the daily practice of radiology, CT
is a highly valuable tool for diagnosing many dis-
ease entities. In the field of neuromuscular imag-
ing, CT allows fast, reproducible assessment of
the skeletal muscle in terms of shape and degen-
eration (e.g., fatty degeneration) even of the
deeper muscle groups. In addition, when adjacent
bones have to be evaluated, CT is superior to
MRI. However, when compared to MRI and US,
the most relevant drawback of CT is inferior soft
tissue contrast and exposing the patient to ioniz-
ing radiation. The latter makes application of CT
in young patients, particularly children, inappro-
priate. Also, whole-body protocols are not ethical
because of the high radiation dose and the broad
availability of whole-body MRI systems. The
detection of edematous muscle changes is crucial
in many regards. CT shows low sensitivity in the
detection of muscle edema and inflammation and
is not the imaging modality of choice. US and
particularly MRI are more suited to these pur-
poses. Hybrid CT imaging approaches, such as
positron emission tomography (PET)-CT, can aid
in the diagnosis of inflammatory and neoplastic
diseases of striated muscle.
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Fig.3.1 Axial computed tomography (CT) images of the
thigh and lower leg in a patient with Becker muscular dys-
trophy (a, b) and a patient with limb-girdle muscular dys-
trophy, autosomal recessive (LGMD?2) (¢, d). Note the
different degrees of fatty degeneration (with low density)
of distinct muscle groups depending on the underlying

disease entity. The soft tissue contrast is lower when com-
pared to magnetic resonance imaging (MRI) scans.
Muscle edema cannot be assessed. Courtesy of L. ten
Dam, M. de Visser and A.J. van der Kooi, Academic
Medical Center, Amsterdam, The Netherlands
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Fig. 3.2 Axial CT (leff) and T1-weighted MRI (right)
scans of the paraspinal muscles at the lumbar level in a
50-year-old man. Note the significant increase in soft tis-

Imaging Modalities: Computed
Tomography

Key Points

e CT has been replaced by MRI and US
for many purposes in the field of neuro-
muscular imaging.

e CT can assess dystrophic muscle
changes with an acceptable image qual-
ity when MRI cannot be performed
(e.g., presence of a pacemaker, patients
with claustrophobia).

e Image-reading guidelines and recom-
mended visual rating scales are compa-
rable to those for MRI.

e Discrete inflammatory changes and mus-
cle edema can be easily missed on CT.

* Hybrid CT imaging approaches (e.g.,
PET-CT) can be helpful for detecting
inflammatory and neoplastic diseases of
striated muscle.

sue contrast on MRI. Even small depositions of fat in the
muscle can be easily identified on MRI
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Conventional Magnetic Resonance

Imaging

Mike P. Wattjes

4.1 Introduction

During the past decades, magnetic resonance
imaging (MRI) has become crucial for diagnos-
ing soft tissue diseases. Particularly in the field of
neuromuscular imaging, MRI has dramatically
influenced and improved the diagnostic workup.
The diagnostic value of MRI has been conclu-
sively and convincingly demonstrated in regard
to inherited and inflammatory neuromuscular
diseases. In fact, it has almost completely replaced
computed tomography (CT) in this field. In addi-
tion to the clinical neurological examination and
neurophysiological studies, neuromuscular MRI
has developed into a valuable complementary
diagnostic tool that allows assessment of the
degree and, more importantly, the pattern of
involvement. This imaging method can therefore
be helpful for supporting a clinical diagnosis,
limiting the complex range of differential diag-
noses, and guiding interventional diagnostic pro-
cedures, such as muscle biopsy.

This chapter focuses on the possibilities and
challenges of conventional neuromuscular MRI in
the diagnosis and monitoring of patients with
inherited (dystrophic and nondystrophic) and
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inflammatory muscle diseases. MRI applications
for imaging muscle/soft tissue tumors are pre-
sented in Chap. 28. MRI techniques for evaluating
peripheral nerves and diseases affecting periph-
eral nerves are discussed in Chaps. 7 and 30.

4.2 Imaging Protocol

There are no MRI guidelines available for the
diagnostic workup of patients with suspected
inherited or acquired muscle diseases. The most
relevant standard sequences used for these
patients are

* Axial T1-weighted (turbo/fast) spin echo and
e Axial T2-weighted (turbo/fast) spin echo with

fat suppression.

There are various techniques of fat suppres-
sion available including spectral fat suppression
and relaxation time-dependent fat suppression
[e.g., short tau inversion recovery (STIR)]. Many
groups prefer STIR sequences because of the
rather homogeneous fat suppression.

There are no general recommendations
whether conventional spin echo or turbo/fast spin
echo sequences should be used. However, turbo/
fast spin echo sequences can considerably reduce
the scan time without impairing the image quality
in terms of the signal-to-noise ratio, particularly
when higher magnetic field strengths are used.

The exact sequence parameters have to be
adjusted and optimized according to the magnetic
field strength and other characteristics of the MRI
system used. MRI acquisition in the axial plane is
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sufficient in most patients. If necessary, the image
acquisition can be performed in other anatomic
orientations (e.g., coronal, sagittal). The spatial
resolution is strongly dependent on the clinical
situation. For detecting dystrophic and edematous
muscle changes in patients with myopathies/mus-
cular dystrophies, a slice thickness of 5-8 mm,
interslice gap of 1-2 mm, and in-plane resolution
of 1-2 mm are sufficient. The signal-to-noise
ratio (SNR) is not a crucial issue for these diag-
nostic purposes when using magnetic field
strengths of >1.5 T. Therefore, the standard body
coil can be used to obtain adequate image quality.
If possible, surface coils are recommended to
improve the SNR.

4.2.1 Contrast-Enhanced MRI
The diagnostic benefit of contrast (gadolinium)-
enhanced MRI for inherited muscle diseases
(e.g., muscular dystrophies) has not yet been
investigated. The late contrast enhancement phe-
nomenon might have some value for assessing
connective tissue that replaces normal muscle tis-
sue in degenerative myopathies. In animal stud-
ies, tissue-specific contrast agents that enter
affected muscle tissue can be helpful for distin-
guishing normal, unaffected muscle from dam-
aged muscle. Furthermore, it can help to describe
the extension and mechanism of muscular dam-
age in dystrophic disorders. These applications
are still in the experimental phase (see Chap. 5).
However, based on the limited data, lack of evi-
dence with regard to possible diagnostic benefits,
longer scan time, and potential adverse effects of
gadolinium-based contrast agents (e.g., systemic
nephrogenic  sclerosis, allergic  reaction),
contrast-enhanced MRI is not recommended on a
regular basis in clinical practice.
Contrast-enhanced MRI can be helpful for
evaluating acute inflammatory processes (e.g.,
connective tissue diseases, inflammatory myopa-
thies; see Chap. 26). It can detect inflammatory
changes, which appear as focal and/or diffuse
enhancement in muscle tissue, perifascial septa,
and in subcutaneous connective tissue septa.
However, these inflammatory changes result also
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in edematous changes that can be detected with
great sensitivity on fat-suppressed T2-weighted
sequences. The benefit of contrast medium
administration is thus limited for evaluating asep-
tic inflammatory diseases. In patients presenting
with clinical findings suggestive of septic
inflammation (e.g., abscess) or muscle neoplasm
(see Chap. 28), however, contrast-enhanced MRI
should be considered mandatory.

4.2.2 Whole-Body MRI

The first reports describing degenerative findings
in skeletal muscles — particularly those in patients
with inherited dystrophic muscle diseases—used
MRI protocols focusing on certain anatomical
regions (e.g., pelvis, thigh). More recently,
whole-body MRI protocols have been introduced
allowing evaluation of almost all relevant muscle
groups beyond the pelvis and proximal lower
extremities, including the trunk, shoulder girdle,
neck, and distal parts of the upper and lower
extremities (Fig. 4.1). It allows an almost com-
plete description of the involvement pattern,
which can support the clinical (differential) diag-
nosis. In addition, pathological changes of tissues
and organs beyond the striated muscle, such as
the parenchymatous organs in the abdomen,
esophagus, and heart, all of which may be affected
in patients with inherited neuromuscular diseases
such as myotonic dystrophies can be detected by
whole body MRI (see Chap. 22, Fig. 22.4).

4.3 Image Analysis

For image analysis, the most relevant tissue types
are muscle and fat. The signal intensity of skele-
tal muscle tissue on Tl-weighted images is
slightly higher than that of water and substan-
tially lower than that of fat. On T2-weighted
images, the signal intensity of muscle tissue is
much lower than that of water or fat tissue.
Because of its short T1 relaxation time, the signal
intensity of fat tissue is bright on T1-weighted
MRI images (Figs. 4.2 and 4.3). Fat also shows
high signal intensity on T2-weighted images.
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Fig.4.1 Axial T1-weighted magnetic resonance imaging
(MRI) scans using a whole-body MRI protocol in a patient
with suspected limb girdle dystrophy. Note that the shoul-

der girdle,upper extremities, and the paraspinal muscles
can be evaluated, as well as the parenchymatous organs
(e.g., liver)

Fig. 4.2 Axial Tl-weighted images (right) and fat-
suppressed T2-weighted images (left) at several anatomi-
cal levels of the lower extremities of a 4 year-old girl
with, at that time, undiagnosed muscular dystrophy. Note
the areas of fatty degeneration involving several muscles
(open-head arrows) and the areas of high signal

hyperintensity on T2-weighted images with fat suppres-
sion (closed-head arrows), particularly in muscles that do
not show fatty degeneration. These changes most likely
represent edematous (inflammatory) changes during
active muscle degeneration
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Fig. 4.3 Axial T1-weighted MRI scans obtained from

three limb-girdle muscular dystrophy (LGMD-2I)
patients. The scans were obtained on the pelvic (a, d, g),
thigh (b, e, h), and lower leg (c, f, i), levels and demon-
strated different degrees of fatty muscle degeneration. The
MRI findings correspond well with the clinical phenotype.
In the mild clinical phenotype (a, b, ¢), fatty degeneration
is most obvious in the adductor and biceps femoris mus-
cles. In the patient with a rather moderate clinical pheno-

A simple way to distinguish between fat
and water on T2-weighted images is to apply fat
suppression. On fat-suppressed T2-weighted
images, muscle signal intensity is lower than that
of water and slightly lower than that of fat tissue.
Simply speaking, both, fat and muscle tissue
show rather low signal intensities when com-
pared to that of water, leading to high tissue con-
trast between fat/muscle and water which
improves the sensitivity of detecting intracellular
and extracellular free water (muscle edema)
(Fig. 4.2).

In general, image analysis of neuromuscular
MRI images does not substantially differ from
the analysis of CT or ultrasonography (US)
images and include
* Shape—e.g., normal configuration, deformation
* Size—normal, atrophic, hypertrophic
» Tissue architecture—homogeneous, signs of

(fatty) degeneration, adjacent connective tissue

type (d, e, f), additionally changes are present in the
semimembranosus and semitendinosus, vastus interme-
diolateralis, and gluteus maximus muscles. In the patient
with a severe clinical phenotype (g, h, i), an almost diffuse
involvement can be observed. From Fischer et al. (2005).
Diagnostic value of muscle MRI in differentiating
LGMD2I from other LGMDs. J Neurol 252: 538-547.
Reprinted with permission from Springer-Verlag

¢ Focal lesions—calcifications, soft/mixed tissue

lesions
e Signal abnormalities—edema

The first three aspects of image analysis
described above should be performed on
T1-weighted imaging. Shape and size of muscles
differ among individuals, depending on several
factors (e.g., nutrition, exercise, age, sex). The
normal tissue architecture of skeletal muscle differ
among muscle groups and anatomical locations.
Chap. 9 gives an overview of macroscopic anat-
omy and the variations in different muscle groups
according to the anatomical location.

4.3.1 Fatty Degeneration

The term “fatty degeneration” (synonym: fatty
replacement) describes the replacement of mus-
cle tissue by fat, which can be observed in
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Table 4.1 Overview of well-established rating scales on MRI concerning the visual rating of dystrophic changes

(fatty degeneration) of striated muscle tissue

Grade Merecuri et al. 2002 Kornblum et al. 2006 Fischer et al. 2008
0 Normal appearance Normal appearance
1 Normal appearance Discrete moth-eaten appearance Mild: traces of increased
with sporadic T1 hyperintense signal intensity on the
areas T1-weighted MRI sequences
2 Mild involvement: Early moth- (a) Moderate moth-eaten Moderate: increased
eaten appearance with scattered appearance with numerous T1-weighted signal intensity
small areas of increased signal or scattered T1 hyperintense with beginning confluence in
with numerous discrete areas of areas < 50 % of the muscle
increased signal with beginning (b) Late moth-eaten appear-
confluence, comprising < 30 % of ance with numerous
the volume of the individual muscle confluent T1 hyperintense
areas
3 Moderate involvement: Late Complete fatty degeneration, Severe: increased
moth-eaten appearance with replacement of muscle by T1-weighted signal intensity
numerous discrete areas of connective tissue and fat with beginning confluence in
increased signal with beginning > 50 % of the muscle
confluence, comprising 30-60 % of
the volume of the individual muscle
4 Severe involvement: Washed-out End-stage appearance, entire

appearance, fuzzy appearance due
to confluent areas of increased
signal, or an end-stage appearance,
with muscle replaced by increased-
density connective tissue and fat,
and only a rim of fascia and
neurovascular structures
distinguishable

muscle replaced by
increased-density connective
tissue and fat

Reprinted from Wattjes MP, et al. (2010) Neuromuscular imaging in inherited muscle diseases. Eur Radiol 20: 2447—

2460 with permission from Springer

various conditions—e.g., muscle aging, inactiv-
ity, disuse, denervation (chronic stage), drug use
(steroids), degenerative/dystrophic muscle dis-
eases. The term “fatty degeneration” should be
used to describe a primary degenerative process
such as in chronic denervation and (inherited)
dystrophic muscle diseases. The term “fatty
replacement” is more suited for aging and other
possibly reversible underlying processes.

Fatty degeneration and fatty replacement can
occur focally or diffusely. They are often associ-
ated with muscle atrophy. The assessment and
grading of fatty degeneration in skeletal muscles
is important particularly in patients who present
with clinical symptoms that suggest an inherited
muscle disease. In these patients, identifying a
certain pattern of involvement can be helpful in
supporting the clinical diagnosis by narrowing
the differential diagnosis (Fig. 4.3). For these
purposes, several semi-quantitative visual rating

scales have been developed and used in a consid-
erable number of studies. Table 4.1 gives an
overview of the most established and frequently
used scales for visual rating of fatty degeneration
in inherited muscle diseases.

4.3.2 Muscle Edema

Skeletal muscle edema (myoedema) is defined as
increased extracellular and/or intracellular water
that leads to prolonged T2 tissue relaxation time
and high signal intensity on T2-weighted images.
These signals are most sensitively detected on
fat-suppressed T2-weighted MRI (Fig. 4.2). The
spectrum of imaging findings of muscle edema
ranges from focal edema involving certain parts
of a single muscle to diffuse edema involving
several muscle groups, as in rhabdomyolysis.
Similar to the evaluation of fatty degeneration,
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Table 4.2 Rating scale on skeletal muscle edema
according to Poliachik and colleagues

Rating scale on skeletal muscle edema (myoedema)

* Myoedema absent

e Slight, interfascicular myoedema

e Slight, intrafascicular, segmental myoedema of
individual muscle

» Slight, intrafascicular, global myoedema of individual
muscle

* Moderate, intrafascicular, segmental myoedema of
individual muscle

e Moderate, intrafascicular, global myoedema of
individual muscle

From Poliachik SL, Friedman SD, Carter GT, Parnell SE,
Shaw DW. (2012) Skeletal muscle edema in muscular
dystrophy: clinical and diagnostic implications. Phys Med
Rehabil Clin Am 23: 107-122. Reprinted with permission
from Elsevier Limited

several ratings scales have been introduced to
classify and quantify skeletal muscle edema. The
one developed by Poliachik and colleagues is
shown in Table 4.2.

It is important to realize that muscle edema is
a rather unspecific finding and can be observed in
an abundance of (heterogenic) clinical circum-
stances including muscle denervation, autoim-
mune (aseptic) inflammatory myopathies
(polymyositis, dermatomyositis) (see Chap. 26),
infectious muscle disease or infections of the
adjacent structures, muscle trauma, treatment-
related conditions (e.g., irradiation), rhabdomy-
olysis (e.g., toxic, drug-induced) (see Chap. 27),
and inherited myopathies/muscular dystrophies.
Muscle edema is also a physiological phenome-
non that can be observed in healthy persons dur-
ing or after exercise, probably due to extracellular
(intercellular) water accumulation.

The role of muscle edema in patients with
inherited muscle disease has been increasingly
investigated during the past few years. In addi-
tion to degenerative changes in terms of fatty
degeneration, some muscles/muscle groups show
signs of edema on MRI. Histopathological stud-
ies have suggested that muscle edema reflects
loss of muscle fiber integrity, leading to primarily
intracellular water accumulation as a first sign of
degeneration followed by degeneration of muscle
fibers, which are subsequently replaced by fat
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and connective tissue during later disease stages.
Interestingly, the skeletal muscle edema in dys-
trophic muscle tissue is frequently combined
with inflammatory changes as shown by immu-
nohistochemistry in biopsy samples. The severity
of edematous changes in a dystrophic muscle can
be provoked and further aggravated by muscle
exercise. These findings suggest that muscle cell
edema in dystrophic muscle disease might be the
first manifestation of muscle tissue degeneration
on MRI. Therefore, muscle MRI has increasingly
been used to guide muscle biopsy to obtain
muscle tissue with active disease.

4.4  Pitfalls in Image Analysis

When assessing and interpreting fatty replace-
ment and degeneration of skeletal muscle, it is
important to differentiate between true fatty
degeneration and other imaging findings associ-
ated with increased fat deposition. Possible con-
founders are soft tissues including lipomas,
hemangiomas, and other soft tissue tumors con-
taining lipomatous tissue (see Chap. 29). Also,
particularly in elderly and/or immobilized
patients, it is crucial to differentiate between
muscle changes due to aging, non-use, and immo-
bilization (e.g., atrophy with fatty replacement),
and abnormalities due to a primary degenerative
disease of the skeletal muscle such as late-onset
inherited muscle dystrophies or sporadic inclu-
sion body myositis. In clinical practice, this can
be challenging. Atrophy with fatty replacement is
observed in “normally aging” skeletal muscle. It
appears homogeneously and symmetrically in
almost all skeletal muscle in these patients (see
Chap. 11). In immobilized patients with non-used
muscles, determining the underlying cause (e.g.,
degenerative changes in the spine, postoperative
changes) can lead to the correct diagnosis.
Degenerative muscle changes in patients with
muscle dystrophies may be symmetrical.
Although, particularly during the early stages,
fatty infiltration manifests in a rather “moth-
eaten” appearance that does not involve all mus-
cle homogeneously. In most cases, more than one
muscle group is involved.
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Fig. 4.4 Axial T1-weighted images (right) and fat-sup-
pressed T2-weighted images (/eff) from the pelvis region.
Note the high signal intensity in the subcutaneous fat

When assessing muscle edema, the most rel-
evant pitfall is based on inhomogeneous and/or
insufficient fat suppression on T2-weighted
images. Inhomogeneous fat suppression is most
often due to insufficient magnetic field homoge-
neity, particularly in the peripheral region of the
field of view (Fig. 4.4). When high signal changes
on fat-suppressed T2-weighted images are seen
in skeletal muscle, it is important to evaluate the
adjacent tissue (e.g., subcutaneous fat). If the
adjacent structures show inhomogeneous signal
intensity and insufficient suppression of subcuta-
neous fat, these muscle changes should not be
considered “real” muscle edema. Other impor-
tant reasons for insufficient fat suppression
include susceptibility artifacts particularly close
to material containing metal (e.g., a joint
prosthesis).

4,5 Strengths and Challenges
of Structural MRI for

Neuromuscular Imaging

The strengths of MRI as a diagnostic tool to
evaluate neuromuscular diseases are obvious:
high soft tissue contrast; high-resolution

(closed head arrow) and adjacent gluteus maximus mus-
cle (open head arrow), which is due to inhomogeneous fat
suppression

imaging; tissue signal manipulation due to
multi-sequence imaging (e.g., application of T1-
and T2-weighted images with and without fat
suppression); lack of radiation exposure. These
advantages has led to almost complete replace-
ment of CT by MRI. The latter aspect—no radi-
ation exposure—is particularly important for
young adults and children. Because of the rather
long acquisition time required for MRI, how-
ever, it is sometimes necessary to sedate children
to avoid movement artifacts. Ultrasonography is
a good alternative imaging modality in these
patients, allowing high-resolution dynamic
imaging of muscle tissue (see Chap. 2).
Ultrasonography can have difficulty assessing
pathology in deep muscles, however, this can be
easily evaluated with MRI.

Using whole-body imaging protocols, MRI
provides the possibility of an almost “one-stop
shop” strategy for evaluating patients with sus-
pected inherited muscle diseases, inclusive tis-
sues and organ systems other than skeletal
muscle. Using advanced quantitative MRI meth-
ods, e.g. functional imaging, MRI can even more
improve our understanding of the underlying
pathophysiological mechanisms. Chap. 5 focuses
on these advanced MRI methods.
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Imaging Modalities:
Conventional MRI

Key Points

Structural MRI is one of the most impor-
tant imaging modalities in the diagnosis
of muscle pathology.

Axial T1-weighted and fat-suppressed
T2-weighted sequences are the work-
horses of structural MRI in the routine
clinical setting.

Contrast enhanced MRI is only recom-
mended in inflammatory and infectious
muscle disease, and to detect soft tissue
tumors.

A standardized image analysis in terms
of muscle shape, size, tissue architec-
ture, focal lesions and diffuse signal
abnormalities is crucial.

Visual rating scales for rating fatty
degeneration/replacement and muscle
edema can aid in quantifying and
describing the disease manifestation in
terms of patterns of involvement.
Assessment of the pattern of involve-
ment based on MRI-attained informa-
tion from patients with suspected
inherited muscle diseases can support
the clinical diagnosis.

Whole-body MRI is useful to show dis-
tinctive generalised involvement pat-
terns and for assessing co-morbidities in
nonmuscle tissue and parenchymatous
organs.

Muscle edema assessed by MRI can
represent the first stage of muscle degen-
eration in patients with (inherited)
muscle diseases. This can be also help-
ful in directing the muscle biopsy.
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Advanced and Quantitative
Magnetic Resonance Imaging

Techniques

Kieren G. Hollingsworth and Marc-André Weber

5.1 Introduction and Classification
In addition to the conventional magnetic resonance
imaging (MRI) methods presented in Chap. 4, there
are a number of advanced and quantitative MRI
methods that can be used to further characterize
skeletal muscle changes in neuromuscular diseases.
This chapter considers the use of spectroscopy,
sodium MRI, diffusion and perfusion measure-
ments, measurement of T1 and T2 relaxation times,
the three-point Dixon method for quantifying fat
infiltration, and the use of novel contrast agents.

5.2 Magnetic Resonance

Spectroscopy

Magnetic resonance spectroscopy (MRS) permits
assessment and quantification of metabolite con-
centrations in striated muscle tissue, which can be
useful biomarkers in neuromuscular disease. For a
given nucleus and magnetic field strength, there is
a defined resonance frequency. For MRI, we
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encode the spins, regardless of chemical species,
so water or fat from a specific location is accurately
represented in the image. However, the magnetic
field strength experienced by the individual nuclei
is modified very slightly by the electron cloud that
surrounds it. Hence, the precise resonance fre-
quency depends on the chemical bonding of that
nucleus. This means that different chemical spe-
cies resonate at slightly different frequencies and
can be distinguished from each other using MRS.
The differences in the frequency between com-
pounds are expressed as a fraction of the main
resonance frequency in parts per million (ppm).
Spectroscopy can be performed on compounds
of several nuclei, most commonly protons (hydro-
gen) with standard MRI systems (designed for
routine imaging). With additional hardware—
broadband radiofrequency amplifiers and spe-
cialized coils tuned to other frequencies (neither
are routinely supplied with scanners)—studies of
energy metabolism by phosphorus-31 and of gly-
cogen storage by carbon-13 are also possible.

5.2.1 Proton Magnetic Resonance

Spectroscopy

Figure 5.1 shows proton spectra acquired from a
voxel in the soleus muscle of a healthy subject and
that of a patient with limb-girdle muscular dystro-
phy 21 (LGMD-2I) with fat having replaced part of
the soleus muscle. The water peak at 4.7 ppm is
dominant, followed by the resonance at 1.3 ppm,
which represents the CH, groups in fatty acid
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Fig. 5.1 Proton spectra from the soleus of a healthy con-
trol subject (fop) and a patient with limb-girdle muscular
dystrophy 21 (LGMD2I) (bottom) at 3.0 T

chains. Fat replacement in the LGMD?2I soleus is
reflected in the higher amplitude of this CH, peak
relative to the water peak, whereas it is barely vis-
ible in healthy muscle. The proton spectrum can
also yield the concentrations of total choline (cho-
line +phosphocholine) and total creatine (cre-
atine+phosphocreatine) in muscle. The total
choline resonance is affected by changes in the
metabolism of membrane phospholipids. It is often
found to be present in high concentraions in tumor
cells, where there is rapid cell turnover. An in vivo
study of Duchenne muscular dystrophy (DMD)
soleus muscle tissue, however, demonstrated a
lower concentration than in controls. A reduction
in the total creatine pool is associated with abnor-
mal membrane permeability, which was also
observed in the same study. Seeing these finer
details in vivo requires good water suppression,
and distinguishing these signals in significantly
fat-infiltrated muscle may be difficult.

Proton ("H)-MRS can be used to quantify the
fat concentration in muscle and measure the T2
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Fig.5.2 A phosphorus spectrum from the gastrocnemius
and soleus of a healthy control at 3.0 T. It shows the rela-
tive concentrations of inorganic phosphate (Pi), phospho-
diesters (PDE), phosphocreatine (PCr) and adenosine
triphosphate (ATP). The equations underneath show the
relations between these metabolites when energy is
released from ATP to form ADP and P.. The concentration
of ADP is too low to be perceived in the spectrum. ATP
concentrations are buffered by transfer of a phosphate
group from PCr to ADP, as indicated

relaxation times of water and fat in the selected
voxel (see Sect. 5.6). Generally, researchers have
preferred to use cross-sectional imaging for these
purposes, where region of interest (ROI) analysis
can be used to derive fat concentrations and T2
values from image-defined, whole-muscle
regions of interest, although the drawing of the
regions is rather labor-intensive.

5.2.2 Phosphorus-31 Magnetic
Resonance Spectroscopy

Figure 5.2 shows a phosphorus spectrum acquired
from the gastrocnemius and soleus muscles of a
healthy subject. The dominant resonance is that of
phosphocreatine (PCr) at 0 ppm and adenosine
triphosphate (ATP) represented by the three
high-energy phosphate groups (y, a, ) at —2.4,
—7.6, and —16.0 ppm respectively. At 4.8 ppm, the
inorganic phosphates (labeled Pi) are represented,
with the phosphodiester (PDE) group at 2.9 ppm.
This group includes catabolic products such as
glycerophosphocholine (GPC) and glycerophos-
phoethanolamine (GPE). Because these latter
resonances would be expected to increase with
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active muscle degradation, they are of particular
interest in neuromuscular disease. At 6.9 ppm are
the phosphomonoesters (PME), which are usually
present at low concentration in healthy muscle.
They include phosphocholine, phosphoetha-
nolamine, and the glycolysis intermediate
glucose-6-phosphate, which is difficult to detect
under normal metabolic conditions because of its
relatively low concentration. Because the chemical
shift of the Pi peak is dependent on pH but that of
PCr is not, the difference in chemical shift between
these resonances can be used to estimate tissue
pH. Although absolute quantification of spectra
is possible by reference to external calibrated
standards, most research studies either quote
metabolite ratios or assume the concentration of
ATP to be 8.2 mM. Phosphorus spectra can be
collected at rest. Alternatively, by designing exer-
cise devices that fit in the scanner and keep the
muscle of interest in the center of the MRI sys-
tem, we can study phosphorus metabolites during
exercise and recovery with a time resolution of
seconds (Fig. 5.3). This allows us to probe pH
handling and maximal mitochondrial function.
3IP-MRS of skeletal muscle at rest has been per-
formed for a number of neuromuscular diseases,
including Duchenne (DMD), Becker (BMD), limb
girdle (LGMD), and fascioscapulohumeral (FSHD)
muscular dystrophies. The patterns of findings
have been similar, although the pattern is the most
markedly abnormal in DMD, with increased con-
centrations of PDE and Pi and reduced PCr. The
abnormalities increase with increasing age of
DMD boys. Abnormalities have been found to be
less marked in conditions other than DMD. In a
mixed group of LGMD patients, impaired PCr
concentration and elevated pH were associated
with the degree of fat replacement in muscles. In
FSHD, the same metabolic alterations have been
found to be associated with fat replacement.

The data concerning exercising conditions
are limited. There is evidence, however, that the
rate of recovery of phosphocreatine after exercise
(a surrogate for maximal mitochondrial ATP gen-
eration) is normal in the muscular dystrophies but
that pH handling may be affected, with reduced
acidosis during exercise suggesting defective gly-
colytic activity, as shown in BMD patients. Such
measurements can be used to determine whether
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Fig. 5.3 Selection of phosphorus spectra acquired from
the gastrocnemius and soleus of an LGMD-2I patient at
3.0 T during recovery from a plantar flexion exercise. The
decreasing concentration of inorganic phosphate (A) and
replenishment of phosphocreatine (B) can be measured.
The rate of recovery of the phosphocreatine acts as a sur-
rogate measure for maximal mitochondrial function

such a deficit is consistent with reduced glucose
availability rather than a defect of glycogenoly-
sis. This aspect of analysis can also be used to
quantify the absence of glycolytic ATP formation
in phosphofructokinase deficiency, where PME
levels rise sharply on commencing exercise but
pH does not decline and where there is no inde-
pendent evidence of mitochondrial dysfunction.
By contrast the reduced oxidative function found
in polymyositis and dermatomyositis, combined
with reduced proton efflux rates, might be evi-
dence of an impaired blood supply.

In summary, phosphorus spectroscopy allows
scientific questions about muscle energetics to be
answered. Because of the specialized hardware
involved, *P-MRS is not as widely used as
'H-MRS. To date, no longitudinal studies have
proved its value as a longitudinal outcome mea-
sure in clinical trials. Other than DMD, studies of
the muscular dystrophies do not yet suggest that
3IP-MRS provides early evidence for muscle deg-
radation before the appearance of increases in T2
relaxation times.

5.2.3 Carbon-13 Magnetic Resonance
Spectroscopy

When abnormal glycogen storage is suspected,
it is possible to quantify it with carbon-13
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Fig. 5.4 Carbon-13 spectrum from a posterior lower leg
muscle of a control subject at 3.0 T. The inset highlights
the principal glycogen resonance. Courtesy of Dr. PE.
Thelwall, Newcastle University

(®C)-MRS. However, the signal-to-noise ratio
(SNR) for endogenous glycogen is low, even at
magnetic field strengths of 3 or 4 T (Fig. 5.4). The
hardware required is specialized, and patient
safety considerations regarding radiofrequency
heating must be taken into account. As no vendor
has met these requirements in a standard package,
such measurements remain firmly in specialized
research centers. The technique has been applied
to measure excess glycogen in glycogenosis type
IIT disorder alongside phosphorus measurements
of reduced mitochondrial function. The research-
ers were able to gain further insight into this dys-
function by simultaneous measurements of
impaired muscle perfusion by magnetic reso-
nance, a technique we consider in Sect. 5.4.

Imaging Modalities: MR
Spectroscopy

Key Points

e 'H-MRS can measure the concentration
of water and fat in skeletal muscle
within a defined region of tissue.

e 3P-MRS can measure the concentra-
tions of key energy metabolites in skel-
etal muscle including ATP, PCr, and Pi,
as well as tissue pH.

K.G. Hollingsworth and M.-A. Weber

e Several metabolites can be quantified at
rest or during an exercise intervention.

* The rate of PCr regeneration after recov-
ery from an exercise period is a surro-
gate marker for maximal mitochondrial
function.

e BC-MRS can be used to quantify muscle
glycogen content, but it remains techni-
cally challenging.

5.3  Sodium (**Na) Magnetic

Resonance Imaging

The principle of conventional MRI is based on
proton ('H) signals from water and lipid com-
pounds. #*Na-MRI is an innovative technique that
offers the possibility of detecting sodium ions
(Na*) in vivo. In a healthy muscle cell, Na/K-
ATPase moves Na* out of the cytoplasm and K*
into the cytoplasm with a stoichiometry of 3:2—
thus helping to maintain a constant membrane
potential and a Na* concentration gradient. In
healthy tissue, the extracellular Na* concentra-
tion ([Na*]_) of 145 mM is about 10-fold higher
than the intracellular concentration ([Na‘] )
of 10-15 mM. »Na-MRI allows noninvasive vol-
ume- and relaxation-weighted measurements of
these Na* compartments.

The membrane potential is necessary to allow
contraction of muscle cells. Muscular Na* chan-
nels within the cell membrane auxiliary control
Na* homeostasis. In muscle channelopathies (see
Chap. 13), patients are affected by incomplete
inactivation of these muscular Na* channels. The
resulting Na* leak leads to an inward Na* current
that causes ongoing depolarization of muscle
fibers and an increased intracellular Na* concen-
tration. This leads to an elevated total Na* concen-
tration compared to that in healthy muscle tissue.
ZNa-MRI is able to measure noninvasively this
pathological increase in the Na* concentration.

ZNa-MRI  unfortunately poses several
challenges. First, the physical nuclear magnetic
resonance (NMR) sensitivity of 2Na is only about
9 % of the sensitivity of 'H for an equivalent
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number of nuclei. The 1,000- to 5,000-fold lower
in vivo concentration compared to that of 'H leads
to an 11,000- 55,000-fold lower muscular >*Na
signal. Second, the **Na signal in vivo decays
biexponentially, with a fast (0.5-3.0 ms) and a
slow (15-30 ms) component. To measure the
total >*Na signal, sequences with ultra-short echo
times are necessary. Specialized acquisition tech-
niques, which combine both short echo times and
high SNR efficiency are essential for quantitative
ZNa-MRI. As for phosphorus and carbon spec-
troscopy, specific nonstandard scanner hardware
is needed (e.g., radiofrequency coils that are able
to work with the resonance frequencies of sodium
nuclei and protons). Third, the amount of intrac-
ellular Na* (responsible for the muscle membrane
potential) is about 10 times lower than the extra-
cellular amount of Na*. This complicates the
noninvasive quantification of intracellular Na*. It
is a further challenge to discriminate between
intra- and extracellular sodium amount via non-
invasive techniques such as MRI. Paramagnetic
shift reagents allow a clear separation between
intra- and extracellular sodium in preclinical
models. Unfortunately, they cannot be applied in
humans because of their toxicity.

Current research in »Na-MRI has demon-
strated the possibility of reducing the signal from
extracellular sodium compartments such as
vasogenic edema. A **Na inversion recovery (IR)
sequence (TE/TR 0.3/124 ms, inversion time
34 ms, voxel size 6 x6x6 mm?, acquisition time
10 min) based on a three-dimensional radial
sequence was developed to reduce the >*Na signal
emitted by free Na* (e.g., from cerebrospinal
fluid or vasogenic edema as well as the *Na sig-
nal received from the extracellular space) to
achieve a weighting toward the intracellular >*Na
amount. The 3-Tesla 2*Na-MRI protocol used at
the German Cancer Research Center Heidelberg
currently includes two special *Na pulse
sequences with an ultra-short echo time of <
0.5 ms to minimize T2*-weighting because the
BNa T2* signal decays biexponentially with a
fast component (T2*_ ) of 0.5-3.0 ms. With spin
density image contrast (TE/TR 0.3/100 ms, flip
angle 90°, voxel size 5x5x5 mm?, acquisition
time 8 min 20 s), a volume-weighted average of

the intracellular and extracellular Na* concentra-
tions is measured. As the extracellular Na* con-
centration at 140 mM is 10-fold higher than that
of the intracellular Na* concentration at
10-15 mM, the analysis of intracellular **Na is
limited when using the aforementioned sequence.
Thus, the »Na inversion recovery (IR) sequence
in each patient is used to suppress the >Na signal
emitted by extracellular edema and vessels.
Although the IR-prepared Na® measurement
enables weighting of the measurement toward
intracellular 2Na, it would still have a significant
contribution from the extracellular pool, and it
does not provide a clear separation between intra-
cellular and extracellular *Na.

2Na MRI is effectively of value in the radio-
logical management of muscular Na* channel
diseases (see Chap. 13). Recently, the develop-
ment of »Na-MRI at higher magnetic field
strengths of 3—7 T permits greater SNR efficiency
and maybe more precise quantification of intrac-
ellular Na homeostasis in healthy volunteers
and in patients (see Fig. 5.5a—d). The potential of
2Na MRI at 7 T can be expected to generate a
high level of acceptance for this new technique in
the near future.

Imaging Modalities:
Sodium #Na-MRI

Key Points

e Sodium *Na-MRI is an innovative tech-
nique that offers the possibility of
detecting sodium ions (Na*) in vivo.

e To measure the total 2*Na signal in mus-
cle tissue, sequences with ultra-short
echo times (< 0.5 ms) are necessary.

e The *Na inversion recovery sequence
achieves a weighting toward the intrac-
ellular *Na amount in muscle tissue.

e 2Na-MRI has effectively achieved value
in the radiological management of mus-
cular Na* channel diseases (paramyoto-
nia congenita, hyperkalemic periodic
paralysis, hypokalemic periodic paraly-
sis) and most recently in DMD.
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Fig. 5.5 Comparison of axial »Na-MRI scans of the
lower legs of a healthy volunteer acquired with a 3-Tesla
(T) (a) and a 7-T MRI system (b). Also shown are the cor-
responding coronal *Na-MRI scans acquired with 3-T (c)
and 7-Tesla (d) MRI. Asterisks mark the tibial bones as
structures with low signal intensity. Arrows point to ves-

Diffusion- and Perfusion-
Weighted Magnetic Resonance
Imaging

54

MRI offers the possibility of making noninvasive
measurements of (1) muscle perfusion and tissue
level blood flow and (2) diffusion, the measure-
ment of Brownian motion of water molecules
within muscle cells to probe muscle structure and
permeability. The use of these techniques in the
brain is well established, but there are relatively
few data using these techniques in skeletal muscle.

5.4.1 Magnetic Resonance Perfusion

Being able to measure blood flow at the tissue
level can be valuable for distinguishing
inflammatory processes (where we expect micro-
vascular perfusion to increase) and degenerative

sels with high signal intensity. Clearly visible is the higher
signal-to-noise ratio (SNR) at 7-T and the reduced back-
ground noise outside the lower legs. Courtesy of Armin
Nagel, PhD, Department of Medical Physics in Radiology,
German Cancer Research Center, Heidelberg

processes. Blood flow in vessels can be measured
by standard phase-contrast methods, but measur-
ing perfusion at the tissue level requires a differ-
ent approach. We need to be able to label a bolus
of blood arriving at the volume of interest and
determine how much of that blood reaches a
given piece of tissue in a specified time, analo-
gous to radioactive tracer methods. We can do it
in two ways: (1) using a gadolinium contrast
agent to label the blood and perform rapid
T1-weighted imaging of the muscle concerned to
measure the arrival of the blood, or (2) we can
use magnetic labeling of the protons themselves
as our tracer—arterial spin labeling (ASL)—thus
avoiding the need for injection.

For method (1), a rapid series (at least every
3 s) of T1-weighted images are acquired at the
muscle of interest before, during, and after admin-
istration of gadolinium contrast. As gadolinium
circulates through the arteries, the signal intensity
of the arteries increase (as the T1 relaxation time



5 Advanced and Quantitative Magnetic Resonance Imaging Techniques 41

Fig. 5.6 Perfusion measurement sequence using endog-
enous contrast. In a control image (left) we measured the
signal intensity with blood and tissue spins starting from
equilibrium. Spins are inverted upstream of the desired
imaging plane and we allow sufficient time for blood to
travel to the imaging plane. Subtraction of the two images

of the blood is reduced), followed by an increase
in the signal intensity of the muscle as the gado-
linium is distributed to the extracellular space.
The initial rate of uptake (known as the “first
pass”) and hence of tissue perfusion can be esti-
mated using a mathematical model that is well
known from nuclear tracer studies. The accuracy
of such measurements may be reduced when cell
membranes are not impervious to gadolinium
(e.g., muscular dystrophies) as gadolinium not
only enters and leaves the extracellular space by
perfusion but may also diffuse into the cell. The
method has found the most use in peripheral arte-
rial disease, where not only can perfusion be
quantified from the first pass but the contrast
material can be used to acquire an angiogram of
the region.

For method (2), ASL, special pulse sequences
are required. While there are many different types
of perfusion pulse sequences, the basic principle
is the same (Fig. 5.6). When attempting to mea-
sure blood flow at the tissue level, incoming
blood is magnetically inverted, such that when it
reaches the tissue level and an image is obtained
the MR signal of the blood that has flowed into

removes signal corresponding to stationary material, leav-
ing a map with signal intensity representing blood flow.
The example shown along the bottom is for a single acqui-
sition of resting-state blood flow. The difference image
(bottom right) has a low SNR, and many repetitions were
needed. Courtesy of Dr J. He, Newcastle University

the tissue, but not the stationary tissue, is altered.
Subtraction from an equivalent image where this
preparation has not been performed yields the
amount of blood from the inverted region that has
passed into the imaging slice. We can then esti-
mate the perfusion rate from these data.

The difference in signals so generated is small,
typically about 0.5-2.0 %. Therefore, patient
immobilization must be meticulous. It has proved
possible, however, to make viable measurements
of muscle perfusion in healthy subjects and in
some subjects with impaired perfusion, including
older healthy people and glycogenosis type III
patients, where impaired perfusion responses
suggested the limiting factor for impaired mito-
chondrial function. The perfusion technique is
one of the more exciting that has not been widely
exploited for neuromuscular disease. It can be
combined with phosphorus spectroscopy to
examine metabolic and blood flow responses to
aerobic and ischemic exercise. Perfusion
sequences have traditionally not been supplied
with commercial scanners, although this situa-
tion is beginning to change and sequences suit-
able for brain perfusion are now being included.



42
90° 180°
” PFG ” PFG
Diffusion time
(jl()_> / / —
— 7 " 4 —>
)
—> ™ diffusion —» —>
— S ~a —
(b)
. —
—_— 7 / P 4
— Mqlecules
diffuse ~a
- N N =

Fig. 5.7 A diffusion measurement experiment showing the
pulse sequence at the top and the behavior of five water mol-
ecules (or spins) at different spatial positions. After excita-
tion, all the spins are aligned with the same phase (/st
column). After the pulsed field gradient (PFG) is applied, the
spins have a phase angle proportional to their distance from
the center (2nd column). (a) If no molecules move, the sec-
ond PFG reverses the phase angles exactly. The spins added
together produce a maximum signal (4th column). (b) In real
life, the molecules undergo diffusion, taking their relative
phase with them. The second PFG does not restore the origi-
nal phase alignment, and when the spins are summed the
signal is reduced in proportion to how far they have moved.
Note: The effect of relaxation and the spin rotation induced
by the 180° pulse is ignored in this figure

5.4.2 Magnetic Resonance Diffusion

Diffusion imaging of the muscle by magnetic
resonance is the measurement of Brownian motion
of water molecules in muscle tissue. Such mea-
surements can be used to probe muscle cell struc-
ture indirectly below the resolution of a
conventional MR image (~0.3 mm). Imagine a
large glass of water placed in the MRI scanner. If
we excite the magnetization, all the spins are ini-
tially aligned (Fig. 5.7). A field gradient applied
causes spins to precess faster in proportion to their
position along the direction of the gradient. When
the gradient ceases, there is a phase difference
proportional to the location. If no spins move and
we apply the opposite gradient, all spins realign
and we recover the full signal. However, during
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Fig.5.8 Nondiffusion-weighted (leff) and diffusion-weighted
(right) images of lower leg muscles in a control at 3.0 T
showing fat suppression artifact below the muscle

the time between the gradients—the diffusion
time—individual spins move by Brownian
motion. When the second gradient is applied,
there is over- or under-compensation for the origi-
nal phase offset, and the amplitude of the mea-
sured signal is reduced.

With a large volume of fluid, few molecules
are restrained by the sides of the container in
which they reside. However, for a water molecule
in the muscle cell, there are many obstructions to
Brownian motion, including cell membranes and
organelles. As the individual muscle cell has
much greater length then breadth, the difference
in intracellular diffusion properties caused by the
constraints of the cell membranes can be detected.
Muscle cells are also not impermeable to water;
and with appropriate modeling, cell permeability
may also be measured. The signal from extracel-
lular water diffusing between the muscle struc-
tures is measured as well.

Diffusion measurements are potentially difficult
to carry out in muscle. The diffusion sequence is
based on fast echo-planar imaging, which limits
the overall image quality and makes good fat satu-
ration essential but difficult to achieve in skeletal
muscle (Fig. 5.8). Standard vendor-supplied
sequences use a spin echo sequence with a long
echo time. Therefore, because the T2 relaxation
time of muscle tissue is short (compared with that
of brain), the SNR can be limiting.

Taken to its logical conclusion, this technique
should be capable of quantifying muscle cell size,
arrangement, and permeability. With gross mus-
cle injury (i.e., a tear), we can determine any
increases in the distance water is diffusing. In
the inflammatory myopathies, inflammation is
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detectable as an increase in water diffusion. There
have been sophisticated attempts to model both
intracellular and extracellular water diffusion in a
structure of packed muscle cells to try to explain
the diffusion patterns found. One attempt fitted
intracellular and extracellular contributions to the
diffusion and quantified their relative contribu-
tion, showing that the intracellular component
was dominant under the conditions used.
However, such models rely on a number of
assumptions and have not yet been successfully
applied to models of pathological processes in
neuromuscular disease. This area remains chal-
lenging. Another approach is to estimate muscle
fiber directions by tracking the direction in which
diffusion is least restricted from pixel to pixel.
The utility of this measure in neuromuscular dis-
ease remains to be elucidated. There are few
demonstrations of this technique in other neuro-
muscular diseases (e.g., muscular dystrophies).
The twin difficulties of complex mathematical
interpretation and fat infiltration mean that this
technique is unlikely to find widespread clinical
application in the foreseeable future.

Imaging Modalities: Diffusion-
and Perfusion-Weighted MRI

Key Points

e Perfusion measurements in skeletal
muscle at rest and during exercise are
feasible.

* Using MR perfusion, valuable informa-
tion about pathological change can be
gained, particularly when combined
with the assessment of muscle energet-
ics using phosphorus spectroscopy.

¢ Diffusion measurements make the inten-
sity of the MR signal sensitive to the
Brownian motion of water in tissue.

e Although diffusion measurements can
provide information about muscle cell
integrity and altered muscle structure
and permeability, the detailed interpreta-
tion of these measures remains complex
and challenging.

5.5 Three-Point Dixon Technique
for Intramuscular Fat

Quantification

Although TI-weighted images provide rapid
visualization of fat infiltration and replacement in
skeletal muscle, it is extremely difficult to quantify
the fat content in a robust way. In clinical treatment
trials, where we may be looking for small changes
during the course of muscle degradation, the use of
broad qualitative grades and semi-quantitative rat-
ing scales are unlikely to be sensitive enough. The
problem of quantification arises because, unlike
CT, the signal intensity in an MRI scan is not abso-
lute, being affected by imperfections. Notably, the
amount of radiofrequency power (B) delivered to
all parts of the tissue is not equal, effectively deliv-
ering different flip angles to different areas and
causing different signal intensities. Figure 5.9
shows the changes in intensity in fat and muscle
tissues of a healthy subject. Such inhomogeneities
are dependent not only on the original anatomy of
the patient but the individual magnet used and the
positioning of the patient within it. In a multi-cen-
ter trial, it would clearly be difficult to control all
of these parameters at all centers.

The three-point Dixon technique provides an
alternative method for quantitative assessment of
fatty degeneration. As observed in Sect. 5.2, deal-
ing with magnetic resonance spectroscopy, there is
afrequency difference between the water resonance
and the CH, resonance of fat. In a spoiled gradient
echo scan this means that, like two cars going round

Fig. 5.9 B, inhomogeneity of Tl-weighted imaging of
thigh muscles. This is a typically inhomogeneous area at
3.0 T. Note that the signal intensity at the anterior (near the
rectus femoris) for both muscle and fat is lower than at the
outer edge of the image, making quantification challenging
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Echo time 3.45 ms

Phase of water

and fat spins ¢ ’

Fig. 5.10 Three-point Dixon acquisition, showing how
the echo time influences the relative phase of the water
and fat protons (spins). These are lower-leg images
acquired at 3.0 T. At the time of the first echo, water and
fat are out of phase, and voxels containing water and fat
suffer subtraction of signal (see muscle—fat boundaries).

a racetrack at slightly different speeds, there is an
echo time during which the signals from fat and
water are 180° out of phase (analogous to the time
when the cars are on the opposite sides of the track.
By doubling that time, we can bring the two signals
back in phase (Fig. 5.10). In principle, therefore, we
can calculate the fat and water content of an image
by subtracting the pair of images and adding them
to produce images of the fat components and water
components, respectively. Such a calculation would
be “two-point” Dixon calculation (“in-phase and
out-of-phase imaging”) as two echo times are used.

How does this help accurate quantification?
The water and fat images that have been produced
still contain B, inhomogeneity. Provided that we
have used a sufficiently long TR and low flip
angle to make sure there is no T1 weighting, how-
ever, the inhomogeneity profile is the same in
both images. Therefore, we can cancel it by cal-
culating the percentage of separated fat signal
over the total signal. The image produced is then
independent of the B, profile experienced.

Why use three points instead of two? The fre-
quency separation of water and fat depends on the
local main magnetic field (B,), which is not homo-
geneous within a patient, between patients, or
indeed for the same patient repositioned within
the scanner for a follow-up scan. By acquiring a
third echo, we can correct for the variation in B,
across the subject, making our final fat percentage
map truly independent of specific placement, the

4.60 ms 575 ms

—

At twice the first echo time, they are in phase (middle
image), and at the third they are out of phase. If there are
no B, inhomogeneities, the phases of the first and third
scans are identical; otherwise, the phase offset allows a
phase map to be constructed and allowed for when calcu-
lating the fat percentage

magnet, and B, inhomogeneity. By drawing an
ROI on the muscle of choice, we can evaluate the
percentage of the signal due to fat in that muscle.
We can compare this measurement robustly among
patients, longitudinally, and among centers. The
separation of water and fat highlights early fat
infiltration more strikingly than conventional
T1-weighted imaging, where healthy muscle is
mid-intensity. It also permits detailed discrimina-
tion of fat infiltration patterns (Fig. 5.11).

Is this truly a fat percentage? It is the percent-
age of fat in the MRI visible signal, certainly.
Certain components of tissue (e.g., macromole-
cules) are not visible by MRI due to short T2
relaxation times and are thus not counted. The
three-point Dixon technique provides a fast,
robust method for tracking longitudinal change.
With careful repositioning of anatomy between
scans, reproducibility coefficients of < 0.5 % can
be achieved. This method was first applied to a
cross-sectional study of DMD and has recently
been used in studies of oculopharyngeal muscular
dystrophy. Notably, the first longitudinal study of
LGMD-2I to examine the progression of individ-
ual muscle groups using the three-point Dixon
technique found that increases in fat fraction could
be sensitively detected in nine muscle groups
(Fig. 5.12). With the increasing activity in therapy
trials moving to clinical practice for DMD or the
inherited neuromuscular dieases in general, it
seems likely that this modality will be adopted.
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Fig. 5.11 Comparison of (a) three-point Dixon tech- inhomogeneities, the complete separation of water
nique and (b) T1-weighted images of the mid-thigh of and fat makes more obvious the pattern of fat infiltration
an LGMD-21 patient at 3.0 T. Not only does the three- and the early involvement of the gracilis and sartorius
point Dixon method offer a quantitative image free from  muscles

Fig. 5.12 Quantitative fat percentage images from a three-point Dixon acquisition from the mid-thigh at 3.0 T for
(a) a healthy control and (b—d) LGMD-2I patients with differing degrees of fat infiltration
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The three-point Dixon and related sequences
are becoming more widely available on commer-
cial MRI scanners, with two of the three major
vendors (Philips Medical Systems and General
Electric) supporting full implementation at the
time of this writing. A two-point Dixon method
is available on Siemens MR systems. Various
refinements are available, such as recognition
that the fat resonance is not a single peak but,
rather, consists of multiple peaks. This refinement
adds accuracy to the measurement but is not yet
widely available commercially. It is also not nec-
essary to adopt purely in-phase and out-of-phase
echo times, and the related iterative decomposi-
tion of water and fat with echo asymmetry and
least-squares estimation (IDEAL) sequence uses
echo times that put the fat and water signals at
three different angles to each other: There are
advantages in the distribution of noise for tissues
with 50 % fat infiltration (where one of the Dixon
images would be completely nulled), but the
principle remains the same.

The increasing availability of these sequences
and their utility in performing longitudinal com-
parison studies in multi-center settings mean that
the use of three-point Dixon sequences to evalu-
ate neuromuscular diseases is likely to increase
markedly.

Imaging Modalities: 3-Point
Dixon for Intramuscular Fat
Quantification

Key Points

e Standard T1-weighted imaging is good
for qualitative analysis, but it is difficult
to use for quantitative analyses.

e Three-point Dixon methods can elimi-
nate the effects of inhomogeneity in
both the main magnetic field (B, and
the applied radiofrequency pulses (B)).
This means that we can produce images
showing the percentage of fat in the
muscle, which can be compared in lon-
gitudinal studies and among centers.
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e Several implementations of the three-
point Dixon method exist—including
such variations as IDEAL—that are
increasingly available on commercial
MRI scanners.

* Because fat has a shorter T1 relaxation
time than water, it is essential that the
images be acquired without T1 weight-
ing (long TR, low flip angle) to obtain
accurate data.

e The fat percentage produced is a per-
centage of fat in the visible MRI signal
(i.e., macromolecules that are MRI-
invisible are not accounted for).

e Fat percentages calculated from the
three-point Dixon method are highly
reproducible within and among centers
with careful patient positioning.

T1 and T2 Relaxation Time
Measurements

5.6

Measurement of the T2 relaxation time of water is
an attractive endpoint in muscular dystrophy stud-
ies because it is affected by early changes in mus-
cle integrity, before fat infiltration begins. The T2
relaxation time of water is physically a measure of
how fast coherence of phase between spins is lost.
Physiologically, the T2 relaxation time of a mus-
cle increases if there is a greater proportion of free
fluid present. This situation occurs with damage
due to exercise and edema. It is also a well-known
characteristic of many neuromuscular diseases,
often preceding structural degenerative neuro-
muscular changes, such as fatty degeneration.
The simplest way to measure T2 relaxation
times is by 'H-MRS (Fig. 5.13, see also Sect. 5.2).
By acquiring spectra at multiple echo times from
a defined volume of muscle and fitting the area
under the curve, the T2 component of water can
be speedily calculated. Such an approach has been
taken in preclinical models of LGMD and DMD.
In these diseases, MR spectroscopy was used to
determine that the reintroduction of the ysg gene
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Fig.5.13 T2 relaxation
time in healthy tibialis
anterior muscle as
measured by proton
spectroscopy at 3.0 T.

The spectra were acquired
at 10 echo times from

35 to 125 ms. The water
resonance is dominant on
the left, with a small fat
resonance clearly separated
on the right. The T2
relaxation time of the
water is 29 ms in this
instance

N
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into ysg—/— mice could reduce the number of
voxels with enhanced T2 relaxation time.

However, most clinicians and investigators
prefer to measure T2 relaxation times from a
defined ROI on an image of skeletal muscle.
Although every commercial MR system has an
imaging sequence that can produce data to plot a
curve of T2 decay, few are truly quantitative, and
still fewer could be accurately compared in a
multi-center trial. Why is this true, and can it be
overcome?

First, most commercial sequences are designed
to indicate only T2-weighted contrast (mid-
intensity muscle, bright fat, bright edema).
A gold standard measurement of T2 relaxation
time requires accurate delivery of a 90° excitation
pulse followed by 180° refocusing pulses to pro-
duce the echoes. Not only must we contend with
radiofrequency inhomogeneity affecting the size
of the flip angles but the slice selective refocus-
ing pulses tend not to deliver a full 180° pulse
across the slice.

Second, the presence of fat infiltration pres-
ents issues for T2 relaxation time measure-
ments—unlike spectroscopic methods—as the
signals measured become composite measures of
water T2 and fat T2. Therefore, if the concentra-
tion of fat increases in a muscle between two

measurements, the apparent T2 relaxation time
increases even if the T2 relaxation time of water
in the muscle does not increase. Although this is
not important for some diseases and disease mod-
els (such as the mdx mouse, where fat accumula-
tion occurs late in the disease course), it is of
great practical concern in human studies
(Fig. 5.14). Fat saturation studies do not provide
the answer because the efficiency of the satura-
tion is not uniform across the image (Fig. 5.15).

Is spectroscopy our only robust way of mea-
suring muscle T2 relaxation time, free from the
confounding influence of fat? The answer is “no.”
Recently, water/fat separation using IDEAL (see
Sect. 5.5) has been incorporated within the multi-
echo turbo spin echo sequence required to pro-
duce T2 measurements. This delivers separate
images from which the T2 of water and fat can be
separately deduced. The sequence provides cov-
erage of eight sections during a 10 min scan time.
Simultaneous measurement of fat and T2 relax-
ation time was demonstrated in a patient with
inclusion body myositis (Fig. 5.16). The imple-
mentation of such a sequence by commercial ven-
dors (not presently available) would be of immense
value to longitudinal research on determining the
interplay between changes in T2 and changes in
fat infiltration in neuromuscular disorders.
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TE = 100ms

Fig. 5.14 T2 measurement performed by imaging mid-
thigh muscles at 3.0 T without fat saturation in two indi-
viduals with Duchenne muscular dystrophy (DMD). One
had moderate fat infiltration (left), and the other had sub-
stantial fat infiltration (right). Images at four echo times
are shown. Note the relatively slow T2 decay of the fat-
infiltrated muscles (vastus lateralis) on the right compared
to noninfiltrated muscles (gracilis, sartorius). Measured
T2 values are as follows: gracilis 47 ms (left) and 68 ms
(right); vastus lateralis 47 ms (/eft) and 86 ms (right); rec-
tus femoris 60 ms (/eft) and 73 ms (right)

T1 relaxation time measurements in neuro-
muscular diseases are used less frequently.
During the early course of DMD, muscle T1 rises
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because of degeneration and increased water in
muscle. However, with increasing fat infiltration,
the overall T1 relaxation time falls, the T1 of fat
being much shorter than that of muscle water.
The fat infiltration can be measured more simply
and accurately by three-point Dixon imaging (see
Sect. 5.5). In addition, although muscle T1 can
increase with membrane damage similarly to T2,
the relative degree of change is less. Also, T1
measurement sequences are typically longer than
those for T2. The difference in the T1 relaxation
times of fat and water is exploited qualitatively
with STIR imaging to eliminate the fat signal
from T2-weighted images. However, it is difficult
to fully quantify such measurements, and they
are less useful for longitudinal studies.

Imaging Modalities:
T1 and T2 Relaxation Time
Measurements

Key Points

e T2 relaxation time measurements are
useful endpoints for neuromuscular dis-
ease as increased T2 is indicative of
edema and structural muscle damage,
which alters the local free water
distribution.

e T2 relaxation times in a specific muscle
region can be measured by 'H-MRS,
resolving the water and fat components.

e Most vendors provide T2-weighted
sequences to produce T2 relaxation
curves, but they may not be fully quan-
titative without modification.

e Fat infiltration can confound T2 mea-
surements, and robust fat suppression is
difficult to achieve.

e T2 relaxation time measurements can
also be indicative of muscle damage but
are rarely performed because there are
easier methods for determining fat
infiltration.



Fig. 5.15 Image from a T2 measurement performed in a
healthy subject with fat saturation at 3.0 T. Note the gross
inhomogeneity of fat saturation in the lower leg. There is
clear asymmetrical intensity of the bone marrow (arrows)

Fig.5.16 IDEAL-CPMG imaging results froma61-year-
old patient with inclusion body myositis. T2-weighted
image at TE=80 ms (a) corresponds to the T2-corrected
fat fraction map (b) and the T2 map of the water compo-
nent T2 (c). White, black, and gray arrows indicate the
rectus femoris, vastus lateralis, and semimembranosus,
respectively. A large variation in inflammation and fat
infiltration can be seen between the different muscle

and tibialis anterior. This is an extreme case, but the
inability to predict the uniformity of fat saturation makes
quantification of T2 relaxation times difficult

uonoeiy jeq

groups, and the presence of one does not imply the pres-
ence of the other. A fat/water swap artifact can be seen at
the base of the legs near the air interface caused by a large
field-inhomogeneity gradient. Courtesy of Dr. R.L.
Janiczek, UCL. From Janiczek RL, et al (2011)
Simultaneous T2 and lipid quantitation using IDEAL
CPMG. Magn Reson Med 66:1293-1302. Reprinted with
permission from John Wiley and Sons
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5.7 Experimental Contrast-
Enhanced Magnetic Resonance

Imaging

This section discusses the off-label use of clinical
contrast agents and the use of experimental pre-
clinical contrast agents in research. The availability
of such agents for clinical or research use varies by
jurisdiction and over time. The reader must estab-
lish their local legal framework for the use of con-
trast agents in clinical practice and for research.
There are various properties of the MR signal
that can be used to quantify fat infiltration nonin-
vasively, such as detecting edema by recording
the changes in T2 relaxation times. These proper-
ties are indirect indicators, however, and we
would ideally use an MR biomarker that reflects
microstructural changes, such as those at the sar-
colemmal level. We need an agent that alters the
MR signal intensity according to our chosen

K.G. Hollingsworth and M.-A. Weber

measure of muscle degradation—hence, contrast
agents. Most MR contrast agents are based on the
paramagnetic ion gadolinium (Gd), which
decreases the T1 relaxation time of surrounding
water protons. Within a defined concentration
range, the change in the reciprocal of this relax-
ation time (1/T1) is linearly proportional to the
concentration of contrast agent present, allowing
some degree of quantification of the contrast
agent concentration in the tissue by imaging with
appropriate T1-weighted sequences.

Common  low-molecular-weight  contrast
agents (e.g., Gd-DTPA) show greater uptake in
dystrophic muscle than in controls (Fig. 5.17), as
shown in DMD. A study using the golden retriever
muscular dystrophy model—a good model system
for DMD—revealed increased uptake in dystro-
phic muscle (double that of control subjects), sug-
gesting that this low-molecular-weight contrast
agent may extravasate rapidly into dystrophic tis-
sue. Determining whether the contrast agent

Fig.5.17 TIl-weighted images of the lower leg of a male
child with DMD. They were acquired before (fop) and
5 min after (bottom) administration of Gd-DTPA. Muscles

show an average signal enhancement of 40 % (compared
to 20 % in healthy adults)



5 Advanced and Quantitative Magnetic Resonance Imaging Techniques 51

& 200-

2, *

D

o T T *

E

8 100

c

2

o 50

c

(4]

§ [
15 min. 30 min.

Fig.5.18 The increase in signal enhancement in skeletal
muscle lesions as a mean enhancement percent was calcu-
lated from the mean signals in a region of interest before
and after intravenous injection of MS-325. The mean
enhancement in mdx (gray columns) and Sgca-null (white
columns) mice was significantly higher during all four
analyzed time points compared to that of the control mice
(black columns) (*P<0.001; *P<0.017). The signal

enters the muscle cells and accumulates at areas
of advanced fibrosis, inflammation, or clusters of
damaged muscle fibers or merely accumulates in
the extracellular space is not straightforward
because of its fast clearance and the lack of an
established assay for Gd-DTPA.

To circumvent these problems, we need more
specific high molecular-weight contrast agents.
The accumulation of serum albumin in damaged
muscle fibers in dystrophic muscle has been well
described. Recent work has concentrated on
Gd-based contrast agents that (1) are directly
bound to exogenous albumin or (2) interact
strongly with endogenous albumin. In the first
class, human albumin was bound to Gd-DTPA
and was injected into wild-type and dystrophic
mdx mice. Enhancement after 4 and 15 h was
found only in skeletal muscle. Also, postmortem
anti-human albumin antibody analysis showed
intracellular accumulation of the contrast agent
in clusters of damaged mdx muscle fibers. Thus,
MR signal enhancement can illuminate the pat-
tern of muscle damage. Such a long duration of
residence in the body, however, is a problem for
clinical use, where rapid clearance is preferred to
avoid possible metabolism of the contrast agent
and release of free Gd.

45 min. 60 min.

enhancement in control mice was due to MS-325 in the
vessels and reflected the long blood half-life of the con-
trast agent. Courtesy of Prof. V. Straub, Newcastle
University. From Straub V, et al (2000) Contrast agent
enhanced magnetic resonance imaging of skeletal muscle
damage in animal models of muscular dystrophy. Magn
Reson Med. 44:655-659. Reprinted with permission from
John Wiley and Sons

A second approach—the use of amphiphilic
contrast agents that interact strongly with endog-
enous albumin—has been explored. Contrast
agents such as gadofosveset trisodium (MS-
325), also known as Vasovist™, have been
developed for use as blood pool agents for the
diagnosing vascular disease by magnetic reso-
nance angiography. Transient binding to albumin
lengthens the transit time of the agent, but greater
relaxivity is also achieved by slowing the rota-
tion of the gadolinium chelate, giving greater
image contrast per unit agent. Signal enhance-
ment in the mdx and sgca-null mouse models
(for Duchenne and sarcoglycan-deficient LGMD,
respectively) has been demonstrated to be greater
than 100 % compared with 25 % for control
mice, believed to result from contrast agent in
small vessels (Fig. 5.18). This contrast agent
was then used to demonstrate the effect of aden-
ovirus-mediated gene transfer to restore expres-
sion of a-sarcoglycan in 3- or 4-day-old sgca-null
mice (which could be sustained for 7 months).
Significantly reduced enhancement (50 %) could
be demonstrated with treatment and corre-
sponded with the results obtained using Evans
blue dye, a gold standard for probing sarcolem-
mal permeability.
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In a preclinical study of dysferlin-deficient mus-
cle, the contrast agent Gadofluorine M, an amphilic
gadolinium complex that interacts with albumin
and extracellular matrix proteins, was shown to
cause differential enhancement of dysferlin-
deficient muscle compared to wild-type muscle.
The mechanism of contrast specificity again was
thought to be albumin binding. Although it was
shown that the contrast agent had entered the cell,
the mode of entry could not be confirmed. There
has been no further characterization of this agent in
other dystrophy or neuromuscular disease models.

Other contrast agents may target necrotic tis-
sue specifically. Porphyrin Gd agents have been
identified, among others, as having value in iden-
tifying necrosis in acute myocardial infarction
and liver tissues. However, there appear to be
no studies of the value of this type of contrast
agent in neuromuscular diseases.

Imaging Modalities:
Experimental Contrast-Enhanced
MRI

Key Points

e Contrast agents allow modification of
tissue T1 relaxation times in regions the
agents penetrate.

e Routine low-molecular-weight agents
cause general signal enhancement in
dystrophic muscle. The precise distribu-
tion of such agents within the dystrophic
muscle is unclear.

* Contrast agents that are bound to albu-
min or interact with endogenous albumin
have been shown in preclinical models to
be specific for probing sarcolemmal
permeability.
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Nuclear Medicine Methods

Mike P. Wattjes

6.1 Introduction

In nuclear medicine radioactive substances
(radiopharmaceuticals, tracers) are used for the
diagnosis and treatment of several disease enti-
ties. These well-established imaging methods
include scintigraphy, single photon emission com-
puted tomography (SPECT), and positron emis-
sion tomography (PET). Newer developments
include hybrid scanning techniques such as PET-
computed tomography (CT), SPECT-CT, and
PET-magnetic resonance imaging (MRI). In con-
trast to the other presented imaging modalities
such as ultrasonography (US), (see Chap. 2), CT
(see Chap. 3), and MRI (see Chap. 4), the data and
experience concerning nuclear medicine methods
in the diagnosis of inherited muscle diseases are
limited. There are few other clinical conditions in
which particularly PET, in addition to other
imaging modalities, might be useful in supporting
the clinical diagnosis (e.g., inflammatory muscle
diseases) or as a screening and staging tool (e.g.,
malignancies). This chapter gives a brief overview
of the clinical applications of nuclear medicine
methods used in (neuro)muscular diseases mainly
focusing on PET and scintigraphic methods.

M.P. Wattjes (0<)

Department of Radiology, Nuclear Medicine

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

The Netherlands
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6.2  Modalities

The most relevant PET tracer used for muscle
PET imaging is '8F-fluorodeoxyglucose ('*F-
FDGQG). It is an imaging marker for glucose metab-
olism because it measures glucose uptake. During
the past decade PET imaging has been performed
using a hybrid imaging approach (PET-CT),
combining a full-ring PET scanner and a multi-
detector spiral CT system in a single gantry. PET
and CT imaging data sets can be fused when per-
forming the PET examination directly after CT
scanning. This combination provides substan-
tially improved anatomical localization of the
PET findings, thereby increasing the diagnostic
accuracy for several purposes.

6.3  PET of Normal Muscle Tissue

Normal muscle tissue at rest shows homogeneous
uptake of F-FDG-PET (PET-CT), suggesting
homogeneous glucose metabolism. In a small
number of patients, however, 'F-FDG-PET
reveals an enhanced curvilinear area in the neck
and supraclavicular region, although there is no
clinical or radiological evidence of pathological
metabolism (e.g., inflammation, malignancy). The
underlying pathophysiological mechanism is still
not completely understood. As these changes have
disappeared on a repeat PET scan and after admin-
istration of muscle relaxants, increased muscle
activity has been suggested as the underlying
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Fig. 6.1 Coronal image obtained from whole-body
F-fluorodeoxyglucose positron emission tomography
("8F-FDG-PET) examination (maximum intensity image)
in a male patient after a heavy physical workout directly
prior to the '®F-FDG injection. Note the diffusely increased
metabolic activity in the muscle. From Al-Nahhas and
Jawad (2011) PET/CT imaging in inflammatory myopa-
thies. Ann NY Acad Sci 1228:39-45. Reprinted with per-
mission from John Wiley and Sons

cause. More recent data, however, suggest that the
increased glucose uptake might be located in the
brown fat tissue and not exclusively in the adja-
cent muscle tissue. Physical exercise leads to
higher metabolic activity of the skeletal muscle,
which is reflected in increased "*F-FDG uptake.
The pattern of '®F-FDG uptake is strongly associ-
ated with the mode of exercise and the involved
muscle groups (Fig. 6.1).

Compared to striated skeletal muscle, the
myocardium shows rather high 'F-FDG uptake
owing to its higher metabolic activity.

6.4 Imaging of Inflammation

6.4.1 PET of Muscle Inflammation

Detection of inflammation in muscle tissue is
the most relevant nononcological clinical condi-
tion for which PET is a well-established method
in the clinical setting. Muscle inflammation

(infectious and noninfectious) is associated with
the presence of metabolically highly active
inflammatory cells including macrophages (acti-
vated), lymphocytes, and granular tissue, all of
which show increased uptake of *F-FDG. PET
has detected muscle inflammation in several dis-
ease entities including sarcoidosis, infections,
vasculitis, granulomas, graft versus host disease,
chronic idiopathic inflammatory myopathies
(e.g., dermatomyositis) (see Chap. 26), as well as
in drug-induced myopathies (see Chap. 27)
(Figs. 6.2, 6.3, 6.4). The clinical use of PET in
these diseases goes beyond the detection of
inflammatory disease activity. PET can also be
used for monitoring disease, in particular for
demonstrating response to treatment.

The sensitivity of PET for detecting high-
grade inflammation, especially infectious
muscle inflammation, is high. In contrast, low-
grade inflammation, as seen in idiopathic
inflammatory myopathies, can be missed. In those
cases, multi-modality imaging approaches, includ-
ing MRI with fat-suppressed T2-weighted images,
might be helpful. The detection of muscle edema
can lead to the correct diagnosis (see also Chap. 4).

6.4.2 Scintigraphy in Muscle
Inflammation

In addition to 8F-FDG PET, scintigraphy tech-
niques can be helpful for diagnosing skeletal
muscle pathology, particularly inflammatory
changes. These methods include gallium-67
(“’Ga) citrate scintigraphy, anti-myosin scintigra-
phy, and technetium-99m (***Tc) pyrophosphate
scintigraphy.

6.4.2.1 %’Ga Citrate Scintigraphy

Gallium-67 citrate is a tracer that binds to transfer-
rin receptors on activated macrophages and lym-
phocytes. It can be used to detect inflammation/
infection, neoplastic diseases of the lymphoid tis-
sue (lymphomas), and granulomatous disease enti-
ties. Particularly regarding muscle inflammation,
7Ga citrate scintigraphy has been used in focal
myositis, myofasciitis, and sarcoid-associated
inflammation to show their different involvement
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Fig.6.2 (a) Coronal "*F-FDG PET images in a patient with
statin-induced necrotizing myopathy demonstrate increased
metabolic activity in the muscles of the upper extremities
and limb girdle (e.g., gluteus muscles). (b) Coronal
F-FDG-PET images of the same patient after therapy

e

Fig. 6.3 Coronal '*F-FDG-PET images of a 76-year-old
patient presenting with dermatomyositis. The PET images
1 h after intravenous injection of *F-FDG-PET show
symmetrical, low-grade metabolic activity in the proximal
muscles of the upper extremities, iliopsoas, and hip addcu-
tors. Two foci show high ®¥F-FDG accumulation in the

C:52.0-540 C: 50.0-52.0

show complete resolution of the increased metabolic activ-
ity. From Harari OA, et al (2008) '*F-fluorodeoxyglucose-
positron emission tomography imaging in idiopathic
inflammatory myositis. Nucl Med Commun 29:838-840.
Reprinted with permission from Wolters Kluwer Health

mediastinum, representing malignant tissue (lymph nodes)
from an adenocarcinoma of the lung. From Liau N, et al
(2007) F-18 FDG PET/CT detection of mediastinal malig-
nancy in a patient with dermatomyositis. Clin Nucl Med
32:304-305. Reprinted with permission from Wolters
Kluwer Health
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Fig. 6.4 "*F-FDG-PET/CT images of the forearm per-
formed on two different days in a patient with myositis
ossificans. The increased tracer uptake indicates osteo-
blastic activity and inflammatory activity. From Agrawal

patterns, which can contribute to the correct diag-
nosis. ’Ga citrate scintigraphy can be helpful in
conditions in which MRI findings are normal.

6.4.2.2 Anti-myosin Scintigraphy
Indium-111 (""'In)-labeled anti-myosin antibod-
ies or antigen-binding fragments bind to dam-
aged muscle tissue. This isotope has been used to
detect muscle inflammation such as in polymyo-
sitis and dermatomyositis as well as in myocar-
dial inflammation. However, it is rather unspecific
as it also binds to damaged muscle in general.
Therefore, it is not suited to differentiate
specifically between muscle inflammation and
muscle necrosis and (fatty) degeneration.

K, et al (2011) [**F]fluoride and ['*F]flourodeoxyglucose
PET/CT in myositis ossificans of the forearm. Eur J Nucl
Med Mol Imaging 38:1956. Reprinted with permission
from Springer

6.4.2.3 *"Technetium Pyrophosphate
Scintigraphy

Technetium-99m pyrophosphate (*"Tc-PYP) is
also a rather unspecific tracer, accumulating in
mitochondria and sarcoplasmic reticulum of
damaged muscle cells as well as in inflammatory
cells. *"Tc-PYP has been used in idiopathic
inflammatory myopathies (e.g., polymyositis) to
detect inflammatory activity, which to a certain
degree correlates with clinical and laboratory
markers of disease activity. However, *"Tc-PYP
also accumulates in tissues from patients with
noninflammatory muscle diseases. In neither
inflammatory nor noninflammatory disease is
9mTe-PYP accumulation a sensitive marker: It is
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positive in about 50 % of patients with
inflammatory disease and 39 % of patients with
noninflammatory disease.

6.5 Imaging of Neuromuscular

Neoplasm

The most established nuclear medicine imaging
method for musculoskeletal oncology is PET,
preferably PET/CT. '8F-FDG is the most widely
used PET tracer for these purposes, demonstrat-
ing the increased glucose metabolism (cellular
glycolysis) in tumor cells. In general, *F-FDG
PET is helpful for detecting soft tissue metasta-
sis, soft tissue primary tumors, and nerve tumors
(Figs. 6.5 and 6.6a, b). Clinical experience is
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rather limited in regard to soft tissue tumors as
they comprise a heterogeneous group of diseases
with mixed cell types and different grades of
malignancy (see Chap. 28). There is increasing
evidence that "F-FDG-PET/CT can contribute
substantially to the diagnosis of muscle and nerve
neoplasms as an adjunct to conventional MRI
and CT.

It has been shown that the degree of *F-FDG
activity (standardized uptake value, or SUV) cor-
relates to some degree with the grade of malig-
nancy. It can be useful for differentiating
high-grade tumors from low-grade and benign
tumors. Certain soft tissues have a heterogeneous
appearance in terms of cell types and grading,
and "“F-FDG-PET/CT might therefore display
heterogeneous activity. The latter is helpful for

Fig. 6.5 Coronal ®F-FDG-PET/CT of a patient present-
ing with neurofibromatosis. Note the sciatic nerve
neurofibroma. The increased tracer uptake was suggestive
of malignant transformation, which was histopathologi-

cally confirmed. From Lakkaruji A, et al (2010) PET/CT
in primary musculoskeletal tumours: a step forward. Eur
Radiol 20:2959-2972. Reprinted with permission from
Springer
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Fig. 6.6 (a) Coronal T2-weighted MRI scan of the right
forearm of a 38-year-old man shows a focal lesion resem-
bling a desmoid tumor. (b) The lesion shows high uptake
on ®F-FDG-PET images. From Aoki J, et al (2003) FDG-

the surgeon to choose a biopsy site in the most
metabolically active areas. Beyond the detection
of neuromuscular neoplasms, "*F-FDG can be
used to monitor disease, particularly the response
to treatment.

The degree of FDG uptake can provide some
prognostic information and is correlated with
overall and recurrence-free survival in patients
with resectable soft tissue sarcomas. "*F-FDG-
PET can be crucial for detecting tumor recur-
rence and is more sensitive than MRI alone.

6.6  Future Directions
Nuclear medicine is one of the most innovative
imaging disciplines today. The diagnostic value
is continuously increasing based on novel devel-
opments including that of novel tracers and mod-
ern hybrid imaging techniques.

BE-FDG is a rather unspecific tracer, measuring
the metabolic activity in terms of glucose metab-
olism. Novel, more-specific tracers are needed.
Such tracers currently being evaluated in preclini-
cal and clinical trials are "F-fluorothymidine
(FLT), BF-o-methyl tyrosine (FMT),
8F-misonidazole (MISO), and '"C-methionine.
8E-FLT, a tracer for DNA synthesis and therefore
mitotic activity and cellular proliferation, is prom-
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PET for preoperative differential diagnosis between
benign and malignant soft tissue masses. Skeletal Radiol
32:133-138. Reprinted with permission from Springer

ising for detection of sarcomas. It shows a better
association between tracer uptake and histopatho-
logical tumor grade than does "*F-FDG. It has
promising potential particularly for monitoring
the response to treatment. "C-methionine has
been used in musculoskeletal neoplasms and pro-
vided results in line with those produced by '8F-
FDG. It is therefore debatable whether this tracer
has any additional value in the future.

The most well-established hybrid imaging
technique used in nuclear imaging is PET/CT.
The next generation of hybrid imaging, PET/
MRI, has recently been introduced and promises
interesting developments and (functional) imag-
ing possibilities. Compared to PET/CT, PET/
MRI has the crucial advantage that radiation
exposure is substantially reduced, which is
important in young adults and pediatric patients.
For detecting muscle neoplasms, the better soft
tissue contrast on MRI scans may lead to a more
sensitive and specific diagnosis. However, the
drawbacks of MRI (e.g., longer acquisition times,
exclusion of patients with a pacemaker or who
are claustrophobic) must be considered.
Nevertheless, PET/MRI is the hybrid imaging
technique of the future and will likely improve
the diagnostic and prognostic classifications of
muscle diseases, particularly in patients with
inflammatory and neoplastic muscle diseases.



6 Nuclear Medicine Methods

Imaging Modalities:
Nuclear Medicine Methods

Key Points

e Data on nuclear medicine methods for
investigating muscle tissue in neuro-
muscular diseases is rather limited.

e Positron emission tomography (particu-
larly PET/CT) and scintigraphy have
been used in inflammatory and, more
frequently, neoplastic muscle diseases.

e BE-FDG PET is helpful in the diagnosis,
prognostic classification, and disease
monitoring of musculoskeletal tumors.

e New promising developments including
new tracers and hybrid imaging tech-
niques (PET/MRI) become increasingly
important.
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Peripheral Nerve Imaging

Arnold Kang and Michel Kliot

7.1 Introduction

Imaging modalities that might be considered
when imaging peripheral nerve pathology include
plain radiography (XR), computed tomography
(CT), positron emission tomography (PET), high-
resolution ultrasonography (US) and magnetic
resonance imaging (MRI). This chapter focuses
on methods that have shown the greatest utility
because of recent technological advances.

7.2  Diagnostic Imaging Modalities

7.2.1 Plain Radiography

Although conventional radiography is unable
to demonstrate peripheral nerves directly, it is
nevertheless an important baseline test in the
overall imaging work-up. It can be of significant
value as an initial screen to rule out potentially
relevant considerations such as traumatic lesions
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(e.g. recent or old radiopaque foreign bodies,
post-traumatic calcifications involving adjacent
structures), predispositions to neural impinge-
ment or traction (e.g. bone spurs, old fracture
malunions, joint malalignments instabilities) and
tumoral processes (e.g. bone destruction, pres-
sure erosion of bone, tumoral calcification, intra-
muscular lipoma). See Fig. 7.1.

7.2.2 Computed Tomography

Computed Tomography (with or without the use
of iodinated intravenous contrast material) is most
helpful in circumstances of tumor assessment
(especially with regard to metastatic tumor spread
and cortical bone changes) and joint pathology in
the spine that may be contributing to nerve root
impingement. In some cases, CT may be used as
an alternative to MRI for those who are not MR
tolerant. CT is also much more sensitive than XR
or MRI for detecting calcifications (and other
crystal depositions such as gout). CT in combina-
tion with myelography can be useful for detecting
proximal pathology at the spinal level (e.g. root
nerve avulsions at the interface with the spinal
cord). Helical CT can be performed using
0.625 mm acquisition and 2.5 mm reconstructions
in the axial, coronal and sagittal planes. Standard
non-ionic contrast, used for CT abdominal and
pelvic studies, should be administered to identify
any enhancing components in either the late arte-
rial or portal venous phases. Non-contrast CT can
be performed prior to the post contrast study to
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Fig. 7.1 Anteroposterior radiograph demonstrates het-
erotopic ossification (Source: University of Washington,
PACS)

allow better visualization of calcifications and
confirm the true presence of enhancement (i.e.
>20 HU increase in attenuation). The interpreting
physician must be cognizant of the pitfalls of
streak artifact (near metallic devices), partial vol-
uming (near bone). and pseudo-enhancement (if
near vascular structures or organs that enhance).

7.2.3 Positron Emission Tomography

Increased uptake of "*F-fluorodeoxyglucose ('*F-
FDG) in peripheral nerve tumors suggests malig-
nancy. This test assists in surgical management
and can help direct biopsies and distinguish a
tumor from radiation- induced changes. If malig-
nancy is proven, adjuvant chemotherapy and/or
irradiation can be used. See Fig. 7.2.

7.2.4 Magnetic Resonance Imaging

For peripheral nerve imaging, MRI is the imaging
modality of choice in many circumstances. The
general advantages of MRI include exceptional
soft tissue contrast, high spatial resolution, multi-
planar capability and relative safety. The term
MR neurography, introduced during the early
1990s, and refers to an MRI application dedi-
cated specifically to visualizing a particular nerve
or plexus. It is usually performed on a 1.5-T or
3.0-T magnet using special pulse sequences,
multiple phase array coils, and suppressing the
signal from fat and vessels. Multi-transmittance
is used, and the field of view should be as small
as possible to include the area of interest. The
inplane resolution can be as low as 0.4 mm.

Images are usually obtained in at least two
planes (longitudinal if it is in the coronal or sagit-
tal plane and cross sectional). The planes acquired
depend on the area being imaged (e.g. median
and sciatic nerves are imaged in the axial and
coronal planes whereas the brachial plexus is
imaged in the coronal and oblique sagittal planes).
The coronal plane allows a global longitudinal
assessment of the nerve whereas a cross- sec-
tional plane allows assessment of the size and
relation of a lesion to the fascicles of the affected
nerve. See Fig. 7.3.

Using multiple phase array coils (which are
often custom built) allows integration of signal
data from multiple small receiver coils covering
the anatomy of interest to produce a single image
and increase the field of view. Thus, images with
a larger field of view can be obtained without
sacrificing signal to noise ratio. Thus, superior
resolution and contrast can be obtained simulta-
neously. The main disadvantage is that surface
coils may result in uneven signal distribution
across the field of view.

The technique of MR neurography is tissue-
selective imaging directed at identifying and
evaluating nerve morphology including internal
fascicular pattern, longitudinal variations in sig-
nal intensity and caliber, and connections/rela-
tions to other nerves and plexi. The administration
of contrast agent is useful for identifying nerve
sheath tumors. Some pulse sequences, including



Fig. 7.2 (a) Contrast enhanced computed tomography
(CT) demonstrates a soft tissue density mass in the loca-
tion of an intercostal nerve with scalloping of the rib. The
patient had a known history of neurofibromatosis type 1.
The features are consistent with a neurofibroma. (b)

Positron emission tomography(PET)/ CT of the same
patient demonstrates increased fluorodeoxyglucose uptake
at the site of the neurofibroma, consistent with malignant
transformation. The diagnosis was confirmed on pathol-
ogy (Source: University of Washington, PACS)

Fig. 7.3 Normal magnetic resonance(MR) neurogram of
the left sciatic nerve. (a) Coronal short-tau inversion recov-
ery (STIR) demonstrates normal sciatic nerves bilaterally.
They are of normal size, normal configuration, and mildly
hyperintense to muscle. (b) Axial T1-weighted MRI of the

left sciatic nerve demonstrates low signal intensity which
is normal. Again, the size and configuration are normal. (c)
Axial T2 with fat saturation also demonstrates normal mild
hyperintensity in the left sciatic nerve in comparison to that
of the muscle. (Source: University of Washington, PACS)
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Fig. 7.4 Normal MR neurogram of the right brachial
plexus. (a) Coronal T1-weighted MRI plexus shows a nor-
mal right brachial plexus that displays low to intermediate
signal intensity. It is also of normal size and course.
(b) Coronal STIR of the right brachial plexus. Part of the

diffusion tensor imaging (DTI), take advantage
of the anisotropic properties of nerves.

It cannot be overly stressed that good knowl-
edge of both the histological architecture and the
anatomical location of the peripheral nerves is
essential to interpreting MRI scans accurately.

T1-weighted imaging shows fine anatomical
detail including the internal fascicular structure
of nerves. This is the smallest resolvable structure
seen on MRI. Normal nerve fascicles demonstrate
uniform shape and size and follow the expected
course of the nerve. Normal peripheral nerves are
isointense to normal muscle on T1-weighted
imaging and slightly hyperintense on T2-weighted
imaging and short-tau inversion recovery (STIR).
This hyperintensity is likely due to endoneurial
fluid within the individual fascicles. Normal
peripheral nerves including the fascicles and
epineurium show no enhancement after gadolin-
ium administration because of the integrity of the
blood-nerve barrier. See Fig. 7.4.

7.2.5 Ultrasonography

High-resolution ultrasonography (US) is becom-
ing increasingly important due to improvements in
broadband transducer and signal processing tech-
nology (see Chap. 2, Sects. 2.3.2 and 2.5).
Peripheral nerves are generally well-resolved
using 5 to 12 MHz transducers (relatively
superficial nerves may be imaged at frequencies of

brachial plexus is imaged because of the oblique nature of
the structure. It is mildly hyperintense to muscle and of nor-
mal size and course. It has a normal appearance. (¢) Sagittal
oblique T1-weighted image again demonstrates a normal
brachial plexus (Source: University of Washington, PACS)

up to 18 MHz). Although spatial compounding
suppresses image noise and improves contrast
resolution, MRI currently still provides superior
contrast resolution. US nevertheless offers better
detail resolution and has other distinct advantages
that include a real-time interactive aspect.
Interactivity allows precise correlation of clinical
features, such as tenderness and trigger points with
their imaging location and appearance, a dynamic
capability that allows assessment of instabilities
and impingements in differeny limb positions.
Interactivity also provides the ability to assess the
entire length of a peripheral nerve in a limb rapidly
while comparing it to the contralateral side. US
can also be used intra-operatively for localizing a
tumor and other pathology. It has the advantages
of complete safety, minimal patient discomfort,
wide availability, and low cost when compared
with MR neurography. The major limitation of US
is that it is highly operator-dependent, making this
test unreliable in the hands of an inexperienced
operator.

Normal peripheral nerve is hypoechoic but
has a fascicular appearance because of its the
reflective interfaces caused by supporting con-
nective tissues such as endoneurium and perineu-
rium. The number and size of fascicles vary with
overall nerve size, location, and type. There is
also considerable individual variability and a
normal slight difference in nerve caliber between
dominant and non-dominant limbs (larger caliber
on the non-dominant side). On color flow Doppler
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imaging, there is generally no detectable intraneu-
ralvascularity. The nerve is thus assessed in its
relation to adjacent muscles, tendons, and vessels.

The short-axis plane is the most suitable scan-
ning method when following a nerve throughout
the limb. The nerves tend to be much less anis-
tropic than tendons. Long-axis images can also
be obtained with extended field-of-view tech-
niques to produce panoramic images. US is also
able to detect muscle denervation changes such
as muscle atrophy and fatty infiltration.

Although experience is somewhat limited,
intraoperative US has been used to localize
lesions and allow a surgical approach that is more
limited and “tailored”. US does have some disad-
vantages including a dependence on appropriate
equipment and personnel and the increased oper-
ative times which may lead to an increase in peri-
operative complications.

7.2.6 Future Directions of MRI
and Ultrasonograhy

Although MR neurography is a well-established
technique in large institutions throughout the
world, it is difficult to implement optimal imag-
ing techniques in other imaging centers. MR neu-
rography is preferably performed with
custom-built coils, which can be time-intensive.
Although US has its limitations, in a small insti-
tution and with highly trained sonographers and
radiologists, US may represent a more viable
option for peripheral nerve imaging. A number of
novel applications using established techniques
have been studied briefly and which may have
application in the future after more rigorous
study. All of these techniques can be performed
on a 1.5-T magnet. In 2008, one study showed
that denervated muscles may have increased
apparent diffusion coefficient values because of
early expansion of the extracellular fluid space in
muscles. Thus, by inference, denervation could
be identified in an area of interest without direct
observation.

Diffusion-weighted MR neurography of the
brachial plexus has been performed with the
images displayed using a maximum intensity
projection technique. Diffusion-weighted imag-
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ing (DWI) can give an overview of the brachial
plexus and the location of the disease. It also
demonstrates excellent conspicuity of the sur-
rounding structures. Three-dimensional diffu-
sion-weighted steady-state free precession
imaging (3D DW-SSFP) with isotropic resolution
has also been performed to delineate structures of
the human lumbosacral plexus. A new type of
diffusion weighted MR neurography technique
uses the subtraction of unidirectionally encoded
images for suppression of heavily isotropic
objects (SUSHI). The SUSHI technique can be
used to visualize the brachial plexus and single
nerves including the sciatic, common peroneal
and tibial nerves. Preliminary studies suggest that
malignant nerve sheath tumors demonstrate rela-
tively less diffusion than benign nerve sheath
tumors, thereby purporting DWI as a promising
tool for prospectively differentiating the two.

Diffusion tensor imaging and tractography are
established techniques for assessing the orienta-
tion of nerve fibers. They require a spin echo sin-
gle shot diffusion weighted echo planar imaging
sequence with fat suppression. They can be used
concurrently with motion probing gradients. They
have been studied in the brain to assess white mat-
ter tracts in the setting of pre-operative planning
for tumor resection. Regarding peripheral nerve
imaging, there is potential clinical application in
entrapment neuropathies (e.g., carpal tunnel syn-
drome), peripheral nerve injuries —to look for the
presence of axons and regeneration of axons as
well as intraneural scar tissue (to help distinguish
axonotmetic from neurotmetic injury)—and in
the preoperative assessment of peripheral nerve
tumors especially when planning surgery.

Microstructural parameters including frac-
tional anisotropy values, may be able to be modi-
fied earlier than at the time at which the onset of
changes is detectable by conventional MRI. MR
spectroscopy has not yet been utilized to evaluate
of peripheral nerve tumors (as it has in the brain)
usually because of the relatively small size of the
nerves.

With regard to US, there is the potential for
improvement using US contrast agents and new
techniques including sonoelastography, particu-
larly in the setting of nerve injury and nerve
masses.
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Imaging Modalities: Peripheral
Nerve Imaging

Key Points

e Plain radiographs, CT, US, MRI and
PET can be used to diagnose nerve
pathology under varying clinical
circumstances.

e US and MRI are the imaging modalities
of choice for assessing nerve injury and
tumors.

* MR neurography is an established tech-
nique that uses phased array coils to
image nerves.

e Standard MRI sequences include T1, T2
fast spin echo, STIR, and T1 fat satura-
tion after gadolinium administration.

e US is useful for imaging nerve pathol-
ogy but requires operator and radiolo-
gist expertise and experience.

e Intraoperative US, DWI, and DTI are
better able to localize nerve tumors and
assess nerve injury. This ability may
lead to better patient outcomes.
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Introduction

Dirk Fischer and Mike P. Wattjes

The second part of this book focuses on the
fundamental anatomy of skeletal muscle tissue. It
is important to understand the normal micro-
scopic and macroscopic structure of skeletal
muscle and the underlying physiological and
pathological processes before focusing on dis-
tinct neuromuscular disorders.

The first chapter (Chap. 9) provides a detailed
description of the normal microscopic anatomy
and ultrastructure of skeletal muscle tissue. In
addition, the basic reactions of muscle tissue and
histopathological findings to pathological pro-
cesses are described.

Not all of the readers may be familiar with
muscle imaging and macroscopic muscle imag-
ing anatomy. Therefore, Chap. 10 provides a
thorough topographical guideline for identifying
muscles involved in neuromuscular disorders.
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Detailed muscle images of the neck, shoulder,
upper extremity, trunk, and lower extremity
muscles are presented. The “normal”” macroscopic
muscle anatomy on magnetic resonance imaging
(MRI) is not homogeneous and depends on the
topographical distribution of several muscle
groups. The aim of this chapter is to provide assis-
tance for differentiating between “normal” and
pathological muscle appearances on MRI. This
chapter should help the reader easily identify cer-
tain muscles and muscle groups, which leads to
recognizing an anatomical involvement pattern in
neuromuscular disorders during one’s daily clini-
cal practice.

The histopathological and clinical effects of
aging on skeletal muscle tissue, commonly called
“sarcopenia,’ can result in similar changes in the
regional muscle mass, muscle function, and mus-
cle imaging. These changes must be distinguished
from changes due to pathological conditions. To
address this clinically and radiologically impor-
tant phenomenon, the “normal aging” process of
the striated muscle tissue is described in Chap. 11.
The complex (patho)physiological mechanism—
including many interacting factors such as
hormones, nutrition, and physical activity—are
discussed. In addition, the effects of “normal
aging” on regional muscle mass, muscle fiber size
and number, and the clinical consequences with
respect to muscle power, strength, and endurance
are comprehensively summarized.

M.P. Wattjes and D. Fischer (eds.), Neuromuscular Imaging, DOI 10.1007/978-1-4614-6552-2_8, 71

© Springer Science+Business Media New York 2013


http://dx.doi.org/10.1007/978-1-4614-6552-2_9
http://dx.doi.org/10.1007/978-1-4614-6552-2_10
http://dx.doi.org/10.1007/978-1-4614-6552-2_11

Morphology of Skeletal Muscle

Hans H. Goebel and Werner Stenzel

9.1 Introduction

Skeletal muscle makes up the largest organ of the
body, by both volume and weight, comprising
more than 40 %. More than 500 diseases concern
muscle tissue, the majority of which originate in
muscle, others secondarily affect the muscle,
foremost by denervation. The functional and
structural dependence of skeletal muscle on
innervation—that is, the peripheral and central
nervous systems—renders muscle tissue unique
and adds a dimension to the nosology, more obvi-
ously than in other organs. Therefore, diseases
affecting muscle are also termed neuromuscular
diseases. Within the nosological spectrum of the
muscle parenchyma, which encompasses
hereditary and acquired conditions, muscular
dystrophies, channelopathies, congenital myopa-
thies, and inflammatory and metabolic disorders,
malformations and neoplasms are strikingly
absent. Vascular pathology rarely affects skeletal
muscle whereas endocrine pathology may do so.
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9.2 Normal Histology

The core element of muscle parenchyma is the
muscle fiber, a multi-nucleated long stretch of sar-
comeres with innumerable nuclei underneath the
cell membrane. Within a given muscle, the muscle
fibers are usually situated in a parallel fashion.
Among the muscle fibers are capillaries and,
under normal conditions, very little (endomysial)
connective tissue (i.e., fibroblasts and collagen
fibrils). Clusters of muscle fibers form fascicles
(Fig. 9.1a), which are separated by perimysium,
and vessels larger than capillaries (i.e., arterioles,
arteries, venules, veins). Muscle fascicles make
up the muscle surrounded by the epimysium.
Muscle fibers insert at the myotendinous junction
and the surrounding fascia. Muscle spindles are
occasionally encountered within fascicles.

The neuromuscular contact, or innervation, is
characterized by neuromuscular junctions
(NMJs), which in each muscle cluster at the
motor point and can be recognized by histochem-
ical features and by small nerve twigs spreading
within muscle fascicles among the muscle fibers.
NMIJ areas are characterized by a physiological
increase in connective tissue.

Not all muscle fibers are identical.
Histochemical—and electrophysiological—
techniques have identified types I, Ila, and IIb
fibers, corresponding to slow-twitch and fast-twitch
fibers. Types I and II muscle fibers are defined
by their histochemical—and biochemical—
ATPase activities, which require preincubation
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Fig. 9.1 Normal muscle. (a) Cross-sectioned polygonal
muscle fibers of an adult. (b) ATPase preparation at pH
4.6 shows three fiber types: (I) dark; (IIA) nonreacting;
(IIB) intermediate. (¢) Normal muscle of a 1-year-old
child. Note the similarity in the shape and packing but the

for subdivision of types I, Ila, and IIb muscle
fibers (Fig. 9.1b). The basis of this differentiation
of muscle fibers—various isoforms of myosin—
can also be recognized by immunohistochemi-
cally applying antibodies against fast or slow
myosin as well as against further subtypes of type
II (fast) muscle fibers. Enzyme histochemical
preparations for the oxidative enzymes, phospho-
rylase and phosphofructokinase also show two
types of muscle fiber. Usually in limb muscles
types I and II fibers appear in a chess-board pat-
tern with varying ratios of the two types in differ-
ent muscles. The soleus muscle is largely
composed of type I fibers, whereas the extensor
digitorum longus muscle contains more type II
than type I fibers. These fiber types are not recog-
nizable by muscular imaging.

difference in fiber size (compare magnification bars of a
and ¢) (modified Gomori trichrome). (d) Electron micro-
graph of a longitudinally sectioned muscle fiber shows
sarcomeres with Z-discs, I-bands, and A-bands

9.2.1 Normal Skeletal Muscle During

Lifespan

At birth, skeletal muscle fibers, though small
(Fig. 9.1c), have already reached maturity.
Markers of immaturity, including vimentin,
developmental and neonatal myosin, and neural
cell adhesion molecule (NCAM), among others,
are not expressed in mature skeletal muscle
fibers. Typing muscle fibers is as easy in neonates
as in adult muscle. Muscle fibers grow until about
the middle of the second decade, when they reach
their adult diameters. The ratio of type L:II fibers
in individual muscles is not known to change
between birth and adulthood. The only exception
is that some rounding of muscle fiber contours is
characteristic of infantile muscle.
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9.2.2 Age-Related Features
in Skeletal Muscle

From early adulthood (i.e., mid-twenties), limb
muscles tend to become smaller. Counting the
entire population of muscle fibers in the limb
muscle shows that the number continuously
decreases between early adulthood and senes-
cence. Such loss of muscle fibers may follow the
loss of motor neurons by denervation or simply
by disappearance of the fibers. The pathogenesis
of this loss is not clear, but it affects both fiber
types, which can only be ascertained by studying
cross sections of entire muscles. However, this
loss of fibers is not apparent in biopsied muscle
from elderly people. In addition, when muscle
fiber diameters decrease in size, type II fibers are
preferentially affected. Hence, mild type II fiber
atrophy in an aged patient may be the norm rather
than evidence of myopathology. The extent to
which muscle fibers are lost is not well estab-
lished, although it varies among the limb, trunk,
extraocular, and facial muscles. Apparently, the
loss of muscle fibers in skeletal muscle does not
leave any trace. Replacement of muscle paren-
chyma by fatty or connective tissue (i.e., fibrosis)
is not a feature of normal aged muscle.

An additional feature of aging muscle is an
increase in ragged red fibers and, even more exten-
sive, in cytochrome-c oxidase (COX)-negative
muscle fibers. These changes are caused by
increasing mutations in the mitochondrial genome.
Firm numerical threshold data of such COX-
negative and ragged red fibers in different muscles
or at different ages have not yet been ascertained.

The topic of normal aging muscle tissue is
presented in more detail in Chap. 11.

9.2.3 Muscle Fibers in Various Muscles

Diameters of muscle fibers in limb, axial, and
other muscles (i.e., proximal or very distal mus-
cles), including intercostal muscles—irrespective
of the length of the muscle—vary between 40
and 70 um. Type II fibers are often somewhat
smaller in females. The differences in fiber size
between those at the surface of individual mus-
cles (the usual site of open biopsy) and deeply
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located muscle fibers (usually the target of needle
biopsies) are within < 10 pm. The diameters of
muscle fibers in facial muscles are usually 50 %
less than those of nonfacial muscles.

The distribution of fiber types (i.e., I and II)
may vary considerably among muscles. For
instance, the soleus muscle is composed of nearly
90 % type I fibers and the rectus femoris of 70 %
type II fibers. Often, however, the I:II fiber ratio
approaches 1:1. Considerable differences may
also exist among the facial muscles. In the fronta-
lis muscle, for example, type I fibers may make
up two-thirds of the muscle fiber population,
whereas in the orbicularis oris muscle type I
fibers may account for only one-sixth of the fiber
population. Other facial muscles show a numeri-
cal predominance of type II fibers.

The physiological content of connective tissue
and fat cells among muscle fibers seems to be
similar in normal limb, axial, and facial muscles.
Hence, when aggregates of fat cells and bands of
connective tissue are encountered, endomysially
and/or perimysially, it indicates the presence of
myopathology.

Extraocular muscles comprise six intraorbital
muscles, four rectus muscles, and two oblique
muscles as well as the extraorbital levator palpe-
brae muscle. The intraorbital eye muscles have
highly complex structures. There are two layers
(outer-orbital layer, inner-global layer) and five
or six types of muscle fiber (according to the
respective classification criteria). The complexity
is increased by single or multiple innervation of
extraocular muscle fibers with their respective
plaque-like or grape cluster-like neuromuscular
junctions. The eye muscles are made even more
complex with the acetylcholine receptor compo-
sition of eye muscle endplates different from
those of limb muscle. Ultrastructurally, eye mus-
cles contain many more and even larger mito-
chondria, have a rich sarcotubular sytem, and
may contain more numerous lysosomes as judged
by acid phosphatase activity.

9.2.4 Electron Microscopy

Electron microscopy remains an essential com-
ponent of the diagnostic armamentarium in
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myopathology. Hence, at biopsy, a separate set of
muscles should be sampled, probably fixed in
glutaraldehyde, embedded in resin, and either
sectioned for electron microscopic investigation
or archived for later study. Longitudinally sec-
tioned muscle fibers displaying normal and
abnormal details of muscle fibers, especially of
the sarcomeres, should be studied, in contrast to
light microscopic examination, where cross-sec-
tioned muscle fibers in the tissue section should
make up the majority of muscle fibers.

Muscle fibers contain two major groups of
components.

1. Those that occur in other cell types (i.e.,
nucleus, plasma membrane, mitochondria,
lysosomes, Golgi complex)

2. Muscle fiber-specific components (i.e., sar-
comeres, sarcotubular system)

Each of these cytological components may
give rise to pathological features. Sarcomeres are
the backbone of the muscle fiber. They extend
between two Z-discs and comprise the I-bands of
actin filaments and A-bands of myosin filaments.
These structures are both nicely visible when
extended and—though blurred—when shortened
by contraction. The classic sample is a somewhat
stretched muscle that is immediately fixed in situ
by a clamp extending the length of the muscle
fiber. In this configuration, sarcomeres become
apparent with conspicuously recognizable
I-bands and A-bands (Fig. 9.1d).

9.3  Basic Pathology of the Skeletal
Muscle
9.3.1 Macropathology

The spectrum of gross or macroscopic pathology
is limited. It largely concerns two features: hyper-
trophy and atrophy. General hypertrophy is rare,
encountered in congenital myotonia or myostatin
deficiency. Local or focal hypertrophy is more
frequent (e.g., hypertrophy of the calf). Most
often, hypertrophy and atrophy are bilateral and
symmetrical, only rarely being asymmetrical or
unifocal. Focal hypertrophy is a characteristic
feature of focal myositis, not infrequently misin-
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terpreted as sarcoma. Atrophy of muscle bulk or
parenchyma is more frequent, seen in the muscu-
lar dystrophies and especially after denervation.

Disregarding focal trauma to nerves, even
generalized diseases causing secondary neuro-
genic or primary muscle involvement (as in mus-
cular dystrophies) affect different muscles with
unequal severity. This is brought out by subtle
investigative techniques apart from clinical
examination, an important one being myoimag-
ing. Another type of gross pathology, seen at
autopsy but locally also at biopsy, is change in
color of muscle tissue owing to replacement of
muscle parenchyma by fat and connective tissue.
Muscle biopsy, not autopsy, is the most thorough
investigative technique for learning about and
recognizing the myopathology of a neuromuscu-
lar disease. A peculiar feature in gross but not
microscopic myopathology is the developmental
absence of an entire muscle, such as the pectora-
lis muscle (e.g. Poland’s syndrome).

9.3.2 Histopathology

As already mentioned, both diagnostic and
scientific data in myopathology have been
obtained almost exclusively by muscle biopsy
evaluation rather than at autopsy. Over the years,
numerous methods have been applied, encom-
passing not only those addressing general histol-
ogy but also enzyme histochemistry and
immunohistochemistry. Electron microscopy has
been a useful tool. This diversity of techniques
requires special early prestaining preparations. It
is mandatory that for light microscopy muscles
remain unfixed and frozen. It further requires ori-
entation of the muscle specimen to obtain cross-
sectioned muscle fibers (Figs. 9.1 and 9.2) so the
size of muscle fibers and their deviation toward
hypertrophic or atrophic fibers can be assessed.
Diversity and the panoply of employed investiga-
tive techniques, usually available only at special-
ized laboratories, have prompted the term “muscle
biopsy program.”

The muscle biopsy site has previously been
selected according to the clinical examinations.
However, muscles that are too lightly or too
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Fig. 9.2 Pathological patterns in skeletal muscle.
(a) Neurogenic atrophy. Note the groups of polygonal
atrophic muscle fibers (modified Gomori trichrome).
(b) Dermatomyositis with inflammatory infiltrates, espe-
cially at the perimysium, and perifascicular atrophy
of muscle fibers (H&E). (¢) Muscular dystrophy with

severely affected but in an intermediate range of
dysfunction and pathology are more likely today
to undergo muscular imaging. Whereas in the
past only a limited number of biopsy sites were
used—biceps, quadriceps, gastrocnemius, del-
toid muscles, and recently axial muscles— imag-
ing now identifies muscles suitable for biopsy
based on the degree of involvement. Some of
them are rather unusual muscles. Diagnostic nee-
dle biopsies are now performed that target a wide
range of organs including muscle, especially in
children. Stereotactically guided needle biopsy
of unusually situated but affected muscles may
be prompted by modern muscle imaging.

When properly processed, the myopathologi-
cal diagnostic armamentarium can detect a wide
range of changes in muscle parenchyma, although

variation in fiber diameters, endomysial fibrosis, and fat
cells replacing muscle cells (modified Gomori trichrome).
(d) Myotubular myopathy in a newborn with small, round
fibers displaying central enzyme activity in perinuclear
halos or central areas devoid of enzyme activities where
nuclei are situated (NADH preparation)

disease-specific changes are rare. Denervation
and reinnervation produce a myopathological
pattern of grouped atrophic muscle fibers
(Fig. 9.2a), patterns of fibers consisting of one
type only, and even patterns of fibers of normal
(regrown) size.

Necrosis, followed by regeneration of muscle
fibers, is a prominent feature in various groups of
muscle diseases and individual diseases. Necrotic
muscle fibers are scattered in metabolic diseases.
They may form small groups in certain muscular
dystrophies, and a perivascular arrangement may
be a sign of dermatomyositis. Degeneration is
often associated with formation of autophagic/
rimmed vacuoles, and mitochondrial abnormali-
ties are obvious from ragged red- and COX-
negative muscle fibers. Hypertrophied muscle
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fibers may be evident because of their large
diameters and hypotrophic or atrophic fibers
because of their small diameters. The overall loss
of muscle fibers in biopsied muscle tissue is not
recognized because cross sections of entire mus-
cles and counting of muscle fibers are not per-
formed routinely during a diagnostic biopsy.
Pyknotic nuclear clumps are residual evidence of
nuclei in severely atrophic muscle fibers. They
are the only evidence of profound muscle fiber
atrophy.

Inflammatory myopathies (see Chap. 26)
(Fig. 9.2b) and to a lesser extent many muscular
dystrophies may show inflammatory cell
infiltrates among the muscle fibers, often associ-
ated with intraparenchymal interstitial fluid accu-
mulation. Necrosis of muscle fibers may add to
this deviation from normal histology. With
advanced muscle pathology, endomysial fibrosis
and appearance of fat cells within fascicles may
replace lost muscle fibers or may just indicate
continuous damage and transformation of the
muscle (Fig. 9.2¢), finally resulting in an end-
stage myopathy. With certain congenital myopa-
thies (Fig. 9.2d), aggregates of fat cells among
intrafascicular muscle fibers with little pathology
may be characteristic, lacking a commensurate
amount of endomysial fibrosis. Perifascicular or
omnifascicular damage and atrophy may be evi-
dence of dermatomyositis. With periodic paraly-
sis abundant vacuoles may be present in muscle
fibers, and with lipid myopathies there may be
excessive amounts of lipid droplets in the muscle
fibers as well. Hemorrhage with subsequent
deposition of iron in muscle fascicles and/or
calcification are rare myopathological events.

Because of the anatomical complexity and the
inaccessibility to biopsy, little is known about the
myopathology of extraocular muscles in com-
parison to that of limb muscles. Clinically,
extraocular muscles are frequently affected
because of their fine content and the vulnerability
of mitochondria in extraocular muscle fibers.
Another group of conditions largely affect the
levator palpebrae in myasthenic conditions, the
foremost being myasthenia gravis. During cor-
rective surgery, occasionally a small sample of
the levator palpebrae muscle is biopsied. These
specimens usually reveal end-stage myopathy
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or only fibrosis. Hence, the involvement of
extraocular muscles in neuromuscular disorders,
other than mitochondrial and myasthenic condi-
tions, has largely been detected at autopsy.
Because of the structural (i.e., enzyme and immu-
nohistochemical) complexity, normal controls
are needed for comparison to assess true myopa-
thology in an extraocular muscle properly. This is
because enzyme and immunohistochemical activ-
ity and expression may alter along the length of
an individual extraocular muscle fiber. Ignorance
about the myopathology of neuromuscular dis-
eases is also on display in regard to the dia-
phragm. Again, the diaphragmatic muscle is
sampled only at autopsies.

9.3.3 Ultrastructural Pathology

Z-disc pathology, a feature of nemaline myopa-
thies (see Chap. 15.6 and 15.7), encompasses the
formation of rods, which often cluster underneath
the plasma membrane. Occasionally, they occur
within nuclei. “Smearing/streaming” of the
Z-band and its electron-dense material extends
from the Z-band into the adjacent I-band. Such
streaming may be confined to one or several scat-
tered sarcomeres or may spread continuously
among successive sarcomeres. When it involves
several vicinal sarcomeres and mitochondria are
absent, cores may form. Small, disseminated
cores are called multi-minicores. Larger ones are
often located in the center of the muscle fiber
along a considerable length of the long axis of the
fiber. They are called central cores or, as a mor-
phological variant, eccentric cores. These are the
“nonstructured” cores. In contrast, “structured”
cores show an absence of mitochondria, their sar-
comeric details are preserved, and they are differ-
ent from the surrounding sarcomeres in both
length and in width. They are distinguishable
from peripherally located sarcomeres, the mor-
phological lighthouse of core myopathies. Further
destruction of the integrity of sarcomeres may
result in myofibrillar lesions, another hallmark of
myofibrillar myopathies.

Depletion of myofilaments results in attenua-
tion of sarcomeres, such as after denervation.
Selective depletion of thick myosin filaments is
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a hallmark of acute quadriplegic myopathy or
critical illness myopathy, an acquired and revers-
ible lesion caused by treatment with steroids or
respiration-depressing drugs such as succinyl-
choline. Destroying the structural integrity of sar-
comeres in myofibrils may also result in
extralysosomal aggregation of cellular proteins.
The existence of some proteins within abnormal
aggregates in muscle fibers may become apparent
only with such aggregation, for instance 3-amyloid,
amyloid-precursor protein, or prion protein.

The sarcotubular system may also give rise to
variegated ultrastructural pathology. It consists of
transverse tubules, an extracellular labyrinthous
network of the extracellular space in the multi-
nucleated muscle fiber, and a separate intracellu-
lar tubular network that meets transverse tubules
at the triads of the terminal sacs. Swelling and
enlargement of terminal sacs is a conspicuous
feature of certain channelopathies and periodic
paralysis. Aggregation of transverse tubules leads
to the formation of honeycomb structures with
aggregation of the terminal sacs into tubular
aggregates of various ultrastructual forms.

The shape of nuclei, normally ovoid or spher-
oid, may be crenated and lobulated to the point of
sarcoplasmic invagination. Intranuclear filaments
may accrue (e.g., in oculopharyngeal muscular
dystrophy or in a tubulofilamentous pattern) and,
when aggregated, as inclusions in inclusion body
myositis/myopathy or as intranuclear rods. The
latter have been observed in nemaline myopathy
(NEM3) owing to mutations in the ACTAI gene
(see Sect. 15.6) in adult-type nemaline myopathy
and in myotilinopathy (see Sect. 20.4) and
ZASPopathy (see Sect. 20.6). When situated
away from the usual subsarcolemmal position,
nuclei may be surrounded by a sarcomere-free
halo of mitochondria and sarcoplasm, especially
when located at the center of muscle fibers, as in
centronuclear myopathies. Nuclei may be large
in regenerating muscle fibers and in early-onset
myotubular myopathy.

Defects in the plasma membrane are basic fea-
tures in certain muscular dystrophies (e.g., dys-
ferlinopathy or Duchenne muscular dystrophy
(see Chap. 17). In caveolinopathy (see Sect.
19.5), another limb-girdle muscular dystrophy,
subsarcolemmal caveolae or vacuoles are the
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pathological target. Reduplication of the overlying
basal lamina may indicate regeneration when
forming large loops, and focal segments are seen
in autophagic vacuoles with sarolemmal features.
In the latter, vacuoles situated deeper inside the
muscle fiber may be delimited by the plasma
membrane and the basal lamina, indicating some
association with the external sarcolemma. The
vacuoles may be seen in glycogenoses when sar-
coplasmic glycogen accumulates because of deg-
radative failure or within lysosomes in acid
maltase deficiency. Autophagic vacuoles may be
associated with type II glycogenosis and many
other conditions, among them myofibrillar myo-
pathies, inclusion body myositis/myopathy, distal
myopathies, and occasionally neurogenic atro-
phy. Mitochondria are normally scattered across
the muscle fiber and form small clusters under-
neath the plasma membrane. They may prolifer-
ate and then form conspicuous subsarcolemmal
aggregates or even ragged red fibers. Then, mito-
chondria may increase in size, vary in shape, and
contain abnormally arranged cristae with crystal-
line inclusions.

Finally, other than the inclusions derived from
preexisting organelles or structural components
(e.g., rods, tubular aggregates), inclusions such
as cylindrical spirals, fingerprint bodies, Zebra
bodies, and concentric laminated bodies are still
of unknown origin. Some give rise to forms of
myopathy. In other instances, inclusion-like
patches or plaques form in muscle fibers, such as
hyaline bodies consisting of nonfibrillar myosin
in hyaline body myopathy due to mutations in the
MYH?7 gene. Furthermore, small aggregates of
actin filaments in filamentous bodies or larger
aggregates of actin filaments in actin filament
aggregate myopathy arise because of mutations
in the ACTAI gene. Caps—subsarcolemmal
plaques consisting of fragmentary sarcomeres
composed only of Z-discs and biliateral [-bands—
are the nosologic basis of cap myopathy/disease.

Neuromuscular junctions are recognized by
coincidence or by a targeting motor biopsy. Their
pathology is characterized by an absence of ter-
minal axons, the presence of denervation and
thus neurogenic atrophy, or flattening of the sub-
neural apparatus (in myasthenia gravis and cer-
tain congenital myasthenic syndromes).
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Beyond muscle fibers, capillaries may give rise
to ultrastructural pathology, such as the destruc-
tion and regeneration of endothelial cells, endothe-
lial inclusions (e.g., undulating tubules in
dermatomyositis or pathological lysosomal resid-
ual bodies in lysosomal diseases), and thickening
of the capillary basement membrane up to the
appearance of pipestems. Connective tissue may
be increased by deposition of collagen fibrils and
increased presence of fibroblasts among muscle
fibers. Like capillaries, muscle fibers are some-
times surrounded by inflammatory interstitial cells
in the presence of an inflammatory myopathy.

Morphology of Skeletal Muscle

Key Points

o Skeletal muscle makes up the largest
organ of the body (> 40 %).

» Fibers of types I, IIa, and IIb correspond
to slow-twitch and fast-twitch fibers.
Distribution of fiber types may vary
considerably among muscles.

* Muscle fibers contain two major groups
of components: those that occur with
other cell types and muscle fiber-specific
components, such as sarcomeres and the
sarcotubular system.

e The spectrum of gross or macroscopic
pathology largely concerns two features:
hypertrophy and atrophy.

e A wide range of histopathological
changes occur in muscle parenchyma,
although disease-specific changes are
rare.

e Pathological ultrastructural changes
can arise from all cellular components
(e.g., defects in the plasma membrane,
nuclei, mitochondria, sarcomeres, and
sarcotubular system).
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10.1 Introduction

The aim of this chapter is to provide a topograph-
ical guideline for identifying muscles involved in
neuromuscular disorders. The scope of the vol-
ume cannot include a complete anatomical
description of all structures visible on the images.
We have therefore decided not to label bones,
vessels, nerves and internal organs if they appear
on the imaging slices.

All imaging was performed on a clinical 3T
scanner with variable spine array and body array
coils, depending on the region scanned, as well as
peripheral angiography coils for the legs. The
subject for this atlas was a healthy 40-year-old
male with a moderately obese constitution and a
mainly sedentary lifestyle. Axial TI1-weighted
images were acquired for all body regions as
these are currently the standard for neuromuscu-
lar imaging.

When evaluating neuromuscular images and
especially when assessing fatty replacement/
degeneration in muscles, the reader should always
be aware of the great variability between muscles
in healthy adults. In addition, imaging parameters
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such as the slice thickness and resolution can
influence the appearance of fatty streaks in the
slice (Fig. 10.1).

10.2 Neck and Cervical Spine

Imaging of the neck is challenging due to the
high variability of the anatomy. Exact reproduc-
tion of slice positioning is essential, especially
for follow-up studies, otherwise even large
muscles like the trapezius can change from the
muscle bulk to a small linear configuration in
the image.

In most clinical routine MRI examinations, it
is difficult to separate the different components
of the spinal muscles from each other. As these
form a functional unit, it is common to refer to
them collectively as the erector spinae muscles. It
is also important to realise that degenerative dis-
eases of the spine e.g. herniated discs and immo-
bility can cause localized atrophy of the paraspinal
muscles without clinical symptoms (Figs. 10.2,
10.3, and 10.4).

10.3 Shoulder, Upper Arm
and Thoracic Wall

Muscle volume in the shoulder girdle and upper
arm is especially variable depending on training
state and lifestyle. In addition, degenerative
disease, especially in elderly patients, can lead to
atrophy and fatty replacement which might
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Fig. 10.1 Images of the calf with a slice thickness of  There is also deformation and compression of the calf in
3 mm (a) and with a reduced slice thickness of 1 mm (b).  (b) due to the use of a knee coil
The extent of fatty replacement in b appears to be higher.

Fig.10.2 Neck muscles at the level of C1/C2. DG digas-  posterior muscle, SCM sternocleidomastoid muscle, SP
tric muscle, LC longus colli muscle, LsC longissimus splenius capitis, SS semispinalis capitis and cervicis, TR
colli, LPt lateral pterygoid muscle, MA masticator muscle,  trapezius muscle

OCI obliquus capitis inferior muscle, RCP rectus capitis
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Fig. 10.3 Neck muscles at the level of the hyoid (C3).
AS anterior scalenus muscle, DG digastric muscle; IS
interspinosus muscle, LC longus colli muscle, LSc levator
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Fig. 10.4 Neck muscles at the level of C6/C7. AS ante-
rior scalenus muscle, IS interspinosus muscle, LC longus
colli muscle, LSc levator scapulae muscle, MF multifidus
muscle, MS middle scalenus muscle, PS posterior

83

scapulae muscle, MF multifidus muscle, SCM sterno-
cleidomastoid muscle, SP splenius capitis, SS semispina-
lis cervicis, 7R trapezius muscle

scalenus muscle, SCM sternocleidomastoid muscle, SH
sternohyoid muscle, SP splenius capitis/cervicis muscle,
SSp supraspinatus muscle, TR trapezius muscle
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be misinterpreted as neuromuscular disease
involvement. Muscles especially prone to degen-
erative atrophy are the supraspinatus and the
subscapularis.

The deltoid muscle will usually present with
multiple small T1-hyperintensities which should
not be misinterpreted as fatty replacement/degen-
eration (Figs. 10.5, 10.6, 10.7, 10.8, 10.9, 10.10,
and 10.11).

10.4 Forearm

When imaging and evaluating the muscles of the
forearm, special attention should be given to the
amount of pronation or supination as these will
not only influence anatomy but also muscle ten-
sion and therefore cross sectional area. In most
scanners, optimal positioning of the arm in the

Fig. 10.5 Shoulder muscles at the level Th2. CB coraco-
brachialis muscle, DE deltoid muscle, IS infraspinatus
muscle, LSc levator scapulae muscle, PMa pectoralis major

muscle, PMi pectoralis minor muscle, RH rhomboideus
muscle, SA serratus anterior muscle, SSc subscapularis
muscle, TMi teres minor muscle, 7R trapezius muscle

Fig. 10.6 Shoulder muscles at the level Th4. CB coraco-
brachialis muscle, DE deltoid muscle, IC iliocostalis
lumborum muscle, IS infraspinatus muscle, LD latissimus
dorsi muscle, LSc levator scapulae muscle, LT longissimus
thoracis muscle, MF multifidus muscle, PMa pectoralis

major muscle, PMi pectoralis minor muscle, RH rhomboi-
deus muscle, SA serratus anterior muscle, SSc¢ subscapularis
muscle, TMi teres minor muscle, 7R trapezius muscle, 7rH
triceps humeri muscle
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Fig. 10.7 Shoulder muscles at the level Th6. BH biceps
humeri muscle, CB coracobrachialis muscle, DE deltoid
muscle, /C iliocostalis lumborum muscle, IS infraspinatus
muscle, LD latissimus dorsi muscle, LT longissimus thoracis

muscle, PMa pectoralis major muscle, PMi pectoralis minor
muscle, RH rhomboideus muscle, SA serratus anterior mus-
cle, SP serratus posterior muscle, SSc subscapularis muscle,
TR trapezius muscle, TrH triceps humeri muscle

Fig. 10.8 Muscles of the upper arm and thoracic wall. BH
biceps humeri muscle, CB coracobrachialis muscle, DE
deltoid muscle, IC iliocostalis lumborum muscle, IS
infraspinatus muscle, LD latissimus dorsi muscle, LT long-
issimus thoracis muscle, PMa pectoralis major muscle,

PMi pectoralis minor muscle, RH rhomboideus muscle, SA
serratus anterior muscle, SP serratus posterior muscle, SSc
subscapularis muscle, 7R trapezius muscle, TrH triceps
humeri muscle
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Fig. 10.9 Muscles of the upper arm. BH biceps humeri muscle, Bra brachialis muscle, 7rH triceps humeri muscle

Fig. 10.10 Muscles of the distal upper arm. BH biceps humeri muscle, BR brachioradial muscle, Bra brachialis muscle,
ECR extensor carpi radialis muscle, TrH triceps humeri muscle

Fig. 10.11 Muscles of the distal upper arm above the elbow. BH biceps humeri muscle, BR brachioradial muscle, Bra
brachialis muscle, ECR extensor carpi radialis muscle, 7rH triceps humeri muscle
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Fig.10.12 Muscles of the proximal forearm. AN anconeus
muscle, BR brachioradial uscle, ECR extensor carpi radia-
lis muscle, ECU extensor carpi ulnaris muscle, ED exten-
sor digitorum muscle, EDM extensor digiti minimi muscle,

FCR flexor carpi radialis muscle, FCU flexor carpi ulnaris
muscle, FDP flexor digitorum profundus muscle, FDS
flexor digitorum superficialis muscle, PL palmaris longus
muscle, PT pronator teres muscle, SU supinator muscle

Fig. 10.13 Muscles of the proximal forearm. AN anconeus
muscle, APL abductor pollicis longus muscle, BR brachiora-
dial muscle, ECR extensor carpi radialis muscle, ECU exten-
sor carpi ulnaris muscle, ED extensor digitorum muscle, EDM

centre of the bore requires either a supine posi-
tion with the arm elevated over the head, or a
position with the arm along the body and the
patient moved outside the centre of the magnet.
As both positioning methods are uncomfortable
for the patient, imaging of the forearm is usually
restricted to those cases with predominant fore-
arm involvement.

extensor digiti minimi muscle, FCR flexor carpi radialis
muscle, FCU flexor carpi ulnaris muscle, FDP flexor digito-
rum profundus muscle, FDS flexor digitorum superficialis
muscle, PL palmaris longus muscle, PT pronator teres muscle

Apart from some smaller muscles like the
pronator quadratus, most muscles of the forearm
run parallel to the bones and small variations in
positioning will have less influence than in the
neck or the pelvis. However, the distal third of the
forearm mainly contains tendons. Imaging can
therefore be limited to the proximal parts
(Figs. 10.12, 10.13, 10.14, and 10.15).
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Fig. 10.14 Muscles of the forearm. APL abductor polli-
cis longus muscle, BR brachioradial muscle, ECR exten-
sor carpi radialis muscle, ECU extensor carpi ulnaris
muscle, ED extensor digitorum muscle, EDM extensor
digiti minimi muscle, EPL extensor pollicis longus mus-

cle, FCR flexor carpi radialis muscle, FCU flexor carpi
ulnaris muscle, FDP flexor digitorum profundus muscle,
FDS flexor digitorum superficialis muscle, FPL flexor
pollicis longus muscle, PL palmaris longus muscle, PT
pronator teres muscle

Fig.10.15 Muscles of the distal forearm. APL abductor pol-
licis longus muscle, ECR extensor carpi radialis muscle,
ECU extensor carpi ulnaris muscle, ED extensor digitorum
muscle, EDM, extensor digiti minimi muscle, EPL, extensor

10.5 Lower Abdomen and Pelvis

Muscles of the pelvis and the hip often take a
horizontal course and therefore appear highly
variable depending on slice positioning in the
axial plane. It might therefore be useful to acquire

pollicis longus muscle, FCR flexor carpi radialis muscle,
FCU flexor carpi ulnaris muscle, FDP flexor digitorum pro-
fundus muscle, FDS flexor digitorum superficialis muscle,
FPL flexor pollicis longus muscle, PT pronator teres muscle

coronal images in selected patients depending on
the clinical purpose.

As with the thigh, several muscles of the
pelvis will display greater amounts of intra-
muscular fat even in slim healthy adults. These
include the gluteus maximus and the tensor
fascia lata muscles especially. The gluteus
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Fig.10.16 Muscles of the abdominal wall and lumbar spine.
ICL iliocostalis lumborum muscle, LT longissimus thoracis
muscle, MF multifidus muscle, OAE obliquus abdominis

minimus and medius might also display regional
fatty atrophy due to degenerative changes of
the hip joint.

Currently there are only few reports of muscu-
lar involvement of the pelvis in neuromuscular
disease. However, with increasing use of whole
body MRI scans, we can expect further patterns
to be described in the near future (Figs. 10.16,
10.17, 10.18, 10.19, 10.20, and 10.21).

externus muscle, OAI obliquus abdominis internus muscle,
PS psoas muscle, QL quadratus lumborum muscle, RA rectus
abdominis muscle, 7rA transversus abdominis muscle

10.6 Thigh

When evaluating muscles of the thigh, it is espe-
cially important to compare any fatty replacement
with observations in healthy volunteers as there
can be a great variation in the appearance of fatty
streaks in specific thigh muscles: e.g. the amount
of fat that can be seen in a healthy glutacus maxi-
mus would be abnormal in the quadriceps.
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Fig. 10.17 Muscles of the abdominal wall and pelvis.
GMa glutaecus maximus muscle; GMe glutaeus medius
muscle; GMm glutaeus minimus muscle; /L iliacus mus-
cle; LT longissimus thoracis muscle; MF multifidus mus-

cle; OAM obliquus abdominis externus, internus and
transversus abdominis muscles; PS psoas muscle; RA rec-
tus abdominis muscle



10 Atlas of Topographical Muscle Anatomy 91

Fig. 10.18 Muscles of the pelvis. GMa glutaeus maxi-  externus, internus and transversus abdominis muscles;
mus muscle; GMe glutaeus medius muscle; GMm glu- Pl piriformis muscle; PS psoas muscle; RA rectus abdo-
tacus minimus muscle; [L iliacus muscle; LT minis muscle; SA sartorius muscle; TFL tensor fasciae
longissimus thoracis muscle; OAM obliquus abdominis  latae
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Fig. 10.19 Muscles of the pelvis. GMa glutaeus maxi-  quadratus femoris, RF rectus femoris muscle, SA sarto-
mus muscle, /L iliacus muscle, OI obturator internus rius muscle, TFL tensor fasciae latae, VL vastus lateralis
muscle, PE pectineus muscle, PS psoas muscle, OF muscle
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Fig. 10.20 Muscles of the pelvis. AB adductor brevis mus-  pectineus muscle, QF quadratus femoris, RF rectus femoris
cle, AL adductor longus muscle, AM adductor magnus mus-  muscle, SA sartorius muscle, 7FL tensor fasciae latae, VI
cle, GMa glutaecus maximus muscle, /L iliacus muscle, PE  vastus intermedius muscle, VL vastus lateralis muscle
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Fig. 10.21 Muscles of the pelvis. AB adductor brevis
muscle, AL adductor longus muscle, AM adductor magnus
muscle, GMa glutaecus maximus muscle, GR gracilis mus-

The separation of the adductor muscles, espe-
cially the adductor magnus from the adductor
longus often proves difficult to visualise, as does
the separation of the adductor muscles from the
proximal semimembranosus.

It is also often difficult to exactly separate the
three vasti muscles from each other, although
separation might be facilitated by prominent fas-
cia. As many diseases have different involvement
of the short and long head of the biceps femoris
muscle, these two muscles should usually be
evaluated separately (Figs. 10.22, 10.23, 10.24,
10.25, 10.26, and 10.27).

_d

cle, HS hamstring muscles, /L iliacus muscle, RF rectus
femoris muscle, SA sartorius muscle, VI vastus interme-
dius muscle, VL vastus lateralis muscle

10.7 Lower Leg, Calf

Most muscles of the calf display a relatively
homogeneous amount of fat and comparison
between muscles in one leg might therefore be
helpful in order to assess disease involvement.
Usually there are three to five larger fatty streaks
in the medial gastrocnemius muscle and several
small fatty streaks in the soleus.

The extensor digitorum and hallucis mus-
cles are often difficult to separate from the
anterior tibial muscle, especially in patients
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Fig. 10.22 Muscles of the proximal thigh. AB adductor
brevis muscle, AL adductor longus muscle, AM adductor
magnus muscle, BL biceps femoris muscle long head,
GMa glutaecus maximus muscle, GR gracilis muscle, RF
rectus femoris muscle, SA sartorius muscle, SM semi-

membranosus muscle, ST semitendinosus muscle, VI vas-
tus intermedius muscle, VL vastus lateralis muscle, VM
vastus medialis muscle. Quadriceps muscle in shades of
red, Hamstrings in blue, Adductors in yellow, Glutaeus
muscles are in shades of purple

Fig. 10.23 Muscles of the thigh. AL adductor longus
muscle, AM adductor magnus muscle, BL biceps femoris
muscle long head, GR gracilis muscle, RF rectus femoris
muscle, SA sartorius muscle, SM semimembranosus mus-

with little subcutaneous fat. In those cases,
these muscles might be treated as one unit. In
addition, several smaller muscles (e.g. flexor
hallucis longus or peroneus brevis) will only

cle, ST semitendinosus muscle, VI vastus intermedius
muscle, VL vastus lateralis muscle, VM vastus medialis
muscle. Quadriceps muscle in shades of red, hamstrings
in blue, adductors in yellow

be discernible in distal slices even when they
are present in more proximal regions of the
calf as tendinous structures (Figs. 10.28, 10.29,
10.30, and 10.31).
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Fig. 10.24 Muscles of the thigh. AL adductor longus
muscle, AM adductor magnus muscle, BB biceps femoris
muscle short head, BL biceps femoris muscle long head,
GR gracilis muscle, RF rectus femoris muscle, SA sarto-
rius muscle, SM semimembranosus muscle, S7 semitendi-

nosus muscle, VI vastus intermedius muscle, VL vastus
lateralis muscle, VM vastus medialis muscle. Quadriceps
muscle in shades of red, hamstrings in blue, adductors in
yellow

Fig. 10.25 Muscles of the thigh. AM adductor magnus
muscle, BB biceps femoris muscle short head, BL biceps
femoris muscle long head, GR gracilis muscle, RF rectus
femoris muscle, SA sartorius muscle, SM semimembrano-

sus muscle, ST semitendinosus muscle, VI vastus interme-
dius muscle, VL vastus lateralis muscle, VM vastus
medialis muscle. Quadriceps muscle in shades of red,
hamstrings in blue, adductors in yellow
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Fig. 10.26 Muscles of the distal thigh. AM adductor
magnus muscle, BB biceps femoris muscle short head, BL
biceps femoris muscle long head, GR gracilis muscle, SA
sartorius muscle, SM semimembranosus muscle, S7 semi-

Fig. 10.27 Muscles of the distal thigh. AM adductor
magnus muscle, BB biceps femoris muscle short head, BL
biceps femoris muscle long head, GR gracilis muscle, SA
sartorius muscle, SM semimembranosus muscle, S7 semi-

tendinosus muscle, VI vastus intermedius muscle, VL vas-
tus lateralis muscle, VM vastus medialis muscle.
Quadriceps muscle in shades of red, hamstrings in blue,
adductors in yellow

tendinosus muscle, VI vastus intermedius muscle, VL vas-
tus lateralis muscle, VM vastus medialis muscle.
Quadriceps muscle in shades of red, hamstrings in blue,
adductors in yellow
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Fig. 10.28 Muscles of the proximal calf. EDL extensor
digitorum longus, GM medial gastrocnemius muscle, GL
lateral gastrocnemius muscle, PB peroneus brevis muscle,

Fig. 10.29 Muscles of the calf. EDL extensor digitorum
longus, FDL flexor digitorum longus muscle, FHL flexor
hallucis longus muscle, GM medial gastrocnemius mus-
cle, GL lateral gastrocnemius muscle, PB peroneus brevis

A. Fischmann and C.D.J. Sinclair

PL peroneus longus muscle, PLa plantaris muscle, POP
popliteus muscle, 7A tibialis anterior muscle, 7P tibialis
posterior muscle. Triceps surae in shades of blue

muscle, PL peroneus longus muscle, 7A tibialis anterior
muscle, TP tibialis posterior muscle. Triceps surae in
shades of blue
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Fig. 10.30 Muscles of the calf. EDL extensor digitorum  muscle, PL peroneus longus muscle, TA tibialis anterior
longus, FDL flexor digitorum longus muscle, FHL flexor muscle, TP tibialis posterior muscle. Triceps surae in
hallucis longus muscle, GM medial gastrocnemius mus-  shades of blue

cle, GL lateral gastrocnemius muscle, PB peroneus brevis

Fig. 10.31 Muscles of the calf. EDL extensor digitorum  cle, PB peroneus brevis muscle, PL peroneus longus mus-
longus, FDL flexor digitorum longus muscle, FHL flexor ~ cle, TA tibialis anterior muscle, TP tibialis posterior
hallucis longus muscle, GM medial gastrocnemius mus- muscle. Triceps surae in shades of blue
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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,
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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


http://dx.doi.org/10.1007/978-1-4614-6552-2_2
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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.

M.P. Wattjes and D. Fischer

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.

Normal Aging Muscle Tissue

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.

Suggestions for Further Reading

Arts IM, Pillen S, Overeem S, et al. Rise and fall of the
skeletal muscle over the entire life span. ] Am Geriatr
Soc. 2007;55:1150-2.

Brown M. Skeletal muscle and bone: effect of steroids
and ageing. Adv Physiol Educ. 2008;32:120-6.

Dobherty TJ. Invited review: ageing and sacropenia. J Appl
Physiol. 2003;95:717-27.



11 Normal Aging Muscle Tissue

107

Kanehisa H, Ikegawa S, Tsunoda N, et al. Cross sectional
areas of fat and muscle in limbs during growth and
middle age. In J Sports Med. 1994;15:420-5.

Roubenhoff R, Hughes VA. Sarcopenia: current concepts.
J Gerontol A Biol Sci Med Sci. 2000;55:M716-24.

Ryall JG, Schertzer JD, Lynch GS. Cellular and molecular
mechnanism underlying age related skeletal muscle
wasting and weakness. Biogerontology. 2008;9:213-28.

Sakuma K, Yamaguchi A. Novel intriguing strategies
attenuating to sarcopenia. J Aging Res. 2012;2012:
251217

Wang C, Bai L. Sarcopenia in the elderly: basic and clinical
issues. Geriatr Gerontol Int. 2012;12:388-96.

Welle S. Cellular and molecular basis of age-related
sarcopenia. Can J Appl Physiol. 2002;27:19-41.



Part il

Clinical Applications
in Hereditary Myopathies



Introduction

Dirk Fischer

The preceding chapters in this book focused on
the basic principles of imaging modalities (Part
I) and muscle anatomy and physiology (Part II).
Part IIT deals with the clinical applications of
neuromuscular imaging. Neuromuscular disor-
ders comprise a large, heterogeneous group of
diseases of the peripheral nervous system. They
include hereditary and acquired disorders of the
muscles, neuromuscular junction, peripheral
nerves, and motor neurons in the spinal cord.
They share the presence of positive (cramps,
muscle pain) and/or negative (atrophy, weak-
ness) motor symptoms and signs. Periodic or
permanent weakness is the most common. Except
for peripheral nerve disorders, sensory distur-
bances are absent in all other neuromuscular
disorders.

As neuromuscular imaging has been shown to
be most useful for evaluation of various myopa-
thies, these primary disorders of skeletal muscle
are described in detail. Part III focuses on heredi-
tary myopathies, which include a large number of
disease entities. Genetic, pathological, clinical,
and imaging classifications of these disorders are
often heterogeneous and overlapping, complicat-
ing the clinical and diagnostic approaches to
them. As a simple clinical rule of thumb, muscle
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channelopathies (Chap. 13) and (apart from gly-
cogen storage disorders and some mitochondrial
disorders) metabolic myopathies (Chap. 14) most
commonly present with episodic and intermittent
muscle symptoms. The clinical assessment there-
fore is often based only on the history presented
by the patient. In contrast, other hereditary myo-
pathies present with permanent weakness that
can be assessed at the clinical examination. The
weakness can be due to structural and morpho-
logical disturbances of the muscle fibers such as
rods, an increased number of central nuclei, or
(central or multiple) cores as seen in congenital
myopathies (Chap. 15). In these disorders weak-
ness is often present at birth (congenital), with no
or only slow progression. In contrast, muscular
dystrophies become clinically evident at various
ages of onset, show dystrophic changes in
affected muscles with necrotic fibers, often are
associated with markedly elevated serum creatine
kinase levels, and have a progressive course. Free
ambulation is often lost at some stage of the
patient’s life. Most muscular dystrophies present
with predominantly proximal muscle weakness
(Fig. 12.1a). Broadly, symptom onset can be at
birth in congenital muscular dystrophies (Chap.
16), within the first decade of life as in Duchenne
muscular dystrophy (Chap. 17), within the first
two decades of life as often observed in the reces-
sive limb girdle muscular dystrophies (Chap. 19).
Other forms of muscular dystrophy present with
predominantly distal weakness (Fig. 12.1b)
including many of the myofibrillar myopathies
(Chap. 20) and the distal myopathies (Chap. 21).
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Fig. 12.1 The most common clinical presentations of
muscle weakness in myopathies. (a) Predominantly
proximal weakness, as seen in congenital muscular dys-
trophies, dystrophinopathies, limb girdle muscular dys-
trophies,andinflammatory myopathies. (b) Predominantly
distal weakness in distal myopathies. (c) Distal and facial
weakness in myotonic dystrophy type Steinert. Facio-

Other, more uncommon presentations of muscu-
lar dystrophy include distal and facial weakness
(Fig. 12.1c) in myotonic dystrophy type I
(Chap. 22), (facio-)scapulo-peroneal weakness
(Fig. 12.1d) in facioscapulohumeral dystrophy
(Chap. 23) and X-linked Emery—Dreifuss muscu-
lar dystrophy (Chap. 18), and oculopharyngeal
weakness in oculopharyngeal muscular dystro-
phy (Chap. 24). Chapter 25 summarizes imaging

scapulo-humero-peroneal weakness in facio-scapulo-
humero-peroneal dystrophy (FSHD). (d) Often there is
asymmetrical weakness of the distal forearm and proxi-
mal leg (quadriceps) in sporadic inclusion myositis.
From Fischer D. Klinische Neurophysiologie 2006;37:1—
9. Reprinted with permission from Georg Thieme
Verlag KG

findings of various hereditary myopathies in flow
charts that might be of use in the differential
diagnosis of these disorders. Part IV deals with
acquired myopathies such as inflammatory myo-
pathies (Chap. 26), toxic and drug-induced myo-
pathies (Chap. 27), and muscle neoplasm (Chap.
28). Part V describes the clinical applications in
selected motor neuron disorders (Chap. 29) and
peripheral nerve disorders (Chap. 30).
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13.1 Introduction and Classification

Myotonia is an involuntarily slowed relaxation
after a forceful voluntary muscle contraction.
Patients experience it as muscle stiffness.
Electrical hyperexcitability of the muscle fiber
membrane is the basis of myotonia, which is
apparent in the form of repetitive action poten-
tials on electromyography (EMG). The stiffness
recedes with repeated contractions, a phenome-
non called warm-up. Patients in whom muscle
stiffness worsens with repetition or with cooling
suffer from paradoxical myotonia, or paramyoto-
nia. This type of myotonia is associated with epi-
sodes of flaccid limb muscle weakness resulting
in the adynamia paramyotonia complex.

Patients with periodic paralysis experience
episodic spells of weakness with varying intervals
of normal muscle function. Electrical inexcitabil-
ity of the muscle fiber membrane is the basis of
periodic paralysis, which is apparent in a lack of
activity on EMG. Two dominant episodic types
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of weakness with or without myotonia are distin-
guished by the serum K* level during the attacks
of tetraplegia: hyperkalemic and hypokalemic
periodic paralysis. The former is included in the
adynamia paramyotonia complex, whereas the
latter represents a separate entity. Independent of
the severity and frequency of the paralytic epi-
sodes, many patients develop a chronic progres-
sive myopathy in their forties, an age at which the
attacks of weakness decrease. For an overview of
the channelopathies, see Table 13.1.

Routine magnetic resonance imaging (MRI)
protocols show normal muscle morphology or
may demonstrate edematous or lipomatous
changes, atrophy, or hypertrophy. However, these
morphological changes are not disease-specific.
This chapter describes conventional and modern
functional MR imaging methods for evaluating
muscular diseases (e.g., ?Na-MRI).

13.2 Nondystrophic Myotonia

13.2.1 Subtypes, Synonyms,
Abbreviations

e Thomsen myotonia or dominant myotonia
congenita (DMC); Becker myotonia or reces-
sive myotonia congenita (RMC)

e Kr-aggravated myotonia (PAM) with its sub-
types: Myotonia fluctuans and Myotonia
permanens

M.P. Wattjes and D. Fischer (eds.), Neuromuscular Imaging, DOI 10.1007/978-1-4614-6552-2_13, 113
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Table 13.1 Overview of the skeletal muscle channelopathies

Entity Gene chromosome  Protein
Myotonia CLCNI Chloride
congenita 7q32-qter channel CIC1
K*-aggravated SCN4A Sodium
myotonia 17q23.1-25.3 channel
Navl.4
Paramyotonia ~ SCN4A Sodium
congenita 17923.1-25.3 channel
Navl.4
Hyperkalemic ~ SCN4A Sodium
periodic 17q23.1-25.3 channel
paralysis Navl.4
Hypokalemic CACNAIS Calcium
periodic 1q31-32 channel
paralysis SCN4A Cavl.1
17q23.1-25.3 Sodium
channel
Navl.4

13.2.2 Genetics and Pathophysiology

Although the two classic forms of Myotonia con-
genita (MC) are distinguished by their mode of
inheritance, they are caused by mutations in the
same gene on chromosome 7q, CLCNI (i.e., the
gene coding for the sarcolemmal voltage-gated
CI" channel CIC-1). For this reason, they are also
referred to as CI- channel myotonias. The preva-
lence of dominant Thomsen disease (DMC) is
estimated at ~1:400,000—1i.e., much lower than
thought in the premolecular era (1:23,000) owing
to the fact that many families with dominant
myotonia can now be genetically identified as
carriers of a Na* channel mutation, which results
in a clinically overlapping disorder the Potassium-
aggravated myotonia (PAM). Other families were
found to have recessive Becker myotonia (RMC)
with pseudo-dominant inheritance (i.e., affected
individuals with two recessive mutations have

Prevalence Clinical features

1:400,000 (recessive)  Autosomal recessive: childhood

1:25,000 (dominant) onset, generalized myotonia,
warm-up phenomenon, muscle
hypertrophy, transient weakness
Autosomal dominant: teenage
onset, generalized myotonia,
warm-up phenomenon, little
muscle hypertrophy

1:400,000 Autosomal dominant; onset varies,
generalized myotonia of variable
severity, warm-up variable,
aggravation by K* administration,
no weakness

1:250,000 Autosomal dominant; childhood
onset, paradoxical myotonia,
cold-induced muscle stiffness
followed by weakness/periodic
paralysis, no warm-up

1:200,000 Autosomal dominant; childhood
onset, episodic attacks of mainly
limb weakness, hyperkalemia
during episode, triggering by rest
after body exertion or K* intake,
amelioration by glucose intake

1:100,000 Autosomal dominant; teenage

1:500,000 onset, episodic attacks of mainly
limb weakness, hypokalemia
during episode, triggering by
carbohydrate-rich food or exercise,
amelioration by K* intake

affected offspring with unaffected spouses carry-
ing one recessive mutation). Conversely, the
prevalence of Becker myotonia is now thought to
be higher (1:25,000) than Becker’s original esti-
mate of 1:50,000.

After-depolarizations of the muscle action
potential are normally prevented by Cl~ conducted
through homodimeric CIC-1 channels. If this
muscle-specific high CI- conductance is decreased
by > 75 %, after-depolarizations are large and are
able to initiate repetitive action potentials. These
so-called myotonic runs result in involuntary con-
tractions or slowed relaxation. All DMCs and
RMCs are caused by loss-of-function mutations.
In DMC, only one allele is mutated, and a typical
mutation reduces conductance of mutant/mutant
and mutant/wild-type channel complexes in a
dominant-negative fashion. In contrast, RMC
mutations result in simple loss of function of the
mutant/mutant complex only —thus, both alleles
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Fig. 13.1 Myofibrillar
reactions of muscle fibers
from a Myotonia congenita
patient. All type 2 fibers are
dark in the ATPase prepara-
tion at pH 9.4 (left).

Type 2A fibers in the same
biopsy show light staining at
pH 4.3, suggesting complete
absence of type 2B fibers
(right). x100

must be mutated so the CI~ conductance decrease
to <25 % of its normal value.

PAM is caused by gain-of-function mutations
in Na 1.4, the voltage-gated Na* channel of skel-
etal muscle, encoded by SCN4A on chromosome
17q. This channel is essential for the generation
of the muscle action potential. The mutations
cause a pathologically increased inward Na* cur-
rent, which can activate more Na* channels,
thereby generating action potential bursts. This
repetitive activity reflects a dominant-positive
effect of the mutations that is enhanced by the
preexisting membrane depolarization due to ele-
vated serum K* in PAM.

13.2.3 Histopathology

Samples of DMC and RMC muscle tissue some-
times have a normal appearance. Often, however,
there are slight myopathic changes with increased
occurrence of central nuclei and pathological
variation of fiber diameter. Muscle fiber hypertro-
phy, especially of type 2A fibers, and fiber atrophy
may be present. Finally, there may be reduction or
complete absence of type 2B fibers (Fig. 13.1).
Despite the widespread range of severity in
PAM, the morphological findings are practically
the same. In Myotonia fluctuans, the mildest form
of PAM, light microscopy may show a normal
appearance or increased central nuclei and fiber

Fig. 13.2 Myofibrillar architecture of a muscle fiber
from a Myotonia permanens patient with Potassium-
aggravated myotonia. Note the focal disarray of myofibrils
and the disappearance of Z-discs. Bar=1 pm

diameter variation. Subsarcolemmal vacuoles
representing a nonspecific enlargement of the
T-tubular system may be found by electron
microscopy. In Myotonia permanens, the most
severe form of PAM, subsarcolemmal myoplas-
mic space and mitochondria may be increased.
There may also be focal disarray or interruption of
myofibrils and disappearance of Z-discs, involv-
ing one or more sarcomeres (Fig. 13.2). Glycogen
particles and elongated or branched mitochondria
can be found in these areas. Between the bundles
of myofibrils, membrane-bound vacuoles may be
visible that are empty or filled with fine granular
material or electron-dense whorls.
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Fig. 13.3 Clinical
findings in a RMC patient
with generalized muscle
hypertrophy (a) and grip
myotonia (b). Courtesy of
Dirk Fischer, Basel,
Switzerland

13.2.4 Clinical Presentation

Myotonia is characterized by muscle stiffness
due to involuntary electrical after-activity follow-
ing voluntary strong muscle activity. If the myo-
tonia is severe, there may be transient weakness
lasting only a few seconds after the first forceful
contraction. With MC, the myotonia decreases
with continued activity, a phenomenon called
warm-up. With PAM, the degree of warm-up is
variable, but aggravation by oral potassium load-
ing is indicative. On EMG examination, myo-
tonic muscles exhibit myotonic runs (i.e., action
potentials changing frequency and amplitude). In
mild cases, myotonia may not be evident on clin-
ical examination, yet EMG may reveal the typi-
cal myotonic bursts. This condition is termed
latent myotonia. In general, myotonia and corre-
sponding muscle hypertrophy are more promi-
nent in Becker myotonia than in Thomsen’s
disease or PAM (Fig. 13.3).

13.2.5 Imaging Findings
Myotonia congenita and PAM patients do not

generally present with pathological imaging
findings. In PAM, T1- and T2-weighted MRI

scans of the lower legs were normal in a study of
six patients (median age 43 years). In a recent
study, three severely affected RMC patients were
examined using multisequence (T1-weighted,

T2-weighted,  fat-suppressed = T2-weighted
sequences) whole-body 3T MRI. None of the
patients showed skeletal muscle signal changes
indicative of fatty muscle degeneration or edema,
but two patients showed muscle bulk hypertrophy
of the thighs and calves in line with their clinical
appearance (Fig. 13.4). Therefore, imaging can be
used to differentiate DMC and RMC from myo-
tonic dystrophy, in which reduced muscle mass
and edema are present. Likewise, the prominent
muscle bulk in MC is due to genuine muscle
hypertrophy and not to pseudo-hypertrophy —
which may be used for differentiating it from
other muscular dystrophies.

13.2.6 Therapy

Myotonia congenita can be partially managed by
keeping muscles in a “warmed-up” state by con-
tinuous slight movement. However patients, par-
ticularly those with Becker myotonia require
long-term medication. The myotonic stiffness
responds to class 1 antiarrhythmia drugs, which
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Fig. 13.4 Whole-body magnetic resonance imaging
(MRI) findings in three recessive myotonia congenita
(RMC) patients corresponding to columns 1-3. Axial sec-
tions of T1-weighted turbo spin echo sequences at the
level of the shoulder girdle (top row), pelvis (second row),
thighs (third row), and calves (bottom row). In all patients,

inhibit and reduce the repetitive activity. Of the
many medications tested that can be administered
orally, flecainide and propafenone are the drugs
of choice. They preferentially block the noninac-
tivating mutant sodium channels that frequently
reopen abnormally. Thus, they have a much
greater beneficial effect in PAM than in chloride
channel myotonia. Patients with severe myotonia
permanens require long-term continuous therapy.
The drugs are also highly effective in preventing
and reducing the degree of cold-induced stiffness
and weakness associated with Paramyotonia con-
genita (PC, see Sect. 13.3.1). Carbonic anhydrase
inhibitors can be an alternative treatment for
patients with PAM but may exacerbate chloride
channel myotonia.

shoulder girdle and trunk muscles showed no trophic
changes. Patients 1 and 3 had hypertrophy of the thigh and
calf muscles (arrows). Lower leg muscles of patient 2
were comparatively hypotrophic, with no fatty degenera-
tion or skeletal muscle edema. From Kornblum C et al.
Acta Neurol Scand. 2010;121:131-135

13.2.7 Differential Diagnosis

For the nondystrophic myotonias PAM, DMC,
and RMC the dystrophic myotonias are the most
important differential diagnosis. Therefore, given
a clinical diagnosis of myotonia by EMG exami-
nation, muscle atrophy, cataracts, and tri- and tet-
ranucleotide repeat expansions as in myotonic
dystrophies types 1 and 2 (see Chap. 22) must be
excluded. The presence of paradoxical myotonia,
which is most pronounced during repetitive
strong eyelid contractions and eye openings,
points to sodium channel myotonia, whereas the
warm-up phenomenon of limb muscles may
occur in all types of myotonia regardless of the
underlying mutated gene. Provocative tests using
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local cooling are helpful for diagnosing PAM,
which can be confirmed by molecular genetics.
Na* channel myotonia can be easily proven by
identifying one of the approximately 30 known
SCN4A mutations. Because CLCNI mutations
are distributed over the entire gene, mutational
screening requires complete sequencing.

13.3 Adynamia Paramyotonia
Complex

13.3.1 Subtypes, Synonyms,
Abbreviations

Paramyotonia congenita (PC), Hyperkalemic
periodic paralysis (HyperPP).

13.3.2 Genetics and Pathophysiology

Paramyotonia congenita (PC) is caused by muta-
tions in Na 1.4, the voltage-gated Na* channel of
skeletal muscle, encoded by SCN4A on chromo-
some 17q. The mutations accelerate recovery
from the inactivated, refractory state and result in
facilitated generation of action potentials. As a
consequence, Na* inward current is increased,
which depolarizes the membrane and thereby
activates more Na* channels, which generate
action potential bursts. This repetitive activity
reflects a dominant-positive effect of the
mutations that is enhanced by depolarizing fac-
tors such as elevated serum K* or a cold
environment.

Hyperkalemic periodic paralysis (HyperPP) is
caused by gain-of-function mutations in the volt-
age-gated sodium channel Na 1.4 as well. Most
mutations destabilize the inactivated state, which
causes channel reopening and a persistent current
corresponding to a gain-of-function defect. The
resulting long-lasting membrane depolarization
inactivates wild-type channels whereby the mus-
cle is rendered inexcitable. The membrane depo-
larization also increases the driving force for K*,
which increases efflux and serum levels of this
ion, sustaining the hyperkalemia.

Fig. 13.5 Typical tubular aggregates in a fiber from a
periodic paralysis patient. Magnification: x16,500

13.3.3 Histopathology

In PC, light microscopy may be unremarkable
except for nonspecific myopathological changes
such as occasional central nuclei, variation of
fiber diameter with hypertrophic split, rarely
atrophic, and regenerating fibers. ATPase type 2A
fibers may be hypertrophied, and the number of
type 2B fibers may be decreased as in the CI~
channelopathies, although areas of normal mus-
cle fiber and distribution of fiber types 1, 2A, and
2B have also been described. In some areas, there
may be focal myofibril degeneration with myelin
bodies, lipid deposits, tubular aggregates, and
occasional subsarcolemmal vacuoles without
periodic acid-Schiff (PAS)-positive material.
Muscle fiber degeneration followed by phago-
cyte invasion and fatty replacement may occur,
perhaps induced by the cold-induced attacks of
weakness.

Muscle fibers of patients with periodic paraly-
sis may show collections of multiple closely
packed tubules resulting in a honeycomb appear-
ance, which in cross section are seen mostly on
fiber ends. These tubular aggregates are located
between longitudinally running myofibrils or
underneath the sarcolemma. They may contain
an internal circular membrane that is not nor-
mally seen in the T-tubule or the sarcoplasmic
reticulum from which they originate (Fig. 13.5).
Vacuoles resulting from degenerating fibers are
also frequently found.



13 Skeletal Muscle Channelopathies

119

Healthy volunteer

Fig. 13.6 Comparison of lower leg muscles of an adoles-
cent healthy volunteer and an adolescent boy with
paramyotonia congenita. Axial T1-weighted 3T MRI
scans are in the upper row, and axial STIR MRI scans are

13.3.4 Clinical Presentation

In contrast to the warm-up phenomenon in MC,
PC patients show paradoxical myotonia (i.e.,
myotonia that worsens with exercise or in the
cold). Facial and eyelid muscles are especially
sensitive to the cold, so lid paramyotonia may be
the most reliable diagnostic sign. During inten-
sive cooling, the stiffness gives way to flaccid
weakness or even paralysis. In contrast to cold-
induced weakness, potassium-induced weakness
is usually of short duration, lasting minutes to
hours.

HyperPP patients present with increased
serum potassium during episodes of weakness.
They may not have any interictal symptoms and
are therefore often thought to exhibit a conver-
sion reaction. In this case, the subsequent omis-
sion of adequate therapy may cause them to suffer
needlessly. Weakness is triggered by a variety of

Paramyotonia

in the lower row. No morphological changes are visible in
paramyotonia using standard 'H-MRI. Reference tubes
filled with 51.3 mM sodium are placed between the lower
legs

circumstances, including rest after exercise,
potassium-rich food, cold environment, emo-
tional stress, fasting, and pregnancy. Between
episodes, the disease is often associated with
mild myotonia, which does not impede voluntary
movements but may be exacerbated at the begin-
ning of weakness.

13.3.5 Imaging Findings

In PC and HyperPP, conventional MRI may be nor-
mal (Fig. 13.6). However, in affected patients, the
defect of the muscular Na* channels leads to a path-
ological Na* influx that is responsible for the symp-
toms. Therefore, 2?Na-MRI is the method of choice.
This method enables depiction of an intracellular
muscular sodium accumulation simultaneous to
development of muscular paresis (Fig. 13.7). The
sodium accumulation correlates well with the grade
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Fig. 13.7 A22-year-old man with paramyotonia congenita.
(a) Axial T1-weighted 3T MRI: axial STIR images before
(b), directly after (¢), and 2 h after provocation (d) of mus-
cle stiffness and paresis by ice bags placed around the right
lower leg for 25 min. 3T *Na-MRI inversion recovery (IR)
scans before (e), directly after (f), and 2 h after provocation
(g). There is no muscle edema visible after provocation.

of paresis and is reproducible. Additionally, **Na
MRI allows noninvasive monitoring of mexiletine
(a Na* channel blocker) therapy.

Approximately 38 % of PC patients in one
study showed normal muscle on TI- and

However, the intracellular sodium concentration is elevated
in the right calf muscles both directly after provocation
(arrow) and 2 h later after re-warming of the lower leg
(arrow). Note that the signal of the reference tube contain-
ing free 0.3 % NaCl solution (asterisk) is suppressed in the
Na-MRI IR sequence, whereas the contralateral reference
tube filled with Na* in agarose gel is well visible

T2-weighted 1.5T MRI examinations of the lower
legs. About 12 % of patients had bilaterally sym-
metrical homogeneous edema before exercise
that was confined to the medial head of the gas-
trocnemius muscle. In another PC cohort, there
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were edema-like muscular changes in the triceps
surae muscles in 10 % of the patients (median
age 45 years). Up to 50 % of older patients
showed bilaterally symmetrical increased signal
intensity of the medial head of the gastrocnemius
muscle on T1- and T2-weighted images that was
interpreted as fatty infiltration. There was no
muscle atrophy in any of the 16 paramyotonia
patients studied to date.

In HyperPP, increased 'H signal intensities on
T2-weighted "H-MRI were visible in the triceps
surae muscles of 43 % of the patients prior to
provocation. In a more recent series using 3T
MRI, 8 of 12 HyperPP patients exhibited edema-
like changes prior to provocation on short-tau
inversion recovery (STIR) images. Seven of the
12 HyperPP patients showed fatty infiltration/
degeneration (i.e., high signal intensities in their
lower leg muscles) on TIl-weighted images.
HyperPP patients suffering from permanent
weakness present a high degree of lipomatous
changes compared to the group without perma-
nent weakness and healthy volunteers. A specific
pattern of lipomatous changes was noticeable:
The highest degree of fatty atrophy was observed
in the triceps surae muscle (gastrocnemius fol-
lowed by the soleus muscle). The peroneal mus-
cles showed concomitantly the lowest degree of
edema-like changes and of fatty atrophy/
degeneration.

13.3.6 Therapy

Oral flecainide and propafenone are the drugs of
choice for PC. They affect the disease directly by
blocking the noninactivating mutant sodium
channels. Additionally, reducing serum potas-
sium levels by stimulating the Na*/K* pump (e.g.,
by continuous mild exercise or carbohydrate
ingestion of salbutamol inhalation) helps relieve
the attacks of weakness seen with HyperPP.
Permanent stabilization of serum K* at low levels
by thiazide diuretics is also a possibility. Carbonic
anhydrase inhibitors are the second choice and
may be effective via myoplasmic acidification.
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13.3.7 Differential Diagnosis

The main differential diagnosis for PC includes
the myotonias, although the sodium channel
mutations carriers may be detected by testing
for lid paramyotonia after cooling the eye. For
primary periodic paralyses, the most important
differential diagnoses are secondary periodic
paralyses due to kidney malfunction (e.g., Bartter
syndrome) or inflammation (e.g., Guillain-Barré
syndrome). Therefore, all possibilities of K* dys-
regulation and secondary periodic paralysis
should be examined before primary periodic
paralyses is considered.

13.4 Hypokalemic Periodic Paralysis
13.4.1 Synonyms, Abbreviations

HypoPP.

13.4.2 Genetics and Pathophysiology

Hypokalemic periodic paralysis is associated with
a loss-of-function defect of Na 1.4 or Ca_1.1. The
former is the voltage-gated skeletal muscle sodium
channel Navl.4 encoded by SCN4A on chromo-
some 17q, and the latter is the main subunit of the
T-tubular voltage-gated L-type Ca’* channel com-
plex encoded by CACNAIS on chromosome 1q.
The two genetic variants are clinically similar, and
in both channel types the mutations are located
exclusively in the S4 segments, which convey
voltage sensitivity by moving outward during
depolarization, enabling channel opening. On the
level of the pore current (i.e., the sodium and cal-
cium inward currents, respectively), a loss of
function is produced by the mutations: The inacti-
vated state is stabilized in the Na* channel mutants,
and the channel availability is reduced for the Ca**
channel mutants. However, because the S4 volt-
age sensors need to move through the membrane
field, they are thought to be located in a canalicu-
lus that is interspersed between the intracellular
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Fig. 13.8 Typical vacuolization in muscle of a
hypokalemic periodic paralysis patient. x400

and extracellular compartments. The HypoPP
mutations cause a short circuit of the two com-
partments—a so-called omega current that depo-
larizes the membrane and renders the fibers
nonexcitable.

13.4.3 Histopathology

In HypoPP, muscle fibers frequently show signs
of proliferation, regeneration, and dilation of
components of the T-tubular system and the sar-
coplasmic reticulum resulting in vacuolization
(Fig. 13.8). Contraction of nearby myofibrils and
a focal increase of muscle glycogen have also
been noted, suggesting that the changes in several
organelles account for the permanent myopathy
of the disease. Areas with tubular aggregates may
also be found.

13.4.4 Clinical Presentation

HypoPP occurs episodically with varying inter-
vals of normal muscle function. Apparently, the
underlying ion channel defects are usually well
compensated, and an additional trigger is often
required for channel malfunction. Weakness epi-
sodes in HypoPP are precipitated by glucose-
induced hypokalemia and are ameliorated by K*
intake. Because of the additional uptake of K* by
muscle in HypoPP, the resulting dyskalemia can

be so severe that cardiac complications arise.
During an attack, death can occur because of
respiratory insufficiency. Independent of the
severity and frequency of the paralytic episodes,
many patients develop a chronic progressive myo-
pathy during their forties, an age at which the
attacks of weakness decrease.

13.4.5 Imaging Findings

There is intramuscular *Na accumulation in
HypoPP. The sodium overload causes muscle
edema and weakness in these patients (Fig. 13.9).
It can be treated specifically with acetazolamide.
Young patients suffer from muscular edema in
HypoPP-1, which at this young age may be the
only morphological transformation of their mus-
cle tissue (Fig. 13.10). With continued aging and
if untreated, lipomatous degeneration of the mus-
cle tissue takes place (Fig. 13.11), and the patient
develops permanent muscular weakness. Even
this development can be treated with acetazol-
amide. The muscle edema and weakness disap-
pear under anti-edema treatment, and muscular
strength increases (Fig. 13.12).

In a cohort of 25 patients with HypoPP and
permanent weakness, 21 displayed fatty muscle
degeneration, and 18 exibited edema during 'H-
MRI of the lower legs. The degree of fatty muscle
degeneration increased with age. The correlation
between water content and Na* yielded a linear
coefficient of determination (R?) of 0.63.

13.4.6 Therapy

In patients with HypoPP, all substances that
decrease serum K* levels—by shifting potassium
into the cells or kidney excretion— should be
avoided (i.e., high carbohydrate/high salt meals,
bicarbonate- and K*-extruding diuretics, sedentary
lifestyle, strenuous physical exercise). Attacks
should be treated orally with KCl. Carbonic
anhydrase inhibitors are the prophylactic medi-
cation of choice. K*-sparing diuretics (e.g., tri-
amterene, amiloride, spironolactone) may be
administered as well.
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Fig. 13.9 A 44-year-old woman with hypokalemic peri-
odic paralysis type 1 (Cav1.1.R1239H). Axial T1-weighted
3T MRI scans of both calves (TR/TE 700/10 ms) (a) and
corresponding axial STIR MRI scans (TR/TE 7060/65 ms)
(b). There are edema-like changes in the medial head of

the gastrocnemius muscle, which are pronounced on the
left side (arrow). Note also the fatty infiltration of the tri-
ceps surae muscles and the muscles of the deep posterior
compartment. The tibialis anterior compartment is spared
(asterisks)

Fig. 13.10 Compared to the moderate muscle degenera-
tion of her mother in Fig. 13.9, the 11-year-old daughter,
also diagnosed with hypokalemic periodic paralysis type
1 (Cav1.1.R1239H) has no lipomatous degeneration on

T1-weighted MRI (a), but shows a slight signal increase
on STIR images (b) in the medial gastrocnemius muscle
on the left side (arrow)



Fig.13.11 Distinct lipomatous degeneration of both thigh muscles in an elderly HypoPP patient with pronounced fatty

changes in the hamstring muscles

'"H MR images (STIR)

22Na MR images

" 'HS{&OPP reated

Fig.13.12 1.5T STIR 'H-MRI (left column, a, ¢, €) and 1.5T
Na-MRI (right column, b, d, f) from a healthy female con-
trol (fop row) and a female HypoPP patient of similar age
before treatment (center row) and after treatment with aceta-
zolamide 250 mg/day for 4 weeks (bottom row). Note the
very high hydrogen intensities in the STIR sequence, repre-
senting muscular edema, and the elevated muscular Na*
concentration before treatment (arrows in central row) and
their improvement after treatment (bottom row). The central

reference contains 0.3 % NaCl solution (51.3 mM).
Occasional side tubes containing 0.3 % NaCl in agarose gel
to the left and 0.6 % NaCl in H,O to the right were additional
standards. The asterisks mark the tibial and fibular bone,
which have low signal intensity on *Na-MRI. Modified from
Jurkat-Rott K, et al (2009) K*-dependent paradoxical mem-
brane depolarization and Na* overload, major and reversible
contributors to weakness by ion channel leaks. Proc Natl
Acad Sci U S A. 106(10):4036-41
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13.4.7 Differential Diagnosis

For the primary periodic paralyses, the most
important differential diagnoses are secondary
periodic paralysis due to kidney malfunction
(e.g., Bartter syndromes) or inflammation (e.g.,
Guillain Barré syndrome). Therefore, all possibi-
lites of K* dysregulation and secondary periodic
paralysis should be examined before primary
periodic paralysis is considered. In the past, pro-
vocative tests for periodic paralysis were carried
out for diagnostic reasons. As they are associated
with the risk of inducing a severe attack, they had
to be performed by an experienced physician and
a stand-by anesthesiologist. Also, serum K*, glu-
cose, and the electrocardiogram had to be closely
monitored. Nowadays, provocative tests should
be restricted to patients in whom molecular genet-
ics failed to identify the underlying mutation.

Because histological alterations are not specific,
a muscle biopsy should be performed only in
patients with atypical features or for documenta-
tion of a vacuolar myopathy.

13.5 Outlook

Recently, the development of »Na-MRI at high
magnetic field strengths of 3T to 7T allows more
precise quantification of intracellular *Na homeo-
stasis. In addition, >Na homeostasis may be exam-
ined more precisely in healthy volunteers as well as
in patients as initial findings indicate the high poten-
tial of ?Na-MRI at 7 T (Fig. 13.13) (see Sect. 5.3).
In conclusion, we expect a much higher level of
acceptance for this new technique in the near future
for assessing the pathophysiology of muscular
edema-like changes in other muscular dystrophies.

Fig. 13.13 Comparison of axial Na-MRI scans of both
lower legs of a healthy volunteer acquired with 3T MRI
(a) and 7T MRI (b) as well as the corresponding coronal
#Na-MRI images acquired with 3T MRI (¢) and 7T MRI
(d). The asterisks mark the tibial bones as structures with
low signal intensity. The arrows point to vessels with high

signal intensity. Clearly visible are the higher signal-to-
noise ratio at 7T and the reduced background noise out-
side the lower legs. Courtesy of Armin Nagel, PhD,
Department of Medical Physics in Radiology, German
Cancer Research Center, Heidelberg
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Key Points

Skeletal muscle channelopathies com-
prise nondystrophic myotonias and peri-
odic paralyses.

The channelopathies are caused by
mutations in chloride, sodium, and cal-
cium channels in skeletal muscle.
Myotonia is caused by bursts of action
potentials and periodic paralysis by the
absence thereof.

Histology frequently shows unspecific
myopathic signs. However, it may show
an absence of type 2B fibers in myoto-
nia congenita and the presence of vacu-
oles and tubular aggregates in periodic
paralysis.

Conventional MRI is frequently normal.
Hypertrophy is found only in myotonia
congenita.

ZNa-MRI is able to depict intracellular
muscular sodium accumulation in cor-
relation with the development of mus-
cular paresis in paramyotonia and
Hyperkalemic and Hypokalemic peri-
odic paralysis.

The sodium accumulation correlates
well with the grade of paresis and is
reproducible.

Treatment of myotonia and paramyoto-
nia aims to block repetitive firing of
action potentials using the sodium chan-
nel blockers flecainide and propafenone.
Treatment of periodic paralysis by
diuretics such as carbonic anhydrase
inhibitors aims to rectify the serum
potassium level and alleviate the mus-
cular edema and weakness.

K. Jurkat-Rott and M.-A. Weber
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Anna Pichiecchio and Eleonora Tavazzi

14.1 Introduction and Classification
Various metabolic pathways are involved in pro-
ducing energy in skeletal muscles, but the level
of activation varies according to the type of mus-
cle fiber, the intensity and duration of the exer-
cise, and the nutritional status of the individual.

The principal sources of energy are lipids
(fatty acids and derivatives) and carbohydrates
(glycogen). Under starvation conditions, amino
acids are the main fuel.

Under physiological conditions, acyl groups
derived from fatty acids are transported to
mitochondria by carnitine, where they are further
processed (P-oxidation) to produce acetyl-
coenzyme A (CoA). Glycogen metabolism
starts in the sarcoplasm. Here, through glyco-
lysis, glycogen is converted to pyruvate, which
enters the mitochondria and is transformed to
acetyl-CoA. Acetyl-CoA is thus derived from
both lipids and carbohydrates. It generates
energy (adenosine triphosphate, ATP) by oxi-
dation via the Krebs (tricarboxylic acid) cycle
and the respiratory chain.

There are two main muscle fiber types that use
different metabolic pathways and are activated in
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diverse conditions. Type 1 fibers are characterized
by high endurance and a large number of
mitochondria. These fibers generate ATP by oxi-
dative, aerobic metabolism. Type 2 fibers have
low mitochondrial density and are involved in
short-term anaerobic activity. Their preferred fuel
is glycogen.

Metabolic myopathies derive from one or
more defects in any step of the aforementioned
metabolic pathways. They might be classified
according to multiple criteria, such as the sub-
strate involved (fatty acids, glycogen, blood
glucose), the metabolic pathway affected, or
the predominant clinical picture (exercise intol-
erance with rhabomyolysis or progressive mus-
cle weakness). Here we describe the most
common metabolic disorders, divided into three
principal subgroups: glycogen storage diseases
(GSDs), mitochondrial disorders, and lipid
storage diseases.

14.2 Pompe Disease and Other
Glycogen Storage Diseases

Although several unique GSDs are discussed in
the literature, there are only four related to clini-
cally significant muscle weakness: Pompe dis-
ease (GSD type II), GSD type III, GSD type V,
and GSD type VII. The overall frequency of
GSDs is 1:20,000 births. GSDs II and III are the
most common forms seen during infancy and
type V during adulthood.
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Fig. 14.1 Characteristic pathological features of glyco-
gen storage disease II (GSDII). Several fibers contain
cytoplasmic or subsarcolemmal vacuoles (arrow) (a:
H&E; b: Gomori trichrome), which are periodic acid-
Schiff (PAS)-positive (¢, arrow), indicating glycogen, and

14.2.1 Pompe Disease

14.2.1.1 Synonyms, Abbreviations
Acid maltase deficiency (AMD), glycogenosis
type II (GlyIl, GSDII)

14.2.1.2 Genetics and Pathophysiology

Pompe disease is a rare autosomal recessive lyso-
somal storage disorder caused by mutations in
the acid a-glucosidase (GAA) gene on chromo-
some 17. Almost 200 mutations have been
identified. The gene encodes for the lysosomal
GAA, which catalyzes the hydrolysis of a-1,4
and 1,6 links of lysosomal glycogen to release
glucose when energy is needed. The enzyme

acid phosphatase-positive (d, arrow), indicating that the
glycogen is deposited in lysosomes. Courtesy of Cornelia
Kornblum, Bonn, Germany

might be absent, not functioning, or partially
active depending on the genetic mutation.
However, the genotype only rarely relates to the
clinical phenotype.

It is still unclear how the defective enzyme
promotes the disease. It could be due to mechani-
cal interruption of the contractile apparatus related
to an autophagic process promoted by ruptured
lysosomes or to altered myofibrillar morphology.

14.2.1.3 Histopathology

Increased muscle fiber vacuolization and
autophagy are the histopathological hallmarks of
the disease (Fig. 14.1). The vacuoles have high
glycogen content, vary in size and shape, show
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Fig. 14.2 Adult Pompe (GSD II) patient with marked axial weakness. Note the hyperlordosis and abdominal muscle

weakness. Courtesy of Dirk Fischer, Basel, Switzerland

periodic acid-Schiff (PAS) positivity (a glycogen
marker), and react strongly for acid phosphatase
(a specific marker for lysosomes).

In the infantile form, the muscle fiber struc-
ture is severely compromised and shows no
residual GAA activity. The degree of vacuoliza-
tion and residual GAA activity are extremely
variable in late-onset patients and do not depend
on the age of onset, disease duration, or clinical
features. In the adult manifestation of Pompe dis-
ease, muscle biopsies may demonstrate only
nonspecific changes or be normal.

To confirm the clinical diagnosis of Pompe
disease, GAA enzyme activity should be mea-
sured in a tissue specimen (e.g., skin fibroblasts,
muscle tissue, leukocytes). If the mutations are
known, Pompe disease can also be diagnosed by
genetic testing.

14.2.1.4 Clinical Presentation

GSDII is classified into infantile, juvenile, and
adult forms. The classic infantile phenotype is
characterized by a very early onset (< 6 months)
with severe myopathy, cardiomyopathy, and

respiratory failure, leading to death by the age of
2 years. In contrast, late-onset phenotypes (sec-
ond to sixth decade) are extremely heterogeneous.
The usual clinical picture is a slowly progressive
proximal myopathy, often with respiratory
involvement secondary to diaphragm and acces-
sory respiratory muscle weakness (Fig. 14.2).
Atrophy of the paraspinal muscles may lead to
scoliosis, scapular winging, and low back pain.
The heart is usually spared.

14.2.1.5 Imaging Findings
Clinical and muscle biopsy findings are rather
unspecific in GSD II. Therefore, muscular imag-
ing can be a helpful diagnostic tool. Computed
tomography (CT) and magnetic resonance imag-
ing (MRI) have proven to assess reliably the
muscle involvement pattern of the disease. There
is a positive correlation between muscular
strength and the degree of muscle involvement
detected with MRI.

CT studies in adult patients have shown that the
disease spreads from trunk to extremities over the
years, with paraspinal and thigh muscles being
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Fig. 14.3 Axial T1-weighted magnetic resonance imag-
ing (MRI) scan at the level of the thigh in an adult patient
affected by GSDII during the initial phase of Pompe dis-

ase (GSDII). Note the early involvement of the adductor
magnus (arrows) and mild substitution of the semimem-
branosus and long head of the biceps muscles (arrows)

Fig. 14.4 Axial T1-weighted MRI scan at the level of the
thigh in an adult patient affected by GSDII during the inter-
mediate phase of Pompe disease (GSD II). Note the fatty

more severely affected than lower leg and shoulder
girdle muscles.

Severe involvement of the thigh muscles, with
selective sparing of the short head of the biceps
femoris, gracilis, and sartorius muscles has been
demonstrated. Some authors described an involve-
ment pattern related to the clinical stage, with ini-
tial fatty infiltration of the adductor magnus,
semimembranosus (Fig. 14.3), and variably semi-

replacement of the posterior compartment (see Fig. 14.2)
plus involvement of the vastus intermedius, vastus media-
lis, and partially of the vastus lateralis muscles (arrows)

tendinosus muscles followed by fatty infiltration
of the long head of the biceps femoris, vastus
intermedius, and vastus medialis (and, to a lesser
extent, the vastus lateralis) (Fig. 14.4). The short
head of the biceps, lateral portions of the vastus
lateralis (Fig. 14.5), and leg muscles (Fig. 14.6)
are usually spared. The sartorius, rectus femoris,
and gracilis tend to be spared or even hypertro-
phic even during late disease stages (Fig. 14.5).
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Fig. 14.5 Axial T1-weighted MRI scan at the level of the
thigh in an adult patient affected by Pompe disease
(GSDII) in the advanced phase of the disease. Note the
selective sparing of the short head of the biceps, sartorius,

Fig. 14.6 Axial T1-weighted MRI scans at the level of
the leg in adult patients affected by GSDII. The leg mus-
cles are usually spared (a) or only mildly affected, or they

Paraspinal muscles can also be involved,
particularly the posterior paraspinal and psoas
muscles, which become severely atrophied.
Based on our own experience, this pattern is more
evident during the intermediate and advanced
phases of the disease (Fig. 14.7). GSDII must
always be considered in any case of unexplained
paraspinal muscle atrophy. Trunk muscle atrophy
can also be an unspecific finding and may also be
seen in association with oxidative energy defects,
such as mitochondrial myopathies (i.e., NADH-
CoQ reductase deficiency), or in patients with
low back pain.

Other authors, using whole-body MRI,
have detected subtle neck and shoulder girdle
muscle involvement and prominent involvement
of the subscapularis muscles (Fig. 14.8). Facial
and masticatory muscles are well preserved.

rectus femoris, gracilis, and peripheral portions of the vas-
tus lateralis muscles (arrows). The sartorius, rectus femo-
ris, and gracilis are hypertrophic

exhibit diffuse, very mild fat replacement (b). In the
advanced phases, more prominent involvement of the
soleus can be detected (c) (arrow)

Fig. 14.7 Axial computed tomography (CT) image at the
lumbar level for the evaluation of the paraspinal muscles
in an adult patient affected by GSDII: atrophy and fat sub-
stitution of both paraspinal (multifidus, erector spinae)
and ileo-psoas muscles are evident (arrows). Unexplained
atrophy of the paraspinal muscles is not a specific finding
for GSD II, but can be suggestive in adult patients both
asymptomatic or with low back pain
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Fig. 14.8 Axial T1-weighted MRI scan obtained during a
1.5T whole-body MRI examination of a 40-year-old GSDII
patient who was involved in intensive sports. Note the severe
fatty infiltration at the shoulder girdle level (subscapularis

Fig. 14.9 Axial T1-weighted image of the head and neck
region of a GSDII patient shows hyperintensity (arrow),
indicating massive fat replacement in the tongue

Frequently, there is adipose substitution of the
tongue (Fig. 14.9), which might be the only sign
in mildly affected patients. Tongue involvement
is usually proportional to the severity of clinical
impairment (Fig. 14.10).

Mildly increased signal intensities on
T2-weighted images can be detected mainly in leg
muscles inasmall percentage of patients (Fig. 14.11).
The underlying pathological mechanism is still

and trapezius muscles). From Carlier et al (2011) Whole-
body muscle MRI in 20 patients suffering from late onset
Pompe disease: involvement patterns. Neuromuscul Disord.
21:791-9. Reprinted with permission from Elsevier Limited

uncertain. It is unlikely to be due to muscle edema
because of the lack of concomitant increases in T1
relaxation times. It might be related to the high
glycogen content as proven by muscle biopsies and
described in other GSDs (111, V, VII).

Regarding the juvenile form of GSDII, MRI
data suggest that adductor magnus involvement
is the earliest manifestation of the disease in sib-
lings carrying the same GAA substitutions,
emphasizing consistent radiological expression
of the same genetic background.

In childhood-onset Pompe disease, the ante-
rior compartment of thigh muscles is preferen-
tially involved, but on CT scans the distinctive
pattern manifests as striking high-density areas
involving the rectus femoris (Fig. 14.12a), adduc-
tor magnus, and tibialis anterior. This pattern is
not seen in adult forms of GSDII, nor has it been
documented in other myopathic disorders. It is
related to the accumulation of calcium in dense
globular bodies formed by a chronic degenera-
tive process affecting autophagic vacuoles. The
pathogenetic mechanism is still unknown. The
high-density areas increase over time, resulting
in a marbled pattern (Fig. 14.12b), but neither
moth-eaten nor washed-out changes develop as is
seen in the affected muscles of adult patients.
Interestingly, the high CT densities slightly
decrease, paralleling clinical improvement, after
enzyme replacement therapy (ERT). In the adult
form, the distribution of fatty replacement does
not change.
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Fig. 14.10 Sagittal T1-weighted images of the head,
focusing at the level of the tongue in adult GSDII patients.
Note the areas of hyperintensity (arrows), indicating pro-
gressive, increasing fat replacement of the tongue, related

to mild (a), moderate (b) and severe (c) functional stages.
Complete involvement becomes evident in the more
advanced stages of the disease

Fig. 14.11 Axial short tau inversion recovery (STIR) MRI
with fat suppression at the level of the leg in an adult patient
affected by GSDIIL. Note the areas of mild hyperintensity
involving the posterior compartment, predominantly the

There are only a few reports of ultrasonography
findings in infantile forms of Pompe disease. They
describe normal echo intensities and muscle hyper-
trophy, which was confirmed by MRI studies.

Visual assessment of muscle involvement
using grading scales (“qualitative assessment”)
and quantitative analysis of muscle structure —
in particular intramuscular fat and muscle vol-
umes (“quantitative assessement”)—is suitable
for assessing the rate of disease progression and

medial gemini, and to a lesser extent the tibialis anterior.
The meaning of this finding is still uncertain, but it is likely
due to glycogen accumulation

monitoring treatment response in GSDII patients.
Qualitative MRI assessment performed 6 and
24 months after the beginning of ERT in adult
patients shows that the pattern of distribution of
intramuscular adipose substitution in already
affected muscles remains unaltered. Both clini-
cal assessment and quantitative MRI reveal
definite improvement in the anterior spared thigh
muscles. However, progression of intramuscular
fat accumulation and the limited responsiveness
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Fig. 14.12 Axial skeletal muscle CT image from a
patient with childhood-onset Pompe disease at 13 years
(a) and 22 years (b) of age. The rectus femoris is
significantly affected, with a high density area (arrow),

of posterior, more compromised thigh muscles
confirms the necessity of early treatment
intervention.

14.2.1.6 Therapy

Patient management consists of multidisci-
plinary supportive care modalities, including
genetic counseling and respiratory, physical
(aerobic submaximum exercise), and dietary
therapies (high-protein, low carbohydrates,
L-alanine). ERT with alglucosidase alfa
(Myozyme), a recombinant human GAA (rh-
GAA), has recently been introduced. For infan-
tile Pompe disease, ERT shows major benefits
regarding survival and cardiomyopathy evolu-
tion. In infants, the presence or absence of cross-
reactive immunological material (CRIM) may
affect prognosis. CRIM-negative patients are
completely unable to form any precursor form
of native enzyme and have a poorer clinical out-
come. The therapeutic benefit for juvenile- and
adult-onset cases is less significant, but improve-
ment in motor and respiratory function has been
shown. The response to ERT may be less robust
in those with more advanced phases of the dis-
ease, underscoring the need for early diagnosis
and treatment initiation.

14.2.1.7 Differential Diagnosis

— Limb-girdle muscular dystrophy (LGMD) (see
Chap. 19). It has a similar pattern of muscle
involvement and disease course. Muscle MRI
in LGMD, though, usually shows (in contrast
to GSDII) fatty replacement of leg muscles.

but the posterior compartment of the thigh is relatively
spared (a). As the thigh density areas become more dif-
fuse, a diffuse marble pattern appeared (b). Courtesy of
Keiko Ishigaki, Tokyo, Japan

— Polymyositis (see Chap. 26). T2-weighted
images clearly depict high signal intensity of
muscles related to inflammation (Fig. 14.13).
This finding might lead to some confusion
only when is focal, as high muscle glycogen
content can cause increased signal intensity
on T2-weighted images as well.

— Congenital muscular dystrophy with rigid
spine syndrome (SEPN1) (see Sect. 15.3).
The sartorius (spared in GSDII) is a hallmark
of the muscle pattern on MRI. Tongue
involvement is typical for GSDII, even in
mild forms.

Metabolic Myopathies: Pompe
Disease

Key Points

e GSDII is an autosomal recessive myo-
pathy caused by deficiency of GAA, an
enzyme involved in the degradation of
lysosomal glycogen.

e Infantile, juvenile, and adult forms of
GSDII are recognized. The fatal infan-
tile phenotype is characterized by early
onset with severe myopathy, cardiomy-
opathy, and respiratory failure. Late-
onset phenotypes show slowly
progressive proximal muscle weakness
and respiratory involvement.

e There is a characteristic MRI pattern of
thighmuscleinvolvement with prominentfat
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Fig. 14.13 Axial T1-weighted and STIR MRI scans at
the level of the thigh (a, b) and leg (c, d) of a patient
affected by dystrophic inflammatory myopathy. Diffuse
mild fat replacement is evident on T1-weighted images,
more focal in the vastus lateralis and medialis muscles
(arrows) (a) and in the medial gastrocnemius muscle

replacement of the posterior compartment.
Itis related to the clinical stage. Leg muscles
are usually spared. Subscapular and paraspi-
nal muscles are involved as well. The tongue
is selectively infiltrated even in mildly
affected patients.

e A promising novel therapeutic advance
is th-GAA, which so far has proved to
have major clinical benefits in infants. It
has not been shown to reverse muscle
imaging findings in adults, underscoring
the need for prompt early diagnosis and
treatment initiation.

(arrow) (¢). STIR sequences with fat suppression reveal
increased water content in the same muscles due to mus-
cle edema from the inflammation (b, d) (arrows). The
exception is the vastus lateralis, where the dystrophic pro-
cess is predominant
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14.2.2 Other Glycogen Storage
Diseases

14.2.2.1 Glycogenosis Typellll

Synonyms, Abbreviations

GSDIII, GlylIIl, Cori-Forbes disease, Debranching
enzyme deficiency

Genetics and Pathophysiology

GSDIII is a rare autosomal recessive disorder
characterized by debranching enzyme (DE)
deficiency (localized on chromosome 1p21). DE
facilitates the breakdown of intracellular glycogen,
a source of energy during high-intensity aerobic
and/or anaerobic exercise, with two independent
catalytic activities (oligo-1,4-1,4-glucantrans-
ferase and amylo-1,6-glucosidase).

Histopathology

The enzymatic activity is usually deficient in both
muscle and liver (subtype IIla). In 15 % of patients,
it involves only the liver (IIIb). Muscle biopsy
shows glycogen accumulation underneath the sar-
colemma and within myofibrils. A definitive diag-
nosis is made measuring enzyme activity in muscle
or liver tissue or by direct genetic analysis.
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Clinical Presentation

The global incidence of GSDIII is 1/400,000, but it
is much higher in non-Ashkenazi Jewish commu-
nities, where it affects 1/5400 subjects. GSDIII
patients usually suffer during childhood from liver
dysfunction and hypoglycemia. Neuromuscular
involvement in GSDIII is variable, only rarely
being the dominant feature of the disease.
Compared to clinical manifestations of other
defects in the glycogenolytic pathway, muscle
weakness is relatively more common in GSDIII
patients than exercise intolerance, muscle cramps,
and myoglobinuria, The age of first clinical presen-
tation in adult cases is the third to sixth decade.

Imaging Findings
Localized fatty infiltration is already evident in
early disease stages, especially at the level of the
soleus (Fig. 14.14), and it is more pronounced at
the muscle insertion. Pseudo-hypertrophy of the
quadriceps is characteristic at the intermediate
stage of the disease, disappearing during the
advanced stages. A mild diffuse increased signal
intensity on T2-weighted images can be observed
in leg muscles. The possible underlying
pathophysiological concept was discussed earlier
in this chapter (see Sect. 14.2.1 GSDII).
Whereas fatty accumulation clearly marks dis-
ease progression, as in GSDII, metabolic abnormali-
ties observed by MR spectroscopy (MRS) precede
visiblemuscledamage. Theresultsof multiparametric
functional/advanced MRI (*'P-,'H-, and *C-MRS
and arterial spin labeling) not only suggest that
impaired glycogenolysis causes inadequate substrate
supply to the mitochondria, but also that altered
perfusion might be responsible for impaired postex-
ercise phosphocreatine recovery, contributing to
exercise intolerance.

Therapy
No specific therapy is available.

Differential Diagnosis

GSDV and GSDVII. MRI of muscle is not useful
in the differential diagnosis, which is mainly
based on clinical and histopathology findings.
That is, muscle weakness and hypotonia are more
frequent in GSDIII than exercise intolerance,
muscle cramps with myoglobinuria, or hemolytic
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Fig. 14.14 Axial T1-weighted MRI scan at the level of the leg in an adult patient affected by GSDIII. No obvious
atrophy is evident. Fat infiltration is present diffusely in the posterior compartment, primarily in the soleus (arrow)

anemia as are seen in GSDV (Sect. 14.2.2.2) and
GSDVII (Sect. 14.2.2.3); reduced or absent phos-
phorylase activity, as in GSDV; and phospho-
fructokinase deficiency, as in GSDVII.

14.2.2.2 Glycogenosis Type V

Synonyms, Abbreviations

GSDV, GlyV, McArdle disease, myophosphory-
lase deficiency

Genetics and Pathophysiology

McArdle disease is a rare autosomal recessive
metabolic myopathy caused by deficiency of
the glycogenolytic enzyme myophosphorylase.
Myophosphorylase initiates glycogen breakdown,
converting glycogen to lactate by disrupting the
1,4 linkages between glycosyl units. The gene for
myophosphorylase is localized on chromosome
11(q12-13.2), and more than 65 mutations have
been identified so far.

Histopathology

Muscle tissue usually shows increased glycogen
content but to a lesser extent than in other GSDs.
Also, there is an absence or, more rarely, a decrease
in myophosphorylase activity (Fig. 14.15).
Phosphorylase activity is lost in muscle fibers as
they mature, whereas it is normal in liver and
smooth muscle. It is worth mentioning that whereas
in inflammatory myopathies the biopsy target is

the edematous muscle in GSDV relatively normal-
appearing muscle is favored as the biopsy site. In
fact, in GSDV edematous necrotic injured muscle
may produce a small amount of fetal phosphory-
lase, which can cause a false-negative histopatho-
logical result.

Clinical Presentation

GSDV is a rare disease: its incidence is reported
as 1/100,000. The usual age of onset is during the
first 10—15 years. The typical clinical symptoms
of GSDV are myalgia and muscle cramps trig-
gered by exercise, both isometric and aerobic,
such as weight lifting and jogging. The exercise
intolerance is due to the inability to break down
stored muscle glycogen for muscle contraction.
The muscle recovers with rest. Rhabdomyolysis
and myoglobinuria occur in about 33 % patients
following intense exercise. After a short period of
rest, most patients experience a “second wind”
phenomenon and can continue exercising with-
out difficulty. This phenomenon is based on the
metabolic shift to fatty acid oxidation.

Imaging Findings

Unlike GSDII and VII, McArdle’s patients rarely
develop severe muscular fatty deterioration, and
MRI results are frequently normal. Paraspinal mus-
cles can show adipose substitution as in GSDII, but
psoas muscles are usually spared (Fig. 14.16).
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Fig.14.15 Characteristic pathological features in GSDV.  negative) (¢). Cytoplasmic phosphorylase staining: nega-
Several fibers contain subsarcolemmal vacuoles (arrows)  tive (d) compared to the normal control (e). Courtesy of
(H&E) (a). The vacuoles contain glycogen (PAS-positive)  Cornelia Kornblum, Bonn, Germany

(b) but are not located in lysosomes (acid phosphatase-

Fig. 14.16 Axial CT image
at the lumbar level for
evaluating paraspinal muscles
in an adult GSDIII patient.
Note that the paraspinal
muscles are substituted with
fat (arrow), whereas the
psoas muscles maintain their
trophism (arrow)
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Contrary to what usually happens in healthy
subjects, GSDV muscles do not show edema-like
changes during the early postexercise phase, a
typical but not specific imaging feature of the disease.
These data are based on quantitative analysis of
variations in T2 relaxation times from MRI
images, which reflect pH variations and which
are lower in McArdle’s patients than in healthy
subjects. The usefulness of these findings might
reside in preliminary screening of patients with
exercise intolerance due to myalgias.

On the other hand, muscle MRI performed
24 h after exercise shows edematous changes of
the thigh muscles, beginning at the muscle—ten-
don junction. This elevation on T1 and T2 relax-
ation times is likely related to concomitant muscle
necrosis, which is completely reversible as dem-
onstrated by follow-up MRI.

In GSDV, *P-MRS fails to show any cytosolic
acidification or phosphor monoester (PME) accu-
mulation. PME accumulation is not observed dur-
ing exercise, in contrast to GSD VII, because of the
inability to cleave glucosyl units from glycogen.
Moreover, calf muscles show a decreased PCr/Pi
ratio at rest and a low rate of PCr resynthesis during
recovery from aerobic exercise, confirming that
mitochondrial respiratory chain impairment plays
an additional role in conditioning the energy sup-
ply to contracting muscle.

Therapy

Several drugs have been tested in GSDV, mostly
with insignificant results. Pyridoxyne has been
found to be reduced in patients with GSDV, but
pyridoxine implementation did not improve the
clinical picture or alleviate symptoms. Angiotensin-
converting enzyme (ACE) inhibitors (e.g., ramipril)
have been tested in the so-called ACE phenotype —
characterized by high ACE activity — with unsatis-
factory results. Aminoglycosides, which might be
able to facilitate the synthesis of full-length pro-
teins, have been tested in several inherited diseases
and in GSDV but did not produce any significant
clinical amelioration. Oral sucrose seems to allevi-
atemuscular symptomsduringexercise. Intravenous
administration of sucrose has been tried, but side
effects limit its efficacy.
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Differential Diagnosis

— GSDVII (Sect. 14.2.2.3). The clinical picture
is similar, but muscle MRI is not useful. 3'P-
MRS can be of some help (see above).

— GSDII (Sect. 14.2.1). Paraspinal muscle imag-
ing can be of some help as mentioned.

— Carnitine  palmitoyl deficiency (CPT)
(Sect. 14.4.1). CPT can cause recurrent rhab-
domyolysis and myoglobinuria, but the differ-
ential diagnosis is based on histopathology
(i.e., reduced CPT activity in specific essays).

14.2.2.3 Glycogenosis Type VII

Synonyms, Abbreviations

GSDVII, GlyVII, Tauri’s disease, Phosphofruc-
tokinase (PFK) deficiency

Genetics and Pathophysiology

GSDVII is an autosomal recessive disease caused
by alteration of genes encoding for phosphofruc-
tokinase (PFK) (chromosome 12q13.3) PFK is a
regulatory enzyme that acts on the initial steps of
the glycolytic pathway, phosphorylating fruc-
tose-6 phosphate.

Histopathology

Muscle biopsy is characterized by glycogen accu-
mulation similar to that seen in GSDV, complete
absence of enzyme activity in muscles, and
decreased activity in erythrocytes.

Clinical Presentation

GSDVII is clinically similar to McArdle disease,
manifesting with exercise intolerance during
childhood, early fatigability, and exertional mus-
cle cramps. Unlike GSDV, patients suffer from
hemolytic anemia caused by reduced PFK activity
in erythrocytes. A subtype of “late-onset” PFK
deficiency with fixed muscle weakness was
described in four patients and may represent a
genetically distinct disorder.

Imaging Findings

No specific pattern of muscle involvement has
been described for this disease. *'P-MRS demon-
strates PME accumulation in muscles during exer-
cise, although there is no abnormal accumulation
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of PME during ischemic exercise. Also, a partial
glycolytic block has been reported in an adult
patient affected by late-onset PFK, with residual
glycolytic flow shown by a slow decrease of
intracellular pH during anaerobic exercise. The
combination of this finding with the presence of
late-onset myopathy suggest that this form may
depend on a partial lack of the enzyme and on a
distinct pathogenetic mechanism.

Therapy
No treatment is currently available.

Differential Diagnosis

— 3P-MRS can be helpful distinguishing
GSDVII from GSDV (see above) but not from
other enzyme defects in which glycolysis is
blocked distal to phosphorylase.

— The only other disease with clinical features
and MRS findings similar to GSDVII is phos-
phoglycerate kinase deficiency, which has
X-linked recessive inheritance.

Metabolic Myopathies: Other
Glycogen Storage Diseases

Key Points

e GSDIII, GSDV, and GSDVII are rare
metaoblic disorders with enzyme defects
in converting glycogen to fructose-6-
phosphate (III, V) or fructose-6-phos-
phate to lactate (VII).

* Muscle weakness and hypotonia are com-
mon muscle symptoms in GSDIII, and
exercise intolerance and muscle cramps
predominate in GSDV and GSDVII.

e Muscle biopsy usually shows increased
glycogen content.

e Fatty infiltration parallels disease pro-
gression in GSDIII. Calf muscles are
most often affected, primarily the soleus.
No abnormal muscle structures or selec-
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tive patterns of muscle involvement are
seenin GSDV and GSDVII. Spectroscopic
and perfusion MRI have been used to
investigate metabolic muscle dysfunction
with the aim of finding supplementary
indices of disease characterization.’'P-
MRS can be helpful distinguishing
GSDVII from GSDV.

e Therapy is not currently available. Some
attempts have been undertaken to treat
GSDYV, but most of them failed to pro-
duce significant amelioration or they
were not well tolerated.
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14.3 Mitochondrial Diseases
14.3.1 Synonyms, Abbreviations

MELAS (mitochondrial encephalomyopathy,
lactic acidosis, stroke-like episodes); MERFF
(myoclonic epilepsy, ragged red fibers); chronic
progressive external ophthalmoplegia (CPEO)
(ptosis, external ophthalmoplegia, mitochondrial
myopathy); Kearns—Sayre syndrome (external
ophthalmoplegia, pigmentary retinopathy, heart
block, ataxia, muscle weakness with occasional
fatigue on exertion)

14.3.2 Genetics and Pathophysiology

Mitochondria are small intracellular organelles
with several important functions, including a key
role in energy production via the electron-trans-
port chain and respiratory chain. The spectrum
of diseases caused by impaired mitochondrial
structure and/or function is broad and in dynamic
evolution. They can be related to defects of mito-
chondrial DNA, be maternally inherited, or
related to defects of nuclear genes required for
mitochondrial functions. In the latter condition,
diseases are transmitted to offspring according to
mendelian rules of inheritance (autosomal domi-
nant, autosomal recessive, or X-linked).

Fig. 14.17 Characteristic pathological features of mito-
chondrial myopathies. Typical “ragged red fiber” (arrow)
(Gomori trichrome stain) (a). COX-negative fiber (arrow)

<b- ™

14.3.3 Histopathology

The muscular histopathological hallmark of
mitochondrial disorders is clusters of mitochon-
dria accumulating in the subsarcolemmal region
of muscle fibers, the so-called ragged red fibers
(RRFs), as seen with Gomori trichrome staining
(Fig. 14.17a). Mitochondrial proliferation is
another typical feature of mitochondrial disor-
ders, as showed by increased staining of muscle
fibers with succinate dehydrogenase. Reduced
COX staining is seen in some mitochondrial dis-
orders characterized by reduced COX activity
(Fig. 14.17b).

14.3.4 Clinical Presentation

The severity and type of clinical symptoms
related to mitochondrial dysfunction depends on
the percentage of mitochondrial DNA (mtDNA)
mutated and on the amount of energy required
by the tissue to function properly. Therefore, tissues
with high energy demand—e.g., muscles, heart,
brain—are more frequently affected. The
description of each disease is beyond the scope
of this chapter. However, the clinical presenta-
tion of muscle impairment in these disorders is
almost invariably characterized by exercise
intolerance and early fatigue. Rest promptly
alleviates the symptoms, which, however, may

il GRS

(cytochrome oxidase stain) (b). Courtesy of Cornelia
Kornblum, Bonn, Germany
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recur with activity resumption. Exercise intoler-
ance is generally associated with rhabdomyoly-
sis, with consequent release of myoglobin and
lactate into the bloodstream. Sometimes fixed
muscle weakness is present with various patterns
of muscle involvement. Multisystemic involve-
ment is frequently associated with muscle
impairment, such as in the most common mito-
chondrial phenotypes.

1. Mitochondrial encephalomyopathy, lactic aci-
dosis, and stroke-like episodes (MELAS)

2. Chronic progressive external ophthalmoplegia
(CPEO), with ptosis, external ophthalmople-
gia, and mitochondrial myopathy

3. Myoclonus epilepsy with ragged red fibers
(MERRF)

4. Kearns—Sayre syndrome (external ophthal-
moplegia, pigmentary retinopathy, heart block,
ataxia, and muscle weakness with occasional
fatigue on exertion)

The diagnostic assessment of mitochondrial
disorders with muscular symptoms includes the
measurement of lactate at rest and after mild
physical exertion. Usually a diagnostic muscle
biopsy is necessary to confirm the diagnosis.
RRFs and COX-negative fibers are classic
findings but might be absent. Therefore, in
addition to light microscopy, biochemical
assessment of the respiratory chain complexes
is often done to prove it is a mitochondrial
myopathy. The usefulness of any further test
depends on the clinical suspicion. These tests
might include assessment of specific enzyme
activity, brain MRI, and/or clinical and instru-
mental cardiac evaluation.

14.3.5 Imaging Findings

To date, only mitochondrial myopathy associ-
ated with progressive external ophthalmoplegia
has been studied by muscle MRI. Atrophy and a
fine, diffuse, fatty infiltration (i.e., “marbling”)
of thigh muscles are usual. Selective prominent
fatty infiltration of the sartorius and gracilis
muscles is particularly common, although selec-
tive involvement of other limbs is not seen in
this form. T2-weighted sequences reveal little
associated edema-like changes. The paucity of
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edematous changes correlates with minimal his-
topathological evidence of myonecrosis or
inflammation.

The severity of ophthalmoplegia is not neces-
sarily correlated with the degree of extraocular
muscle (EOM) volume, which can be clearly
atrophic (Fig. 14.18) or nearly normal. In this lat-
ter case, the presence of a bright signal in EOMs
on T1-weighted images may be useful in the dif-
ferential diagnosis (Fig. 14.19).

These findings suggest a selective vulnerabil-
ity of EOMs in CPEO and the sartorius and gra-
cilis muscles, raising the possibility that some
feature shared by these muscles might account
for their deterioration.

A description of brain MRI scans from
patients with mitochondrial myopathy is beyond
the scope of this chapter. By themselves, these
findings do not provide high sensitivity or
specificity for the diagnosis of mitochondrial
diseases. It is useful to remember that cerebral
and cerebellar atrophy are quite common fea-
tures in childhood and adults and that several
disorders present with widespread leukodystro-
phy. MELAS classically demonstrates hyperin-
tense T2 lesions that do not follow vascular
territories predominantly in gray and subcortical
white matter in the temporal, parietal, and occip-
ital lobes. Spectroscopy may show increased
lactic acid levels in the brain parenchyma during
the acute phase of this disease and in chronic
lesions. Focal, bilateral symmetrical basal
ganglia and periaqueductal gray matter lesions
are typical of Leigh syndrome.

14.3.6 Therapy

Therapeutic strategies comprise both dietary sup-
plementation and a nonpharmaceutical approach.
Coenzyme Q10, L-arginine, and nucleotide sup-
plementation show efficacy in terms of alleviating
symptoms related to exercise intolerance. Based
on the notion that ketogenic bodies stimulate
mitochondrial biogenesis, a ketogenic diet has
been tested with promising results.

With respect to the nonpharmaceutical
approach, both resistance and endurance training
seems to improve muscle strength and exercise
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Fig. 14.18 Patient with chronic progressive external muscles bilaterally. (b) Healthy control subject. Coronal
ophthalmoplegia (CPEO). (a) Coronal T1-SE weighted T1-SE weighted orbital image. Note the normal extraoc-
orbital image, note the small, thread-like extraocular ular muscles
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Fig. 14.19 Coronal T1-weighted MRI shows abnormal  (2006) Orbital magnetic resonance imaging of extraocular
bright internal signal in multiple extraocular muscles (right  muscles in chronic progressive external ophthalmoplegia:
MR, right IR, left MR, left LR muscle) in the deep orbit of  specific diagnostic findings. J AAPOS. 10(5):414-8.
a patient with CPEO. ON optic nerve. From Ortube et al ~ Reprinted with permission from Elsevier Limited
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resistance by stimulating mitochondrial biogenesis
and activation of quiescent satellite cells containing
nonmutant mtDNA.

14.3.7 Differential Diagnosis

— GSDV(Sect.14.2.2.2), GSDVII(Sect. 14.2.2.3),
CPT II (Sect. 14.4.1) deficiency. They are all
characterized by episodes of rhabdomyolysis
triggered by exercise and the presence of some
recessive mitochondrial disorder. The differ-
ential diagnosis is based on (1) the presence of
clinical symptoms suggestive of multisys-
temic involvement in mitochondrial disorders,
usually absent in the other disorders, and (2)
histopathological findings.

Metabolic Myopathies: Mitochondrial
Diseases

Key Points

e Impairment of mitochondrial structure
or function has severe consequences in
terms of energy supply to several organs,
with high-energy demand organs such
as brain, heart, and muscles more
significantly affected.

e Mitochondrial disorders are usually
characterized by multisystemic involve-
ment. Clinical symptoms related to
muscle impairment are commonly rep-
resented by early fatigability during
exercise and myoglobinuria. Sometimes
muscle weakness is present.

* The diagnostic assessment includes mea-
surement of lactate at rest and after light
physical exertion and a muscle biopsy
that typically shows ragged red fibers.

e Any further test depends on the clinical
suspicion. Muscle MRI has not been
proven to be useful.

e The therapeutic approach includes
dietary supplementation and exercise.
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14.4 Lipid Storage Diseases

Lipid storage myopathies are related to disorders
of lipid metabolism, such as defects of long-chain
fatty acid or carnitine transport, endogenous trig-
lyceride metabolism, or -oxidation. Among the
diseases included in this group, so far only four
disease entities have been characterized geneti-
cally: primary carnitine deficiency, multiple acyl-
CoA dehydrogenase deficiency, and two neutral
lipid storage diseases (with ichthyosis and myo-
pathy, respectively). As there are no muscle
imaging data available for any of them, they are
not described further here. The only lipid storage
disease in which muscle MRI has been applied is
carnitine palmitoyl transferase II deficiency.

14.4.1 Carnitine Palmitoyl Deficiency Il

14.4.1.1 Synonyms, Abbreviations
CPTII



14 Metabolic Myopathies

14.4.1.2 Genetics and Pathophysiology
Carnitine palmitoyl deficiency II is a rare reces-
sive, semi-dominant disorder (chromosome
1p32). It is caused by a defect in the gene encod-
ing for carnitin-palmitoyl transferase II (CPT II),
one of the enzymes that transfer long-chain fatty
acylcoenzyme A across the barrier of the mito-
chondrial membrane to gain access to the enzymes
of B-oxidation.

14.4.1.3 Histopathology

In about 20 % of the muscle biopsies for CPT II,
there is a slight-to-moderate increase in lipid
content. Specific assays showing reduced CPT
activity are required for the diagnosis.

14.4.1.4 Clinical Presentation

Neonatal, infantile, and adult forms have been
reported. The neonatal and the infantile forms
are severe, usually lethal, generally because of
paroxysmal cardiac arrhythmias. A few hundred
CPT II patients have been described. The adult
form, characterized by muscle involvement, is
most common and least severe.

The most common symptoms of the adult
form are myalgias and muscle stiffness after long
exercise. This form is the most common cause of
myoglobinuria in young adults. The heart is not
affected. The central nervous system may be
involved in neonatal and infantile cases, mani-
festing as hepatic leukoencephalopathy.

14.4.1.5 Imaging Findings

'"H-MRS is helpful diagnostically and for moni-
toring the disease and the response to treatment.
It can detect the deficiency of total carnitine and
estimate the high acylcarnitine conjugation frac-
tion via measurement of muscle carnitine T2
relaxation. The presence of this late peak initially
and its disappearance after dietary therapy
because of an increase in the free carnitine frac-
tion, are consistent with high fat intolerance.

14.4.1.6 Therapy
Intravenous glucose administration shows some
efficacy. A promising compound is bezafibrate,
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which upregulates CPT2 mRNA and improves
enzyme activity in cultured fibroblasts and myo-
blasts. A small study of six patients showed alle-
viation of the clinical symptoms with reduced
frequency of rhabdomyolysis and significantly
improved fatty acid oxidation.

14.4.1.7 Differential Diagnosis

- GSDV (Sect. 14.2.2.1), GSDVII
(Sect. 14.2.2.3), CPT II (Sect. 14.4.1)
deficiency. They are all characterized by epi-
sodes of rhabdomyolysis triggered by exer-
cise. The differential diagnosis is based on (1)
the presence of clinical symptoms suggesting
a multisystemic involvement in mitochondrial
disorders, usually absent in the other disorders
and (2) histopathological findings.

Metabolic Myopathies: Lipid
Storage Diseases

Key Points

» Lipid storage disorders are related to dis-
ordered lipid metabolism, such as defects
of long-chain fatty acid or carnitine trans-
port, endogenous triglyceride metabo-
lism, or 3-oxidation.

* Only four of the disorders have been
characterized genetically: primary car-
nitine deficiency, Multiple acyl-CoA
dehydrogenase deficiency, and two
Neutral lipid storage diseases (with ich-
thyosis and myopathy, respectively).

e Muscle MRI ("H-MRS), applied only to
CPT II, shows the absence of total car-
nitine and the high acylcarnitine conju-
gation fraction via measurement of
muscle carnitine T2.

* Bezafibrate showed promising results
on a small sample of patients, with clini-
cal improvement and normalization of
fatty acid oxidation.
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Introduction
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presentation with weakness and hypotonia is
“congenital” or appears during the first years of
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Congenital myopathies (CMs) are a clinically
and genetically heterogeneous group of early-
onset myopathies that are classified according to
the predominant histopathological findings in
skeletal muscle. CMs usually exhibit distinctive
morphological abnormalities such as rods, an
increased number of central nuclei or central or
multiple cores. In most patients, the clinical
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life with delayed motor milestones. In most
patients, the classic histopathological findings
guide one to the correct genetic diagnosis. Classic
central core disease (CCD) is related to RYRI
mutations (see Sect. 15.2), and multi-minicore
disease (MmD) is most often related to SEPNI
mutations (see Sect. 15.3). Disorders with an
increased number of central nuclei may be inher-
ited as an X-linked trait (myotubular myopathy)
(see Sect. 15.4), or more often they are autosomal
dominant (DNM2 related) (see Sect. 15.5). CM
with protein aggregates, such as nemaline myo-
pathy and cap disease, are described in
Sections 15.6 (ACTA1) and 15.7 (TPM2). Some
pathological overlap between genetic distinct
disorders has been described, making a genetic
diagnosis sometimes difficult. Recently, different
involvement patterns for CM have been identified
based on muscle imaging. They can help to
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narrow the differential diagnosis. Presently, there
is no curative therapy for any of the congenital
myopathies. Supportive care, including early
respiratory and scoliosis management, and the
clinical management of symptoms and complica-
tions is still the only available therapy.
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15.2 RYR1-Related Myopathies

Daniela Avila-Smirnow, Robert-Yves Carlier,
Susana Quijano-Roy

15.2.1 Synonyms, Abbreviations

Central core disease (CCD); Central core myopa-
thy; Malignant hyperthermia (MH); Multi-
minicore/minicore/multicore disease (MmD);
Ryanodine receptor type 1 (RYRI)-related
myopathy.

15.2.2 Genetics and Pathophysiology

Ryanodine receptor type 1 (RYRI) gene muta-
tions (19q13.2, OMIM #18090) have been asso-
ciated with a variety of CMs and with malignant
hyperthermia (MH). CMs related to RYR/ include
CCD, MmD, congenital fiber-type disproportion
(CFTD), core-rod myopathy, and CMs with
nuclear internalization and structure disorganiza-
tion. In particular, in CCD, RYRI mutations are
usually dominant but autosomal recessive muta-
tions have been also described. RYRs represent a
family of mammalian calcium channels located
in the endoplasmic/sarcoplasmic reticulum (ER/
SR). Three isoforms are recognized: RYR1, first
described in skeletal muscle; RYR2 in cardiac
muscle; RYR3 in the brain. RYRI gene is located
in chromosome 19q13.2 and spans 104 exons.
The RYRI protein is composed of 5037 amino
acids. It is responsible for the release of cal-
cium from the SR that is required for excitation

S. Quijano-Roy et al.

contraction coupling in skeletal and cardiac mus-
cle. CCD is probably the most common CM, but
the exact incidence is not known. Because of the
lack of typical histopathological findings at an
early age, this condition might be underdiagnosed.

15.2.3 Histopathology

Muscle biopsies of patients with RYRI mutations
vary widely even within families and in the same
patient over time. The typical finding of CCD on
light microscopy is the “central core,” which is
located in type I fibers (Fig. 15.1). These struc-
tures correspond to central areas of muscle fiber
devoid of enzymatic oxidative activity due to an
absence of mitochondria. Central cores run along
all or most of the longitudinal axis of the fiber. In
contrast, in MmD cores span only a portion of
the long axis of the fiber. In CCD, cores might be
single or multiple and centrally or laterally
located. Type I fiber predominance and atrophy
are frequently observed and may be the only
abnormality in young children. Some cases
of fatty tissue replacement and fibrosis have
been described. Immunohistochemistry shows
desmin, plectin, y-filamin, and aB-crystallin
accumulation in cores. Electron microscopically,
cores appear as well-defined areas devoid of
mitochondria and with structural disorganiza-
tion. Mitochondrial accumulation has been
described at the periphery of some cores and in
the subsarcolemmal region. Z-line disruption
might be present.

15.2.4 Clinical Presentation

The clinical features and severity of CCD are
extremely variable (Fig. 15.2). Most affected
patients have clinical manifestations during
infancy with hypotonia, muscle weakness,
delayed motor milestones, hyporeflexia, and
orthopedic deformities. Weakness is mostly axial
and proximal, especially in the pelvic girdle.
Facial weakness may be present, and even ptosis
and ophthalmoparesis have been reported in a
small proportion of cases, mimicking myasthe-
nia. Orthopedic deformities include congenital
hip dislocation, scoliosis, and lumbar hyperlor-
dosis. Global hyperlaxity is frequent, but it is not
associated with significant limb joint contrac-
tures. The clinical course is usually mild and
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Fig. 15.1 Histological findings in ryanodine receptor
type 1 (RYR1)-related myopathy. (a, b) Light microscopy
of central core disease with typical central core lesions
(white arrows) as seen by H&E (a) and NADH (b) stain-
ing. Courtesy M. Olivé, Barcelona, Spain. (¢, d) Electron

nonprogressive, although severe cases have been
reported that included the fetal akinesia syndrome
or severe congenital phenotypes with hypotonia
and progressive scoliosis. These patients require
mechanical ventilation. Apart from these severe
presentations, most other patients achieve walk-
ing. There is no evidence of abnormal cardiac
function. Creatine kinase (CK) levels are usually
in the normal range, but phenotypes with high
CK levels and signs of rhabdomyolysis have been
recently reported.

15.2.5 Imaging Findings

Muscle imaging has revealed a characteristic dis-
tribution pattern in the thighs and lower legs in
RYRI-related myopathies (Fig. 15.3). In the
pelvic girdle, the gluteus maximus muscle is
predominantly affected. In the thigh, the vasti,
adductor magnus, biceps femoris, and often sar-

microscopy of a patient with typical disruption of sarcom-
eres and streaming of (dark) Z lines (white arrows) (c)
and severe sarcomere disorganization (d) in a patient with
fetal akinesia syndrome. Courtesy of N.B. Romero, Paris,
France

torius muscles are selectively involved, whereas
the rectus femoris, gracilis, adductor longus, and
semitendinosus muscles are spared. In the legs,
the soleus muscle is markedly affected and, to a
lesser extent, the peroneal group, with relative
sparing of the gastrocnemii and the anterior com-
partment muscles. A number of patients do not
display this typical pattern, particularly those
with recessive forms or in cases associated with
ophthalmoplegia. In patients with RYR/ muta-
tions, whole-body imaging techniques (Fig. 15.4)
often reveal involvement of masticator muscles
and of neck extensor muscles. In the pelvic gir-
dle, arm, and lumbar trunk muscles, the degree of
fatty infiltration is moderate. The glutei, biceps
brachii, and lumbar paravertebral muscles are
particularly affected. Milder involvement is
observed in the forearm and shoulder, with the
subscapularis muscle predominantly affected.
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Fig. 15.2 Clinical variability in RYR1-related myopathies. (a) A 13-year-old girl with mild proximal weakness and
fatigability. (b) A 3-year-old non-ambulatory boy with severe early scoliosis, and respiratory insufficiency

Fig.15.3 Muscular imaging in four RYR1-CCD patients
ranging from a mild to a severe clinical phenotype shows
characteristic patterns of muscle involvement. The first
mild changes appear in the medial thigh compartment and
soleus muscles (a, arrowheads). In more severely affected
patients, involvement of the gluteus maximus muscle,
quadriceps, and lateral gastrocnemius are observed (b, ¢),

15.2.6 Differential Diagnosis
Overlapping features are observed in the various
forms of congenital myopathies and congenital

whereas the gluteus minimus, the hamstrings, and the tibi-
alis anterior muscles are relatively preserved (d). From
Fischer D, et al (2006) Muscle imaging in dominant core
myopathies linked or unlinked to the ryanodine receptor 1
gene. Neurology;67(12):2217-20). Reprinted with per-
mission from Wolters Kluwer Health

muscular dystrophies (see Chap. 16). In particu-
lar, patients with mutations in SEPNI (see
Sect. 15.3), DNM2 (Sect. 15.5), or COL6
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Fig. 15.4 Whole-body T1-weighted turbo spin echo
magnetic resonance imaging (MRI) frontal (a) and axial
views (b-i) in a 13-year-old girl with a RYRI dominant
mutation and mild weakness. Frontal whole-body view
shows moderate to severe involvement predominantly in
the pelvic girdle and lower limbs. (b—i) Head axial views
with mild to moderate involvement of the masticator mus-
cles in the head: masseter (arrows in b) and pterygoids
(white star in b). In contrast, neck muscles are well pre-
served (sternocleidomastoid, SCM in ¢). Shoulder mus-
cles are thin, but there is no abnormal signal (d). Upper
trunk and upper limbs show involvement of the biceps

(see Sect. 16.4) genes may mimic the CCD
phenotype. Biopsy, clinical features, and imag-
ing findings can help narrow the differential

brachii muscles (white arrow in e). Lumbar paravertebral
muscles are severely affected (black arrows in f). Pelvic
girdle shows moderate to severe involvement of gluteal
muscles (GLU). In the thigh, severe abnormalities of mus-
cles are observed, with selective sparing of the rectus
femoris (RF), gracilis (G), adductor longus (AL), and
semitendinosus (S7) muscles. (h) In the lower leg, the
soleus muscle (SOL) is markedly affected, with preserva-
tion of the other muscles. (i) From Quijano-Roy S, et al
(2012) Whole body muscle MRI protocol: pattern recog-
nition in early onset NM disorders. Neuromuscul Disord.
22:S68-84. Reprinted with permission from Elsevier

diagnosis. External ophthalmoplegia, ptosis, and
facial and bulbar involvement are more typical for
centronuclear myopathy due to DNM2 mutations
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(see Sect. 15.5) or myasthenic syndromes. The
need for nocturnal ventilation in an ambulatory
patient is highly suggestive of SEPNI-related
myopathy (see Sect. 15.3). Distal striking hyper-
laxity associated with proximal joint contractures
is characteristic for Ullrich syndrome due to
COL6 gene mutations (see Sect. 16.4). Other
conditions not associated with myopathies—e.g.,
denervation, malignant hyperthermia, MYH?7-
associated-hypertrophic cardiomyopathy (see
Sect. 21.2.3)—may also show cores. Concerning
involvement patterns on muscle imaging, the
typical RYRI profile in lower limbs may overlap
with that of severe SEPNI-mutation cases.
However, in those cases, whole-body imaging
(MRI) offers additional information, allowing a
straightforward differential diagnosis. Whereas
with whole-body MRI the RYRI/-mutation
patients may show quite diffuse involvement of
masticator and upper arm muscles, those with the
SEPNI mutation have more limited abnormali-
ties (sternocleidomastoid muscle atrophy and
selective marked infiltration of paravertebral
muscles). A flow chart demonstrating how mus-
cle imaging findings can be used for differentiat-
ing congenital myopathies is provided in Chap.
25 (see Sect. 25.2).

Congenital Myopathies:
RYR1 Related Myopathies

Key Points

e Most patients with RYRI-associated
CCD display signs of the disease during
infancy, manifesting as hypotonia,
slowly progressive axial and proximal
muscle weakness, delayed motor mile-
stones, hyporeflexia, and orthopedic
deformities.

e Muscle biopsies of patients with RYRI
mutations typically show the presence
of “central cores” devoid of enzymatic
oxidation in type I fibers.

e The majority of patients with identified
RYRI mutations show a typical MRI
pattern of leg muscle involvement, with
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the vasti, adductor magnus, and sarto-
rius muscles predominantly affected and
the rectus femoris, adductor longus, and
gracilis muscles spared. In the lower
legs, the soleus, gastrocnemius, and per-
onal group muscles are affected, and the
tibialis anterior is usually preserved.

e Whole-body MRI reveals additional
moderate involvement of the biceps
brachii, subscapularis, lumbar paraver-
tebral, and glutei muscles and milder
involvement of the masticator, neck
extensor, and forearm muscles.
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15.3 Selenoproteinopathies

Susana Quijano-Roy, Daniela Avila-Smirnow,
Robert-Yves Carlier

15.3.1 Synonyms and Abbreviations
SEPN]I-related myopathy (SEPN1-RM); congen-
ital muscular dystrophy (CMD) with rigid spine
syndrome; rigid spine syndrome type 1 (RSMD1);
multi-minicore disease (MMD); multi-minicore
myopathy

15.3.2 Genetics and Pathophysiology
Selenium is an essential trace element, and sele-
noprotein N (SelN) was the first selenium-
containing protein shown to be directly involved
in inherited human diseases. Mutations in the
SEPNI gene (1p35-36), encoding SelN, cause a
group of muscular disorders (OMIM# 606210)
characterized predominantly by affected axial
paraspinal muscles. SelN, a glycoprotein local-
ized in the endoplasmic reticulum, is involved in
various antioxidant defense systems and several
metabolic pathways, including redox-regulated
calcium homeostasis. SeIN is highly expressed
from mid-gestation, suggesting an important role
in embryogenesis. Although its pathophysiologi-
cal role in skeletal muscle remains unclear, data
indicate that SelN might be a key regulator of sat-
ellite cells’ function in skeletal muscle tissue.

15.3.3 Histopathology

SEPNI mutations were initially described in
patients with CMD who presented with selective
spinal rigidity and normal expression of the pro-
tein merosin (RSMD1). Histopathological
findings included nonspecific dystrophic changes,
including variation in fiber size, increased central
nuclei, fiber degeneration and regeneration, and
increased endomysial connective tissue. Later,
SEPNI mutations were also reported in the classic
form of multi-minicore myopathy (MMD), in
congenital fiber disproportion myopathy (CFTD),
and in a desminopathy with Mallory body-like
inclusions. Histopathological findings of SEPN-
related MMD include multiple small areas of
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sarcomeric disorganization and/or diminished
oxidative activity (‘“minicores”). In contrast to
the typical central cores seen in RYR/-CCD (see
Sect. 15.2), minicores may be observed in type I
and type II fibers. In addition, minicores are short
and span only a few sarcomeres in the longitudi-
nal fiber axis. SEPNI-related myopathy behaves
as a dystrophic process in paraspinal axial mus-
cles, whereas the muscle pathology in limb girdle
muscles is closer to that seen in other congenital
myopathies, often lacking necrosis, regeneration,
or marked endomysial fibrosis (Fig. 15.5).

15.3.4 Clinical Presentation

Clinical features in patients with SEPN/ muta-
tions are strikingly homogeneous in contrast to
the histopathological findings, which are rather
heterogeneous. The clinical manifestation is char-
acterized by selective weakness of cervicoaxial
muscles that becomes evident early in life. It is
often associated with a delay in motor milestones.
Later, weakness and hypotonia are replaced by
cervicoaxial spinal stiffness, often associated with
thoracic spinal lordotic deformity and character-
istic “S”-shaped thoracic translation of the spine
(Fig. 15.6). No major joint contractures are
observed in the limbs. The voice is typically nasal.
Concerning motor performances, these patients
complain characteristically of fatigability and to a
lesser extend of weakness. Many patients, how-
ever, are able to run and climb stairs. A major
clinical complication is the restrictive respiratory
insufficiency that occurs during the first years of
life. These symptoms are aggravated by diaphrag-
matic dysfunction, leading to nocturnal hypoven-
tilation. Mechanical ventilation is required in
most children before they reach adulthood.
A patient affected with a myopathy who is still
ambulatory but requires mechanical ventilation at
night is highly suspected to have SEPNI-RM,
particularly if these symptoms are accompanied
by rigid spine syndrome not associated with
major joint contractures. Most patients remain
ambulatory through adulthood. Respiratory
insufficiency seems to stabilize during the third to
fourth decades of life if there is adequate ventila-
tion and the scoliosis is treated.
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Fig. 15.5 Histochemical and ultrastructural features of
SEPNI-related multi-minicore-disease: a—d, Serial trans-
verse cryostat sections. (a, ¢) 5 years old patient. Left del-
toid stained with H&E (a) and myosin adenosine
triphosphatase pH 9.4 (b). Note the variable fiber sizes and

£

predominance of type 1 (lighter) fibers. Although all the
type 2 fibers have large diameters, both large and small
type 1 fibers are observed, which produces a smaller mean
diameter (“type 1 relative hypotrophy”). (¢, d) 14 years
old patient. Right deltoid stained with nicotinamide
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Fig. 15.6 Typical features in SEPNI patients: severe
hypotrophy of sternocleidomastoid muscle (SCM), which
is observed clinically (arrow in a) and on whole-body
MRI (arrows in ¢). Clinical picture (b) and frontal whole-
body MRI view (g) reveal the characteristic translation of
the dorsal spine, thoracic lordosis, and hypotrophy of the
internal thigh leading to a “brackets” aspect of the lower
limbs. Fatty infiltration of neck and upper limb muscles
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with selective affection of neck extensors (NVE in ¢), tho-
racic paravertebral (7PV in d and e), and gluteus muscles
(GLU) (f). Note the diffusely reduced subcutaneous tissue
(lipoatrophy in d—f) and the severe thoracic lordosis (e, f).
(c—g) From Quijano-Roy S, et al (2012) Whole body
muscle MRI protocol: pattern recognition in early-onset
NM disorders. Neuromuscul Disord. 22:S68-84.
Reprinted with permission from Elsevier

<
<

Fig. 15.5 (continued) adenine dinucleotide—tetrazolium
reductase (NADH-TR) (¢) and succinate dehydrogenase
(d). Multiple focal areas lacking oxidative activity are pres-
ent in most type 1 (darker) and type 2 fibers. As shown here,
in two different biopsy specimens, there was no significant
increase inendomysial connective tissue. (e—g) Longitudinal
electron micrography sections from two different patients
(e, ) and (g). Left quadriceps and left deltoid at 23 and
5 years of age, respectively. (e, f) Mild, early-stage mini-
core lesions. The sarcomeres appear out of register. Z-line
streaming is limited to one sarcomere in length and three to

four myofibrils in width. The longitudinal myofilament
array is still recognizable. (g) Electron-dense material of
Z-line origin forming irregular zones with severe focal dis-
organization of the myofibrillar structure. Bars=40 pmina
and b, 25 um in ¢, 12.5 pm in d, and 2.5 pm in e-g. From
Ferreiro A, et al (2002) Mutations of the selenoprotein N
gene, which is implicated in rigid spine muscular dystro-
phy, cause the classical phenotype of multiminicore dis-
ease: reassessing the nosology of early-onset myopathies.
Am J Hum Genet. 71:739-49. Reprinted with permission
from The American Society of Human Genetics
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Fig. 15.7 Thigh and lower leg MRI features in four
SEPNI patients with different degrees of severity. The
patient with the mildest case shows in the thigh (a), atro-
phy of the sartorius muscle (thick black arrow) and selec-
tive fatty infiltration of the (great) adductor magnus (GA),
semimembranosus (SM), and biceps femoris (BF). In
patients with moderate severity (c, d), there is a similar
distribution of abnormalities in the thigh (¢) with addi-
tional involvement of the vastii (VV). In the lower leg,

15.3.5 Imaging Findings

The distribution pattern on whole-body MRI is
characterized by striking axial involvement with
severe involvement of the paraspinal, intercostal,
abdominal, and gluteal muscles. In the neck,
severe selective atrophy of the sternocleidomas-
toid muscle and fatty infiltration of neck exten-
sors can be observed. Muscles of the head,
shoulder, and upper extremities are often pre-
served, particularly the tongue (Fig. 15.6).
Sparing of the tongue is helpful for distinguish-
ing this profile from Pompe disease (see Sect.
14.2.1). In the lower limbs, there is often pre-
dominant involvement of the sartorius, which
typically is associated with fatty infiltration of
the biceps femoris, semimembranosus, and
adductor magnus muscles. In more advanced
stages, the vastus lateralis may also be involved,
leading to overlapping features to the RYRI (see
Sect. 15.2) pattern in the thigh. The lower leg is
often not affected during early stages, but if there
is fatty infiltration, it is often more severe in the
posterior compartment (Fig. 15.7).

there is mild abnormal involvement of the posterior com-
partment (b, arrows). The most severe cases (e—f and g-h)
show the same pattern of abnormalities, with severe fatty
infiltration of the thigh (e, g) and better preservation of the
rectus femoris (RF), adductor longus, gracilis (G), and
semitendinosus muscles (S7). In the lower leg (b, d, f, h),
the posterior compartment is always predominantly
affected (thin black arrows in b)

15.3.6 Differential Diagnosis

SEPNI-RM is difficult to diagnose during the
first years of life in the absence of specific clini-
cal or pathological features. With advancing age,
however, the clinical features become highly
suggestive. Because of the risk of “hidden” life-
threatening respiratory complications, it is
important always to consider this entity in the
clinical differential diagnosis of a floppy infant.
Neuromuscular imaging, particularly using
whole-body muscle MRI, is a helpful tool for dis-
tinguishing patients with SEPNI mutations from
other patients with similar clinical findings (e.g.,
progressive scoliosis, spinal stiffness). This phe-
notype is observed not only in SEPNI-RM but
also in patients with mutations in other genes that
are difficult to analyze or with poor muscle tissue-
specific markers such as RYRI (see Sect. 15.2),
COL6 genes (see Sect. 16.4), lamin A/C (LMNA)
(see Sect. 16.3 and Chap. 18), and acid a.-glucosi-
dase (GAA) (see Sect. 14.2.1). Whole-body MRI
shows distinct profiles of muscle involvement in
all these entities. A flow chart demonstrating how
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muscle imaging findings may be used for the dif-
ferentiation of congenital myopathies is provided
in Sect. 25.2.

Interestingly, findings similar to those of
SEPNI-RM have been described in the thigh in
patients with mutations in the SECISBP2 gene
(selenocysteine  insertion  sequence-binding
protein 2). It is a multisystem disorder with
defective biosynthesis of many selenoproteins.
This disease results in a complex phenotype
(azoospermia, axial muscular dystrophy, photo-
sensitivity, enhanced systemic and cellular insu-
lin sensitivity). In contrast to SEPNI-RM, more
severe involvement of the adductor magnus was
observed than that in sartorius muscle.

Congenital Myopathies:
Selenoproteinopathies

Key Points

e SEPNI-related myopathy is histologi-
cally heterogeneous (CMD, MMD, con-
genital fiber-type disproportion) but
clinically homogeneous.

e Weakness is predominantly axial, with
relatively preserved limb girdle motor
function. Affected children develop sco-
liosis and require nocturnal mechanical
ventilation before adulthood.

e Patients usually remain ambulatory
most of their lives.

e Muscle MRI in the lower limbs may
help distinguish SEPNI from COL6 and
LMNA profiles because of the selective
involvement of the sartorius muscle.
However, the thigh involvement pattern
may not be informative enough in
patients with similar phenotypes
(Pompe’s disease, RYRI-RM). In those
cases whole-body MRI allows a straight-
forward diagnosis by showing atrophy
of the sternocleidomastoid muscle and
fatty infiltration of the paravertebral
muscles, whereas tongue, shoulder, and
arm muscles are well preserved.
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15.4 X-linked Myotubular Myopathy

Jorge A. Bevilacqua, and Norma Beatriz
Romero

15.4.1 Synonyms, Abbreviations

X-linked myotubular myopathy (XLMTM);
severe neonatal Centronuclear myopathy (CNM);
“Necklace fiber” myopathy

15.4.2 Introduction and Classification
Myotubular myopathy is seen in a group of cen-
tronuclear myopathies (CNMs) comprising a
series of congenital disorders, mainly character-
ized by the presence of centrally located nuclei in
biopsied muscle fibers. Three forms of CNM are
recognized according to the mode of inheritance:
X-linked recessive myotubular myopathy caused
by mutations in the myotubularin 1 gene (MTM 1,
OMIM 300400) (addressed in this chapter); an
autosomal dominant CNM caused by mutations
in the DNM?2 gene encoding dynamin 2 (DNM2)
(OMIM 160150) (see Sect. 15.5); an autosomal
recessive form due to mutations in the BINI gene
encoding amphiphysin 2 (OMIM 255200).

In XLMTM, affected males most frequently
present with severe hypotonia and respiratory
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Fig. 15.8 Histological findings in a muscle biopsy from
a neonate with XLMTM (a, b), and his asymptomatic
mother (c, d, e) show “necklace” fibers. From Bevilacqua
et al (2009) “Necklace” fibers, a new histological marker

insufficiency at birth, often leading to early post-
natal death. Mutations in MTMI have been
increasingly recognized as the underlying cause
of “atypical” forms of XLMTM in male new-
borns, female infants, carrier women, and adult
men with a mild form of the myopathy who lead
normal lives. A less severe form of myopathy
linked to MTMI mutations has now been
described in female carriers and adult men. It is
called “Necklace fiber myopathy” based on the
histological appearance of the muscle fibers
(Fig. 15.8).

15.4.3 Genetics and Pathophysiology

Myotubular myopathy is an X-linked recessive
myopathy caused by mutations in the myotubu-
larin gene (MTM ) on chromosome Xq28 encod-
ing the 3’ phosphoinositide-phosphatase
myotubularin 1. Mutations in the myotubularin

of late-onset MTMI-related centronuclear myopathy.
Acta Neuropathol. 117:283-9). Reprinted with permis-
sion from Springer

(MTM1) gene have now been identified in the
majority of affected males. Disease-causing
sequence changes include deletions/insertions,
nonsense, missense, and splice mutations
(approximately 25 % each). MTM I mutations are
distributed throughout the entire coding sequence,
localizing most commonly to exons 12, 4, 11, 8,
and 9. The maternal carrier state of MTMI muta-
tions is estimated at 85 %; maternal mosaicism
has been reported in a few families.

A clear genotype—phenotype correlation has
been difficult to establish. It has been shown,
however, that some nontruncating mutations are
associated with a more favorable prognosis,
although most mutations are associated with
severe phenotypes.

The pathogenesis of myotubularin-related
myopathyisnotyetfullyelucidated. Myotubularin
belongs to a large family of dual-specificity
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Fig.15.9 Clinical appearance of a male patient with late-
onset XLMTM. This case is a patient from the series by
Bevilacqua et al. (2009). (a, b) Note the athletic appear-
ance of the patient. Patient showing marked asymmetry of
the calves with right calf atrophy (white arrow in a), also
seen in Figs. 15.10c, 15.11a. From Bevilacqua et al (2009)
“Necklace” fibers, a new histological marker of late-onset
MTM 1 -related centronuclear myopathy. Acta Neuropathol.
117:283-9). Reprinted with permission from Springer

phosphatases involved in the epigenetic regula-
tion of signaling pathways interrelated with cel-
lular growth and differentiation. A specific
function has been proposed for myotubularin in
regulating phosphoinositide-derived second mes-
sengers with crucial roles in membrane trafficking.
To date, however, no skeletal muscle protein
interactors of MTM1 have been identified. Thus,
either disruption of the MTMI1 structure or loss
of enzymatic activity may underlie the deleteri-
ous effects of specific MTM I mutations, but it is
not possible to exclude the role of unidentified
protein—protein interactions in the muscle tissue.
Observations in animal and cellular models indi-
cate that myotubularin plays a role in muscle
fiber maintenance but not in myogenesis. These
data suggest that disturbed remodeling of

cytoskeletal and extracellular architecture plays a
role in the pathophysiology of XLMTM.

15.4.4 Histopathology

Biopsy findings in neonatal XLMTM patients
show a fiber population with a typical myotube-
like appearance characterized by central nuclei
surrounded by a clear halo. Fibers are predomi-
nantly type I, usually smaller than those in age-
matched controls, and with oxidative and ATPase
reactions the appearance 1is characteristic
(Fig. 15.8). In the milder juvenile or adult form of
MTM]-linked myopathy, the biopsy shows fiber
size variability with a predominance of type I
fibers, increased endomysial tissue, and adipose
replacement. Nuclear centralization or internal-
ization is present in about one-fourth of the fibers.
In these cases, the histological hallmark is the
presence of small, atrophic fibers underneath the
sarcolemma in a basophilic ring or “necklace”
following the contour of the cell (“necklace
fibers”) (Fig. 15.8).

15.4.5 Clinical Presentation

The X-linked form due to mutations in the MTM 1
gene has been clinically well characterized. The
classic neonatal form shows severe hypotonia
and generalized muscle weakness at birth. Most
affected boys die during the first year of life from
respiratory insufficiency. The onset of milder
forms is during early childhood, with delayed
motor milestones followed by insidious muscle
weakness beginning in the proximal lower limbs
and spreading later to the shoulder girdle, neck,
and trunk. Contractures are frequent. Cardiac
function is usually preserved. CK values are
normal or slightly increased. One remarkable
feature observed in these cases is asymmetrical
calf atrophy (Fig. 15.9). The majority of carriers
of the X-linked form are asymptomatic, but a few
patients show signs of mild muscle weakness,
especially if additional genetic abnormalities are
present (e.g., skewed X inactivation, structural
X-chromosomal abnormalities). As for other cen-
tronuclear myopathies, management of MTM1I-
related myopathy is mainly supportive based on a
multidisciplinary approach. The neonatal form of
the disease is often fatal during infancy.
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Fig. 15.10 Comparative lower limb computed tomogra-
phy (CT) imaging from three patients with the adult form
of XLMTM (“Necklace myopathy”). Lower limb CT
scans from patients 1 (a), 2 (b), and 4 (c), obtained at 43,
26, and 49 years of age, respectively. Muscle involvement
was observed in the soleus (SL), biceps femoris (BF),
semimembranosus (SM), semitendinosus (S7), adductor
magnus (AM), vastus intemedius (VI), lateralis (VL), and
gluteus maximus (GL) muscles. In contrast, the rectus
femoris (RF), gracilis (GR), and sartorius (SAR) muscles

15.4.6 Imaging Findings

Imaging findings of MTMI-related myopathy
have been mainly described for Necklace fiber
myopathy. Lower-limbs CT imaging and MRI of
patients with Necklace myopathy showed mod-
erate to severe abnormalities in the pelvic girdle,
particularly in the gluteus (i.e., minimus, medius,
maximus) muscles. The most severe changes
were observed in the posterior compartment of
the thigh (Figs. 15.10 and 15.11), where the
biceps femoris, semimembranosus, and to a
lesser extent the semitendinosus were consis-
tently affected at onset. In the middle thigh, the
adductor magnus was involved, whereas the
adductor longus, sartorius, and gracilis were

in the thigh and the gastrocnemii (GM) and anterior com-
partment muscles of the lower leg were relatively spared.
Note the marked asymmetry of the calves in a and c. In
this patient, muscle involvement was limited to the right
posterior leg and thigh compartments (c¢). From Bevilacqua
et al (2009) “Necklace” fibers, a new histological marker
of late-onset MTMI-related centronuclear myopathy.
Acta Neuropathol. 117:283-9). Reprinted with permis-
sion from Springer

relatively preserved. Signal abnormalities in the
anterior compartment of the thigh touched the
vasti intermedius and medialis, in contrast to the
relatively normal appearances of the rectus fem-
oris and vastus lateralis. Two of the patients
reported in the series had markedly asymmetri-
cal calves, both having atrophy on the right calf
and pseudo-hypertrophy on the left (Figs. 15.10
and 15.11). The soleus was always the most
affected muscle in the lower legs and showed
moderate to severe changes in the three studied
patients. The medial and lateral gastrocnemii
and the muscles of the anterior compartment of
the leg were comparatively less involved or
unaffected.
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Fig. 15.11 Comparative CT and MRI lower limb imag-
ing of two patients. Patient 4: CT scan (a) obtained at
49 years of age shows asymmetry of the calves and selec-
tive alteration of the right biceps femoris and posterior leg
muscles. Patient 2: MRI (b) obtained at 32 years of age
shows marked involvement of the gluteus (GL), posterior
thigh muscles, and vastus intermedius (VI) and lateralis
(VL) muscles. Rectus femoris (RF), sartorius (SR), graci-

In a case of an early severe form of XLMTM in
a girl with skewed X-inactivation, lower-limbs
MRI showed diffuse involvement of the pelvic
girdle with relative sparing of the adductor longus
in the thigh and the tibialis anterior, extensor digi-
torum longus, and both gastrocnemii muscles in
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lis (GR) and adductor longus (AL) muscles were relatively
spared. In the leg, the soleus (SL) was consistently
affected, whereas the gastrocnemii (GM) and anterior leg
compartment muscles (7A) were less affected or unaf-
fected. From Bevilacqua et al (2009) “Necklace” fibers, a
new histological marker of late-onset MTM1-related cen-
tronuclear myopathy. Acta Neuropathol. 2117:283-9).
Reprinted with permission from Springer

the lower legs. There are no published imaging
findings of the severe neonatal forms in boys. In
the case of the oldest known clinically affected
female carrier of myotubular myopathy, lower
limb muscle CT scans of the 77-year-old woman
showed marked fatty replacement in the glutei,
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posterior thigh muscles (except sartorius and graci-
lis), and gastrocnemii. There was also asymmetri-
cal right soleus involvement in the legs. Asymmetry
has also been shown on chest radiographs from
patients affected by myotubular myopathy, who
presented with an elevated right hemi-diaphragm.

15.4.7 Differential Diagnosis

The differential diagnosis for myotubular myopa-
thy varies according to the age of onset. In the
neonatal form, the differential diagnosis should
consider other CMs including congenital myo-
tonic dystrophy (see Chap. 22) in which the histo-
logical appearance of the muscle of both entities
is similar. Presentation in juvenile and adult
patients requires that XLMTM be distinguished
from other CMs, particularly those due to DNM2
(see Sect. 15.4) and BINI mutations. A flow chart
demonstrating how muscle imaging results can be
used for differentiating congenital myopathies is
provided in Chap. 25 (see Sect. 25.2).

Congenital Myopathies:
(X-linked) Myotubular Myopathy

Key Points

e XLMTM is a severe, usually fatal, neo-
natal-onset congenital myopathy that
rarely present with atypical juvenile and
adult onset.

e Screening for the MTM1 gene should be
considered in female patients with sug-
gestive clinical and histopathological
features.

* Clinical onset at birth is frequently fatal
because of severe respiratory impair-
ment and should be distinguished from
other congenital myopathies.

e In juvenile patients, adult men. and
carriers, XLMTM may lead to a milder,
or subsymptomatic, myopathy.

e Muscle biopsy is indispensable for
diagnosis and allows identification of
the various phenotypical forms of the

S. Quijano-Roy et al.

disease (i.e., neonatal, ‘“necklace”).
Congenital forms of myotonic dys-
trophy (DM-I) should be always
ruled out.

e Imaging in milder affected patients
show diffuse involvement of the thigh
and posterior leg with relative sparing of
the rectus femoris, gracilis, sartorius,
and gastrocnemius muscles.
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15.5 Dynamin 2-Related
Centronuclear Myopathy

Daniela Avila-Smirnow, Robert-Yves
Carlier, Susana Quijano-Roy

15.5.1 Synonyms and Abbreviations
Autosomal dominant centronuclear myopathy
(CNM); dynamin 2 (DNM2); DNM2-related
CNM (DNM2-CNM)
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15.5.2 Genetics and Pathophysiology
Centronuclear myopathy (CNM) is related to
three genes according to mode of inheritance.
Autosomal dominant CNM is related to dynamin
2 (DNM?2), autosomal recessive CNM to amph-
iphysin (BIN), and X-linked CNM to myotubu-
larin (MTM1I) (see Sect. 15.4) mutations.
However, no genetic defect can be identified in
30 % of CNM cases.

The majority of CNMs are caused by domi-
nant DNM?2 mutations, including sporadic cases,
which are due to dominant de novo mutations.
DNM? is located in chromosome 19p13.2 (OMIM
160150) and is composed of 22 exons. It codes
for dynamin 2 (DNM2) a 98-kDA protein.
Dynamins are a superfamily of large GTPases
involved in membrane trafficking. They act as
scaffolding molecules. Hydrolization of GTP
involves the formation and release of vesicles
from biological membranes. In particular, DNM2
participates in endocytosis, exocitosis, intracel-
lular membrane trafficking, actin assembly, and
centrosome cohesion. DNM2, though ubiqui-
tously expressed, is more abundant in cardiac and
skeletal muscle.

Various pathophysiological hypotheses have
been exposed in DNM2-related CNM. Alteration
of membrane trafficking and signaling pathway
is one of the hypotheses. Excitation-contraction
coupling impairment due to T-tubule dysfunction
has also been suggested. Finally, abnormal cen-
trosome function due to an alteration of DNM2
transport to the centrosome or a change of its
interaction with centrosomal components has
been hypothesized. Genotype—phenotype corre-
lation hypotheses have started to merge and allow
an efficient screening strategy for molecular
diagnosis (e.g., heterozygous de novo mutations
in the PH domain, associated with early, severe
onset). In addition to CNM, dissimilar DNM?2
mutations are associated with Charcot—Marie—
Tooth (CMT) peripheral neuropathy (CMTD1B
and CMT2M), suggesting a tissue-specific impact
of the mutations.

15.5.3 Histopathology

In DNM2-related CNM, light microscopy shows
significant nuclear centralization and internaliza-
tion, radiating sarcoplasmic strands (RSSs), and
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type 1 fiber predominance and atrophy
(Fig. 15.12c—f). In young children (< 5 years of
age), this triad might be incomplete or absent. In
contrast, at the severe end of the spectrum, infants
with marked congenital myopathy and respiratory
failure may have severe abnormalities on
muscle biopsy indistinguishable from those of
myotubular myopathy due to MTMI mutations
(Fig. 15.13d). Centralization is defined as the
presence of one nucleus in the center of the muscle
fiber and internalization as the presence of one or
more nuclei anywhere in the sarcoplasm. Nuclear
centralization is more common than nuclear
internalization in CNM because of the DNM?2
mutations. Dystrophic features such as increased
connective tissue, fatty replacement, and even
regenerating fibers may be observed as well. RSSs
radiating from the central nucleus are seen with
NADH-TR, SDH, and COX stains. Electron
microscopy shows centralized nuclei, and RSSs
(Fig. 15.12f). Mitochondria, Golgi complex, sar-
coplasmic reticulum, and glycogen particles accu-
mulate between central nuclei and between
myofibrils. The radiating appearance is due to the
deceasing diameter of myofibrils from the periph-
ery to the center of the muscle fiber. Necklace
fibers or clear dystrophic changes including
fibrosis, fatty infiltration, and degenerating fibers
are features observed in a number of cases.

15.5.4 Clinical Presentation

Severity ranges from severe neonatal forms to
mild late-onset forms. Also, there are interfamil-
ial and intrafamilial variations in age of onset and
severity. Muscle weakness is more pronounced in
the distal limb, trunk, and neck extensor muscles.
Facial weakness, ptosis, and ophthalmoparesis
are often associated or appear during the course
of the disease (Fig. 15.13e, f). Neonatal onset
may mimic Myotubular myopathy due to MTM 1
mutations. Patients may have a history of
decreased fetal movements and at birth or early
in infancy present with generalized hypotonia,
ptosis, ophthalmoparesis, and facial and bulbar
weakness. Nasogastric tube feeding or gastros-
tomy and ventilator support are often required at
least during the early ages. In contrast to MTM 1
patients, symptoms associated with severe
DNM2-related CMN tend to diminish during the
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Fig. 15.12 Clinical and pathological findings observed
in early adult-onset DYN2-CNM. Patients present with
mild facial weakness and bilateral ptosis (a, b).
Characteristic histopathological findings are myotube-like
fibers that show an increased number of centralized nuclei
(H&E, x20) (¢); presence of fiber type 1 predominance
and atrophy (ATP 9.4) (d); radial distribution of sarco-

first years. These children may be weaned from
the ventilator, can eat orally, and achieve walk-
ing. Later, there is slowly progressive impairment
of motor bulbar and respiratory function, and the
patients may become wheelchair-bound or require
mechanical ventilation. Mid-face hypoplasia has
been reported in several patients, particularly
those with noninvasive nasal mask ventilation.

plasmic strands seen by NADH (e) and electron micros-
copy (f). Courtesy of Norma Romero, Paris, France. From
Fischer et al (2006) Characterization of the muscle
involvement in dynamin 2-elated centronuclear myopa-
thy. Brain. 129:1463. Reprinted with permission from
Oxford University Press

The majority of reported patients with DNM2-
related CNM show a milder phenotype, with
normal or subnormal motor development and
weakness starting during childhood or early
adulthood. Deep tendon reflexes are weak or
absent. Ptosis, ophthalmoparesis, and distal
involvement are typical findings but are rare in
other congenital myopathies (Fig. 15.12a, b).
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Fig. 15.13 Head MRI, histology, and clinical findings in
a 5-year-old boy with DNM2 mutation. (a—c¢) MRI findings
in head muscles: axial (a, b) and frontal (¢) views. There
is relatively selective involvement of the lateral pterygoid
muscles (white arrow), with other masticator muscles,
such as the masseter (Ms) and medial pterygoid muscles
(white stars) preserved. (d) A quadriceps muscle biopsy,
obtained at age 6 months showed type 1 fibers. Note the
predominant and abundant central nuclei. (e, f) Clinical

Many patients show pes cavus, wasting of calf
and thenar muscles, or contractures of long finger
flexor and Achilles tendons. Reduced jaw
opening and elbow contractures are also reported.
Spinal stiffness and scoliosis may develop as the
disease progresses (Fig. 15.14b, c). Cryptorchidia,
pectum excavatum, and high-arched palate have
been reported in a number of cases. CK levels
are usually normal or only mildly increased,
although there are reports of patients with mod-
erate CK elevation—up to 10 times normal.
Other abnormalities reported sporadically are
cataracts, neutropenia, mild white matter
changes, cognitive impairment or speech retar-
dat