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Preface

We present this book, A Case-Based Guide to Neuromuscular Pathology, to neu-
rologists, pathologists, and other practitioners who take care of patients with neuro-
muscular diseases.

Biopsy of skeletal muscle and peripheral nerve with histopathological interpreta-
tion is frequently requested by neurologists to evaluate patients with myopathies
and neuropathies as a part of the clinical workup and management. Muscle biopsy
plays an important role in the diagnosis and classification of inflammatory myopa-
thies, metabolic myopathies, congenital myopathies, muscular dystrophies, and
toxic myopathies. Nerve biopsy is essential for diagnosing vasculitic neuropathy,
amyloid neuropathy, infectious neuropathies, and neuropathies caused by malignant
cellular infiltration of nerves. Although muscle and nerve biopsies are less fre-
quently performed in the era of molecular testing, biopsies are still useful in many
cases, as the sensitivity of many genetic tests in identifying pathological mutations
in hereditary myopathies and neuropathies is not high. Moreover, biopsies can be
extremely valuable in the initial characterization of some myopathies and neuropa-
thies and can be used to direct subsequent genetic testing for specific hereditary
myopathies and neuropathies. In addition, skin biopsy for the evaluation of intraepi-
dermal nerve fiber density has emerged as the gold standard for diagnosing small
fiber neuropathy and has been increasingly utilized by neuromuscular specialists.

This book covers the entire spectrum of neuromuscular pathology including
skeletal muscle, peripheral nerve, and skin biopsies with biopsy interpretation. It
comprises three parts. Part 1 uses three introductory chapters to review muscle,
nerve, and skin biopsy indications and procedures, biopsy specimen handling and
processing, utility of individual stains, normal muscle and nerve histology, and
common muscle and nerve pathology. The 28 myopathy case chapters in Part 2 and
11 neuropathy case chapters in Part 3, collected from our practice over many years,
illustrate the clinical and pathological features of these entities, demonstrate the
indications and utilities of biopsies, discuss clinical and pathological differential
diagnosis, update the individual disease management, and summarize pertinent
clinical and pathology pearls for each case.

vii



viii Preface

This book is intended to help neurologists understand the utility of muscle,
nerve, and skin biopsies, correctly order these biopsies, become more familiar with
neuromuscular pathology, perform clinical and pathological correlations, and make
sound clinical decisions for management of patients with neuromuscular diseases
based on biopsy findings. The book will help neurology residents and neuromuscu-
lar fellows answer questions related to the muscle and nerve pathology in their in-
service and board exams. It is our hope that this book will also benefit neuromuscular
pathologists and trainees as they correlate morphological alterations in muscle and
nerve biopsies with clinical presentations and communicate their findings to clinical
colleagues caring for patients with neuromuscular disorders.

We are enormously grateful to the authors of this book, who are experienced
neuromuscular specialists and neuropathologists with sophisticated knowledge and
expertise in neuromuscular medicine and pathology. We thank Springer for publish-
ing this book, and thank Michael Wilt and other members in Springer for their
excellent editorial support.

Boston, MA, USA Lan Zhou
Dallas, TX, USA Dennis K. Burns
Dallas, TX, USA Chunyu Cai
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Chapter 1
Skeletal Muscle Biopsy Evaluation

Dennis K. Burns

Introduction

First introduced into clinical practice in the middle decades of the nineteenth century,
muscle biopsies have played an integral role in the diagnosis and treatment of patients
with neuromuscular diseases for well over a century. The interpretation of morphologi-
cal changes in skeletal muscles, supplemented by enzyme histochemical and immuno-
histochemical stains are now regularly integrated with molecular analyses to provide
physicians with an unprecedented understanding of the pathogenesis and phenotypic
complexities of neuromuscular diseases. Although advances in molecular diagnoses
have eliminated the need for muscle biopsies in some disorders, in many conditions,
biopsies continue to provide information not readily obtainable by other methods.

Muscle Biopsy Acquisition

There are three important aspects of muscle biopsy acquisition: selecting the proper
muscle, obtaining an adequate amount of tissue, and minimizing artifacts.

The importance of selecting the right muscle for biopsy cannot be overempha-
sized. Skeletal muscles are not equally affected by a given disease process. While the
majority of myopathies predominantly affect proximal limb muscles, a few preferen-
tially involve distal limb, trunk, or facial muscles. In order to maximize the diagnostic
yield of a muscle biopsy, it is important to carefully select the biopsy site. Selection
of the biopsy site can be challenging and should be done in close consultation with the

D. K. Burns (I)
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treating physician. The site of the biopsy should be based on the pattern of muscle
weakness, electromyography (EMG) abnormalities, and/or muscle imaging findings
[1, 2]. In patients with chronic muscle injury, one should choose a muscle for biopsy
that is weak but not profoundly atrophic. If a muscle is markedly atrophic, the biopsy
may show “end-stage” changes with extensive fibro-fatty tissue replacement and few
residual myofibers, precluding determination of the cause of the muscle injury. In
patients with more acute or subacute muscle injury, in contrast, one may choose to
biopsy a more severely affected muscle to better capture the muscle pathology. Since
the majority of myopathies affect predominantly proximal limb muscles, deltoid,
biceps, and quadriceps muscles are most commonly chosen, and these muscles have
sufficient norms established for comparing myofiber size and fiber type percentages
[3, 4]. If a myopathy predominantly affects distal limb muscles, the tibialis anterior or
gastrocnemius muscle may be selected for biopsy. One should not choose a muscle
which had recent injection or needle EMG examination, in order to avoid areas of
nonspecific muscle injury caused by the needle [5]. Since muscle involvement in
myopathies is typically symmetrical, needle EMG of limb muscles is usually done on
one side and the biopsy is taken from corresponding contralateral muscle. It is worth
mentioning that EMG can be normal in a mild myopathy, and some myopathies may
have focal or asymmetrical limb muscle involvement. In these settings, skeletal mus-
cle MRI or ultrasound is sometimes useful in targeting an affected muscle for biopsy.

As discussed in detail in the next few paragraphs, skeletal muscle can be obtained
via open biopsy approach [2] or percutaneously, the latter employing a Bergstrom-
type cutting needle [1, 6-8]. As an aside, “thin” needles of the type employed in fine
needle aspiration biopsies seldom yield adequate material for meaningful interpre-
tation of muscle morphology, and are almost never satisfactory for detailed enzyme
histochemical and immunohistochemical studies. For these reason, we recommend
that they not be used to obtain muscle biopsies in clinical work. Percutaneous biopsy
has the advantage of being less invasive, while open biopsy has the advantage of
providing larger specimens [1, 2]. Both procedures are quite safe in the hands of
experienced operators. Open biopsy is usually done in an operating room with the
patient sedated and under the care of an anesthesiologist, while percutaneous needle
biopsies are often performed in outpatient clinic settings. Local anesthesia is given
before a skin incision is made, taking care to not infiltrate the muscle tissue selected
for biopsy with the anesthetic agent. The incision, typically around 3-4 cm in
length, should be made in an area that avoids myotendinous junction whenever pos-
sible. Bleeding is usually minimal and can be controlled by firm pressure or ligation
without the need for cautery. Muscle biopsy tissue should never be cauterized, inas-
much as the electrocautery destroys muscle morphology and enzyme activity.
Detailed muscle biopsy procedures have been described by others [1, 2].

Initial Processing and Sectioning of Skeletal Muscle Biopsies

Procedures for processing skeletal muscle biopsies are well-established and,
while not overly complex, differ significantly from procedures employed in han-
dling most tissues submitted to surgical pathology laboratories. If muscle
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biopsies are not to be processed in the laboratory that initially receives the spec-
imen, it is essential that the physician obtaining the biopsy and laboratory per-
sonnel at the institution where the biopsy is obtained communicate in advance
with the laboratory that will ultimately process the specimen to ensure that tis-
sue preservation is optimum.

For optimum evaluation, skeletal muscle biopsies should include both unfixed
and fixed tissue. Properly frozen, unfixed tissue, in particular, plays a critical role in
the assessment of morphological abnormalities in skeletal muscle. Fresh muscle
should be transported immediately to the laboratory for freezing and subsequent
processing. During transportation to the laboratory, the fresh tissue should be
wrapped in gauze that has been slightly moistened in saline and placed in a water-
proof container surrounded by crushed wet ice, in order to prevent drying artifact
and loss of enzyme activity. The amount of saline should be sufficient to simply keep
the tissue moist; excess saline can introduce freezing artifact, as well as promote a
loss of enzyme activity in the muscle. Ideally, muscle biopsies should be transported
to the laboratory for freezing within 60 minutes of the procedure, although satisfac-
tory morphology can be obtained in tissue frozen within a few hours of the biopsy,
as long as the specimen is kept cool. For specimens being transported overnight, it
is advisable to freeze the specimen in the referring laboratory, and then transport the
specimen on dry ice to the reference laboratory for processing.

As soon as the specimen arrives in the laboratory, the muscle segment should
be carefully oriented so that its fibers are in cross section. In the case of larger
segments, orientation can often be accomplished with the naked eye, while
smaller specimens, including those obtained via a percutaneous needle biopsy,
are best oriented with the aid of a dissecting microscope (Fig. 1.1a). The ori-
ented sample is placed on an appropriately-labeled cork segment and immobi-
lized with a small amount of either gum tragacanth or a small amount of Optimal
Cutting Temperature (OCT) mounting medium at the base of the tissue. It is
important that the tissue be placed on top of the mounting medium rather than
covered by the medium, so that subsequent freezing of the tissue can occur as
rapidly as possible (Fig. 1.1b).

Once oriented and immobilized on the cork, the fresh muscle is ready for freez-
ing. The basic tools for freezing are relatively simple, and include a suspended
metal beaker, an insulated container for liquid nitrogen and a supply of isopentane
(Fig. 1.2a). The oriented skeletal muscle segment is frozen by placing it into a metal
beaker of isopentane that has been cooled in liquid nitrogen to approximately —160°
C. The isopentane will be sufficiently chilled when a delicate white rind begins to
form on the inner surface of the beaker. The specimen should be completely
immersed and gently stirred in the chilled isopentane in order to facilitate rapid,
uniform freezing of the tissue (Fig. 1.2b). For smaller specimens, freezing is usually
complete within 30 seconds, while larger specimens may require immersion for up
to 50 seconds. Once the tissue has been frozen, it can be transferred directly to the
cryostat for sectioning or, alternatively, stored in a sealed plastic bag at —70 to
—80 °C. If long term storage is anticipated, placing a few ice crystals into the plastic
bag can minimize “freezer burn” during storage.

In order to prepare frozen sections, the cork holding the specimen should be
immobilized on a standard cryostat chuck using OCT embedding medium.
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Fig. 1.1 Orientation of the muscle biopsy. (a) Larger specimens can sometimes be oriented with the
naked eye, but in many cases, the use of a dissecting microscope can ensure that cross sections of the
fresh frozen specimen are obtained. (b) A properly oriented muscle segment. The fresh tissue has
been mounted on the surface of a small mound of gum tragacanth. Note that the specimen is not fully
embedded in the mounting medium. This ensures that a maximum amount of the specimen’s surface
area is exposed to the chilled isopentane (2-methlybutane) during the subsequent freezing process

Fig. 1.2 Freezing the muscle biopsy. (a) The basic material for properly freezing muscle biopsies
consists of an insulated, wide-mouthed container for liquid nitrogen, a metal beaker that can be
suspended into the liquid nitrogen and a supply of isopentane. (b) To freeze the biopsy, the metal
beaker is filled with isopentane and partially immersed into the liquid nitrogen, taking care to not
allow the liquid nitrogen to come into direct contact with the isopentane. A white rind will form on
the inner surface of the metal beaker when the isopentane has been cooled to an appropriate tem-
perature for freezing the specimen. The oriented, mounted muscle segment is then completely
immersed in the chilled isopentane and gently stirred for about 50 seconds. Once frozen, the speci-
men can be transferred to the cryostat for sectioning or, alternatively, stored in a sealed plastic bag
at —70 to —80° C for later processing

Sections should be cut in a cryostat maintained at a temperature of —20 to
—25° C. Biopsies that have been stored at —70 to —80 °C should be allowed to
warm to cryostat temperatures in order to avoid shattering the tissue during
sectioning. Sections of tissue destined for routine staining, including enzyme
histochemical staining, should be cut at thicknesses of 10 pm, while those used
for immunohistochemical staining should be cut a thicknesses of 6 pm. In our
laboratory, sections are picked up directly onto commercially prepared posi-
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tively-charged glass slides (Superfrost™ Plus), although sections can also be
placed on standard glass coverslips for staining if desired. If the cryostat sec-
tions are not to be stained immediately, the slides are placed in a folder and kept
in a 4 °C refrigerator until ready for use. Ideally, cryostat muscle sections should
be stained within 24 hours of the time that the sections are cut.

Although skeletal muscle morphology at the light microscopic level is best
demonstrated in cryostat sections of properly frozen muscle, fixed muscle can also
provide useful diagnostic information in a number of important muscle disorders.
In the case of open biopsies, muscle destined for fixation should be clamped in situ
using either a single use, disposable Becton Dickinson Rayport® polypropylene
clamp or a reusable Price muscle biopsy clamp. The clamped muscle segment is
gently excised from the surrounding skeletal muscle, placed into 10% neutral
buffered formalin, and transported to the laboratory. Once in the laboratory, the
fixed muscle segment is excised from the clamp. Representative longitudinally
oriented sections measuring no more than I mm in thickness are transferred to 3%
buffered glutaraldehyde for resin embedding and, in selected cases, subsequent
electron microscopy. The remainder of the skeletal muscle segment is divided into
cross and longitudinal sections and placed into standard histological cassettes for
paraffin histology, discussed below. Muscle tissue obtained via percutaneous nee-
dle biopsy is also suitable for fixation. Muscle fragments obtained via needle
biopsy can be placed directly into fixative—either 10% neutral buffered formalin
or 3% buffered glutaraldehyde—and transported to the laboratory.

Routine Histological Stains

Proper evaluation of muscle biopsies requires the use of a number of different stains
on frozen and, in some laboratories, fixed tissue, some of which are familiar to gen-
eral surgical pathologists and some of which are used exclusively in the evaluation
of frozen skeletal muscle. In our laboratory, frozen and paraffin sections of skeletal
muscle biopsies are routinely evaluated with a panel of non-enzymatic histological
stains and enzyme histochemical stains as listed below:

* Non-enzymatic stains (frozen sections)
— Hematoxylin and eosin (H&E)
— Modified Gomori trichrome
— OilRed O
— Non-aqueous periodic acid Schiff (PAS) with and without diastase digestion
(usually reserved for cases with suspected glycogen storage abnormalities)
— Crystal violet
— Congo red
* Enzyme histochemical stains (frozen sections)
— Myosin adenosine triphosphatases (ATPases) at pH 4.3, 4.6 and 9.4
— Nonspecific esterase
— Acid phosphatase




8 D. K. Burns

— Alkaline phosphatase
— NADH-tetrazolium reductase
— Succinate dehydrogenase (SDH)
— Cytochrome-c oxidase (COX)
— Sequential COX-SDH
— Myophosphorylase
— Phosphofructokinase
— Myoadenylate deaminase
* Non-enzymatic stains (paraffin sections)
— H&E
— Masson trichrome
— Congo red
— Morin stain (reserved for cases of suspected aluminum adjuvant-associated
myopathies)

Most of the staining of frozen (cryostat) sections is performed by placing the
mounted sections in new 5-slide capacity plastic slide mailers. Coplin jars are used
for the same purpose in some institutions, but if used, must be scrupulously cleaned
between staining runs to avoid cross contamination. The use of new slide mailers
minimizes the risk of such cross contamination. Individual stains and their uses are
described in the following paragraphs. Technical information about individual
staining procedures is available in published protocols included in the references at
the end of this chapter [1, 9-18].

Normal skeletal muscle is composed of a mixture of three different types muscle
cells, each of which has a fairly predictable staining profile in the panel of stains listed
above. Type 1 myofibers, also known as “slow twitch” fibers, generate most of their
energy via oxidative metabolism, and, as such, have abundant mitochondria and lipid,
and less glycogen. Type 1 fibers are relatively resistant to fatigue, and are adapted to
prolonged, endurance-type activities. Type 2 myofibers, or “fast twitch” fibers, generate
more of their energy via glycolysis and contain more abundant glycogen and have less
lipid and fewer mitochondria than their type I counterparts. Type 2 myofibers can be
further subdivided into type 2a (fast twitch mixed oxidative/glycolytic) fibers and type
2b (fast twitch glycolytic) fibers. Type 2a fibers can change into type 2b fibers and vice
versa, depending upon an individual’s exercise habits. Whether of myofiber is a type 1
or a type 2 fiber, however, is determined by the lower motor neuron that innervates it
and remains constant if its innervation remains intact. The metabolic profile of a given
myofiber influences its staining properties, as discussed in the following paragraphs.

Non-enzymatic Stains (Frozen Sections)

The hematoxylin and eosin (H&E) stain is arguably the single most useful stain
used in the evaluation of frozen sections of skeletal muscle biopsies. H&E stained
cryostat sections provide information about the presence and pattern of myofiber
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atrophy (e.g., group atrophy in neurogenic disorders, selective perifascicular atro-
phy in classical dermatomyositis), myofiber degeneration and necrosis, regenerative
change, vacuoles, inflammatory infiltrates and chronic structural changes of the
type seen in many muscular dystrophies. Blood vessels and structural vascular
abnormalities (e.g. vasculitis) are also well demonstrated in H&E sections. In nor-
mal muscle (Fig. 1.3a), individual myofibers have a polygonal configuration in
cross section, with diameters ranging from approximately 30—70 mp in adult women
and 40-80 mp in adult men [19]. Myofiber nuclei stain blue in H&E sections.
Normal myofiber nuclei are small, and typically lie at the periphery of the fiber in
transverse sections. Contractile proteins give the sarcoplasm a light pink appear-
ance. Delicate basophilic stippling is visible in well preserved specimens at higher
magnification, imparted by the presence of mitochondria and “sarcotubular” com-
ponents (sarcoplasmic reticulum and T-tubules) in the intermyofibrillar network.
Type 1 myofibers stain a bit more darkly than type 2 fibers in H&E stains, although
fiber typing is best done with other stains (see below). When muscle fibers regener-
ate following myofiber injury, the sarcoplasm often stains light blue, owing to the
presence increased cytoplasmic ribonucleoprotein associated with protein synthe-
sis. Enlarged nuclei with discernible nucleoli are another characteristic of regenerat-
ing myofibers. These changes are illustrated later under the heading “Interpretation
of the Biopsy.” Increased numbers of internalized nuclei can be seen in a number of
myopathic disorders (discussed below) but are also common near myotendinous
insertion sites, and in this location should not be interpreted as evidence of myofiber
injury.

The Gomori trichrome stain is familiar to most pathologists as a useful stain
for demonstrating collagen, which stains with a light green color in frozen sec-
tions. In frozen sections of skeletal muscle, the modified Gomori trichrome stain
developed by Engel and Cunningham [9] plays an even more important role in
highlighting a variety of normal and abnormal structures within the sarcoplasm of
muscle fibers. Normal mitochondria and sarcotubular elements, which are visible
as punctate blue structures in H&E sections, stain red in the Gomori trichrome
stain owing to the affinity of sarcoplasmic membranous structures for the
Chromotrope 2R dye used in the procedure (Fig. 1.3b). Abnormal collections of
mitochondria produce characteristic “ragged red” change in type I myofibers in
many patients with mitochondrial disorders (discussed below under “Interpretation
of the Biopsy”). Tubular aggregates, discussed below in the paragraphs dealing
with biopsy interpretation, are also highlighted in the Gomori trichrome stain.
Additional structures that are reliably highlighted in the trichrome stain include
nemaline rods and cytoplasmic bodies (both derived from sarcomeric Z-bands),
and the membranous debris present in sarcoplasmic vacuoles in patients with
inclusion body myositis. Figures 1.18—1.20, which will be discussed later, contain
examples of some of the abnormal structures that are highlighted in Gomori tri-
chrome-stained cryostat sections. The appearance of collagen in Gomori tri-
chrome-stained cryostat sections is illustrated in Fig. 1.21, which will also be
discussed later.
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Fig. 1.3 Normal muscle (H&E and Gomori trichrome stains) . (a) Normal skeletal muscle,
H&E. In a properly prepared skeletal muscle segment, the myofibers have a fairly uniform, polyg-
onal appearance in cross section. The sarcoplasm of normal muscle fibers stains pink H&E stains,
due to the presence of contractile proteins (myofibrils). In normal muscle myofiber nuclei charac-
teristically lie just beneath the sarcoplasm except in the vicinity of myotendinous insertion sites,
where internalized nuclei are fairly common. (b) Normal skeletal muscle, Gomori trichrome. The
Gomori trichrome stain is an indispensable stain in the evaluation of frozen muscle biopsies. The
contractile proteins stain green in the Gomori trichrome stain, while the membrane-rich elements
that lie between the myofibrils (mitochondria, sarcoplasmic reticulum and T-tubules) stain red-
purple, imparting a delicate stippled appearance to the sarcoplasm. Type 1 myofibers have larger
numbers of mitochondria than type 2 fibers and stain more darkly in the Gomori trichrome stain

The Oil Red O stain is one of several stains available for demonstrating sarco-
plasmic neutral lipid in frozen sections. Neutral lipid is present in normal skeletal
muscle, particularly in type I (slow twitch) fibers. Normal sarcoplasmic lipid
appears as fine red dots in the Oil Red O stain (Fig. 1.4a), and abnormal lipid
stores appear as correspondingly larger red droplets (Fig. 1.4b). “Bleeding” of
stained lipid over the section can occur when the muscle biopsy contains a signifi-
cant amount of adipose tissue, and care must be taken to not misinterpret this
phenomenon as abnormal sarcoplasmic lipid accumulation. After staining, sec-
tions are covered with glycerol or a comparable aqueous medium and
coverslipped.

Periodic Acid-Schiff (PAS) stains have been used for decades to demonstrate
carbohydrates in tissues, including glycogen and other molecules with carbohydrate
components (e.g., glycoproteins and glycolipids). PAS stains are especially impor-
tant in the evaluation of biopsies from patients with suspected glycogen storage
diseases. Carbohydrate-rich structures, including glycogen, stain magenta in the
PAS stain (Fig. 1.4c, d). Incubation of the tissue with diastase before staining will
remove particulate glycogen, but will leave other carbohydrate-bearing structures
(e.g. basement membranes) intact. The PAS reactivity basement membranes and of
abnormal filamentous forms of glycogen of the type that accumulate in type IV
glycogenosis and polyglucosan body disease is not affected by diastase digestion. It
is worth noting that fixation of tissue in aqueous fixatives prior to staining often
removes delicate particulate glycogen from the tissues, preventing adequate demon-
stration of abnormal glycogen stores.
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Fig. 1.4 Oil red O and PAS-stains of frozen muscle. (a) Normal muscle, oil red O. The oil red O
stain is a very useful stain for demonstrating neutral lipids in frozen muscle, which appear as delicate
red sarcoplasmic droplets. The lipid content of type 1 myofibers is higher than that of type 2 fibers.
(b) Lipid storage myopathy, oil red O. Abnormal sarcoplasmic lipid accumulation can be seen in a
wide range of conditions, including primary lipid storage myopathies, as illustrated here. Increased
amounts of lipid are also seen in mitochondrial disorders and as a nonspecific reaction to myofiber
injury. The abnormal lipid deposits appear as larger droplets than those seen in normal muscle. In
extreme cases, these large droplets can occupy most of the cross sectional area of the affected myo-
fiber. (¢) Normal muscle, PAS. The PAS stain is the standard stain for demonstrating glycogen and
basement membrane material. Because type 2 myofibers have a higher concentration of glycogen
than type 1 fibers, they stain more intensely in the PAS stain. Incubation of the tissue section with
diastase (amylase) will remove particulate glycogen, but will not affect the staining of basement
membranes. (d) Glycogen storage disease, PAS. Abnormal glycogen deposits (arrow) stain with a
magenta color in the PAS stain. In this biopsy from a patient with McArdle disease (muscle phos-
phorylase deficiency), particulate glycogen accumulates in subsarcolemmal regions. Pre-treatment
with diastase will remove such deposits. In some conditions, exemplified by glycogen storage dis-
ease type IV and polyglucosan body disease, the abnormal glycogen deposits are composed of fila-
mentous rather than particulate glycogen and will persist in the tissue after diastase digestion

The Congo Red stain is an essential stain for demonstrating amyloid deposits. The
term “amyloid” does not refer to a specific protein, but rather to a heterogeneous
group of proteins that have in common a tendency to aggregate into a 3-pleated sheet
configuration. Amyloid deposits can be encountered in skeletal muscle in patients
with sporadic systemic amyloidosis, most commonly associated with plasma cell dys-
crasias and abnormal immunoglobulin light chain (particularly lambda light chain)
production. Less commonly, amyloid deposits can be seen in hereditary forms of
amyloidosis associated with abnormal deposits of transthyretin and, less commonly, a



12 D. K. Burns

Fig. 1.5 Amyloid deposits, Congo red stain. (a) Amyloidosis, Congo red under polarized light.
The classic method for the demonstration of amyloid deposits at the light microscopic level is the
Congo red stain. When viewed under polarized light, the pink-staining amyloid has a characteristic
“apple green” birefringence. (b) Amyloidosis, Congo red with epifluorescence illumination. When
Congo red-stained sections are viewed under epifluorescence illumination with Texas red filtra-
tion, amyloid deposits have a bright red appearance. This technique is a more sensitive method for
detecting amyloid deposits than polarized light microscopy, but is somewhat less specific

number of other proteins. Interestingly, amyloid deposition is also seen in two forms
of autosomal recessive limb girdle muscular dystrophy — LGMD 2B (dysferlinopathy)
[20] and LGMD 2 L (anoctamin-5 deficiency) [21]. In all of the preceding conditions,
the amyloid is deposited extracellularly — most commonly within vessels walls and
around individual myofibers. Intracellular amyloid deposits also occur in some condi-
tions, notably variants of inclusion body myositis (IBM). In this disorder, the intracel-
lular amyloid deposits are composed of f-amyloid, the type of amyloid encountered
in the central nervous system in Alzheimer’s disease and amyloid angiopathy.
Amyloid deposits appear as homogeneous, eosinophilic deposits in in H&E
stained sections, and have a salmon-pink color in Congo red stains. Under polarized
light, the amyloid deposits contain areas of characteristic “apple green” birefrin-
gence (Fig. 1.5a). Fluorescence microscopy with Texas Red filtration is an even
more sensitive technique for detection of amyloid deposits [22]. Under fluorescence
illumination with Texas Red filtration, amyloid deposits appear bright red (Fig. 1.5b).

Enzyme Histochemical Stains (Frozen Sections)

Staining for myosin adenosine triphosphatase (ATPase) activity has long been the
most reliable method for distinguishing slow twitch (type 1) myofibers from fast
twitch (type 2) fibers. The staining procedure involves the cleavage of a phosphate
group from ATP in a frozen muscle section in a solution of aqueous calcium chlo-
ride, producing an insoluble calcium phosphate precipitate at the site of the reaction.
The tissue is then incubated in a solution of cobaltous chloride, during which the
calcium in the calcium phosphate is replaced by cobalt (Co*"). The section is then
briefly incubated in a solution of ammonium sulfide, which generates a black cobal-
tous sulfide reaction product in the muscle fiber [1, 10, 11]. Incubation of the section
in an alkaline barbital solution (pH 9.4 in our laboratory) results in the selective
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activation of myosin ATPase in type 2 fibers, causing them to stain darkly, while
type 1 fibers remain pale. Pre-incubation of tissue sections in a barbital buffer at
pH 4.3 produces a reciprocal staining pattern — that is, darkly staining type 1 fibers
and pale type 2 fibers. In addition, in the ATPase 4.3 preparation, a small subpopula-
tion of intermediate-staining type 2c fibers is often visible. Finally, pre-incubation of
the tissue section at pH 4.6 produces a pattern in which type 1 fibers stain darkly,
type 2a (fast twitch oxidative) fibers are pale, and type 2b (fast twitch glycolytic)
fibers stain with intermediate intensity (Fig. 1.6a—c). The use of standard mounting
medium in the preparation of slides stained for ATPase activity will result in fading
of the reaction product over time. Staining intensity can be preserved by cover-
slipping the ATPase-stained sections with Canada balsam. In normally innervated
muscle, the distribution of type 1 and type 2 fibers is random, as illustrated in
Fig. 1.6a—c. A loss of randomness in the distribution of myofibers is called “fiber

Fig. 1.6 ATPase stains. (a) Normal muscle, ATPase 9.4. Cryostat sections stained for myosin
ATPase activity are the most reliable way to distinguish slow-twitch (type 1) from fast-twitch (type
2) subpopulations. In this section of deltoid muscle stained for ATPase activity at pH 9.4, type 2
fibers are dark, while type 1 fibers are pale. (b) Normal muscle, ATPase 4.3. Staining a section of
the same muscle for ATPase activity at pH 4.3 reveals a reverse staining pattern, with the more
numerous type | fibers staining darkly. (¢) Normal muscle, ATPase 4.6. Staining of normal skeletal
muscle at pH 4.6 typically reveals three levels of staining intensity: type 1 fibers are dark, type 2A
(mixed oxidative-glycolytic) fibers are pale, and type 2B (fast twitch glycolytic) fibers stain with
intermediate intensity. (d) In normal skeletal muscle, the different myofiber subtypes intermingle
in a random distribution. If a muscle is denervated and then re-innervated, axonal sprouts from
regenerating motor axons innervate contiguous myofibers, resulting in the formation of groups of
contiguous myofibers with the same histochemical staining profile (“fiber type grouping”)
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type grouping” and indicates reinnervation of previously denervated muscle
(Fig. 1.6d). The ATPase stain is extremely helpful in characterizing conditions asso-
ciated with various patterns of type-specific myofiber atrophy or hypertrophy, and in
the identification of patients with myopathy with thick filament loss (“critical ill-
ness””) myopathy. Some of these patterns are illustrated later under “Interpretation of
the Biopsy” in Fig. 1.12.

The nonspecific esterase stain relies on the hydrolysis of an exogenous alpha-
naphthyl acetate substrate by endogenous esterase to yield naphthol, which in turn
forms an insoluble azo dye when incubated with basic fuchsin, which appears brick
red under the microscope [12]. The stain highlights normal neuromuscular junc-
tions due to the presence of acetylcholinesterase in those structures, providing a
reliable internal control (Fig. 1.7a). Recently denervated myofibers are highlighted
in the esterase stain, owing to increased cytoplasmic esterase activity (Fig. 1.7b).
The esterase stain also highlights macrophages and, in some cases, sarcoplasmic
vacuoles associated with abnormal lysosomal activity, although these are usually
demonstrated even more clearly in sections stained for acid phosphatase activity
(discussed below). Type 1 fibers generally stain a bit more darkly than type 2 fibers
in the esterase stain.

The acid phosphatase stain is based on the hydrolysis of naphthol AS-B1 phos-
phate by endogenous acid phosphatase to form naphthol, which, like the naphthol
generated in the esterase stain, forms an insoluble azo dye in the presence of basic
fuchsin [1, 11]. The red reaction product highlights macrophages (Fig. 1.7c) and
other structures that have lysosomal activity, such as degenerating myofibers and
pathological sarcoplasmic inclusions associated with abnormal lysosomal activity
(Fig. 1.7d). The stain is generally a more sensitive marker of lysosomal activity than
the nonspecific esterase stain.

The alkaline phosphatase stain is another “hydrolytic” stain that relies on the
hydrolysis of an alpha-naphthyl acid phosphate substrate by endogenous alkaline
phosphatase to generate naphthol, which reacts, in turn, with a diazo salt (fast blue
RR salt) to form a black reaction product at sites of alkaline phosphatase activity.
Glycerol or a comparable aqueous mounting medium should be used to coverslip
the section, as alcohols or xylene dissolve the reaction product [13]. The alkaline
phosphatase reaction generates gas that can produce distracting bubbles if the sec-
tion is coverslipped prematurely. To minimize this, it is advisable to wait at least
45 minutes before placing the coverslip over the stained section. The stain high-
lights the sarcoplasm of regenerating myofibers (Fig. 1.7e), as well as occasional
myofibers in infantile denervation of the type seen in spinal muscular atrophy type
1 (Werdnig-Hoffmann disease); normal muscle fibers lack alkaline phosphatase
activity. Increased alkaline phosphatase reactivity can also be seen in connective
tissue in many inflammatory disorders of skeletal muscle. Increased perimysial con-
nective tissue reactivity, in particular, is a feature of some inflammatory myopathies
associated with the presence of circulating anti-Jol or other anti-tRNA synthetase
antibodies (Fig. 1.7f).
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Fig. 1.7 Hydrolytic stains — esterase, acid phosphatase and alkaline phosphatase stains. (a) Normal
skeletal muscle, esterase. The esterase stain highlight normal neuromuscular junctions (arrow). The
brick-red reaction product in these structures is caused by the presence of the enzyme acetylcholin-
esterase, and serves as a reliable internal control for the esterase stain. (b) Denervation atrophy,
esterase. The esterase stain is also an effective way to identify atrophic denervated myofibers (arrow),
which stain with the same brick-red appearance as normal neuromuscular junctions. (c)
Myophagocytosis, acid phosphatase. The acid phosphatase stain produces a bright red reaction prod-
uct in areas of increased enzyme activity, and serves as a reliable marker for lysosomal activity.
Activated macrophages contain numerous lysosomes and are highlighted in the acid phosphatase
stain, as in the case of these macrophages engulfing the sarcoplasm of a necrotic muscle fiber (arrow).
(d) Hydroxychloroquine myopathy, acid phosphatase. Abnormal lysosomal activity is a feature of
some toxic myopathies. The excessive lysosomal activity in this muscle from a patient with hydroxy-
chloroquine myopathy is responsible for the increased acid phosphatase reactivity in the sarcoplasm
of many of these myofibers. (e) Myofiber regeneration, alkaline phosphatase. The alkaline phospha-
tase stain produces a dense black reaction product. This figure highlights areas of abnormal alkaline
phosphatase reactivity associated with myofiber regeneration (arrow). (f) Inflammatory myopathy,
alkaline phosphatase. Abnormal perimysial connective tissue reactivity (arrow) is a feature of inflam-
matory myopathies associated with the presence of anti-Jol and other anti-synthetase antibodies
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The nicotinamide adenine dinucleotide-tetrazolium reductase (NADH-TR)
stain is an extremely useful member of the “oxidative” family of stains. The
NADH-TR enzyme is a flavoprotein involved in electron transfer in the normal
respiratory chain. Both mitochondrial and cytosolic forms of NADH-TR are present
in human skeletal muscle, the latter associated with sarcoplasmic reticulum. The
NADH-TR staining reaction is based upon the enzymatic removal of hydrogen from
exogenous NADH substrate, and the transfer of that hydrogen to nitro blue tetrazo-
lium. The transfer of hydrogen to nitro blue tetrazolium, in turn, generates an insol-
uble dark blue reaction product, which marks the site of enzyme activity. Sections
are coverslipped with an aqueous mounting medium [1, 11, 14]. Mitochondria have
NADH-TR activity, and for this reason normal type 1 fibers stain more darkly than
type 2 fibers. In optimally stained specimens, some differences in the staining inten-
sity of type 2a versus type 2b fibers may be apparent, with type 2a fibers staining a
bit more darkly than type 2b fibers, but this distinction is much more reliably made
in the ATPase 4.6 stain, The NADH-TR stain is useful for demonstrating architec-
tural abnormalities within muscle fibers, such as target/targetoid change, sarcoplas-
mic cores, moth-eaten fibers, sarcoplasmic “whorling”, ring fibers and lobulated
fibers (discussed later). Denervated myofibers are also variably highlighted in the
NADH-TR stain. Abnormal mitochondrial aggregates are sometimes highlighted in
the NADH-TR stain, although these are more reliably detected in the succinate
dehydrogenase and/or cytochrome c oxidase stains, discussed below. The stain is
also useful for the identification of tubular aggregates, structures that are derived
from sarcoplasmic reticulum and are sometimes confused with ragged red change
in Gomori trichrome-stained sections. An example of a normal NADH-TR stain is
illustrated in Fig. 1.8a, and examples of abnormalities highlighted in the NADH-TR
stain are illustrated later, under the heading “Interpretation of the Muscle Biopsy.”

The succinate dehydrogenase (SDH) stain identifies a flavoprotein enzyme that
is complex II in the mitochondrial respiratory chain. The enzyme is anchored to the
inner mitochondrial membrane and is encoded exclusively by nuclear — as opposed
to mitochondrial — DNA. SDH normally catalyzes the conversion of succinate to
fumarate and the closely linked transfer of electrons to ubiquinone to form ubiqui-
nol in the mitochondrial electron transport chain. In vitro, the SDH stain relies on
the ability of SDH to release hydrogen from its sodium succinate substrate and
reduce aqueous nitro blue tetrazolium to form a blue tetrazolium precipitate. The
stained sections are coverslipped using an aqueous mounting medium [1, 11, 14,
15] The SDH stain is a specific stain for mitochondria, and a much more sensitive
marker for mitochondrial aggregation than either the Gomori trichrome stain or the
NADH-TR stain. Myofibers harboring abnormal mitochondrial aggregates appear
as “ragged blue” fibers in the SDH stain. A normal SDH stain and an SDH stain in
a patient with abnormal mitochondrial accumulation are illustrated in Fig. 1.8b, c.

The enzyme cyfochrome c¢ oxidase (COX) is complex IV in the mitochondrial
respiratory chain. The enzyme is composed of multiple subunits, three of which are
encoded by mitochondrial DNA in mammalian tissue. The COX complex is located in
the inner mitochondrial membrane, where it transfers electrons from the cytochrome c
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protein to molecules of dioxygen to form water. The COX stain is based on the ability
of the enzyme to transfer electrons from an artificial diaminobenzidine tetra hydrochlo-
ride substrate to produce an insoluble brown diaminobenzidine precipitate (Fig. 1.8d).
Stained sections are coverslipped using an organic mounting medium [1, 11, 14, 15].
Like SDH, COX is a specific marker for mitochondria. Its usefulness in diagnostic
work is based on the fact that many mitochondrial disorders are associated with COX
deficiency, characterized by failure of affected myofibers to stain in the COX prepara-
tion (Fig. 1.8e). In most mitochondrial disorders associated with COX deficiency, SDH
reactivity is preserved, and staining sections sequentially for COX and then SDH activ-
ities [15] makes detection of COX-deficient fibers a bit easier, with COX-deficient
fibers standing out as blue fibers surrounded by brown-staining fibers with intact COX
activity (Fig. 1.8f). COX-deficient fibers are common in a number of conditions includ-
ing primary mitochondrial disorders, including inclusion body myositis and polymyo-
sitis with mitochondrial abnormalities [23]. COX deficient myofibers are also seen in
some cases of dermatomyositis, wherein there is a selective loss COX activity in
perifascicular myofibers [23, 24]. COX is a fairly unstable enzyme, and care must be
taken to distinguish artifactual loss of COX activity associated with improper handling
of muscle tissue from true COX deficiencys; this staining pattern is illustrated later in
Fig. 1.24c, under the discussion of Artifacts in Skeletal Muscle Biopsies.

Two standard enzyme histochemical procedures are available for the detection
of enzymes associated with glycogen metabolism — muscle-specific phosphorylase
(myophosphorylase) and phosphofructokinase. Myophosphorylase is an enzyme
that catalyzes the conversion of glycosyl residues in glycogen to glucose-1-
phosphate, which is then used in the generation of ATP. Detection of myophos-
phorylase is based on the ability of the enzyme to add glucose residues to a
glycogen primer in the presence of a large amount of glucose-1-phosphate sub-
strate (the reverse of the reaction sequence that occurs in vivo). The resultant gly-
cogen is then stained with Lugol’s iodine solution, resulting in a gray-brown
reaction product. Sections are coverslipped using an aqueous mounting medium
[11, 16]. Patients with myophosphorylase deficiency (type V glycogen storage dis-
ease, also known as McArdle’s disease) classically present with histories of
cramps, exercise intolerance and episodes of rhabdomyolysis following vigorous
exercise. In muscle biopsies from such patients, no phosphorylase reaction product
is detectable in intact muscle fibers, which appear yellow under the microscope.
Myophosphorylase is a labile enzyme that is subject to artifactual degradation, and
it is important to distinguish such artifactual losses of enzyme activity from true
phosphorylase deficiency. Smooth muscle cells in intramuscular blood vessels
express a different isoform of phosphorylase than skeletal muscle, and the identi-
fication of residual phosphorylase activity in blood vessel walls serves as an inter-
nal control that distinguishes artifactual loss of enzyme activity from selective
myophosphorylase deficiency. Of note, the reaction product in the myophosphory-
lase stain will fade over time, and it is helpful to make a notation of a “positive”
result on the slide label. The color of the reaction product can be restored by re-
incubating the section in Lugol’s solution.
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Fig. 1.8 Oxidative stains — NADH-TR, succinate dehydrogenase (SDH) and cytochrome c oxidase
(COX). (a) Normal muscle, NADH-TR. The NADH-TR stain is highlights both mitochondria and
sarcoplasmic reticulum. It is a useful stain for highlighting a wide range of structural sarcoplasmic
abnormalities. In normal muscle, as illustrated here, type 1 fibers stain more intensely than type 2
fibers. (b) Normal muscle, SDH. The SDH stain has the same reaction product as the NADH-TR
stain, and appears very similar to the NADH-TR stain in normal muscle. Unlike the NADH-TR
stain, the SDH stain only highlights mitochondria, and is a more sensitive stain for highlighting
abnormal mitochondrial aggregates. Owing to their greater numbers of mitochondria, type 1 fibers
stain more intensely than type 2 fibers. (¢) Mitochondrial myopathy, SDH. Abnormal mitochon-
drial accumulation is associated with intense blue sarcoplasmic reactivity in the SDH stain (arrow).
(d) Normal muscle, cytochrome ¢ oxidase (COX). The COX stain is another stain that highlights
only mitochondria, in this case with a brown reaction product. In normal muscle, the pattern of
COX reactivity parallels that of SDH reactivity, with type 1 fibers staining more intensely than type
2 fibers. (e) Mitochondrial myopathy, COX. Many mitochondrial myopathies are characterized by
abnormalities in COX activity (complex IV in the mitochondrial respiratory chain). Affected mus-
cle fibers in such cases fail to react when stained for COX reactivity (arrows). (f) Mitochondrial
myopathy, sequential stain for COX and SDH. The sequential COX-SDH stain increases the sensi-
tivity of detection of COX-deficient myofibers. In patients with mitochondrial myopathies associ-
ated with COX deficiency, the myofibers that fail to stain for COX activity do not precipitate a
reaction product, and retain enzyme activity. If subsequently stained for SDH reactivity, the COX-
deficient myofibers stand out as blue-staining fibers surrounded by brown, COX-reactive fibers
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Phosphofructokinase (PFK) is a glycolytic pathway enzyme that converts
fructose-6-phosphate to fructose- 1,6-diphosphate. Patients with PFK deficiency (type
VII glycogen storage disease, or Tarui’s disease) have a clinical presentation similar
to that of patients with myophosphorylase deficiency. The PFK stain is based on the
conversion of exogenous fructose-6-phosphate to fructose-1,6-diphosphate by endog-
enous PFK. A metabolite of fructose-1,6-diphosphate — diphosphoglyceric acid — is
formed in vitro, which then reacts with exogenous nicotinamide adenine dinucleotide
to generate reduced nitro blue tetrazolium, the latter forming the usual blue precipi-
tate. Sections are coverslipped using an organic mounting medium [1, 11, 17]. PFK
is a labile enzyme that deteriorates rapidly in improperly handled biopsies. Patient
sections stained for PFK should include a negative control (no added substrate) and a
control section using fructose-1,6-diphosphate as a substrate, the latter always gener-
ating a blue reaction product, even if the patient is PFK-deficient. Patient sections
stained for PFK activity should always be paired with a normal control section.

A final enzyme histochemical stain that is routinely performed in our labora-
tory is the myoadenylate deaminase (MAD) stain. MAD is an enzyme that
removes an ammonia molecule from adenosine monophosphate (AMP) to convert
AMP to inosine monophosphate. Deficiency of the enzyme should be suspected
when patients fail to generate a normal amount of ammonia during exercise test-
ing. The clinical significance of MAD deficiency appears to vary from patient to
patient. While some patients with MAD deficiency are asymptomatic, MAD defi-
ciency has been associated in other patients with a clinical syndrome of exercise
intolerance and exercise-induced muscle cramps and pain, and, in severe cases,
rhabdomyolysis. A susceptibility to malignant hyperthermia syndrome has been
suggested by some authors [25, 26]. The MAD stain is based on the generation of
ammonia from an exogenous AMP substrate and subsequent reduction of nitro
blue tetrazolium to form a blue reaction product. Staining for MAD is always
paired with a negative control, in which aqueous citrate is added to the reaction in
place of AMP substrate. Stained sections are coverslipped using an aqueous
mounting medium [1, 18]. In patients with MAD deficiency, no blue reaction
product is present in the sections stained with the AMP substrate. In addition to
detecting MAD deficiency, the MAD stain reliably highlights tubular aggregates
(see discussion of abnormal sarcoplasmic inclusions under “Interpretation of the
Biopsy”, below).

Non-enzymatic Staining of Fixed Skeletal Muscle (Paraffin
Sections)

Although most of the useful diagnostic information in muscle biopsies at the light
microscopic level is provided by the evaluation of stained cryostat sections, prop-
erly processed paraffin embedded tissue can also be of help in some conditions,
particularly those characterized by the presence of inflammatory infiltrates and
microorganisms. The morphology of inflammatory cells is generally better pre-
served in fixed, paraffin embedded tissue than in cryostat sections, and immunohis-
tochemical markers (discussed below) often label inflammatory cells more clearly
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in paraffin-embedded tissue than in frozen tissue. Paraffin sections of skeletal mus-
cle biopsies are routinely stained with H&E, Masson trichrome and Congo red
stains in our laboratory. The H&E and Congo red stains have the same applications
in paraffin sections as they do in cryostat sections. The Masson trichrome stain is a
sensitive stain for highlighting connective tissue in paraffin sections. An additional
stain, the Morin stain, has proven to be helpful in the detection of aluminum depos-
its in patients with macrophagic myofasciitis (see discussion of cellular infiltrates
under “Interpretation of the Biopsy”, below) [27].

Immunohistochemical Stains

Immunohistochemical staining is a technique that allows one to localize specific
proteins in tissue sections. The procedure has broad applications in all areas of ana-
tomic pathology, and now plays an indispensable role in the evaluation of a wide
range of muscle disorders [1, 28, 29]. In brief, immunohistochemical staining
involves incubation of a tissue section with a primary antibody directed against the
protein of interest, followed by incubation of the tissue with a secondary antibody
that recognizes the primary immunoglobulin molecule and, finally, labeling the sec-
ondary antibody with a molecule that can be visualized under the microscope. Both
fluorescent and non-fluorescent labels are commercially available. Technical aspects
of immunohistochemical staining are presented in detail in other references [1], and
will not be reviewed here. Automated procedures are now available for immunohis-
tochemical staining, greatly improving turnaround time for this procedure.

Demonstration of many of the proteins of interest in the evaluation of skeletal
muscle generally requires the use of frozen sections, although some recent work has
suggested that paraffin embedded tissue may also be used for this purpose [30].
These include virtually all of the sarcolemmal proteins of interest in the evaluation
of suspected muscular dystrophies, as well as major histocompatibility complex
class I (MHC1) antigen and terminal complement complex (Cs,), the latter two
stains of special importance in the evaluation of suspected inflammatory muscle
diseases. Staining for MHC class I has been particularly valuable in identifying
cases of inflammatory myopathy associated with minimal changes in routine frozen
and paraffin sections. Patterns of abnormal MHC1 reactivity associated with inflam-
matory myopathies are illustrated in Fig. 1.9a, b. The abnormal protein aggregates
that characterize some muscle diseases (e.g., myofibrillar myopathies) are also most
reliably demonstrated in cryostat sections. Many of the more common inflamma-
tory cell markers, in contrast, are better demonstrated in paraffin embedded tissue.
The immunohistochemical markers commonly employed in our laboratory in the
evaluation of muscle biopsies, the preferred tissue for staining and the significance
of each of these markers, are listed in Table 1.1.

As in the cases of the enzyme histochemical stains discussed previously, it is
essentialthatappropriatecontrolsectionsbeavailable wheneverimmunohistochemical
staining is performed, in order to minimize the possibility of either false negative or
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Fig. 1.9 Immunohistochemical staining of skeletal muscle. (a) Polymyositis, MHC class 1
(MHCI1). MHC1 staining has been an invaluable tool in the assessment of suspected inflammatory
myopathies. Sarcolemmal MCHI1 reactivity can be seen in injured muscle fibers in a wide variety
of conditions, but in classical polymyositis, one usually sees generalized reactivity involving both
injured and morphologically normal fibers. Similar patterns of diffuse reactivity can be seen in
inclusion body myositis and in some cases of dermatomyositis, related “overlap” inflammatory
myopathic processes and in some dystrophies. (b) Dermatomyositis, MHCI1. In many cases of
dermatomyositis, one encounters selective staining of the sarcolemma in perifascicular myofibers,
as shown here. In other patients with dermatomyositis, more diffuse sarcolemmal reactivity can be
seen. (¢) Becker muscular dystrophy, B-spectrin. When staining muscle biopsies for one of the
dystrophy-associated membrane proteins, it is important to ensure that abnormalities in sarcolem-
mal staining are due to a specific protein abnormality rather than a nonspecific loss of membrane
integrity due to cell injury or artifact. In this field, sarcolemmal p-spectrin reactivity is well pre-
served. (d) Becker muscular dystrophy, dystrophin carboxy terminus. In a contiguous section of
the muscle biopsy shown in ¢, there is considerable loss of sarcolemmal dystrophin reactivity. The
presence of intact B-spectrin staining in the same area ensures that the loss of dystrophin staining
is caused by a true dystrophin abnormality rather than by nonspecific muscle fiber damage or an
artifactual loss of immunoreactivity

false positive staining. These control sections should always include normal tissue
stained for the protein of interest as well as negative controls. In addition, in the
evaluation of sarcolemmal proteins in suspected muscular dystrophies, it is essential
to ensure that the sarcolemma has not been artifactually disrupted by poor freezing
technique or nonspecific myofiber injury. To accomplish this, sections stained for
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Table 1.1 Antibodies, Preferred tissue, and Significance

Preferred
Antibody tissue Significance
MHC class 1 Cryostat Diffuse upregulation in polymyositis, inclusion
sections body myositis, some cases of dermatomyositis;
selective perifascicular upregulation in some cases
of dermatomyositis
Cspo Cryostat Capillary reactivity seen in dermatomyositis,
sections myopathy with pipestem capillaries, diabetes
mellitus
B-spectrin Cryostat Essential control stain to ensure membrane integrity
sections when evaluating muscle for sarcolemmal dystrophy-
associated proteins
Dystrophin epitopes (rod | Cryostat Evaluation of suspected Duchenne / Becker
domain, carboxy terminus, | sections dystrophy and other dystrophin-related disorders
amino terminus)
Sarcoglycans (a, f, y, 6) Cryostat Evaluation of suspected sarcoglycanopathies
sections (LGMD# types 2C, 2D, 2E, 2F)
Caveolin-3 Cryostat Evaluation of suspected LGMD type 1C, rippling
sections muscle disease, unexplained hyperCKemia
Dysferlin Cryostat Evaluation of suspected LGMD: type 2B, Miyoshi
sections myopathy and related myopathies
a-dystroglycan Cryostat Evaluation of suspected congenital muscular
sections dystrophies, LGMD: types 21 and 2M
Merosin (80 kDa and Cryostat Evaluation of suspected merosin-deficient
300 kDa epitopes) sections congenital muscular dystrophies
Collagen VI Cryostat Evaluation of suspected Ullrich or Bethlem
sections myopathies
Collagen IV Cryostat Control stain for collagen VI staining
sections
Emerin Cryostat or | Evaluation of suspected Emery-Dreifuss muscular
paraffin dystrophy
sections
CD3 Paraffin Pan T-lymphocyte marker
sections
CD4 Paraffin Helper T-lymphocyte marker
sections
CD8 Paraffin Cytotoxic/killer T-lymphocyte marker
sections
CD20 Paraffin B-lymphocyte marker
sections
CD68 Paraffin Macrophage marker
sections
Desmin Cryostat or | Evaluation of suspected myofibrillar myopathies
paraffin
sections
aB-crystallin Cryostat or | Evaluation of suspected myofibrillar myopathies
paraffin
sections

*LGMD Limb Girdle Muscular Dystrophy
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any dystrophy-associated sarcolemmal protein (e.g., dystrophin) should always be
accompanied by patient sections stained in parallel for B-spectrin, a protein that is
always present in the sarcolemma. The presence of intact $-spectrin reactivity in a
given myofiber ensures that there has not been an artifactual or nonspecific disrup-
tion of the integrity of the sarcolemma. An example of normal p-spectrin staining
and abnormal dystrophin staining in a patient with Becker muscular dystrophy is
illustrated in Fig. 1.9c¢, d.

Electron Microscopy

Although less widely used in general pathology practice than in the past, electron
microscopy continues to play a role in the evaluation of skeletal muscle biopsies. As
noted in the section on the initial processing of skeletal muscle biopsies, electron
microscopic evaluation of skeletal muscle is performed on fixed, resin-embedded
tissue. In our laboratory, small sections of the same isometrically clamped, formalin-
fixed muscle segment that is used for paraffin histology are post-fixed in glutaralde-
hyde and embedded in an Epon® medium. Delayed fixation or other improper
handling of the biopsy can introduce significant artifacts into the tissue that hamper
interpretation of fine structural changes. Prior to the preparation of thin sections for
electron microscopy, 1.5 pm semithin sections of the tissue blocks are stained with
toluidine blue and evaluated by light microscopy to select the optimum areas for
ultrastructural study. Longitudinal sections of this tissue generally provide the most
useful diagnostic information. Once an appropriate area has been identified in the
semithin sections, thin (100 nm) sections are obtained from the block, placed on a
copper grid, and stained with uranyl acetate-lead citrate [31]. The cross sectional
area of the sections submitted for electron microscopy is quite small compared to
the usual cryostat or paraffin sections, and sampling limitations should always be
kept in mind when evaluating tissue ultrastructurally. Electron microscopy should
never be used as a stand-alone diagnostic technique, but rather must be interpreted
in the context of changes at the light microscopic level and the clinical history.

As in the case of the light microscopic evaluation of muscle biopsies, proper
interpretation of changes at an ultrastructural level is based on a thorough knowl-
edge of normal skeletal muscle morphology, particularly the appearance of the
contractile apparatus (Fig. 1.10), sarcotubular structures, storage material, mito-
chondria, sarcolemma and nuclei. The observer should also be familiar with the
appearance of surrounding connective tissue and the morphology of interstitial
blood vessels.
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Fig. 1.10 Electron micrograph of normal sarcomeric structures. The sarcomere is the basic con-
tractile unit of skeletal muscle, and familiarity with the appearance of normal sarcomeres is the
foundation for interpreting the various structural abnormalities that one can see in diseased muscle.
The normal sarcomere is bordered on each end by densely staining Z-bands (arrows), biochemi-
cally complex structures that contain a-actinin and a multitude of additional proteins, including
those that anchor actin, titin and nebulin filaments. Immediately adjacent to the Z-band, one
encounters a lightly-staining region known as the “isotropic” (I) band, composed of actin filaments
and various accessory proteins (including nebulin and titin). The sarcomere’s I-bands flank a
darker staining area in the central region of the sarcomere known as the “anisotropic” (A) band,
composed of myosin (thick) filaments, a number of accessory proteins and, at its junction with the
I-band, variable numbers of overlapping actin filaments. In the center of each A-band, a lighter
staining area called the H-zone is present, composed portions of the myosin filaments that are not
overlapping with actin filaments. A central line (M) bisects the H-zone, composed of the creatine
kinase and various proteins that anchor myosin filaments and cross-link proteins in the A-band on
the other side of the M line. Mitochondria () as well as T-tubules (arrowhead) and adjacent cister-
nae of sarcoplasmic reticulum are also visible in this field

Interpretation of the Biopsy

Proper interpretation of skeletal muscle biopsies begins, ideally, with familiarity with
the patient’s clinical history, including age, presenting symptoms, duration of disease,
family history, imaging studies and any laboratory studies (e.g., CK levels). Clinical
information may be lacking at the time biopsies are submitted to the laboratory, and
in such cases, the pathologist should make every effort to contact the referring physi-
cian to obtain that information. Changes that should be noted in the biopsy include:
(1) patterns of myofiber atrophy or hypertrophy; (2) the presence of myofiber degen-
eration, necrosis or regeneration; (3) changes in the location and appearance of myo-
fiber nuclei and; (4) structural sarcoplasmic abnormalities, including sarcoplasmic
whorling, myofiber myofibrillar disarray, inclusions and vacuolar change; (5) connec-
tive tissue changes; (6) abnormal cellular infiltrates and (7) alterations related to poor
specimen preservation. These are discussed in more detail in the paragraphs below.
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Myofiber Atrophy and Hypertrophy

The size and shape of individual myofibers should be noted and documented in the
biopsy report. It is important to remember that myofiber size is influenced by the
age of the patient, and myofiber diameters, particularly in pediatric patients, should
be measured and compared to published normal ranges. Myofiber atrophy is a com-
mon alteration in muscle biopsies, occurring in disuse, denervation and many myo-
pathic disorders. If atrophy is present, the shapes of the atrophic myofibers should
be noted. Angular atrophic myofibers are typical in cases of denervation atrophy
and most cases of type 2 myofiber atrophy in mature skeletal muscle (Fig. 1.11a),
while more rounded atrophic fibers are typical of denervation in infants with spinal
muscular atrophy type 1 (Fig. 1.11b) and in many myopathic processes. Profound
myofiber atrophy, manifested by the presence of compact myonuclear clusters, is
common in long-standing denervation, and can also be seen in some myopathic
processes, notably myotonic dystrophy. The distribution of the atrophic myofibers
should also be documented. The presence of groups of contiguous atrophic myofi-
bers (group atrophy) is a feature of denervation atrophy (Fig. 1.11c), while the pres-
ence of selective atrophy of myofibers at the periphery of muscle fascicles
(perifascicular atrophy) is a feature of dermatomyositis and several other related
inflammatory myopathic disorders (Fig. 1.11d). The histochemical subtype(s) of the
atrophic fibers should also be noted; as one might expect, the ATPase stains play a
critical role in identifying the subtype(s) of the atrophic fibers. Selective atrophy of
type 2 myaofibers is a common change in skeletal muscle biopsies, typically associ-
ated with disuse atrophy and/or hypercortisolism (Fig. 1.12a). The atrophy in such
cases preferentially involves type IIb myofibers; the reason for this selective involve-
ment of fast twitch glycolytic fibers remains unclear. Selective atrophy of type 1
fibers is much less common than type 2 atrophy, but can be seen in patients with
myotonic dystrophy type 1. Selective “smallness” of type 1 fibers is also a feature
of congenital fiber type disproportion and many other congenital myopathies. The
term “hypotrophy” is sometimes used to describe the small size of the myofibers in
such cases, based on the notion that the affected fibers have not undergone atrophy,
but rather never reached normal diameters (Fig. 1.12b). Mixed type 1 and type 2
atrophy is a feature of neurogenic atrophy (Fig. 1.12c), but is also present in biop-
sies of many primary myopathic processes. Widespread myofiber atrophy is also a
feature of myopathy with thick filament loss; the atrophic fibers in such cases can
be mistaken for denervated fibers, but are distinguished from denervated myofibers
by a widespread loss of sarcoplasmic ATPase reactivity. Myofiber hypertrophy is a
feature of many muscular dystrophies and other chronic myopathic diseases, and
can also be seen in biopsies from individuals engaged in weight-bearing exercise
and in some cases of chronic denervation. Paradoxically hypertrophic type 1 myo-
fibers are common in the infantile pattern of denervation seen in spinal muscular
atrophy type I (Fig. 1.12d).
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Myofiber Degeneration, Necrosis and Regeneration

Muscle fiber degeneration, necrosis and regeneration are common in a wide range of
primary myopathic disorders, including inflammatory myopathies and other immune-
mediated myopathic processes, most types of muscular dystrophy, metabolic myopa-
thies associated with acute myofiber injury, and many myopathies caused by exogenous
myotoxic insults. The sarcoplasm of degenerating myofibers can appear hypercon-
tracted, dense and homogeneously staining in H&E and Gomori trichrome-stained
cryostat sections or can appear paler than the sarcoplasm of adjacent normal fibers
(Fig. 1.13a). The delicate intermyofibrillar network seen in normal fibers is obscured
in degenerating fibers. As degeneration proceeds to frank necrosis, the sarcoplasm

Fig. 1.11 Common patterns of myofiber atrophy. (a) Denervation atrophy, H&E. Neurogenic atrophy
in mature skeletal muscle is characterized by the presence of atrophic myofibers with an angular pro-
file in cross sections (arrow). This pattern can be difficult to distinguish from type 2 myofiber atrophy
in H&E-stained sections. (b) Denervation atrophy in infancy, H&E. Denervation atrophy in young
infants is characterized by the presence of groups of rounded, rather than angular, atrophic myofibers.
This infantile pattern of denervation atrophy is seen most frequently in patients with infantile spinal
muscular atrophy (SMA type 1). (¢) Group atrophy in denervation atrophy, H&E. In many cases of
denervation atrophy in mature muscle, angular atrophic myofibers occur in clusters, a pattern known
as group atrophy (arrow). The presence of group atrophy helps one to distinguish denervation atrophy
from type 2 myofiber atrophy even in H&E-stained sections. (d) Perifascicular atrophy in dermato-
myositis, H&E. Selective atrophy of myofibers at the periphery of a muscle fascicle, termed perifas-
cicular atrophy (arrow), is often seen in biopsies from patients with dermatomyositis and related
inflammatory myopathic disorders (e.g. lupus myositis) (Panel d courtesy of Chunyu Cai, MD, PhD)
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becomes fragmented, and is eventually invaded by macrophages, a process termed
myophagocytosis (Fig. 1.13b). It is important to recognize that macrophagic invasion
of such fibers is a nonspecific host reaction to the myofiber necrosis, and should not be
interpreted as evidence of an inflammatory myopathic disorder (discussed below). The
cytoplasm of regenerating myofibers, in contrast, is basophilic, owing to the presence
of sarcoplasmic ribonucleoproteins engaged in protein synthesis. The nuclei of regen-
erating myofiber tend to be enlarged, with finely dispersed chromatin and discernible
nucleoli (Fig. 1.13c). It is not uncommon for regenerative change to occur in muscle
fibers that contain residual necrotic sarcoplasm, the former typically manifesting as a
rim of basophilic sarcoplasm at the edge of a central area of necrosis (Fig. 1.13d).

Fig. 1.12 Fiber type-specific patterns of myofiber atrophy and hypertrophy. (a) ATPase 9.4, type 2
myofiber atrophy. Selective atrophy of type 2 myofibers is a very common pattern of myofiber atro-
phy. Common clinical features in most of the long list of conditions associated with type 2 atrophy
are disuse and elevated corticosteroid levels. (b) Type 1 myofiber atrophy/hypotrophy, ATPase 4.3.
Selective “smallness” of type 1 myofibers is less common than selective type 2 myofiber atrophy. It
is most commonly encountered in congenital fiber size disproportion and other congenital myopathic
disorders where it is usually referred to as “hypotrophy” rather than atrophy, based on the assumption
that the fibers have never reached a normal diameter during their development. Small type 1 fibers
are also often present in biopsies from patients with myotonic dystrophy, type 1. (¢) Denervation
atrophy, ATPase 4.3. Mixed type 1 and type 2 myofiber atrophy is a characteristic feature of neuro-
genic atrophy. It is also common in many myopathic disorders, but in the latter conditions, the
affected fibers are usually rounded rather than angular. (d) Infantile spinal muscular atrophy, ATPase
4.3. Myofiber hypertrophy involving both type 1 and type 2 fibers is commonly seen in chronic
myopathic processes as well as in many cases of chronic neurogenic atrophy. Selective type 1 myo-
fiber hypertrophy, illustrated here, is usually present in biopsies from infants with SMA type 1



28 D. K. Burns
Changes in the Location and Appearance of Myofiber Nuclei

As noted previously and illustrated earlier in Fig. 1.3, myofiber nuclei normally lie
just beneath the sarcolemma. Increased numbers of internalized nuclei — defined by
the presence of internalized nuclei in >3% of myofibers in transverse of areas away
from myotendinous insertion sites — are common in many chronic myopathic and
neuropathic disorders, where they usually coexist with myofiber hypertrophy, myofi-
ber splitting and other chronic sarcoplasmic alterations discussed in the next section.
Internalized nuclei are also common in regenerating muscle fibers. Internalized —
often centrally-situated - nuclei are a defining feature of the centronuclear myopa-
thies, a genetically and clinically heterogeneous group of congenital myopathies with
presentations that range from severe neonatal weakness with respiratory failure and
early death - e.g. X-linked myotubular myopathy (Fig. 1.14a) - to adult-onset, much
more slowly progressive weakness. A number of genetic abnormalities, variably asso-
ciated with X-linked, autosomal dominant or autosomal recessive inheritance pat-
terns, have been described [32]. Mutations in the gene encoding the ryanodine
receptor, best known for its association with central core disease and susceptibility to
malignant hyperthermia syndrome, have also been associated with abnormal numbers
of central / internalized nuclei [33]. Internal nuclei are also a common feature of
myotonic dystrophy, particularly myotonic dystrophy type 1 (DM1) (Fig. 1.14b).
Biopsies from patients with congenital-onset DM 1 may be extremely difficult to dis-
tinguish from those with congenital onset variants of centronuclear myopathy [34].
Changes in the appearance of myofiber nuclei should also be noted in the
biopsy report. As mentioned previously, enlarged nuclei with finely dispersed chro-
matin and conspicuous nucleoli are a feature of myofiber regeneration. Although
difficult to appreciate at the light microscopic level, a number of different infranu-
clear inclusions can be seen under the electron microscope in a number of different
neuromuscular disorders, including inclusion body myositis [35], oculopharyngeal
muscular dystrophy [36], inflammatory myopathies associated with the presence of
anti-synthetase antibodies [37] and some cases of nemaline myopathy [38] (see
discussion of “nemaline bodies” under Abnormal Sarcoplasmic Inclusions, below).

Sarcoplasmic Abnormalities

A wide variety of other sarcoplasmic structural alterations can be seen in muscle
biopsies. These include (1) various forms of myofibrillar disarray, (2) abnormal
sarcoplasmic inclusions and (3) vacuolar change.

Patterns of myofibrillar disarray include myofiber splitting, sarcoplasmic
“whorling”, target/targetoid change, central cores, multiminicores, ring fibers, lobu-
lated (trabecular) change, moth-eaten change and whorled fibers. Target/targetoid
change and sarcoplasmic cores are similar from a morphological standpoint but
have very different clinical implications. Myofiber splitting is particularly common
in hypertrophic fibers (Fig. 1.15a), and is a feature of chronic myopathic and some
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Fig. 1.13 Myofiber degeneration, necrosis and regeneration. (a) Degenerating myofiber, H&E. As
myofibers degenerate, their sarcoplasm often becomes pale (arrow) and the normal intermyofibrillar
network is obscured. In other instances, the sarcoplasm of degenerating myofibers can stain more
darkly than that of normal myofibers due to the presence of denatured proteins. (b) Myophagocytosis,
H&E. Once a myofiber becomes necrotic, its sarcoplasm becomes fragmented and undergoes
phagocytosis by macrophages (arrow). (¢) Regenerating myofiber, H&E. The sarcoplasm of regen-
erating myofibers is basophilic (arrow), owing to the presence of ribonucleoproteins engaged in
protein synthesis. The nuclei of regenerating myofibers are enlarged, and often contain conspicuous
nucleoli. (d) H&E, mixed myofiber necrosis and regeneration. Myofiber necrosis and regeneration
often occur as segmental changes, and it is not uncommon to see evidence of regenerative sarcoplas-
mic basophilia (arrow) adjacent to areas of sarcoplasmic necrosis in the same myofiber

neuropathic conditions. Split fibers are also a normal feature of myotendinous inser-
tion sites, and in this location should not be interpreted as evidence of a myopathic
disorder. Myofiber splitting is often accompanied by other chronic architectural
abnormalities, including increased numbers of internalized nuclei, internalized cap-
illary loops, and irregular areas of sarcomeric disarray, the last imparting a
“whorled” appearance to the sarcoplasm of affected fibers in transverse sections
(Fig. 1.15b). This pattern of sarcomeric disarray is common in dystrophic processes,
but can also be seen in long-standing chronic neurogenic disorders. The NADH-TR
stain, as noted earlier, is a useful stain for demonstrating a number of important
sarcoplasmic abnormalities. Target/targetoid change is characterized by the pres-
ence of a fairly well-demarcated zone of pallor and decreased oxidative enzyme
activity caused by disorganization of sarcomeres and an absence of mitochondria,
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Fig. 1.14 Abnormalities in the location of myofiber nuclei. (a) H&E, X-linked myotubular myop-
athy. In normal skeletal muscle in both infants and older individuals, the vast majority of the
myofiber nuclei lie just beneath the sarcolemma. Internalized nuclei are common near myotendi-
nous insertion sites in normal muscle, and are also common in chronic myopathic and neuropathic
processes. X-linked myotubular myopathy, illustrated here, is one of a group of hereditary con-
genital myopathies characterized by abnormally increased numbers of centrally-situated nuclei.
(b) Myotonic dystrophy type 1, H&E. Myotonic dystrophy is another form of hereditary myopathy
associated with increased numbers of internalized nuclei. In biopsies from older patients with this
condition, a significant number of myofibers contain multiple, randomly distributed internalized
nuclei. In cases of myotonic dystrophy presenting in infancy, the histological changes may be dif-
ficult to distinguish from myotubular myopathy and other congenital centronuclear myopathies

Fig. 1.15 Patterns of myofibrillar disarray: myofiber splitting and sarcoplasmic “whorling”. (a)
Myofiber splitting, H&E. Myofiber splitting is a common, nonspecific change in chronic myo-
pathic disorders, and can also be seen as a secondary change in chronic neurogenic atrophy. The
“splitting”” (arrow) typically occurs in hypertrophic fibers, and is associated with the presence of
internalized nuclei and, in some cases, internalized capillary loops. (b) Sarcoplasmic whorling,
H&E. “Whorling” of sarcoplasmic elements (arrow) is another common change seen in a wide
range of chronic myopathic conditions. Like myofiber splitting, with which it usually coexists, this
pattern of sarcomeric disarray is most common in hypertrophic myofibers and is associated with
internalized nuclei
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usually near the center of the myofiber in transverse sections. Target fibers are dis-
tinguished from targetoid fibers by the presence of a thin zone of increased oxida-
tive enzyme activity at the edge of the region of decreased oxidative enzyme activity,
while “targetoid” fibers lack this hyperintense border. Both of these structures are
best visualized in NADH-TR-stained cryostat sections (Fig. 1.16a) and in sections
stained for mitochondrial enzyme activity. Target formation is usually restricted to
type I myofibers and is most commonly seen in chronic denervation, although it can
also be produced by tendon transection. At an ultrastructural level, targets extend for
a considerable distance along the long axis of the affected fiber and are character-
ized by an absence of mitochondria and variable degrees of sarcomeric disarray and
Z-band streaming. Sarcoplasmic cores are another important pattern of myofibrillar
disarray, and can take the form of central cores or so-called multiminicores (also
known as minicores). As the name suggests, central cores are classically located in
the central area of the sarcoplasm of transversely sectioned fibers, but can also
occupy a more eccentric position. Like target fibers, cores are characterized by a
well-demarcated zone of decreased oxidative enzyme activity (Fig. 1.16b). They are
the defining morphological feature of central core disease, a congenital myopathy
associated in a significant number of patients with a ryanodine receptor (RYRI)
mutation and susceptibility to malignant hyperthermia syndrome [39]. Like target
fibers, their distribution is limited to type I fibers. Ultrastructurally, two forms of
central cores have been described. The so-called unstructured cores are character-
ized by sarcomeric disarray and Z-band streaming similar to that seen in target
fibers. “Structured” cores, on the other hand, are characterized by the presence of
readily discernable sarcomeres that are usually shorter than the sarcomeres in the
adjacent non-core areas and contain wider, more irregular Z-bands. Multiminicores
are also characterized by zones of decreased oxidative enzyme activity but, unlike
targets and central cores, tend to be multiple and smaller (Fig. 1.16c), with an ori-
entation perpendicular to the long axis of the affected myofiber. Multiminicores are
a feature of a family of congenital myopathies known as multiminicore (or multi-
core) myopathies. A significant percentage of cases of congenital myopathies with
a multiminicore morphology have been associated with a mutation in the gene
encoding selenoprotein N1, although other variants also occur. Although not ini-
tially felt to be associated with a risk of malignant hyperthermia, some patients with
multiminicore change have been shown to carry a mutation in the RYR1 gene and,
with it, susceptibility to malignant hyperthermia syndrome [40]. Although uncom-
mon, multiminicore-like structures can also occasionally be encountered in patients
with chronic denervation. Moth-eaten change is a common, nonspecific change
that is also characterized by the presence of irregular areas of decreased oxidative
enzyme activity (Fig. 1.16f). Moth-eaten change can be difficult to distinguish from
multiminicores in some cases. Lobulated (or trabecular) fibers are myofibers that
have an abnormally coarsely-staining intermyofibrillar network that is also best
demonstrated in the NADH-TR stain (Fig. 1.17a). This pattern is caused by abnor-
mal aggregation of mitochondria, thought to be associated with a defect in the nor-
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mal “anchoring” of mitochondria near Z-bands. The lobulated change typically
preferentially affects type 1 myofibers, which are often atrophic. While not specific
for any one myopathic disorder, they are particularly common in patients with the
autosomal recessive form of limb girdle muscular dystrophy associated with

Fig. 1.16 Patterns of myofibrillar disarray, continued: target/targetoid fibers, central cores, mul-
timinicores and moth-eaten change. (a) Target fibers in chronic denervation, NADH-TR. The
NADH-TR stain is an excellent stain for highlighting abnormalities in myofibrillar elements.
Target fibers are common in chronic peripheral neuropathies, and are characterized by a fairly
well-demarcated zone of decreased oxidative enzyme activity surrounded by a rim of increased
enzyme activity (arrow). “Targetoid” fibers are similar to target fibers, but lack the peripheral
zone of increased enzyme activity. (b) Central core disease, NADH-TR. Central cores, the hall-
mark of central core disease, are also best seen in oxidative stains, where they appear as a well-
defined area of decreased enzyme activity (arrow). Despite their name, in some myofibers, the
cores can lie in a more peripheral position. Patients with central cores are at increased risk for
ryanodine receptor abnormalities and susceptibility to malignant hyperthermia syndrome. (c)
Multiminicore disease, NADH-TR. Multiminicores, as the name suggests, appear as multiple,
irregular areas of decreased oxidative enzyme activity (arrow). Multiminicore disease, although
not originally felt to be associated with an increased risk of malignant hyperthermia syndrome,
can also be associated with ryanodine receptor abnormalities. (d) Moth-eaten change,
NADH-TR. Moth-eaten change refers to the presence of irregular, usually ill-defined areas of
decreased oxidative enzyme activity (arrow) This is a nonspecific degenerative alteration encoun-
tered in a wide range of myopathic processes. Moth-eaten change can be difficult to distinguish
from multiminicores, but is usually less widely distributed than the multiminicores seen in cases
of multiminicore myopathy
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calpain-3 deficiency (LGMD 2A) [41, 42]. They have also been reported in other
dystrophic processes, including facioscapulohumeral dystrophy, and have been
described as the predominant change in a subset of elderly patients with limb girdle
weakness in the absence of a defined protein abnormality [43]. Ring fibers are
another example of myofibrillar disarray, characterized by the presence of a periph-
eral rim of improperly oriented myofibrils encircling a central region of well-pre-
served sarcoplasm, best demonstrated in oxidative (Fig. 1.17b) and PAS stains. Ring
fibers are often smaller and stain more intensely in H&E and Gomori trichrome
stains than their normal counterparts. Although commonly associated with myo-
tonic dystrophy, they can be seen in a wide range of myopathic processes, and
sometimes as isolated incidental changes.

Abnormal sarcoplasmic inclusions can occur in muscle fibers, and their pres-
ence can provide important clues to the nature of the neuromuscular disorder. Many
of these are recognizable in Gomori trichrome-stained cryostat sections, supple-
mented by other stains. Ragged red change in the Gomori trichrome stain is a hall-
mark of abnormal mitochondrial accumulation. As mentioned previously, the
mitochondrial aggregates have a granular, faintly basophilic appearance in H&E
sections. The membrane-rich mitochondria are highlighted red in the Gomori
trichrome stain, producing the characteristic ragged red appearance (Fig. 1.18a).
Mitochondrial stains, particularly the SDH stain, highlight mitochondrial aggre-
gates with even greater sensitivity than the trichrome stain, and should always be

Fig. 1.17 Patterns of myofibrillar disarray, continued: lobulated fibers and ring fibers. (a)
Lobulated fibers, NADH-TR. Lobulated fibers (arrow), sometimes designated as “trabecular”
fibers, are characterized by coarsening of the intermyofibrillar network, best appreciated in oxida-
tive stains. Lobulated fibers can be seen in a number of different myopathic disorders, and are often
conspicuous in patients with facioscapulohumeral muscular dystrophy and in autosomal recessive
limb girdle muscular dystrophy caused by calpain-3 deficiency (LGMD 2A). They have also been
described as the predominant change in a subset of elderly patients with limb girdle weakness in
the absence of a defined protein abnormality. The affected fibers are usually type 1 myofibers, and
are smaller than neighboring normal myofibers. (b) Ring fibers, NADH-TR. Ring fibers, some-
times designated as spiral annulets or “Ringbinden”, are characterized by a peripheral zone of
circumferentially-oriented myofibrils (arrow) surrounding a central area of normally oriented
myofibrils. They are most commonly seen in patients with myotonic dystrophy, but can be encoun-
tered as nonspecific changes in a wide range of chronic myopathic processes
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used to confirm the mitochondrial nature of the inclusions. Ragged red change is
also a feature of some inflammatory myopathies (inclusion body myositis [35, 44],
polymyositis with COX-deficient myofibers [45], and is common in paraspinous
muscles [46] and in muscle biopsies from older adults [47]. Tubular aggregates are
membrane rich inclusions derived from redundant collections of sarcoplasmic retic-
ulum that are also highlighted in the trichrome stain (Fig. 1.18b). These inclusions
are sometimes mistaken for ragged red change, but tend to be better-demarcated
than the mitochondrial aggregates in ragged red fibers. Like mitochondrial aggre-
gates, they are highlighted in NADH-TR stained sections, but lack SDH and COX
activity and, in contrast to mitochondrial aggregates, are typically restricted to type
2 myofibers (except in some of the rare familial tubular aggregate myopathies, in
which they occur in type 1 fibers). Tubular aggregates are usually sporadic, inciden-
tal findings, but have also been associated with a number myopathic conditions,
including some forms of periodic paralysis and myotonia [48]. Hereditary forms of
tubular aggregate myopathy have also been documented, with symptoms that
include progressive weakness, exercise-induced myalgias and cramps, and weak-
ness with myasthenic features. In addition to highlighting membrane-rich sarcoplas-
mic accumulations, the Gomori trichrome stain is also useful for highlighting a
variety of protein-rich inclusions. Nemaline bodies are a feature of the nemaline
myopathies, a clinically and genetically heterogeneous group of congenital myopa-
thies that are characterized by the presence of small rod-like structures (nemaline
“rods”) in the sarcoplasm of affected myofibers [49]. These structures contain a high
concentration of the Z-disc protein a-actinin, stain dark-red to blue in the Gomori
trichrome stain, and often aggregate at the periphery of the affected myofiber
(Fig. 1.19a). Nemaline bodies can be difficult to identify at the light microscopic level
in some biopsies, for which reason we routinely perform electron microscopy on any
biopsy in which a nemaline myopathy (or other congenital myopathy) is suspected.
Nemaline bodies can also be seen as incidental structures, particularly in the vicinity
of myotendinous insertion sites and in extraocular muscles. Cyfoplasmic bodies are
fairly distinctive inclusions that are especially common in patients with inclusion
body myopathies and myofibrillar myopathies (discussed below) [50]. They have
been described in earlier publications as a distinguishing feature of a heterogeneous
group of conditions termed “cytoplasmic body myopathies”, some examples of
which are now classified as variants of myofibrillar myopathy or inclusion body
myopathy. They can also be encountered in patients with myopathy related to ipecac
abuse [51] and as incidental findings in otherwise normal muscle. Cytoplasmic bod-
ies are eosinophilic in H&E stained sections, and stain red to dark green in the
Gomori trichrome stain (Fig. 1.19b); a pale halo is usually discernable at their
periphery. They have a very distinctive ultrastructural appearance, with a darkly
staining, dense filamentous core surrounded by a halo of thin radiating filaments.
Spheroid bodies are another type of proteinaceous inclusion that can be seen in
many of the same conditions that are associated with cytoplasmic bodies. They tend
to be larger and more irregular than classical cytoplasmic bodies, but can be probably
be thought of as a variant of the latter. Spheroid bodies are particularly conspicuous
in spheroid body myopathy, a variant of myofibrillar myopathy associated with
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Fig. 1.18 Abnormal sarcoplasmic inclusions: ragged red change and tubular aggregates. (a)
Ragged red change, Gomori trichrome. The Gomori trichrome stain is an invaluable tool for dem-
onstrating a variety of abnormal sarcoplasmic inclusions. One of the best known examples is
ragged red change (arrow), caused by the presence of abnormal mitochondrial aggregates. Such
changes are the hallmark of many mitochondrial myopathies, but are also common in inclusion
body myositis, polymyositis with mitochondrial abnormalities, in muscle biopsies from elderly
patients, and in orbital and paraspinous muscles. Myofibers with ragged red change are also reli-
ably highlighted in sections stained for succinate dehydrogenase activity. (b) Tubular aggregates,
Gomori trichrome. Tubular aggregates (arrow) are structures composed of redundant collections of
sarcoplasmic reticulum. Like mitochondrial membranes, the sarcoplasmic reticulum has an affin-
ity for the red dye used in the Gomori trichrome stain. Tubular aggregates are sometimes confused
with ragged red change, but tend to be better demarcated and, unlike ragged red change, usually
restricted to type 2 fibers. They are NADH-TR reactive but lack mitochondrial enzyme activity

mutations in the gene encoding myotilin [52]. Reducing bodies are well-
circumscribed, darkly-staining eosinophilic inclusions in H&E-stained sections that,
like cytoplasmic bodies, stain dark red in the Gomori trichrome stain. They are dis-
tinguished from the latter by their dark reaction product in the menadione nitroblue
tetrazolium stain [53]. Reducing bodies are a prominent feature in reducing body
myopathies, hereditary myopathies caused by mutations in the FHLI gene [54].
Some myopathic disorders, exemplified by the myofibrillar myopathies, are charac-
terized by the presence of larger, irregular proteinaceous aggregates. The staining
properties of these aggregates is variable, but most appear as irregular eosinophilic
hyaline deposits in H&E sections (Fig. 1.19¢). The inclusions can range from dark
green to red in color in trichrome-stained cryostat sections, and in some cases stain
faintly in Congo red stains. In the case of myofibrillar myopathies, the inclusions are
often immunoreactive for desmin (Fig. 1.19d), as well as a number of other proteins
[55, 56]. Abnormal proteinaceous aggregates are also a feature of sporadic inclusion
body myositis [57] and hereditary inclusion body myopathies [58].

Sarcoplasmic vacuoles of various types are a feature of a number of different
muscle diseases and, in some cases, are the defining feature of a specific myopathic
disorder. One must be careful to distinguish true sarcoplasmic vacuoles from clear
spaces caused by ice crystal artifact. Some vacuoles are distinguished by conspicu-
ous lysosomal activity, best demonstrated in cryostat sections stained for acid phos-
phatase activity. These include acid maltase deficiency (type II glycogen storage
disease) (Fig. 1.20a, b) and two hereditary X-linked conditions (Danon myopathy,
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associated with deficiency of the LAMP-2 protein [59], and X-linked myopathy
with excessive autophagy [60, 61]. Vacuolar change and increased lysosomal activ-
ity are also a feature of some amphiphilic cationic myopathies, most notably those
associated with exposure to chloroquine or hydroxychloroquine. Rimmed sarco-
plasmic vacuoles are a feature of hereditary and sporadic inclusion body myopa-
thies, myofibrillar myopathies, oculopharyngeal muscular dystrophy and some
forms of hereditary limb girdle muscular dystrophy and distal myopathy. Classical
rimmed vacuoles contain membranous material that is highlighted in the Gomori

Fig. 1.19 Abnormal sarcoplasmic inclusions, continued: nemaline rods, cytoplasmic bodies and
other proteinaceous aggregates. (a) Nemaline myopathy, Gomori trichrome. Nemaline rods are
structures that are derived from abnormal sarcomeric Z-band material. They are the defining mor-
phological feature of a clinically and genetically heterogeneous group of congenital myopathies
known as nemaline myopathies. They can also be seen as incidental structures in a number of other
myopathic processes and in normal skeletal muscle at myotendinous insertion sites. Nemaline rods
typically cluster in subsarcolemmal areas (arrow). (b) Cytoplasmic bodies, Gomori trichrome.
Cytoplasmic bodies are small proteinaceous inclusions that can be seen in a number of different
myopathies, but are especially conspicuous in myofibrillar myopathies and inclusion body myopa-
thies. The classic cytoplasmic body has a core that stains blue in the Gomori trichrome stain, sur-
rounded by a clear halo (arrow). (¢) Protein aggregate in myofibrillar myopathy, Gomori trichrome.
Large, irregular proteinaceous inclusions, like cytoplasmic bodies, are common in myofibrillar
myopathies and inclusion body myopathies. Their appearance ranges from red to blue-green in the
Gomori trichrome stain (arrow). (d) Protein aggregate in myofibrillar myopathy, desmin stain.
Immunohistochemical staining is a useful technique for identifying specific protein entities in the
proteinaceous deposits seen in the trichrome stain. Desmin reactivity (arrow) is particularly com-
mon, although a variety of other proteins are often also present



1 Skeletal Muscle Biopsy Evaluation 37

trichrome stain, and gives the vacuoles their classical “rimmed” appearance
(Fig. 1.20c). They are of lysosomal origin, and often have some acid phosphatase
reactivity, although this is typically less intense than that seen in vacuoles in acid
maltase deficiency. Amyloid is demonstrable in some examples, but this is variable.
At an ultrastructural level, the rimmed vacuoles of inclusion body myositis contain
bundles of characteristic “tubulofilamentous” structures measuring from 16-24 nm
in diameter (Fig. 1.20d), usually accompanied by nonspecific lysosomal debris;
accurate measurement of these tubulofilamentous structures is essential to avoid

d

Fig. 1.20 Sarcoplasmic vacuoles: Acid maltase deficiency and inclusion body myositis. (a) Acid
maltase deficiency, H&E. Acid maltase deficiency, also known as glycogen storage disease type 2, is
characterized by the presence of vacuolar change (arrow). In adult cases, the vacuolar change is less
dramatic than those seen in infantile cases (Pompe disease), and can vary considerably from muscle
to muscle. The vacuoles contain stainable glycogen. (b) Acid maltase deficiency, acid phosphatase.
In acid maltase deficiency, much of the abnormal glycogen accumulates within lysosomes, and is
therefore associated with areas of abnormal acid phosphatase reactivity (arrow). Similar patterns of
vacuolar change associated with abnormal lysosomal activity can also be seen in Danon myopathy
and X-linked myopathy with excess autophagy. (¢) Inclusion body myositis, Gomori trichrome.
Rimmed vacuoles (arrow) are a characteristic feature of sporadic inclusion body myositis, hereditary
inclusion body myopathies, myofibrillar myopathies, oculopharyngeal muscular dystrophy and some
distal myopathies. The vacuoles typically contain abundant membranous debris, as well as an inter-
esting array of proteins. The membranous debris has an affinity for the red dye in the Gomori tri-
chrome stain. (d) Inclusion body myositis, EM. Under the electron microscope, the rimmed vacuoles
in muscles from patients with inclusion body myositis often contain inclusions composed of fila-
ments with diameters ranging from 16 to 24 mm. It is important to distinguish these larger filaments
from collections of smaller actin and myosin filaments that can be seen in any injured myofiber
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Fig. 1.21 Interstitial fibrosis. (a) Duchenne muscular dystrophy, Gomori trichrome. Increased
endomysial connective tissue is a feature of many chronic myopathic disorders, including most
muscular dystrophies. The abundant endomysial collagen in this biopsy stains light green in a
cryostat section stained with the Gomori trichrome stain. (b) Duchenne muscular dystrophy,
Masson trichrome. The endomysial collagen in a paraffin section from the same patient is high-
lighted dark blue in the Masson trichrome stain, contrasting sharply with the red color that the stain
gives to the sarcoplasm of adjacent myofibers

confusion with the disrupted myosin and/or actin filaments that are often seen in
injured myofibers. Non-lysosomal vacuoles are a feature of some of the non-lyso-
somal glycogen storage diseases, as well as some forms of periodic paralysis.
Properly performed PAS stains reliably highlight the glycogen in vacuoles associ-
ated with glycogen storage diseases, while those associated with periodic paralysis
are devoid of glycogen.

Changes in Connective Tissue

Endomysial fibrosis is commonly seen in chronic neuromuscular disorders
(Fig. 1.21). Changes of this type are particularly common in chronic myopathic con-
ditions, but can also be seen in severe, long-standing denervation. As muscle injury
progresses, the areas previously occupied by skeletal muscle fibers are sometimes
replaced by adipose tissue. In some biopsies, these connective tissue changes are so
extensive that it is impossible to determine the nature of the underlying neuromuscu-
lar disease, and the biopsy must be designated simply as “end-stage muscle”.
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Cellular Infiltrates

Inflammatory infiltrates are a common change in muscle biopsies, particularly in
patients with myopathic disorders. The most common inflammatory cells are lym-
phocytes and macrophages (histiocytes), although other cell types — plasma cells,
neutrophils and eosinophils — are sometimes encountered. Infiltrating lymphocytes
are particularly important to recognize in muscle biopsies. Lymphocytic infiltrates
can be encountered in any of the muscle compartments — endomysium, perimysium
and even in epimysial connective tissue — and their distribution can provide impor-
tant clues to the nature of the muscle disease. Endomysial lymphoid infiltrates are a
feature of polymyositis (Fig. 1.22a), classically associated with lymphocytic inva-
sion of non-necrotic myofibers by CD8-reactive T-lymphocytes. Identical patterns
of endomysial inflammation are also seen in inclusion body myositis and in poly-
myositis with mitochondrial abnormalities. Perimysial lymphocytic infiltration
(Fig. 1.22b), in contrast, is often seen in dermatomyositis and related inflammatory
myopathic disorders, such as systemic lupus erythematosus-associated myositis, as
well as in cases of primary inflammation of fascial connective tissue (fasciitis).
While the presence of lymphocytic infiltration can be an important clue to the pres-
ence of an inflammatory myopathy responsive to immunomodulatory therapy, it is
important to note that they can also be seen in myopathic processes that do not
respond to immunosuppression, including inclusion body myositis, some muscular
dystrophies (notably facioscapulohumeral dystrophy, dysferlin deficiency, merosin-
deficient congenital muscular dystrophy and occasional dystrophinopathy cases).
Conversely, lymphocytic infiltrates are not always present in biopsies from patients
with immune-mediated myopathic disorders (e.g. immune-mediated necrotizing
myopathies), and may be absent even in biopsies from patients with conventional
inflammatory myopathies (e.g., polymyositis) due to “sampling error”’. Macrophages
are almost invariably present in conditions associated with muscle fiber necrosis,
where they engulf necrotic fibers, as illustrated earlier in Fig. 1.13b, and sometimes
infiltrate the connective tissue adjacent to damaged myofibers. In such conditions,
macrophages are a nonspecific host reaction to muscle fiber injury, and, as noted
earlier, should not be misinterpreted as evidence of a primary inflammatory myo-
pathic process. Less commonly, macrophages can be a component of a primary
inflammatory process, exemplified by cases of macrophagic myofasciitis (Fig. 1.22c)
an inflammatory muscle disease caused by the intramuscular injection of vaccines
containing aluminum adjuvant [27], and in cases of granulomatous myositis.
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Fig. 1.22 Inflammatory infiltrates. (a) Endomysial inflammation with lymphocytic myofiber inva-
sion in polymyositis, H&E. Lymphocytic infiltration of the endomysium is a feature of polymyo-
sitis and inclusion body myositis, and can also be seen in some forms of muscular dystrophy.
Invasion of adjacent myofibers by lymphocytes (arrow) is seen in polymyositis and inclusion body
myositis, but not in muscular dystrophies. (b), Perimysial inflammation, H&E. Lymphocytic infil-
tration of the perimysial is common in dermatomyositis and related inflammatory myopathies, and
is also a feature of some cases of fasciitis. (¢) Macrophagic myofasciitis, H&E. Macrophages
(arrow) are most often encountered in skeletal muscle as a host response to muscle fiber injury, but
in some inflammatory conditions, including macrophagic myofasciitis, are the primary inflamma-
tory cell. The cytoplasm of the macrophages in macrophagic myofasciitis has a characteristic
granular, basophilic appearance. (d) Granulomatous inflammation, H&E. Granulomas are com-
pact aggregates of activated macrophages, often associated with multinucleate giant cells (arrow).
Granulomatous inflammation in skeletal muscle is a feature of sarcoidosis and a number of other
non-infectious entities, but its presence should always prompt a search for microorganisms, par-
ticularly acid fast bacilli or fungi

Macrophagic infiltration associated with granulomatous inflammation can be seen
in the muscles of patients with sarcoidosis (Fig. 1.22d), and, less commonly, in
patients with thymoma, Crohn’s disease, and isolated granulomatous myositis [62,
63]. Granulomatous inflammation can also be encountered in patients with inflam-
matory myopathy associated with the presence of anti-mitochondrial antibodies
[64] and in some vasculitic disorders (discussed below). Finally, the possibility of
an infectious process should always be excluded in patients with evidence of
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granulomatous inflammation. Enzyme histochemical staining for acid phosphatase
reactivity and immunohistochemical staining for CD68 reliably highlight the mac-
rophagic infiltrates in cases of granulomatous myositis and other conditions. Plasma
cells are less commonly encountered in muscle biopsies than either macrophages or
lymphocytes. They may be conspicuous in cases of myositis associated with
Sjogren’s syndrome. Eosinophils can be seen in small numbers in inflammatory
myopathies of various types, but are not usually conspicuous. Well-developed
eosinophilic infiltrates have been reported in as an idiopathic focal lesion (“focal
eosinophilic myositis”), as a manifestation of parasitic infection and in rare exam-
ples of muscle involvement in systemic hypereosinophilic syndrome [65] and in
allergic granulomatosis [66]. They have also been reported in limb girdle muscular
dystrophies associated with calpain-3 mutations [67] and y-sarcoglycan mutations
[68]. Neutrophilic infiltrates are also fairly uncommon in muscle biopsies. Their
presence should prompt careful search for a bacterial or fungal infection. Sterile
neutrophilic myositis has been reported in Sweet’s syndrome [69] associated with
hematologic malignancies and myelodysplastic disorders.

Vascular Changes

A variety of important diagnostic changes can be seen in the blood vessels in skel-
etal muscle biopsies. Amyloid deposits, discussed earlier, are often associated with
vessel walls in patients with amyloid myopathies. Thickening of vascular basal
laminae is common in aging, hypertension and diabetes mellitus, and is also a con-
spicuous change in patients with an uncommon immune-mediated disorder desig-
nated necrotizing myopathy with pipestem capillaries [70]. Thickened basal laminae
have a homogeneous, lightly eosinophilic appearance in H&E stains, appear pale
green in Gomori trichrome-stained cryostat sections, and are highlighted in PAS
stains. Thickened basal laminae are easily identified at an ultrastructural level
(Fig. 1.23a), where it is often split and reduplicated. Dermatomyositis is associated
with areas of reduced capillary density, deposition of terminal complement complex
(Cspo) in perifascicular capillaries and, at an ultrastructural level, the presence of
characteristic tubuloreticular inclusions in the cytoplasm of endothelial cells
(Fig. 1.23b). For completeness, it should be noted that, while capillary C5b-9 depo-
sition is a feature of a dermatomyositis and some additional immune-mediated
myopathic processes, it is also commonly seen in endomysial capillaries in patients
with diabetes mellitus in the absence of immune-mediated muscle injury [71].
Vasculitis can be seen in skeletal muscle in patients with a number systemic disor-
ders, including polyarteritis nodosa, allergic granulomatosis (Churg-Strauss dis-
ease), rheumatoid arthritis, systemic lupus erythematosus and related connective
tissue disorders. A spectrum of morphological patterns can be seen in cases of vas-
culitis, ranging from simple lymphocytic infiltration of vessel walls to fibrinoid
necrosis and leukocytoclastic change (Fig. 1.23c). Vasculitis associated with
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Fig. 1.23 Vascular changes. (a) Microvascular sclerosis, EM. Thickening of vascular basal lami-
nae (arrow) can occur as a consequence of aging, but can also be an indicator of diabetes mellitus
or hypertension. Basal lamina thickening has also been described in a variant of inflammatory
myopathy known as necrotizing myopathy with pipestem capillaries. PAS stains are a useful tech-
nique for demonstrating basal lamina thickening at the light microscopic level. (b) Endothelial
tubuloreticular inclusions in dermatomyositis, H&E. Tubuloreticular inclusions (arrow) in the cyto-
plasm of endothelial cells are a classical feature of dermatomyositis and related disorders such as
lupus-associated myositis. (¢) Necrotizing vasculitis, H&E. Necrotizing vasculitis is characterized
by the presence of vessel wall inflammation associated with fibrinoid necrosis (arrow), the latter a
brightly eosinophilic staining pattern caused by altered plasma proteins that have leaked into the
wall of the injured vessel. (d) Remote vasculitic injury, H&E. When a vessel has been injured by
vasculitis, cellular elements in the vessel wall proliferate in an attempt to repair the damage. The
end result is often a markedly thickened, fibrotic vessel wall with an abnormally small lumen
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granulomatous inflammation can be seen in patients with Wegener’s granulomatosis
and allergic granulomatosis. It is important to remember that vasculitis is a multifo-
cal, rather than a diffuse, process, and that diagnostic changes may not be present in
a single biopsy from a patient with a systemic vasculitic process. In such cases,
serial sections of the specimen may disclose areas of vasculitis not represented in
the initial sections. Search for evidence of remote vascular damage (e.g. asymmetri-
cal fibrosis of the vessel wall, disruption of the elastic lamella or remote occlusion
of the vessel lumen) may also provide clues to the presence of vasculitis (Fig. 1.23d).
In the final analysis, a “negative” biopsy should never be taken as proof that that the
possibility of vasculitis has been excluded.

Artifacts in Skeletal Muscle Biopsies

As noted in the comments on the proper acquisition of muscle biopsies, improper
handling of muscle tissue at the time of biopsy, during transport to the laboratory or
during processing in the laboratory can produce a range of artifacts ranging from alter-
ations that are annoying but otherwise inconsequential to changes that preclude mean-
ingful interpretation of the biopsy. An unfortunate and avoidable artifact commonly
introduced at the time of biopsy is cautery artifact. The cauterized muscle fibers have
a condensed, dark appearance in H&E and trichrome stains (Fig. 1.24a) and are, pre-
dictably, devoid of normal enzyme activity. Formalin artifact, cause by accidental
exposure of fresh tissue destined for frozen section histology is another abnormality
encountered in muscle tissue, particularly those submitted from institutions with less
experience in performing neuromuscular biopsies. The affected myofibers in such
cases stain diffusely red in the Gomori trichrome stain rather than green (Fig. 1.24b).
There is typically a significant loss of enzyme activity in such cases, even after very
brief, inadvertent exposure to formalin. An artifactual loss of enzyme activity can be
seen in muscle tissue that has been transported in excess saline, or in which processing
in the laboratory has been delayed. Some stains, including those for glycolytic path-
way enzymes, are particularly sensitive to delayed processing, and “negative” reac-
tions in such cases should be interpreted with caution. Prolonged immersion of fresh
muscle into excess saline also tends to leach glycogen from the sarcoplasm.
Mitochondrial enzymes, particularly cytochrome c oxidase, are also susceptible to arti-
factual degradation, which typically appears as a loss of enzyme activity at the edges
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of the tissue (Fig. 1.24c). Ice crystal artifact is a common change in specimens that
have been transported in excess saline. Ice crystal artifact is characterized by the pres-
ence of optically clear sarcoplasmic vacuoles of variable size and distribution
(Fig. 1.24d), and can be confused with vacuoles associated with some vacuolar myop-
athies. Thawing and properly refreezing the tissue can sometimes reduce the amount
of ice crystal artifact, although myofibers tend to shrink during this process. Drying
artifact can occur if the fresh muscle segment is exposed to air for an excessive amount
of time prior to freezing (Fig. 1.24e). Muscle fibers that have dried out tend to be
rounded and retracted from the adjacent endomysium, and often have a pale, “smudgy”’
appearance in H&E stains. They usually stain poorly in enzyme histochemical prepa-
rations. Artifactual pallor is also commonly seen if fresh muscle has been immersed in

»
>

Fig. 1.24 Artifacts in skeletal muscle biopsies. (a) Cautery artifact, H&E. The use of an electro-
cautery instrument during excision of muscle tissue effectively “cooks” the myofibers, giving them
a shrunken, dark, contracted appearance (arrow). This change precludes meaningful interpretation
of the morphology of the affected tissue. (b) Formalin artifact, Gomori trichrome. Accidental
immersion of fresh muscle into formalin causes the myofibers to stain red (arrow). These myofi-
bers are effectively “fixed”, and cannot be evaluated for the presence of enzyme activity or subtle
changes in the intermyofibrillar network. (¢) Artifactual loss of mitochondrial enzyme activity,
sequential COX-SDH stain. Cytochrome c oxidase activity is often lost in muscles that have been
subjected to drying or inadequate freezing during transport to the laboratory from remote loca-
tions. The artifactual loss of enzyme activity is most apparent at the edges of the tissue fragments
(arrow). This pattern needs to be distinguished from the selective perifascicular loss of COX reac-
tivity that can be seen in dermatomyositis. (d) Freezing artifact, H&E. Skeletal muscle that has
been improperly frozen, or inadvertently thawed during transfer to the cryostat, contains irregular,
optically clear vacuoles caused by the presence of ice crystals (arrows). These artifactual changes
can be confused with true vacuolar change, and make evaluation of other morphological changes
extremely difficult. (e) Drying artifact, H&E. Tissue that has been dried, as often happens when
muscle is transported from a distant site, thawed and refrozen yields sections in which the muscle
fibers are artifactually separated and stain poorly, particularly in enzyme histochemical prepara-
tions. If cryostat sections are allowed to air dry at room temperature for too long a time, they have
a “smudgy”, pale appearance in most stains. Abnormal sarcoplasmic pallor is also a feature of
fresh muscle that has been immersed in excess saline prior to freezing. (f) Contraction artifact,
EM. Immersion of fresh muscle tissue into aldehyde-based fixatives causes the muscle fiber to
vigorously contract. This results in aggregation of normal contractile elements into amorphous,
densely staining areas (arrow) that can obscure diagnostically significant changes in sarcomeric
morphology, such as multiminicores. Contraction artifact can be minimized by clamping muscle
segments in situ before excising them and placing them into fixative
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excess saline during transport to the laboratory. Contraction artifact can occur when
muscle segments are placed into fixative for subsequent paraffin or resin embedding.
In some instances, this results in only occasional dense, hypercontracted segments in
longitudinally oriented myofibers, but in more extreme cases, can completely obscure
sarcomeric morphology and hamper the evaluation of the muscle biopsy for multi-
minicores or other pathological patterns of sarcomeric disorganization (Fig. 1.24f).
Contraction artifact can be minimized by clamping the muscle segment in situ prior to
excising it and placing it into fixative.
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Chapter 2
Peripheral Nerve Biopsy Evaluation

Chunyu Cai

Introduction

Surgical removal of a segment of nerve leads to a permanent loss of function in
that nerve and in rare cases painful injury neuromas. Therefore, a nerve biopsy is
usually performed only if clinical, laboratory, and electrophysiological studies
have been done, yet failed to clarify the nature or the cause of the disease. A nerve
should not be biopsied if it appears normal on electrophysiological study. The
major indications for nerve biopsy are clinically suspected vasculitis and amyloi-
dosis. These disease processes are patchy; thus negative findings in a nerve biopsy
does not completely exclude the above conditions. Other indications for nerve
biopsy include infections (e.g. leprosy), sarcoidosis, tumor, chronic inflammatory
demyelinating polyneuropathy (CIDP) that does not fully meet the electrophysi-
ologic criteria, and hereditary neuropathies that cannot be confirmed by genetic
tests [1]. In general, nerve biopsies have a higher yield in acute, multifocal, asym-
metrical and severe demyelinating conditions than in chronic, symmetric and
axonal types. A concomitant muscle biopsy from the same incision is advised as
it may substantially increase the diagnostic yield for systemic disease processes
such as vasculitis [2], amyloidosis and sarcoidosis, and causes very little addi-
tional discomfort to the patient. The muscle biopsy may also provide useful diag-
nostic information by confirming denervation changes in the muscle and excluding
a primary myopathic process. In this chapter, we summarize biopsy procedure,
specimen processing, common morphologic findings, and their diagnostic impli-
cations in peripheral nerve biopsies.
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Nerve Biopsy Acquisition

The choice of the site and the nerve for biopsy should be made based on the clinical
and electrophysiological findings. One should choose a nerve which is affected by
the disease to increase the biopsy yield and to reduce the risk of neuroma forma-
tion. Distal sensory nerves such as sural nerve, superficial peroneal nerve, and
superficial radial nerve are preferred as these nerves are frequently affected by
inflammatory and amyloid neuropathies, and the biopsy of these nerves do not
cause motor deficit. Sural nerve is the most commonly biopsied nerve. It can be
biopsied alone at the lateral aspect of the distal leg with a 5-cm longitudinal inci-
sion made between the fibula and the Achille’s tendon ending distally just proximal
to the lateral malleolus.

Sural nerve is frequently biopsied along with gastrocnemius muscle via a single
5-cm longitudinal incision made over the midline of posterior distal leg. The
biopsy is done under local anesthesia with a monitored anesthesia care. A length
of 4-5 cm of nerve is biopsied. Shorter nerve biopsy specimen may hamper diag-
nosis yet will leave an identical sensory deficit. The risk of post-biopsy bleeding
and infection is minimal. The patient may have transient irritating discomfort at
the biopsy site. The sensory loss at the dorsolateral aspect of the foot usually
improves with time. The neuroma formation is very rare. A combined superficial
peroneal nerve and peroneus brevis muscle biopsy via a single incision may be
done if the superficial peroneal nerve is more affected by the disease than the sural
nerve. Superficial radial nerve biopsy is rarely done; it can be helpful when a mul-
tiple mononeuropathy only affects upper limbs. When a nerve disease (lesion)
predominantly involves a proximal nerve such as sciatic nerve, median nerve at the
upper arm, lumbosacral plexus, or brachial plexus, magnetic resonance neurogra-
phy (MRN)-targeted fascicular nerve biopsies may be performed in a tertiary med-
ical center by a surgeon with special expertise after communication with treating
neurologist and radiologist [3].

Specimen Processing Procedure

The biopsied nerve is divided into 3 parts, a fresh specimen, a formalin fixed
specimen for paraffin embedding, and a glutaldehyde fixed specimen for resin
embedding, toluidine blue stain, and electron microscopy (EM). The glutaldehyde
fixed specimen is superior in demonstrating myelin morphology but also most
susceptible to stretching, compression and delayed fixation artifacts. The speci-
men must be handled with extreme care. We recommend first clamping the middle
2 cm segment of nerve in situ. Then 1 cm of nerve proximal to the clamp is
excised, wrapped in a 4 x 4 gauze sponge moistened with 4 ml normal saline, and
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placed in a sealed container as a fresh specimen. A 1-cm nerve fragment distal to
the clamp is tied at both ends with sutures, excised and tied onto wooden tongue
depressor so that the nerve is straight but not overstretched, and placed in a sealed
container of 10% phosphate-buffered neutral formalin for paraffin embedding.
The middle clamped segment (Fig. 2.1) is placed in a sealed container with chilled
3% glutaraldehyde for resin embedding and EM. The specimens are placed on ice
for subsequent transfer from operating room to pathology laboratory, usually
within 2 hours.

Once in pathology laboratory, the fresh specimen is snap frozen in isopentane
cooled in liquid nitrogen. Frozen sections can be cut and stained with hematoxylin
and eosin (H&E) immediately for rapid screening of vasculitis or inflammation. The
formalin specimen is divided into 3—4 cross and longitudinal pieces for paraffin
embedding. The glutaldehyde specimen is carefully cut out from the clamp, divided
into 3 cross and 1 longitudinal pieces and further fixed in glutaldehyde overnight
before epoxy resin embedding and semithin sections.

Fig. 2.1 Properly clamped
peripheral nerve is fixed in
glutaldehyde for resin
embedding and EM
processing
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Routine Stains and Utilities

In our laboratory, frozen, formalin fixed and paraffin embedded (FFPE), and glutal-
dehyde fixed and resin embedded nerve biopsies specimens are routinely evaluated
with a panel of stains as listed below.

» Frozen nerve specimen
- H&E

— Modified Gomori trichrome
— Crystal violet
— Congo red
e FFPE nerve specimen
— H&E
— Masson trichrome
— Periodic acid Schiff (PAS)
— Congo red
e Glutaldehyde fixed, resin embedded specimen
— Toluidine blue stained thick sections for light microscopy
— Toluidine blue stained thin sections for electron microscopy

Serial section of multiple levels on H&E stained cryostat and FFPE sections is
recommended for the detection of vasculitis or inflammation. Congo red stain is
performed on both cryostat and FFPE sections to increase the rate of detection for
amyloidosis.

Hematoxylin and Eosin (H&E)

H&E stain provides the initial and most important morphological assessment of
nerve histology, and is routinely performed on both the frozen and FFPE specimens.
H&E stain is excellent in identifying vasculitis, inflammation and neoplasm, but
generally offers limited value in assessing myelin or axon pathology.

One of the most important task of nerve biopsy evaluation is to identify evidence
of vasculitis. The 2012 Chapel Hill Consensus Conference provides an updated
classification of vasculitis [4]. Pertaining to peripheral nerve, vasculitis can be
broadly dichotomized into infectious (e.g. leprosy, fungus) and noninfectious eti-
ologies. Noninfectious vasculitis are further classified into systemic and nonsys-
temic vasculitic neuropathies (NSVN) [5, 6]. Morphology varies depending on the
size of the vessels involved. Fibroid necrosis is more commonly seen in large ((>100
micron) to medium sized (40—100 microns) epineurial arteries [7] in polyarteritis
nodosum, Churg-Strauss syndrome, Wegener’s granulomatosis, ANCA associated
vasculitis, or collagen vascular diseases (e.g. lupus, rheumatoid arthritis, etc.).
Leukocytoclasia or perivascular lymphocytic cuffing are more commonly seen in
smaller vessel (<40 microns) vasculitis such as collagen vascular disease, micro-
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scopic polyangiitis [7] and NSVN [8, 9]. NSVN can only be diagnosed on a nerve
biopsy and encompasses a heterogeneous and expending group of diseases such as
painless diabetic radiculoplexus neuropathies, postsurgical inflammatory neuropa-
thy, and Wartenberg migratory sensory neuropathy [5]. Subclassification of NSVN
relies on clinical information and cannot be differentiated by histology alone.
Takayasu arteritis, Kawasaki diseases and antiglomerular basement membrane dis-
ease do not involve peripheral nerves [5].

Acute vasculitis Fibrinoid necrosis with associated inflammation of blood vessel
wall is the most definitive histological evidence of acute necrotizing vasculitis. It
appears as amorphous, refractile material within arterial wall that deeply stain with
eosin (Fig. 2.2a). On EM, these fibrinoid material is composed of electron dense
fibrin strands with cross banding of 20.8 nm periodicity [10] (Fig. 2.2b). The origin
of the fibrinoid material is believed to be polymerised fibrinogen which has perme-
ated through the injured endothelial cell layer [11]. It should be noted that fibrinoid
necrosis without inflammation can be seen in nonvasculitic conditions such as
malignant hypertension [10, 12, 13] and complement mediated hypersensitivity
reaction [14]. Transmural inflammation accompanied by karyorrhexis debris
(leukocytoclasia) (Fig. 2.3a) carries a similar diagnostic implication as fibrinoid
necrosis as definitive evidence of active vasculitis. The presence of inflammatory
cells in the vessel wall or perivascular cuffing (Fig. 2.3b) of lymphocytes, while a
frequent finding in vasculitis involving smaller arteries and veins, is less specific
and can be seen in a variety of non-vasculitic inflammatory neuropathies including
chronic inflammatory demyelinating polyneuropathy (CIDP) [15], paraneoplastic
syndrome [16], as well as many other systemic inflammatory conditions. When in
doubt, additional deeper levels are recommended. Presence of luminal thrombosis,
endothelial damage, perivascular hemosiderin, disruption of internal elastic lamina
(by elastin special stain) or separation/disruption of smooth muscle cells in media
(by smooth muscle actin immunostain) support the diagnosis of vasculitis [6].

Fig. 2.2 Fibrinoid necrosis of medium sized epineurial artery. (a) H&E. (b) EM. (Images from a
78-year-old patient with rheumatoid arthritis, who presented with mononeuritis multiplex)



Fig. 2.3 Vessel wall inflammation. (a) Transmural inflammation with karyorrhexis debris is diag-
nostic for vasculitis. (b) Transmural and perivascular lymphocytic cuffing in a patient with a clini-
cal diagnosis of diabetic amyotrophy. Panel B also shows endoneurial perivascular inflammation
(arrows) and an atherosclerotic plaque within the lumen of an epineurial artery ()

Fig. 2.4 Chronic vascular remodeling changes supportive of prior vasculitis. (a) PAS stain shows
a medium sized epineurial artery with marked intimal and adventitia fibrosis. Two smaller vessels
in the upper right corner show perivascular lymphocytic cuffing. (b) PAS stain of an epineurial
artery with completely occluded lumen and neovascularization within and outside the lumen.
(Sural nerve biopsy from a 63-year-old female with rheumatoid arthritis and progressive
polyneuropathy)

Chronic vascular damage with repair Features of chronic vascular damage/repair
include intimal hyperplasia, fibrosis of media, adventitia fibrosis (Fig. 2.4a), and
chronic thrombosis with recanalization (Fig. 2.4b). With the presence of mononu-
clear inflammatory cells in the wall, these chronic vascular remodeling changes can
serve as definitive evidence for vasculitis [6]. Since vasculitis is a multifocal pro-
cess, additional sections or adjacent block near vessels with chronic remodeling
change may demonstrate adjacent active vasculitic changes. Increased epineurial
vessel density: In sural nerve, epineurial vessel number stay relatively constant
throughout ages in normal person (mean 58, range 34-76), but is significantly
increased in patients with vasculitic neuropathies (mean 108, range 47-179),
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Fig. 2.5 Diffuse terminal complement complex (C5b-9) deposition in nerve (a) and muscle (b)
small vessels and capillaries in a 49-year-old patient with poorly controlled diabetes

microvasculitic neuropathies (mean 110.8, range 85-131), and diabetes (Mean 106,
range 85-131) [17]. The endoneurial vessel number remains remarkably constant
[18]. Thus, a prominently increased number of epineurial vessels may serve as a
suggestive feature for vasculitis or microvasculopathy, particularly when they are
clustered or growing within the wall of vessels or perineurium (Fig. 2.4b). Increased
epineurial vessels can also be seen in a significant number of nerve biopsies with
mixed axonal and demyelinating features [17] and paraneoplastic syndrome [16].
Overall this is a relatively nonspecific finding that by itself conveys limited diag-
nostic implication. Arteriolosclerosis: Prominent thickening of the wall of endo-
neurial vessels is commonly associated with hypertension or diabetes. Diffuse
deposition of terminal complement complex (C5b-9) in both nerve endothelial ves-
sels and muscle capillaries is a rather characteristic feature of diabetic microangi-
opathy and not an indication of immune-mediated vascular injury [19] (Fig. 2.5).

Endoneurial perivascular _inflammation Selective endoneurial perivascular
mononuclear inflammation without significant epineurial inflammation is an
uncommon finding in peripheral nerve biopsies and is a supportive feature of CIDP
or Guillain-Barre syndrome (GBS) in the appropriate clinical context [16, 20]. It has
also been reported in paraneopalstic syndrome [21], immune checkpoint inhibitor
associated neuropathy [22], and leprosy [23]. Individually scattered endoneurial
inflammation is difficult to discern on H&E. Immunostain highlighted T cells can
be found in CIDP, chronic idiopathic axonal polyneuropathy, vasculitic neuropathy,
as well as normal controls, thus of limited diagnostic value [24].

Perineurium pathology Inflammation that preferentially involves perineurium is
associated with leprosy, which is rare in the United States but can be seen in coun-
tries with relative high incidence of leprosy, such as India, Brazil, and Indonesia
[25]. Anecdotal case reports on idiopathic perineuritis [26, 27], cryoglobulinemia
[28], and epidemic toxic oil syndrome [29] with preferential perineurium inflamma-
tion have been reported. Sarcoid peripheral neuropathy often shows inflammation
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Fig. 2.6 Sarcoid perineuritis. (a) H&E stained cryostat section of the sural nerve shows inflamma-
tion and irregular thickening of perineurium (arrow). (b) Granuloma (arrow) is apparent on the
paraffin fixed longitudinal nerve section. (¢) Toluidine blue stained plastic section shows that the
granulomatous inflammation (arrow) is centered on the perineurium and blood vessels. (d)
Granulomas are also identified in the concomitant muscle biopsy. (Images from a 21-year-old
patient with sarcoidosis and peripheral neuropathy)

and thickening of the perineurium [30] (Fig. 2.6). Vasculitis or other ischemic injury
to the nerve fascicules can cause thickening of the perineurium, and sometimes the
formation of inmjury neuroma, characterized by the presence of microfascicles
within or beyond the perineurium [31] (Fig. 2.7), even the appearance of perineuri-
tis [32]. Injury neuromas due to trauma or prior surgery are typically larger, com-
posed of numerous haphazardly arranged microfascicles replacing an entire fascicle
or nerve. In patients with diabetic peripheral neuropathy, thickening of perineurial
basal lamina and atrophy of perineurial cells (Fig. 2.8) were considered by some as
a more characteristic feature of diabetic neuropathy than arteriolosclerosis [33].
Perineurial calcifications may be seen as an age related change but is more fre-
quent and can be marked at younger age in patients with diabetic neuropathy [34]
(Fig. 2.8).

Neoplasms Schwannoma, perineurioma, and neurofibroma are common periph-
eral nerve neoplasms that are usually excised as mass lesions and treated as general
surgical pathology specimens rather than nerve biopsy. In rare occasions, lym-
phoma may secondarily involve a peripheral nerve and present as atypical lymphoid
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Fig. 2.7 Injury neuromas (arrows) in sural nerve biopsies are more commonly associated with
prior ischemic damage rather than traumatic injury. (Image from a 57-year-old patient who pre-
sented with foot drop)

Fig. 2.8 Perineurial calcifications (black arrows) and markedly thickened basal lamina (white
arrows) in a 31-year-old patient with type I diabetes
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infiltrates. Intravascular B cell lymphoma can be quite subtle and the findings may
be limited to small aggregates of atypical lymphoid cells within vascular lumen
(Fig. 38.1). Once noticed, the diagnosis can usually be established through addi-
tional immunohistochemistry and clinical history.

Congo Red Stain

Amyloid deposits can be subtle and difficult to differentiate from hyaline on H&E
stained sections (Fig. 2.9a). We routinely perform Congo red stain on both cryostat
and FFPE sections of all nerve biopsies to evaluate for amyloidosis. Amyloid tends
to accumulate within or around epi- or endoneurial blood vessels or in the subperi-
neurial regions. On Congo red stained section, amyloid deposits appear orange red
under regular light (Fig. 2.9b) and yellow-green birefringence under polarized light
(Fig. 2.9c). A thioflavin S or T special stain is more sensitive than Congo red but
requires fluorescence scope to view the amyloid deposits (Fig. 2.9d). Amyloid is
also prominent on crystal violet special stain (Fig. 2.9¢) and strongly accumulate
terminal complement complex detectable by C5b-9 immunostain (Fig. 2.9f). On
plastic section (Fig. 2.9g) and EM, the amyloid deposits are composed of haphaz-
ardly arranged fibrils. The diameter of the fibrils vary widely and range from 8-24
nanometers depending on the types of amyloid (Fig. 2.9h, i). The most common
form of primary acquired amyloid neuropathy is due to immune light chain (AL)
deposition that can be highlighted by Kappa or Lambda immunohistochemistry.
These patients usually are over 50 years of age and have lymphoproliferative disor-
ders, plasma cell dyscrasias or monoclonal gammopathies. Secondary amyloidosis
due to infection or chronic inflammation (AA) usually does not cause polyneuropa-
thy [35]. Patients with hereditary amyloidosis usually present early in their 30—40s
but can be later. Vast majority is caused by transthyretin point mutations. The amy-
loid deposits are negative for immunoglobin light chains but positive on transthyre-
tin (prealbumin) immunostain (Fig. 2.9j). Other rare forms of hereditary amyloidosis
involve mutations in gesolin, apolipoprotein Al, fibrinogen A alpha chain, or lyso-
zyme. Amyloid classification can be determined by liquid chromatography-mass
spectrometry [36] followed by genetic testing.

Toluidine Blue Stained Plastic Sections

Toluidine blue stained 1.5 pm plastic section from resin embedded nerve blocks
provides an accurate assessment of the number of myelinated axons and provides
higher contrast and finer detail in myelin and axon morphology than frozen or
FFPE specimens. Thick sections, in combination with EM when necessary, is the
most important tool in determining whether the dominant pathology of a nerve is
axonal degeneration, demyelination or mixed. Features of axonal degeneration
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Fig. 2.9 Amyloid neuropathies. (a) H&E. (b) Congo red stain, nonpolarized light. (¢) Congo red
stain, polarized light. (d) Thioflavin S stain viewed under green fluorescence light. (e) Crystal
violet stain. (f) C5b-9 immunostain. (g) Toluidine blue stained thick section. (h) Amyloid fibril on
EM from a patient with transthyretin amyloidosis. (i) Amyloid fibril on EM from a patient with
non-AL, non-transthyretin amyloidosis. (j) Transthyretin stain on the concomitant muscle biopsy
from the patient with transthyretin amyloidosis



Fig. 2.10 Myeline ovoids are feature of active axonal degeneration of myelinated axons. (a) On
toluidine blue stained thick section, myelin ovoids are round structures containing myelin debris
(arrows). (b, ¢) On electron microscopy, myelin ovoids are composed of myelin debris at various
stages of digestion still confined within the Schwann cell basal lamina (arrow) (d) Strings of
myelin ovoids can be visualized on trichrome stained longitudinal section (arrows). (Images are
from a 32-year-old patient with acute motor and sensory axonal neuropathy)

and regeneration are myelin ovoids (Fig. 2.10) and regenerating clusters
(Fig. 2.11), respectively, which are readily identifiable on toluidine blue stained
thick sections. They will be discussed in more detail in the EM section. Features
of demyelination include naked axons, thinly myelinated axons, and segmental
demyelination. Naked axons may be difficult to appreciate on light microscopy
and often requires electron microscopy. Thinly myelinated axons (Fig. 2.12a, b)
can be seen in regenerating clusters or regenerating axons, thus not a reliable
feature of demyelination. Segmental demyelination is best appreciated on teased
fiber analysis but can also be seen on longitudinally embedded toluidine stained
thick sections. It should be noted though segmental demyelination is not specific
for primary demyelination and can be seen in many primarily axonal processes
such as diabetic neuropathy, porphyria, uremic neuropathy [37], even vasculopa-
thies [38], these are referred to as “secondary segmental demyelination”. The
hallmark of chronic demyelination is the presence of true onion bulbs (Fig. 2.12c,
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Fig. 2.11 Regenerating cluster forms in the regenerating phase following axonal degeneration,
thus considered an evidence of axonopathy. (a) Toluidine blue. (b) Electron microscopy

Fig. 2.12 Features of demyelination. (a, b) are images from a patient with CIDP. (a) Toluidine
blue stained thick section show numerous thinly myelinated axons in a background without myelin
ovoids or regenerating clusters. (b) EM shows that the axons are intact and not associated with
regenerating clusters. (¢, d) are images from a separate patient with CIDP. (¢) Toluidine blue
stained thick section shows multiple well-formed onion bulbs (arrows). “v” indicate vessels.(d)
EM shows that the onion bulbs are composed of a central thinly myelinated axon surrounded by
multiple layers of supernumerary Schwann cell processes. No other myelinated or unmyelinated
axons are present within the onion bulb to suggest a regenerating cluster
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d), which results from repeated cycles of demyelination and re-myelination that
leads to the buildup of multiple concentric layers of Schwann cell processes and
their basal lamina. In practice, determination of primary axonal degeneration ver-
sus demyelination often relies on the dominant pathology of the nerve, e.g. occa-
sional thinly myelinated fibers in a background of frequent myelin ovoids and
regenerating clusters are likely axonal, while abundant thinly myelinated axons
or onion bulbs with minimal associated axonal degeneration supports primary
demyelination. When comparable amount of axonal and myelin alterations are
present, a descriptive “mixed axonal and demyelinating features” is rendered.
This is a nonspecific but relatively common finding in patients with diabetic
peripheral neuropathy.

Differential fascicular loss of myelinated axons (Fig. 2.13) is commonly
considered an indirect evidence of vasculitic neuropathy. However, it can be
seen in CIDP (also referred to as “multifocal loss” of myelinated fibers [16])
and chronic nerve compression [39]. Subperineurial edema is an abnormal
finding in sural nerve readily detectable on H&E but best viewed on toluidine
blue stained plastic sections (Fig. 2.13). It is generally considered an indicator
for inflammatory neuropathies such as vasculitis, CIDP and GBS. The degree of
edema is more prominent in inflammatory neuropathies with recent onset [40]

-
\
\'& -

Fig. 2.13 Differential fascicular loss of axons. Toluidine blue section shows severe depletion of
axons in the left two fascicles but well preserved axons in the fascicle on the top right. All fascicle
show prominent subperineurial edema. (Sural nerve biopsy from a 17-year-old patient with axonal
neuropathy)

200 pm
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but has no correlation with the severity of axon loss. However, subperineurial
edema is nonspecific and has been well documented in many non-inflammatory
conditions such amyloidosis [41], lead poisoning [42], thiamine deficiency [43],
immune checkpoint inhibitor chemo reagents [22], chronic nerve compression
[39], as a non-exhaustive list.

Electron Microscopy (EM)

While thick section viewed at the light microscopy resolution can provide a general
assessment of large myelinated axon density, myelin thickness, and the presence of
ovoids, regenerating clusters, and well-formed onion bulbs, many important diag-
nostic features can only be assessed by EM, such as macrophage mediated demye-
lination, presence of naked axons or early degenerating axons, true onion bulb
versus pseudo-onion bulb, and integrity and density of unmyelinated axons. We
perform electron microscopy on most of nerve biopsies when an etiologic diagnosis
(e.g. vasculitis, amyloidsis) is not apparent on routine histological sections. In each
case multiple 1.5 pm thick sections from a total of four resin embedded nerve blocks
are first reviewed by light microscopy. The most representative block is selected,
from which 100 nanometer thin sections are cut, mounted on a copper grid, stained,
and viewed by electron microscopy.

Features of axonal degeneration and regeneration When an axon is injured, most
often by trauma or ischemia, the axon and its myelin sheath distal to the injury site

undergo a sequence of events referred to as Wallerian degeneration. The neuron is
still viable which will then attempt to regenerate the axon from the proximal stump,
forming regenerating cluster. The very first sign of axonal degeneration is increased
organelles (mainly mitochondria) due to cessation of axonal transport, occurring
within 12-24 hours of axon injury (Fig. 2.14a). This is followed by degeneration of
the axoplasm with loss of structure, rarification, and eventually disappearance of the
axon (Fig. 2.14b, c). The myelin sheath subsequently collapses and degenerates,
forming myelin ovoids (Fig. 2.14d). The initial phase of myelin degeneration occurs
in the Schwann cell cytoplasm, the remnants are then removed by macrophages
(Fig. 2.14e). The macrophages can be distinguished from Schwann cells by their
filopodia (arrows) and the lack of a basement membrane. The Schwann cell unit
devoid of myelinated axon collapses (Fig. 2.14f). Regeneration occurs at the viable
tip of the proximal stump, where a growth cone is formed and extends multiple axon
sprouts. Meanwhile, Schwann cells proliferate within the original basement mem-
brane tube and guide axon growth, forming Bands of Biingner (Fig. 2.14g). The
regenerating cluster follows when individual axon sprout becomes associated with
a Schwann cell which produces its own basement membrane and myelin. The origi-
nal basement membrane tube is usually degenerated by this time (Fig. 2.14h). The
axon sprouts that do not reach a target will disappear, while usually one dominant
regenerating axon will remain. The myelin sheath of the regenerating axon is thin-



Fig. 2.14 Features of axonal degeneration/regeneration on EM. (a) Early degenerating axon with
increased organelle. (b, ¢) Mid to late degenerating axons with degeneration and dissolution of
axoplasm. (d) Myelin ovoid. (e) Macrophage containing myelin debris. Arrows indicate filopodia.
(f) Collapsed Schwann cell unit devoid of axon. The presence of Reich granule at the center indi-
cates this was a myelinating Schwann cell with an axon. (g) Bands of Bungner. (h) Regenerating
cluster (i) Pseudo-onion bulb contain unmyelinated axons (arrow) within the Schwann cell pro-
cesses and is a feature of axonopathy. (j) True onion bulb does not contain unmyelinated axons and
is a feature of chronic demyelination. (k) Stacked Schwann cell processes and (1) Clustered colla-
gen pockets indicate loss of unmyelinated axons

ner than normal axons of similar caliber and gives the appearance of a Pseudo-
onion bulb, a central thinly myelinated axon surrounded by proliferating, sometimes
concentric Schwann cell processes (Fig. 2.141). Pseudo-onion bulbs are thus consid-
ered a feature of axonopathy rather than demyelination. The presence of unmyelin-
ated axons within the Schwann cell processes differentiate pseudo-onion bulbs
(Fig. 2.14i arrow) from a true onion bulb (Fig. 2.14j). Stacked Schwann cell pro-
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cesses is a feature of degeneration of unmyelinated axons (Fig. 2.14k). The flatness
of Schwann processes and the lack of a common basal lamina tube differ from
bands of Biingner. Occasional collagen pockets can be seen in normal sural nerve
but clustered collagen pockets indicate unmyelinated axonal loss (Fig. 2.141).

Features of demyelination Macrophage mediated demyelination, characterized
by macrophage entering Schwann cell basement membrane and directly contacting
or stripping the myelin sheath off an intact axon (Fig. 2.15a), is considered a defini-
tive diagnostic feature of active immune mediated demyelination (e.g. GBS or
CIDP). Macrophage mediate demyelination is rarely seen in peripheral nerve biop-
sies, however, as axons do not stay demyelinated for long in CIDP, and peripheral
nerve biopsy is rarely done in the acute phase of GBS. The diagnosis of CIDP on a
nerve biopsy often relies more on the presence of prominent endoneurial lympho-
histiocytic inflammation, and evidence of demyelination of intact associated axons.
Individual axon devoid of myelin sheath (also referred to as “naked axons’) com-
parable in size to adjacent myelinated axons is a feature of demyelination
(Fig. 2.15b). Care should be taken not to confuse naked axons with nodes of Ranvier,
which are the gap areas between two adjacent myelinating Schwann cells where the
axon is not covered by myelin sheath. Node of Ranvier is a normal structure, not
evidence of demyelination, and can be differentiated from a naked axon by the pres-
ence of nodal processes (Fig. 2.15¢). Onion bulb is a feature of chronic demyelin-
ation and has been discussed in the section above. Vesicular degeneration of myelin
in a well preserved nerve biopsy specimen is considered evidence of demyelination.
However, in most situations encountered in nerve biopsy, it is more likely a result of
delayed fixation artifact (Fig. 2.15d). Widely spaced myelin and uncompacted
myelin are rare myelin abnormalities but have important diagnostic implications
when detected. Widely spaced myelin (WSM) refers to increased space between
myelin laminae (Fig. 2.15e). Majority of WSM cases are associated with
Waldenstrom’s macroglobulinemia with circulating IgM paraprotein against myelin
associated glycoprotein (anti-MAG) activity [44]. A minority of cases have been
reported in association with IgM monoclonal gammopathy of undetermined signifi-
cance and anti-MAG activity. Uncompacted myelin refers to separation of the major
dense lines of myelin (Fig. 2.15f) and is most frequently reported in association
with POEMS syndrome [45]. It has also been reported in dysglobulinemic neuropa-
thies [46], Waldenstrom’s macroglobulinemia [44], monoclonal gammopathies
[47], and a range of hereditary neuropathies with mutations in myelin associated
proteins [48, 49].

Other Miscellaneous EM _findings and artifacts Polyglucosan bodies are
round, laminated intra-axonal inclusions that are morphologically identical to
corpora amylacea and Lafora bodies (Fig. 2.16a). They are strongly PAS positive
and diastase resistant (Fig. 2.16b, ¢). On EM, polyglucosan bodies are composed
mostly of filamentous polysaccharide (Fig. 2.16d—f). While frequent polygluco-
san bodies in multiple nerve fascicles are diagnostic for adult polyglucosan
disease in the case featured by the Fig. 2.16, the finding of isolated polyglucosan
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Fig. 2.15 Features of demyelination on EM. (a) Macrophage mediated demyelination. A macro-
phage (m) is within the basement membrane (arrow) of a Schwann cell containing a myelinated
axon (a). The macrophage filopodia are in direct contact of the myelin sheath (inset) (Image from
a 74-year-old man with fulminant GBS). (b) Naked axon (a) in a patient with CIDP. (¢) Not all
large unmyelinated axon profile represents demyelination. Axon segment at the node of Ranvier is
unmyelinated. The presence of nodal processes (arrows) distinguishes node of Ranvier from naked
axons. (d) Vesicular myelin degeneration due to delayed fixation artifact in an infant autopsy
nerve. (e) Widely spaced myelin is associated with Waldenstrom Macroglobulinemia with anti-
MAG IgM and characterized by increased space between myelin laminae (inset). (f) Uncompacted
myelin is associated with POEMS syndrome and characterized by separation of the major dense
line (inset). (Image panels a, d, e, and f are provided by Dr. Robert E. Schmidt, Department of
Pathology and Immunology, Washington University School of Medicine at St. Louis, MO)
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Fig. 2.16 Images of polyglucosan bodies from an autopsy patient who died from adult polygluco-
san disease at age 49 years. H&E (a) and Luxol-fast blue/PAS stains (b) show numerous polyglu-
cosan bodies throughout the central nervous system (Images A&B are from the dorsal column of
spinal cord). PAS stain (c) and toluidine blue stained thick sections of the peroneal nerve (d) show
multiple intra-axonal polyglucosan bodies. On electron microscopy (e, f), the polyglucosan bodies
are mainly composed of filamentous polysaccharide

body is less specific and can also be seen as a common age related nonspecific
change in normal person [50]. Renaut bodies are whorled structures located in
the subperineurial regions (Fig. 2.17a, b). On EM they are composed of colla-
gen, intermediate filaments, and fibroblast processes (Fig. 2.17c). Renaut body
can be seen in normal person as an age related change [51]. Frequent Renaut
bodies are associated with chronic nerve impingement [52] and may provide
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Fig. 2.17 Miscellaneous findings and artifacts. (a—c) Renaut bodies on H&E stained cross section
(a), longitudinal section (b) and EM (c). (d) Luse body (fibrous long spacing collagen) on EM. (e)
Schmidt-Lanterman incisure (arrow). (f) In poorly preserved specimen, the Schmidt-Lanterman
spaces are often markedly enlarged. (g—i): compression artifacts due to rough handling. (g)
Toluidine blue stained thick section shows compression artifacts of the four fascicles on the left.
(h) Large myelinated axons are most susceptible to compression artifacts. Smaller myelinated
axons are better preserved. (i) Artifactually damaged myelin may retract from the axon and create
half myelin

diagnostic value in peripheral nerves resected due to chronic neurogenic pain.
Luse bodies are fusiform structures composed of fibrous long-spacing collagen
that resemble raccoon tail on EM (Fig. 2.17d). Luse bodies are originally
described by Luse in Schwannomas [53]. In sural nerve biopsies, they are typi-
cally found in the perineurium or endoneurium and represent a nonspecific find-
ing that carries no diagnostic implications. They can be seen in normal nerves
[54, 55] and a range of neoplastic and non-neoplastic conditions. Schmidt-
Lanterman incisures are cleft like space of noncompaction that is normally
present within the myelin sheath (Fig. 2.17e). In poorly preserved or fixed nerve
specimens, the Schmidt-Lanterman incisures are often enlarged and may contain
disrupted or vesicular myelin (Fig. 2.17f). Reich Pi granules. Small Pi granules
are a normal component of Schwann cells associated with myelinated axons. In
Schwann cell units devoid of axons, the presence of large Pi granules indicates
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loss of myelinated axons (Fig. 2.14f). Crush artifacts: The myelin sheath is
composed of semi-liquid lipid-protein bilayers with no mechanic strength, and
thus highly subject to prefixation manipulation damages. A common compres-
sion artifact is “blue blobs”, which may selectively affect some fascicles of a
nerve (Fig. 2.17g) or a subset of fibers within a fascicle (Fig. 2.17h). Large
myelinated axons are most susceptible to compression damage. On EM, the bro-
ken myelin sheath may retract and create a half ring around the axon (Fig. 2.171),
which should not be mistaken with myelinopathy.

Teased Fiber Analysis

Teased fiber analysis is the preferred method in differentiating primary from sec-
ondary segmental demyelination, and is more sensitive in detecting tomacula.
However, fiber teasing is quite laborious and a sufficient number of cases is required
for performers to maintain technical skill and proficiency. Many centers consider
nerve fiber teasing to be insufficiently informative to justify its cost in routine evalu-
ation of sural nerve biopsies [1]. In one study, teased fiber analysis added critical
information to other classical techniques in only 4/102 cases [56]. At our institution,
we have essentially stopped requesting teased fiber analysis for routine nerve biopsy
evaluation.

Special Stains and Utilities

A variety of special stains can be utilized to highlight certain structures in
peripheral nerve biopsy. Gomori’s trichrome stain is performed on cryostat sec-
tion of peripheral nerve and stains myelin red and collagen blue, thus may pro-
vide a quick assessment of the density and distribution of myelinated axons
(Fig. 2.18). Masson’s trichrome similarly stains myelin red on formalin fixed
nerve segment and can well demonstrate myelin ovoids on longitudinal sections
(Fig. 2.10d). Periodic acid Schiff (PAS) stains basement membrane in blood
vessels and perineurium (Fig. 2.4), and also intensely stain polyglucosan bodies
(Fig. 2.16¢). Elastin (Verhoeff-van Gieson, or VVG) stain highlights internal
elastic lamina of arteries in case where chronic vascular damage is suspected.
Crystal violet stain can help highlight amyloid and metachromatic deposits in
metachromatic leukodystrophy. Modified Grocott’s methenamine silver (GMS)
and acid fast bacillus (AFB) stains are occasionally performed when granulo-
matous inflammation is present to exclude fungal or mycobacteria organisms.
Fite stain helps demonstrate mycobacterium leprae and other weakly acid fast
bacteria.
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Fig. 2.18 Gomori
trichrome stain highlights
nerve myelin sheath in red.
(a) Normal nerve. (b) A
nerve with prominent
differential fascicular loss
of myelinated axons
suggestive of a vascular
etiology

Immunostains

Standard immunohistochemical (IHC) stains can be performed on FFPE never tis-
sue to characterize inflammatory infiltrates, to highlight individual nerve or vascular
components, and to classify neoplastic cells. Here we describe some commonly
utilized IHCs and there utilities. CD45 (leukocyte common antigen) stains all white
blood cells and is commonly used to highlight any inflammatory cells. CD3 is a
common T cell marker that stains both helper T cells (CD4 positive) and cytotoxic
T cells (CD8 positive). CD20 is a B cell marker. CD68 stains macrophages. CD31
and CD34 are an endothelial cell markers that help highlight blood vessels. Smooth
muscle antigen (SMA) stains smooth muscle cells and helps to highlight vessel wall
alterations in vasculitis cases. Regarding nerve components, neurofilament protein
(NFP) and PGP9.5 stains axons. Neural cell adhesion molecule (NCAM) is a
marker for non-myelinating Schwann cells that highlights Remak bundles (unmy-
elinated fibers). Myelin basic protein and P, stain myelin sheath. $100 is a more
general Schwann cell marker but is usually used in the context of neoplasms (i.e.
Schwannoma, neurofibroma) rather than non-neoplastic nerve biopsies. Epithelial
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membrane antigen (EMA) stains perineurium. Finally, when amyloid is found,
transthyretin, kappa, and lambda light chain immunostains can help further clas-
sify some cases into hereditary and acquired amyloidosis subtypes.
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Chapter 3
Skin Biopsy with Cutaneous Nerve Fiber
Evaluation

Check for
updates

Lan Zhou

Introduction

The past two decades have seen the development and increasingly use of skin biopsy
with intraepdiermal nerve fiber density (IENFD) evaluation. Skin biopsy has
become the gold standard diagnostic test for small fiber neuropathy (SFN).

SEN is a common neuromuscular disorder which predominantly affects myelinated
AS and unmyelinated C fibers. According to a Dutch study, the minimum prevalence
of SFN is 52.95 per 100,000 population [1]. SFN can be associated with many medical
conditions, including diabetes mellitus, connective tissue diseases, sarcoidosis, B12
deficiency, amyloidosis, monoclonal gammopathy, thyroid dysfunction, HIV infec-
tion, sodium channelopathy, and paraneoplastic syndrome, among others [2—5].

Small fibers consist of small somatic sensory fibers and autonomic C fibers,
which mediate somatic sensory and autonomic functions. Small sensory fibers
innervate skin to control the perception of pinprick and thermal stimuli. Autonomic
C fibers innervate involuntary muscles, which include cardiac muscle and smooth
muscle. Smooth muscle is present in the walls of blood vessel, gastrointestinal (GI)
tract, and genitourinary (GU) tract, among others. Autonomic fibers also innervate
some glands, including lacrimal gland, salivary gland, and sweat gland. They con-
trol cardiac muscle contractility, blood vessel constriction and dilatation, GI and
GU motility, and gland functions. Patients with small somatic sensory fiber abnor-
malities commonly present with pain, burning, tingling, and numbness. Examination
often shows allodynia, hyperalgesias, and reduced pinprick and thermal sensation in
the affected areas. Motor strength, proprioception, and tendon reflexes are usually
preserved, because these modalities are the functions of large nerve fibers. When
autonomic fibers are affected, patients may experience dry eyes, dry mouth, ortho-
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static dizziness, palpitations, tachycardia, bowel constipation, urinary retention,
sexual dysfunction, sweating abnormalities, and red or white skin discoloration.
Examination may show orthostatic hypotension or skin changes [2, 6].

Patients with SFN may predominantly present with pain, and examination find-
ings can be limited. Since pain is subjective, which can be caused by neurological
conditions other than SFN, such as radiculopathy and central nervous system (CNS)
disorders, or by a variety of non-neurological conditions, such as musculoskeletal
disorders and arthritis, a specific diagnostic test is needed for SFN. Routine nerve
conduction study (NCS) and electromyography (EMG), a valuable test for evaluat-
ing large fiber neuropathy, is typically normal in SEN, because the conduction
velocities of small sensory nerve fibers are too slow for their conduction responses
to be captured on the screen of routine NCS. EMG evaluates the function of motor
nerve fibers which are large fibers. Small sensory nerve fibers were difficult to eval-
uate before the development of skin biopsy with intraepidermal nerve fiber density
(IENFD) evaluation in 1990s [7-9]. This test allows direct visualization and evalu-
ation of small cutaneous nerve fibers. The test is useful with a high diagnostic effi-
ciency for evaluating distal SFEN [10-13]. It is more sensitive and less invasive than
sural nerve biopsy with electron microscopic evaluation of small myelinated and
unmyelinated axons [14—17]. It is also useful for diagnosing non-length-dependent
SEN [18-23] and focal SFN [24-27].

Skin biopsy is an office procedure. It is easy to perform and minimally invasive.
The procedure takes about 10-15 minutes [28]. It has become more and more
widely used by treating neurologists to diagnose patients with SFN. A growing
number of diagnostic cutaneous nerve laboratories have been established in tertiary
care centers and commercial settings. A task force of the European Federation of
Neurological Societies (EFNS) published the first guideline paper regarding the use
of skin biopsy in diagnosing SFN in 2005 [29], and a joint task force of EFNS and
the Peripheral Nerve Society (PNS) published the second guideline paper in 2010
[30]. This chapter will give a brief review of skin biopsy procedure, skin biopsy
specimen processing, and small cutaneous nerve fiber evaluation.

Skin Biopsy Procedure

Two methods are used to biopsy skin for evaluating cutaneous innervation, the
3-mm punch biopsy [8] and the blister technique [31]. The blister technique only
removes epidermis by placing a suction capsule over the skin without damaging
dermal capillaries. Although it is less invasive, painless, and does not cause bleed-
ing, it is not commonly used because it is time-consuming, does not allow evalua-
tion of dermal innervation, and no normative reference value of IENFD is
established using this technique [30]. The 3-mm punch biopsy is the standard
method for sampling skin. The current technique was initially developed at the
Karolinska Institute [9], and later standardized by the groups at the University of
Minnesota [7] and the Johns Hopkins University [8].
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The 3-mm punch biopsy is routinely done in one lower limb. The biopsy is taken
from the distal leg, which is 7-10 cm above the lateral malleolus. Additional biop-
sies may be taken from the lateral distal thigh (7-10 cm above the knee) and the
lateral proximal thigh (7-10 cm below the greater trochanter) for evaluating the
severity and the pattern of SFN, length-dependent vs. non-length-dependent [18—
20, 22]. Biopsies taken from other sites may be indicated if focal or unilateral small
fiber impairment is suspected, such as complex regional pain syndrome, meralgia
paresthetica, and diabetic truncal neuropathy [24-27]. If no normative values are
established at these sites, the contralateral unaffected sites should also be biopsied
for comparison.

The 3-mm punch skin biopsy is minimally invasive. It can be done by a trained
neurologist in an outpatient clinic. It takes about 10—15 minutes. It is done under
local anesthesia, and the only time a patient may feel pain is when the anesthetic
solution is injected to numb the biopsy site. After a biopsy site is identified, it is
cleansed with alcohol swabs and injected with 1% lidocaine with 1:100,000 epi-
nephrine. The vasoconstrictive effect of epinephrine can help reduce the bleeding.
A 3-mm (diameter) disposable circular punch is then placed on the skin perpendicu-
lar to the skin surface and slowly twisted down until the punch is 3—4 mm (2/3 of
the metal part) in. The biopsy is removed with the forceps and surgical blade tech-
nique. Itis very important that the epidermis should not be pinched because intraepi-
dermal nerve fibers will be evaluated (Fig. 3.1). Bleeding is usually minimum and
easy to control by applying firm pressure to the biopsy site. It may not be necessary
for patients to hold anticoagulants, antiplatelet agents, or non-steroidal anti-
inflammatory agents for the procedure. But the biopsy site may need prolonged
pressure and placement of an absorbable gelatin sponge (gelfoam) for hemostasis.
No sutures are needed. The biopsy site is usually healed within 7-10 days by granu-
lation, which leaves a small circular scar that gradually resolves. The biopsy sites

Fig. 3.1 3-mm punch skin biopsy for diagnosing small fiber neuropathy. (a) After cleaning the
biopsy site, a 3-mm punch is placed on the site perpendicular to the skin surface and twisted down.
(b) The skin biopsy should be picked up by a forceps to pinch the subcutaneous layer but not the
top epidermis. (Reprinted by permission from Zhou [28])
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should be covered with pressure gauzes after the biopsy is taken to prevent bleeding.
The patient may start to take shower the day after the biopsy, remove the gauzes
after the shower, and cove the biopsy sites with regular Band-Aids. The Band-Aids
are then changed every day after shower for 7 days. To prevent infection, the patient
may not take bath or go swimming during these 7 days. The 3-mm punch biopsy is
safe. No serious side effects have been encountered by the author or reported in the
literatures. The estimated frequency of non-serious side effects, including mild
infection and excessive bleeding, is 1.9:1000 [30]. Mild infection at the biopsy site
can be controlled by topical antibiotics, such as over-the-counter Neosporin, and
bleeding can be controlled by prolonged pressure to the biopsy site without sutures.

Skin Biopsy Specimen Processing

The biopsy specimen should be placed into a tube filled with special fixative solu-
tion immediately after the biopsy is taken. The tube should be labeled with the
patient’s identification and the biopsy side and site. The normative values of small
fiber densities at different sites are different [11, 12]. The normative values are also
influenced by age and gender [32]. Therefore, these pieces of information should be
clearly provided to pathologists. The specimens should be submitted to a cutaneous
nerve laboratory, not a routine reference laboratory, as a special technique is used
for processing. It is very important to contact a specialized cutaneous nerve labora-
tory regarding the fixative and specimen handling before planning a biopsy.

Immunohistochemical assays are used to detect an antigen expressed by nerve
axons to visualize cutaneous nerve fibers for morphometric and morphological eval-
uation. Two methods of immunostaining have been used, the bright-field immuno-
histochemistry [8] and the immunofluorescence with [7] or without [9, 33] confocal
microscopy. Since most diagnostic cutaneous nerve laboratories use the bright-field
immunohistochemistry, this immunostaining method is briefly reviewed here.

After a skin biopsy is removed, it should be fixed immediately in fixative solu-
tion for approximately 24 hours. Two types of fixatives can be used, 2%
paraformaldehyde-lysine-periodate (2% PLP) and Zamboni (2% paraformaldehyde
and picric acid). Formalin, which is commonly used by routine histopathology labo-
ratories, should be avoided because it may cause fragmented appearance of nerve
fibers [11]. The skin specimen is then cryoprotected for at least 6 hours using 20%
glycerol in 0.1 M Sorrensons phosphate buffer. After freezing, the specimen is sec-
tioned at 50 pm. The wavy nerve fibers can be better viewed in thick 50-pm sections
than in routine 5-pm sections. About 45-55 skin sections can be obtained from each
specimen. Four non-adjacent sections from each specimen are chosen for immunos-
taining, and the rest can be stored in antifreeze solution (30% ethylene glycol) at
—20°C for future use when needed.

Immunostaining is done manually under a dissecting microscope using free-
floating skin sections and 96-well plates (Fig. 3.2). The primary antibody used in
our lab for the immunostaining is a polyclonal antibody against protein gene prod-
uct 9.5 (PGP9.5). PGP9.5 is an ubiquitin carboxyl-terminal hydrolase [34], which is
a neuronal cytoplasmic marker. It is found in all types of efferent and afferent nerve
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Fig. 3.2 Skin biopsy specimen processing. PGP9.5 immunostaining is done manually under a
dissecting microscope using free-floating skin sections and 96-well plates

axons [35, 36], so it is a useful pan-axonal marker to highlight all the nerve fibers.
After the primary antibody incubation, sections are incubated with a biotin-
conjugated secondary antibody which binds to the primary antibody. This is fol-
lowed by incubation with avidin-conjugated horseradish peroxidase, and avidin can
bind to biotin. The immunostaining signal is then developed using an SG kit (blue
chromogen/peroxidase substrate) which produces a blue-gray reaction product [8].

Small Cutaneous Nerve Fiber Evaluation

Intraepidermal Nerve Fiber Density Evaluation

Skin consists of three layers which are firmly attached to one another: the outer
epidermis, the deeper dermis, and the subcutaneous layer. The cutaneous innerva-
tion was initially thought to mainly consist of a plexus of nerve fibers in the reticular
dermis and a more superficial plexus of nerve fibers in the papillary dermis parallel
to the skin surface. Rich innervation of epidermis was not demonstrated until late
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Fig. 3.3 Cutaneous innervation and denervation. (a) The epidermis is well-innervated by intraepi-
dermal nerve fibers (arrows). (b) The epidermis is devoid of intraepidermal nerve fibers. (¢) The
sweat glands are well-innervated by sudomotor autonomic fibers. (d) The sweat glands are largely
denervated

1980s and early 1990s by immunostaining using PGP9.5 antibodies [7, 9, 37]. The
intraepidermal unmyelinated C fibers originate from sensory nerves as they express
substance P and calcitonin gene-related peptide (CGRP) [38, 39]. In addition, these
fibers arise entirely from dorsal root ganglions (DRG) as they disappear from skin
after experimental dorsal root ganglionectomy, but not after dorsal rhizotomy, ven-
tral rhizotomy, or sympathectomy [40]. Before reaching the epidermis, the unmy-
elinated C fibers are arranged in Remak bundles which also consist of non-myelinating
Schwann cells. Axons exchange among Remak bundles as they pass from DRG to
skin [41]. The Remak bundles lose their Schwann cells, and the S-100 staining sig-
nal of Schwann cells ends at the dermal-epidermal junction [8]. The unmyelinated
C fibers ascend vertically through the epidermis between adjacent keratinocytes as
free nerve endings [42] (Fig. 3.3).

Intraepidermal nerve fibers are quantified using a light microscope with 40x
objective. A counting rule has been established [43] and recommended to use by
EFNS/PNS [29, 30]. Briefly, the nerve fibers that cross the dermal-epidermal
junction into the epidermis are counted. The nerve fibers that do not cross the
dermal-epidermal junction are not counted. If a nerve fiber branches within epi-
dermis, count as one fiber. If a nerve fiber branches below or within the dermal-
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epidermal junction, count as two fibers. According to the EFNS/PNS guideline,
the nerve fragments within epidermis that do not cross the dermal-epidermal
junction are not counted due to the concern that these fragments may be the
extension of adjacent fibers on the same skin section that are visualized to cross
the dermal-epidermal junction and already counted. Counting these fragments
may result in overcounting. However, the original fibers that cross the dermal-
epidermal junction may not be shown on the same section due to the wavy nature
of the nerve fibers, so excluding these fragments may result in undercounting.
Some cutaneous nerve laboratories do count these individual fibers that are
within epidermis but without crossing the dermal-epidermal junction [8, 12, 20,
44, 45].

The diagnosis of SFN is made based on the reduction of IENFD. To calculate the
linear density of IENF, the length of the epidermal surface is measured [30]. The
IENFD is expressed as the number of IENF per length of section (IENF/mm). An
alternative “ocular” method has been described and used [46—48], in which special
sections are chosen for immunostaining with the assumption that the length of the
epidermal surface of these sections is close to 3 mm. So the IENFD is calculated
simply by dividing the number of IENF by 3. It has been shown that the IENFD
obtained by this “ocular” method significantly correlate with the IENFD obtained
from the quantification by measuring the length of the epidermal surface [46].
Further studies are deemed warranted to establish the reliability of the “ocular”
method [29].

IENFD measurement is highly reproducible. Reproducibility is the highest when
four sections from each biopsy specimen are counted [44]. After reviewers are
trained to use the same counting rule, the interobserver and intraoberserver reliabili-
ties are high [8, 12, 44, 49, 50]. There is no significant difference in IENFD when
skin sections are stained by different cutaneous nerve laboratories as long as an
identical methodology is used by these laboratories to process skin specimens and
measure IENFD [44].

The technique of 3-mm punch biopsy with IENFD evaluation using the PGP9.5
immunostaining was standardized and first utilized to evaluate patients with SFN by
University of Minnesota [7] and Johns Hopkins University [8]. In 1995, the Johns
Hopkins group published the method of the bright-field PGP9.5 immunostaining
and IENFD quantification [8]. The majority of the diagnostic cutaneous nerve labo-
ratories adopted this method. By using this method, the Johns Hopkins group
showed that the IENFD at the distal leg was lower in patients with HIV-seropositive
and HIV-seronegative sensory neuropathy than in normal controls. They subse-
quently developed normative reference ranges at the distal leg and proximal thigh in
98 healthy subjects with age ranging from 13-82 years [12]. They showed a signifi-
cantly higher IENFD in the youngest age decile (10-19 years) [11, 12]. By using the
cut-off derived from the fifth percentile of the normative range at the distal leg to
evaluate 20 patients with sensory neuropathy, they showed that the technique had a
diagnostic efficiency of 88%. The high diagnostic efficiency of this technique was
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also demonstrated by other laboratories [10, 13]. By studying the cutaneous inner-
vation at 5 sites, including distal leg, proximal calf, distal thigh, proximal thigh, and
trunk in 10 healthy controls (ages 23—75 years), the Johns Hopkins group showed a
normal rostral-to-caudal gradient of IENFD with a linear relationship to the dis-
tance from the spine [11]. IENFD at a proximal site was higher than that at a distal
site. The IENFD at the proximal thigh was higher than that at the distal leg by about
60% [12].

Several laboratories studied normative reference values at the distal leg and
found a decline of the IENFD with age [17, 46, 48-52]. A multicenter study devel-
oped the normative values of IENFD at the distal leg by evaluating 550 healthy
subjects recruited from eight cutaneous nerve laboratories in Europe, USA, and
Asia [32]. The study confirmed the age-related decline of IENFD. IENFD was also
found to be influenced by gender but not height or weight. The study developed
worldwide age- and sex-adjusted IENFD normative values for clinical use. However,
the sensitivity, specificity, and diagnostic efficiency have not been fully determined.
Our recent small-scale study suggested that the IENFD at the distal leg appeared
influenced by the ethnicity, as the diagnostic sensitivity of using the worldwide age-
and sex-adjusted normative reference values was lower in Chinses Americans than
in non-Chinese Americans who had pure small fiber sensory neuropathy based on
the clinical and electrodiagnostic evaluations [53]. Future large-scale studies are
needed to fully address the ethnic differences in IENFD at the distal leg. The norma-
tive values may need to be adjusted in certain ethnic groups to improve the diagnos-
tic sensitivity.

Intraepidermal Nerve Fiber Morphology Evaluation

IENFD can be normal at the early stage of SFN, which makes the disease difficult
to diagnose because the skin biopsy diagnosis of SFN is based on the reduction of
IENFD. However, in this setting, skin biopsy often shows prominent morphological
changes of small fibers, including swellings, increased branching and fragmenta-
tion, and tortuous appearance (Fig. 3.4) [11, 14, 16, 47, 54-56]. Two studies inves-
tigated the diagnostic implication of IENF swellings in SFN [16, 47]. Both found a
higher prevalence of IENF swellings at the distal leg in neuropathy patients than in
healthy controls. Increased IENF swellings at the distal leg correlated with impaired
heat-pain threshold, development of symptomatic neuropathy, and progression of
neuropathy. In patients with small fiber sensory symptoms but normal IENFD, the
presence of the large swellings of intraepidermal C fibers was found to be able to
identify those who subsequently developed epidermal denervation [54]. Therefore,
the abnormal morphological changes, especially the large swellings of intraepider-
mal nerve fibers, may represent small fiber degeneration. If these changes are prom-
inent but IENFD are still normal, a repeat biopsy in 12 months may detect the
reduction of IENFD and reach a final diagnosis of SFN.
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Fig. 3.4 Abnormal morphological changes of intraepidermal nerve fibers. (a) Abundant nerve
fiber swellings of varying size (red arrows) are noted in epidermis, papillary dermis, and dermal-
epidermal junction. (b) Many small IENF swellings are seen (red arrows). (¢) Intraepidermal fibers
are fragmented (red arrows) as compared to continuous fibers in a (yellow arrows). (d) Tortuous
(red arrow), branched (yellow arrow), and horizontal (white arrow) fibers are present. (Reprinted
with permission from Zhou et al. [45])

Cutaneous Autonomic Nerve Fiber Evaluation

There are several types of autonomic C fibers in the dermis that innervate blood
vessel wall (vasomotor fibers), sweat gland (sudomotor fibers), and arrector pilorum
smooth muscle (pilomotor fibers) (Fig. 3.5). A few reports have described the reduc-
tion of dermal autonomic fiber densities in patients with idiopathic SEN [57] or SFN
and dysautonomia associated with diabetes [58], multiple system atrophy [59], and
CADASIL [60]. Several studies have attempted to establish standard and reproduc-
ible methods to quantify dermal autonomic nerve fiber densities [58, 61-63] to
facilitate clinical evaluation and research of autonomic dysfunction associated with
SEN. Gibbons et al. have developed an automated method to quantify sudomotor
fibers, and the sudomotor fiber density correlates well with the Neuropathy
Impairment Score in the Lower Limb (NIS-LL) and the symptoms of reduced sweat
production [62, 63]. Some cutaneous nerve laboratories include the measurements
of sudomotor fiber densities in their skin biopsy reports. It remains to be determined
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Fig. 3.5 Cutaneous autonomic nerve fibers. (a) A skin section immunostained with PGP9.5 shows
the top layer of epidermis (ED), and hair follicle (HF), sweat glands (SG), and arrector pili smooth
muscle (PM) in the dermis. (b) Dermal sudomotor autonomic fibers innervating sweat glands
(arrow). (¢) Dermal pilomotor autonomic fibers innervating arrectores pili muscle (arrows). (d)
Dermal vasomotor autonomic fibers innervating a blood vessel (arrow)

whether the sudomotor fiber density correlates with the sudomotor function gauged
by quantitative sudomotor axon reflex testing (QSART). Nolano et al. have devel-
oped a method to quantify pilomotor nerve fiber density (PNFD), and by using this
method they have found that the PNFD is significantly reduced in diabetic patients
as compared with normal controls. However, PNFD does not correlate with IENFD
or total neuropathy score [58]. Future studies are needed to refine the measurements
of dermal autonomic fibers and to fully determine the diagnostic utility of detecting
dermal autonomic denervation [3, 30].

Treating neurologists who evaluate patients with SFN commonly ask whether
they should order skin biopsy, QSART, cardiovascular autonomic testing or all of
these tests, and which test has the highest diagnostic yield. The decision should be
made based on the patient’s symptoms. Skin biopsy, QSART, and cardiovascular
autonomic testing evaluate different types of small fibers with different functions.
Skin biopsy is mainly used to evaluate the number and morphology of somatic
intraepidermal sensory fibers. QSART is to evaluate the functions of sudomotor
autonomic fibers. Cardiovascular autonomic testing is to evaluate the functions of
cardiovascular autonomic fibers. If a patient mainly presents with sensory symp-
toms, such as pain, burning, tingling, and numbness, skin biopsy should be ordered
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for evaluation. If a patient also has sweating abnormalities, QSART should be added.
If a patient presents with orthostatic dizziness, palpitations, tachycardia, near-syn-
cope, or syncope, cardiovascular autonomic testing should be ordered for evalua-
tion. SFN that is associated with diabetes, sarcoidosis, Sjogren syndrome, or
amyloidosis often manifests both somatic sensory symptoms and autonomic dys-
function. In these settings, skin biopsy, QSART, and cardiovascular autonomic test-
ing can be complementary, and the diagnostic sensitivity can be improved if used
together [64, 65].

Limited Usefulness of Skin Biopsy in Evaluation of SFN Etiologies

In addition to the PGP9.5 immunostaining, hematoxylin and eosin staining (HE)
and Congo red staining are routinely done by most cutaneous nerve laboratories to
evaluate for possible vasculitis and amyloidosis. Since skin biopsy for neuropathy
is not a lesion biopsy, the likelihood of finding these abnormalities is extremely low,
although amyloid deposition has been reported on skin biopsies taken for evaluation
of SFN from patients with amyloidosis [66, 67]. Overall, the usefulness of skin
biopsy in evaluation of SFN etiologies is very limited. The test is mainly used to
diagnose SFN.
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Chapter 4 )
A 20-Year-Old Man with Acute
Multi-organ Failure and Rhabdomyolysis

Check for
updates

Lan Zhou and Susan C. Shin

History

A 20-year-old man with no significant past medical history was admitted to inten-
sive care unit (ICU) for fulminant hepatic failure and encephalopathy. The night
prior to the admission, the patient went to a nightclub with his girlfriend, where he
ingested an unknown amount of “Molly” (purified derivative of 3,4-Methyl-
enedioxy-methamphetamine (MDMA)). Later that evening the patient was noted to
become confused and agitated, and he was brought to the emergency room from the
night club. Upon arrival, the patient was hypertensive (BP: 218/168 mmHg), tachy-
cardic (HR: 190 beats/minute), febrile (T: 109° F), rigid, diaphoretic and encepha-
lopathic. He was intubated due to poor mental status and for airway protection. He
was found to have fulminant liver failure, disseminated intravascular coagulation,
and renal failure. He developed clinical seizures, and head CT and brain MRI
revealed numerous subcortical punctate hemorrhages. A few days after the admis-
sion, he was found to have dark-color urine.

Physical Examination

The patient was not evaluated by a neurology team. According to the notes by ICU
physicians, the patient’s fever gradually resolved and there was no infection found. He
was intubated and sedated. Cranial nerves were unremarkable with equal round and
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reactive pupils. Corneal and gag reflexes were present. Spontaneous breathing was
present. Muscle tone was diffusely reduced, but all extremities withdrew to nailbed
pressure. Reflexes were 2+ and symmetric. Toes were downgoing bilaterally.

Investigations

Laboratory studies revealed ALT 4885 U/L (1-53 U/L), AST 3128 U/L (1-50 U/L),
total bilirubin 6.1 mg/dL (0.1-1.2 mg/dL), LDH 2452 U/L (100-220 U/L), creati-
nine 5.17 mg/DL (0.7-1.2 MG/DL), and TSH 5.74 ulU/ML (0.34-5.6 ulU/ML).
Serum creatine kinase (CK) level rapidly and markedly increased to 156,728 U/L
(30-200 U/L) on day 12 post-admission. A right gastrocnemius muscle biopsy was
performed on the following day when CK was 214,792 U/L.

Muscle Biopsy Findings

The right gastrocnemius muscle biopsy (Fig. 4.1) shows rare atrophic fibers and one
regenerating fiber, which is non-specific and insignificant. There is no evidence of
muscle necrosis or inflammation.

Final Diagnosis

Normal gastrocnemius muscle biopsy despite clinical rhabdomyolysis

Fig. 4.1 (a) HE stain shows a rare atrophic fiber (arrow) but no myofiber necrosis or inflamma-
tion. (b) ATPase pH 9.4 stain shows normal fiber type distribution with no vacuolar changes to
suggest myosin loss
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Patient Follow-up

The CK level gradually returned to normal within 4 weeks. His multi-organ failure
gradually resolved in 2 months. He was discharged from acute rehab in 3 months.
He made a slow recovery over a course of 1 year.

Discussion

This is a striking case of rhabdomyolysis with an exceedingly high serum CK eleva-
tion but a normal muscle biopsy. It raises three management quesitons. (1) Was the
muscle biopsy indicated? (2) Was it the right time to do a muscle biopsy? (3) Was it
the right muscle selected for biopsy?

Rhabdomyolysis is defined as an acute muscle illness with marked serum CK
elevation [1]. It results from acute necrosis of skeletal muscle with leakage of mus-
cle constituents into blood circulation. It is a serious condition which can, but not
always, cause myoglobinuria and acute renal failure, and even death [1-3].
According to a study of 475 inpatient cases with rhabdomyolysis [2], 60% were
multifactorial. A detailed etiology analysis revealed that 46% cases were caused by
exogenous toxins, 9% by trauma, 8% by neuroleptic malignant syndrome, 7% by
seizures, and 7% idiopathic. About 10% of the cases were caused by underlying
myopathies, including idiopathic inflammatory myopathies (27/475), metabolic
myopathies (10/475), viral myositis (5/475), muscular dystrophies (3/475), and sar-
coid myopathy (2/475). The most common cause of rhabdomyolysis is the exposure
to exogenous toxins, including alcohol, illicit drugs, and prescribed medications
with myotoxicity, such as antipsychotics, statins, selective serotonin reuptake inhib-
itors (SSRIs), Zidovudine, and Colchicine, among others. The purpose of a muscle
biopsy in this setting is to determine whether the patient has an underlying myopa-
thy that may require a specific treatment. Rhabdomyolysis itself does not need a
muscle biopsy to confirm. In regard to the case presented here, the patient was
known to suffer from the MDMA toxicity. MDMA is an amphetamine derivative. It
is a popular recreational drug for adolescents and young adults who have misbelieve
that the drug is safe. MDMA has unpredictable toxicity which can be life-threaten-
ing and fatal. Acute toxicity is caused by its sympathomimetic effects and serotonin
syndrome, which can manifest hyperpyrexia, hypertension, encephalopathy, cere-
bral hemorrhage, hyponatremia, seizures, multi-organ failure, muscle rigidity and
rhabdomyolysis [4] as seen in this case. The cause of rhabdomyolysis in this case is
clear, which is the acute MDMA toxicity, given the history of presentation and the
lack of a past medical history. Therefore, a muscle biopsy is not indicated, espe-
cially in the acute setting.

In general, a muscle biopsy should not be done at the peak of CK elevation dur-
ing rhabdomyolysis, because the biopsy at this time point is most likely to show
massive myofiber necrosis which can obscure the pathology of underlying myopathy.
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Muscle biopsy is not needed in the majority of the rhabdomyolysis cases, as an
inciting cause other than a primary myopathy can be identified and controlled in
these cases. If a primary myopathy is of concern, a muscle biopsy should be done
after the resolution of rhabdomyolysis, which may take a few weeks [5]. A muscle
biopsy should be considered if CK level does not return to normal in the absence of
a known cause, which may suggest an underlying primary myopathy, or if rhabdo-
myolysis is recurrent, which is commonly seen in metabolic myopathies. Patients
with metabolic myopathies often report exercise intolerance, and rhabdomyolysis is
usually triggered by strenuous physical activity.

It is surprising that the muscle biopsy in this case was unrevealing even the
biopsy was done on the day when the patient’s CK level was exceedingly high
(>200,000 U/L). The importance of choosing a right muscle for biopsy cannot
be overemphasized. Muscles are not equally affected by a disease process.
While the majority of myopathies predominantly affect proximal limb muscles,
a few preferentially affect distal limb, trunk, or facial muscles. The yield of a
muscle biopsy is not 100%, and sampling error occurs frequently. In order to
minimize the sampling error and increase the yield of a muscle biopsy, it is cru-
cial to target a muscle for biopsy. Muscle selection can be challenging and
should be done by treating neurologist not surgeon. The selection should be
based on the pattern of clinical weakness, electromyography (EMG) findings,
and/or muscle imaging findings [5, 6]. In a chronic myopathy, one should choose
a muscle which is weak but not severely weak (MRC >3) for biopsy. If a muscle
is severely weak and atrophic, the biopsy may show end-stage fibrofatty tissue
replacement with limited number of myofibers available for evaluation, which is
non-diagnostic. If a myopathy is acute or subacute when muscle chronic changes
have not developed, one may choose a more severely affected muscle for biopsy
to catch primary muscle pathology. Since the majority of myopathies predomi-
nantly affect proximal limb muscles, deltoid, biceps, and quadriceps muscles
are most commonly chosen for biopsy, and these muscles have sufficient norms
established for comparison with respect to myofiber size and fiber type percent-
ages [7, 8]. If a myopathy predominantly affects distal limb muscles, tibialis
anterior and gastrocnemius muscles may be selected for biopsy if they are
affected. EMG is very useful not only to diagnose and characterize a myopathy
but also to help select a muscle for biopsy. One should not choose a muscle that
had recent injection, trauma, or needle EMG examination for biopsy to avoid
confounding “needle myopathy” [9]. Since muscle involvement is often sym-
metrical in a myopathy, needle EMG of limb muscles is usually done on one
side, and the muscle for biopsy is selected from the other side. It is worth men-
tioning that EMG can be normal in a mild myopathy, and some myopathies may
have focal or asymmetrical limb muscle involvement. In these settings, skeletal
muscle MRI and ultrasound can be useful in targeting a radiologically affected
muscle or muscle area for biopsy.
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Pearls

1. Understanding muscle biopsy indications is important to avoid unneces-
sary biopsy.

2. Choosing a right muscle for biopsy is critical, as muscle disease does not
affect every muscle equally. Muscle selection should be carefully done by
treating neurologist not surgeon, and should be based on clinical weak-
ness, EMG findings, and/or muscle imaging findings.

3. The purpose of a muscle biopsy in a patient with rhabdomyolysis is to
determine whether there is an underlying primary myopathy that may
require specific management.

4. The most common cause of thabdomyolysis is exogenous toxin exposure.
An underlying primary myopathy is only found in 10% of inpatient cases
of rhabdomyolysis. Therefore, the majority of patients with rhabdomyoly-
sis do not need muscle biopsy.

5. A muscle biopsy should be considered in a patient with rhabdomyolysis if
CK level does not return to normal without a known cause, which may
suggest the presence of an underlying primary myopathy, or if rhabdomy-
olysis is recurrent, which is commonly seen in metabolic myopathies. A
muscle biopsy should be done after rhabdomyolysis is resolved; it should
not be done in the acute phase of rhabdomyolysis.
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Chapter 5

A 45-Year-Old Woman with Proximal
Limb Weakness and Skin Peeling

on Fingertips

Lan Zhou, Susan C. Shin, and Chunyu Cai

History

A 45-year-old Caucasian woman presented to our neuromuscular clinic for eval-
uation of muscle stiffness and weakness. Seven months prior to the presenta-
tion, she developed stiffness and cramps in her hands and wrists. She saw a
rheumatologist and did not receive a specific diagnosis. The symptoms partially
resolved after taking a non-steroidal anti-inflammatory agent. She then devel-
oped stiffness in the muscles that surrounded her knees, especially in her ham-
strings, which prevented her from doing yoga or squats. The symptom was
worse in the morning and better after exercise. She subsequently experienced
weakness getting out of a chair and walking up stairs. She also developed inter-
mittent mild muscle pain around the shoulders and in the thighs. She returned to
her rheumatologist who ordered serum creatine kinase (CK) level which came
back markedly elevated at 13,000 U/L. She also saw a neurologist; the repeat
CK level was 19,000 U/L. She denied pigmenturia or rigorous exercise prior to
getting the CK checked. She underwent a left quadriceps muscle biopsy at a
local hospital, which reportedly showed “a necrotizing myopathy consistent
with rhabdomyolysis”. She only took 3 days of steroids before the muscle
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biopsy, which helped a little. She denied chill, fever, weight loss, or breathing
abnormalities. She denied febrile illness, myotoxic drug exposure, or foreign
travel. She had no significant past medical history, and was on no medications.
Family history was significant for hypothyroidism in her sister. She was an
office worker.

Physical Examination

General examination was notable for the skin peeling at her fingertips and dupu-
tyren’s contracture involving the left digit 3. There was no skin rash.
Cardiopulmonary examination was normal. Neurologic examination showed nor-
mal mental status, cranial nerve functions, sensation, coordination, and gait. Motor
examination showed normal muscle tone, normal muscle bulk, and weakness in
the bilateral deltoid (MRC 4+/5), infraspinatus (5—/5), and iliopsoas (4/5) mus-
cles. Deep tendon reflexes were 2+ throughout. Toes were downgoing bilaterally.

Investigations

Serum CK level was 8,017 U/L. Complete blood count (CBC) and comprehensive
metabolic panel were normal. Antinuclear antibodies (ANA), anti-extractable
nuclear antigen antibodies (ENA), and rheumatoid factor were negative. Myositis
antibody panel showed a positive anti-Jo-1 autoantibody. TSH and vitamin D levels
were normal. Nerve conduction study (NCS) was normal. Needle electromyogra-
phy (EMG) showed an irritable myopathy. A left deltoid muscle biopsy was
performed.

Muscle Biopsy Findings

The left deltoid muscle biopsy (Fig. 5.1) showed an inflammatory myopathy
with preferential perifascicular myofiber necrosis (Fig. 5.1a). The inflammation
was predominantly perimysial, with focal extension into endomysium
(Fig. 5.1b). The alkaline phosphatase reactivity was increased in perimysial
connective tissue, indicating connective tissue damage (Fig. 5.1c¢). Perifascicular
atrophy was present in several fascicles, which was more noticeable in the
ATPase stains (Fig. 5.1d). There was no COX-deficient fiber. The findings are
consistent with an inflammatory myopathy and compatible with antisynthetase
syndrome (ASS).
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Fig. 5.1 Hematoxylin and eosin stain (HE) shows active myopathy with a large collection of
lymphocytic infiltrates in perimysium and surrounding a perimysial blood vessel. Alkaline phos-
phatase stain (ALK) shows abnormal reactivity in scattered regenerating fibers and perimysium.
APTase pH 9.4 stain (ATPase 9.4) shows 3 adjacent fascicles with perifascicular atrophy

Additional Investigation After the Muscle Biopsy Diagnosis

Given the biopsy findings and the presence of anti-Jo-1 autoantibody, the patient
had computed tomography (CT) of chest, which showed patchy ground glass opaci-
ties, minimal reticulation, bronchiectasis, and mild honeycombing at the bilateral
lung bases. Minimal ground glass opacities were also noted in the lingula. The find-
ings are consistent with interstitial lung disease (ILD). CT of abdomen and pelvis
was unremarkable. The age- and gender-appropriated cancer screening was unre-
vealing. During the follow up visit, she reported intermittent left hand coldness and
cyanosis. Angiography revealed left brachial artery occlusion. Transesophageal
echocardiogram (TEE) did not reveal any cardioembolic source.

Final Diagnosis

Antisynthetase Syndrome
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Patient Follow-up

The patient was treated with Prednisone 40 mg once daily. She underwent left
axillary-to-radial bypass using a non-reversed left greater saphenous vein harvested
from the left leg. She was also treated with Coumadin. Her limb weakness and skin
peeling at the fingertips (mechanic’s hand) resolved 2 months after starting steroids.
The symptoms of intermittent coldness and cyanosis of the left hand also resolved.
She remained symptom free from her ILD standpoint. Chest CT abnormalities
improved. The dose of prednisone was gradually tapered down to 20 mg daily. She
tolerated the steroids well. She did not want to take a chronic immunosuppressive
agent to spare the steroids use. She continued to do well 4 years after the initiation
of the steroids treatment.

Discussion

The classification of idiopathic inflammatory myopathies (IIM) has been continu-
ously evolving owing to the advances in the characterization of muscle inflammatory
cell infiltrates, muscle pathology phenotypes, and autoantibody associations [1-12].
Based on the clinical presentation, muscle pathological features, and serological find-
ings, IIM are currently classified into 5 distinct subtypes which include inclusion body
myositis (IBM), polymyositis (PM), dermatomyositis (DM), immune-mediated nec-
rotizing myopathy (IMNM), and antisynthetase syndrome (ASS) [1, 10, 13]. The per-
centage of each subtype varies in different study cohorts [9, 14]. IMNM is the most
common subtype in the large Japanese (177/460, 38.5%) [14] and French (91/260,
35.0%) [9] cohorts. This is followed by IBM in the Japanese cohort (73/460, 15.9%)
and French cohort (77/260, 29.6%). DM and ASS account for 12.2% and 11.1%,
respectively, in the Japanese cohort, and 20.0% and 15.4%, respectively, in the French
cohort. PM is rare, accounting for 4.1% in the Japanese cohort but none in the French
cohort [9, 14], as most of the PM cases fall into IMNM or ASS after these 2 subtypes
have been added to the IIM classification list [9]. In addition, PM associated with con-
nective tissue diseases is often called “overlap myositis” rather than PM. Besides IIM,
inflammatory myopathies also include rare eosinophilic fasciitis, focal myositis, and
sarcoid granulomatous myositis [1].

Autoantibodies play an important role in shaping the current classification of
IIM [1]. They correlate with the severity of muscle disease, extra-muscular manifes-
tations, muscle pathology phenotypes, cancer risk, and treatment response [9, 14].
There are 16 myositis-specific autoantibodies associated with IIM, 8 with ASS, 5
with DM, 2 with IMNM, and 1 with IBM. The myositis-specific autoantibodies
associated with ASS target aminoacyl-tRNA synthetases, including histidyl (Jo-1),
threnyl (PL-7), alanyl (PL-12), isoleucyl (OJ), glycyl (EJ), asparaginyl (KS), phe-
nylalanyl (ZO), and tyrosyl (YRS/HA) tRNA synthetases [15]. The 5 myositis-
specific autoantibodies associated with DM target complex nucleosome remodeling
histone deacetylase (Mi-2), melanoma differentiation-associated gene 5 (MDAY),
small ubiquitin-like modifier activating enzyme (SAE), nuclear matrix protein 2
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(NXP2), and transcription intermediary factor 1y (TIF-1y). The two myositis-
specific autoantibodies associated with IMNM target signal recognition particle
(SRP) and anti-3-hydroxy-3-methyglutaryl-coenzyme A reductase (HMGCR).
Anti-NT5C1A antibody is associated with IBM, but it can also be present in
Sjogren’s syndrome and systemic lupus erythematosus (SLE). Myositis-associated
antibodies include ANA, anti-Ro/SSA, anti-PM-Scl, anti-Ku, and anti-U2 snRNP.

IIM, except for IBM which is discussed in a separate chapter in this book, are auto-
immune myopathies that manifest subacute, progressive, proximal limb weakness.
While DM can affect both children and adults, PM, IMNM, and ASS predominantly
affect adults. These subtypes also differ in the muscle disease severity, extra-muscular
manifestations, serum autoantibody association, muscle biopsy features, and treat-
ment response. In general, the muscle disease is mild in ASS but relatively severe in
IMNM, especially in SRP-myopathy and statin-naive HMGCR-myopathy which are
discussed in a separate chapter. DM has a wide spectrum, which can be mild or refrac-
tory. Serum CK level is usually markedly elevated in IMNM and ASS, less elevated in
PM and DM, and can be normal in DM. EMG typically shows an irritable myopathy.
Extra-muscular manifestations are a feature of DM and ASS, less commonly seen in
autoantibody-negative IMNM, and rare in autoantibody-positive IMNM. Typical skin
lesions seen in DM include Gottron papules in finger knuckles, heliotrope erythema in
eyelids, and rash in cheek, chest, shoulders, upper arms, and thighs. The presence of
anti-MAD-5 autoantibody is associated with severe ILD, skin ulcers, and arthritis but
mild muscle weakness. Calcinosis is mainly seen in juvenile DM and associated with
anti-NXP-2 autoantibody. The presence of anti-TIF-1y autoantibody is associated
with a high risk of developing malignancies.

ASS is characterized by the presence of anti-tRNA synthetase autoantibodies,
myositis, ILD, non-erosive arthritis, mechanic’s hands, and Raynaud’s phenomenon
[8, 16]. The diagnostic criteria of ASS was developed in 2010 [17] and revised in
2011 [18]. To be diagnosed with ASS, one must have an anti-tRNA synthetase auto-
antibody and meet two major or one major and two minor criteria. The major crite-
ria include ILD and myositis. The minor criteria include arthritis, Raynaud’s
phenomenon, and mechanic’s hands. Therefore, the diagnosis of ASS requires clini-
cal, serological, radiological, and pathological evaluation which may include serum
CK and myositis antibody panel, NCS/EMG, high resolution computed tomogra-
phy (HRCT) of chest, and muscle or lung biopsy. Our patient had anti-Jo-1 antibody
and presented with myositis, arthralgia, mechanic’s hands, and ILD, typical for
ASS. In addition, our patient also had vasculopathy with left brachial artery occlu-
sion. Vasculopathy is a known extra-muscular manifestation in dermatomyositis
[19]; it has also been reportedly in association with ASS [20].

ASS has a female predominance with a mean age at onset of 60.2 years in one study
cohort [21]. The most common manifestation in ASS is ILD with a prevalence of 86%,
followed by myositis (73%) and arthritis (60%) [22]. Mechanic’s hands with hyper-
keratosis and scaling are common but often subtle. ILD is associated with the high
morbidity and mortality of the disease. The cancer risk in ASS is low. Anti-Jo-1 auto-
antibody is by far the most common autoantibody in ASS. Anti-PL-7, anti-PL-12, anti-
0J, and anti-EJ autoantibodies are less common. Other autoantibodies are rare. While
anti-Jo-1, anti-EJ, and anti-PL-7 autoantibodies are most often associated with myosi-
tis, anti-PL-12 autoantibody is often associated with amyopathic DM or ILD [23].
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Muscle biopsy is useful to support the diagnosis of ASS myositis and to rule
out other muscle diseases. The characteristic muscle pathological changes seen
in ASS myositis are damages to both myofibers and perimysial connective tis-
sue. Inflammation, when present, is most commonly perivascular in the perimy-
sium (Figs. 5.1b and 5.2A1 and B1) that can extend into nearby endomysium.
However, cases of predominantly endomysial inflammation with lymphocyte
rimming viable myofibers are present (Fig. 5.2C1). Acute myofiber damages
(i.e. necrotic fibers, myophagocytic fibers, regenerating fibers) can be scattered
throughout but more frequent in the perifascicular region (Fig. 5.2A1). The pref-
erential involvement of perimysial fibers is often more evident on the MHC1 and
C5b-9 immunostains. MHC1 may show diffuse or patchy upregulation in myofi-
bers, with perifascicular accentuation (Fig. 5.2A2, B2, and C2). C5b-9 shows
strong sarcoplasmic reactivity in necrotic fibers (Fig. 5.2A3 black arrows), and
sarcolemmal reactivity in viable but abnormal perifascicluar myofibers
(Fig. 5.2A3 red arrows). True perifascicular atrophy with uniform small atrophic
fibers (Fig. 5.1d) is uncommon in ASS myositis. Rather, the presence of frequent
small regenerating fibers (highlighted by alkaline phosphatase stain, Fig. 5.2A4
arrows) interspersed by normal sized myofibers in the perifascicular region may
give the appearance of patchy, uneven perifascicular atrophy (Fig. 5.2A1).
Chronic myopathic changes (i.e. split fibers, hypertrophic fibers, interstitial
fibrosis) are usually absent. The perimysial connective tissue damage is often
widespread, best viewed in alkaline phosphatase stain (Figs. 5.1c, 5.2A4 and
B4). Perimysial capillary abnormalities, including endothelial tubuloreticular
inclusions (Fig. 5.2A5, arrow) and capillary C5b-9 deposition (Fig. 5.2A3, yel-
low arrows) are also common findings, although usually less pronounced than
those in dermatomyositis. Intranuclear actin aggregate (Fig. 5.2B5, arrow) has
been reported as a specific finding in ASS myositis [24].

Dermatomyositis shares many common pathological features with ASS myosi-
tis, including perifascicular atrophy, capillary C5b-9 deposition, endothelial tubulo-
reticular inclusions, and MHC1 upregulation in perifascicular fibers. ASS myositis
usually has more widespread connective tissue damage evident on the alkaline
phosphatase stain. Perifascicular atrophy in ASS is often irregular or patchy, com-
posed of necrotic and regenerating fibers, with retained COX expression. DM, on
the other hand, usually has uniform perifascicular atrophy that spans the full length
of a fascicle (Fig. 5.3a, b). Perimysial connective tissue damage is minimal
(Fig. 5.3c). The perifascicular atrophic fibers show zonal loss of COX reactivity and
relatively retained SDH reactivity (Fig. 5.3d) [25], which is a useful distinctive fea-
ture [26]. MHCI upregulation is usually restricted to perifascicular fibers rather
than the diffuse upregulation with perifascicular accentuation seen in ASS myositis
(Figs. 5.3e and 5.2A2, B2, and C2). Capillary C5b-9 deposition (Fig. 5.3f) and
endothelial tubuloreticular inclusions are more abundant than ASS myositis.

Overlap myositis secondary to a systemic autoimmune disease such as lupus,
systemic sclerosis, or Sjogren’s syndrome may also demonstrate inflammatory
myositis with perimysial connective tissue damage. The muscle biopsy in this
setting often demonstrates pan-fascicular rather than perifascicular involvement
(Fig. 5.4a). Regenerating fibers (Fig. 5.4b) and necrotic fibers (Fig. 5.4c) are ran-
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Fig. 5.2 Columns A-C represent three different patient’s muscle biopsies, all with myopathy and
confirmed presence of serum anti-Jo-1 autoantibody. Case A shows perifascicular necrotizing
myopathy (A1) and diffuse MHCI1 upregulation with perifascicular accentuation (A2). C5b-9
immunostain highlights necrotic fibers (A3, black arrows), sarcolemmal stain of some viable peri-
fascicular fibers (A3, red arrows) and capillary reactivity (A3, yellow arrows). Alkaline phospha-
tase stain shows increased perimysial connective tissue reactivity and regenerating fibers (A4,
black arrows). EM shows rare endothelial tubuloreticular inclusions (AS). Case B shows focal
perivascular inflammation (B1) and patchy perifascicular myofiber MHC1 upregulation (B2).
There is no significant myofiber necrosis (B3). Alkaline phosphatase stain shows increased perimy-
sial connective tissue reactivity (B4). EM shows intranuclear actin aggregate (B5, arrow). Case C
shows focal endomysial lymphocytic inflammation that rims a myofiber (C1). MHC1 immunostain
shows patchy upregulation near the lymphocytic infiltrate and perimysium (C2). There is no sig-
nificant myofiber necrosis or connective tissue alkaline phosphatase activity (C4)
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Fig. 5.3 Quadriceps muscle biopsy from an 8-year-old girl with dermatomyositis. (a) H&E shows
uniform perifascicular atrophy with no skipping areas. (b) ATPase 9.4 highlights perifascicular
atrophy and type 2 fiber atrophy. (¢) Alkaline phosphatase shows no perimysial connective tissue
damage or regenerating fibers in the perifascicular myofibers. (d) COX/SDH combination stain
shows zonal loss of COX reactivity (brown) in the perifascicular fibers and relatively retained SDH
reactivity (blue). (e) MHC class I immunostain shows selective upregulation in perifascicular
fibers but not the fibers in the center of the fascicle. (f) C5b-9 immunostain shows terminal comple-
ment complex deposition in capillaries. There is no significant myofiber necrosis
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Fig. 5.4 Quadriceps muscle biopsy from a 35-year-old woman with lupus myositis. (a) H&E
shows inflammatory myositis with pan-fascicular involvement. There is no perifascicular atrophy.
(b) Alkaline phosphatase shows perimysial reactivity and frequent regenerating fibers. (¢) C5b-9
immunostain shows frequent scattered necrotic fibers and capillary C5b-9 reactivity (inset). (d, e)
MHC class I immunostain shows diffuse myofiber reactivity in both the myopathic region (d) and
histologically normal region (e). (f) EM shows frequent endothelial tubuloreticular inclusions in
capillaries
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domly distributed. Capillary complement complex deposition is random (Fig. 5.4¢).
MHCl is diffusely upregulated, even in histologically normal regions (Fig. 5.4d, e).
Tubuloreticular inclusions (Fig. 5.4f) are frequently seen in patients with lupus, but
rarely seen in patients with scleroderma or Sjogren’s syndrome [27]. It should be
noted that a wide range of overlapping pathology can be seen in ASS myositis, DM,
and overlap myositis, and distinction is not always possible on the basis of pathol-
ogy alone. Correlation with clinical symptomatology and serum autoantibody status
is highly recommended.

Management of patients with ASS often requires multidisciplinary care provided
by specialists in neurology, rheumatology, pulmonology, and rehabilitation.
Corticosteroids is typically used as the first-line therapy, which can be used as
monotherapy in mild cases. Additional immunosuppressive agents, such as azathio-
prine, mycophenolate mofeti, tacrolimus, rituximab, and cyclophosphamide, may
be used for treating severe and refractory cases or as steroids-sparing agents. Once
the disease symptoms improve and stabilize, immunosuppressive agents can be
tapered. There are no research data, however, to guide the length of the immunosup-
pressive therapy or the rate of tapering. Myositis in ASS is usually mild, and it
responds relatively well to immunosuppressive therapy [21] as seen in our patient.

Pearls

Clinical Pearls

1. IIM are currently classified into IBM, PM, DM, IMNM, and ASS with
distinct clinical, serological, and muscle pathological features in each
subtype.

2. Diagnostic evaluation of patients with I[IM includes serum CK, myositis
antibody panel, NCS/EMG, and muscle biopsy. High resolution chest CT
is also important in evaluating patients with ASS.

3. ASS is characterized by the presence of anti-tRNA synthetase autoanti-
bodies, myositis, ILD, arthritis, mechanic’s hands, and Raynaud’s phe-
nomenon. The most common antisynthetase antibody detected in ASS is
anti-Jo-1 autoantibody.

4. Muscle involvement in ASS manifests subacute, progressive, proximal
limb weakness. Muscle weakness in ASS is usually mild and responds well
to immunosuppression.

5. CK is often markedly elevated in ASS, EMG usually shows an irritable
myopathy, and a muscle biopsy is useful to support the diagnosis and to
rule out other muscle diseases.

6. Patients with ASS often require multidisciplinary care provided by neu-
rologists, rheumatologists, pulmonologists, and physiatrists.
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Pathology Pearls

1. The hallmarks of ASS myositis are perifascicular myofiber necrosis, peri-
mysial connective tissue damage, and perivascular lymphocytic
inflammation.

2. Muscle involvement is patchy in ASS. The presence of the above diagnos-
tic features may be variable.

3. Diagnostic features on EM include myofiber intranuclear actin aggregates
and capillary endothelial tubuloreticular inclusions. The former is reported
to be specific for AAS myositis. The latter is usually less abundant and less
well-formed than those seen in dermatomyositis.

4. Compared with dermatomyositis, ASS myositis often has more prominent
perifascicular connective tissue damage and myofiber necrosis, less uni-
form perifascicular atrophy, and no zonal loss of COX reactivity in perifas-
cicular fibers.
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Chapter 6
A 75-Year-Old Man with Slowly
Progressive Leg and Hand Weakness

Lan Zhou and Chunyu Cai

History

A 75-year-old Caucasian man was referred to our neuromuscular clinic for eval-
uation of leg and hand weakness. Eight years prior to the presentation, he devel-
oped mild leg weakness with difficulty getting out of a car. The weakness had
slowly progressed, and he also noticed difficulty climbing stairs and picking up
his feet. Five years later after bilateral knee replacement, he had to use a cane to
walk. After another year, he had to use a walker and then a wheelchair. He also
developed progressive, left greater than right, hand weakness with difficulty
making a fist. He denied double vision, droopy eyelids, or difficulty in chewing,
swallowing, or breathing. He denied muscle fasciculations but admitted to mild
muscle atrophy in the thighs. There was no pain or numbness. He had been on
lovastatin for 5 years, which was discontinued by his cardiologist 1 year prior to
the presentation with no improvement of his limb weakness. He was evaluated
by a local neurologist. Nerve conduction study (NCS) and electromyography
(EMG) reportedly showed an axonal sensorimotor polyneuropathy. Cervical,
thoracic, and lumbosacral spine magnetic resonance imaging (MRI) studies
without contrast reportedly showed multi-level mild spine degenerative changes
with no spinal cord or nerve root compression. Lumbosacral spine MRI also
revealed bilateral psoas muscle atrophy. He was referred to our clinic for further
evaluation. He had a past medical history of hypertension, hyperlipidemia,
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diabetes mellitus, and osteoarthritis. His medications included aspirin, lisino-
pril, hydrochlorothiazide, spironolactone, glipizide, metformin, omeprazole,
and acetaminophen. His family history was positive for hypertension and diabe-
tes but negative for muscle or nerve diseases. He did not drink alcohol or smoke
cigarettes. He was a retired information technology supervisor.

Physical Examination

General examination was unremarkable. There was no spine tenderness.
Neurologic examination showed normal mental status and cranial nerve func-
tions. Motor examination revealed normal muscle tone, mild atrophy in the left
forearm flexors and bilateral quadriceps, and weakness in the left finger flexors
(MRC 4-/5), right index finger flexor (4+/5), bilateral finger extensors (4+/5),
hip flexors (4—/5), knee extensors (3/5), knee flexors (4+/5), and foot and toe
dorsiflexors (right: 4+/5; left: 3/5). Neck extensors and flexors were strong.
There was no muscle fasciculation, scapular winging, or spine scoliosis. Pinprick
sensation was reduced from the toes to mid-calves and from the fingers to mid-
forearms. Vibratory sensation was reduced at the toes. Joint position sense was
intact. Deep tendon reflexes were 1+ at the biceps, triceps, and brachioradialis,
and absent at the knees and ankles. Toes were downgoing bilaterally. He was
unable to walk due to the lower limb weakness.

Investigations

Serum creatine kinase (CK) level was normal at 226 U/L. Aldolase level was
also normal at 2.5 U/L (normal <7.7). Complete blood count (CBC), compre-
hensive metabolic panel (CMP), thyroid stimulating hormone (TSH), free T4,
vitamin B12, serum immunofixation, and vitamin D levels were all normal.
Antinuclear antibodies (ANA), anti-extractable nuclear antigen antibodies
(ENA), and myositis antibody panel were all negative. Anti-cytosolic 5'-nucleo-
tide 1A (cN1A; NT5C1A) and anti-3-hydroxy-3-methyglutaryl-coenzyme A
reductase (HMGCR) autoantibodies were also negative. HbA1C was 7.8%. A
repeat NCS showed a severe, length-dependent, sensorimotor, axonal polyneu-
ropathy. Needle EMG of selected left limb muscles showed an irritable myopa-
thy with abnormal spontaneous activities in the forms of fibrillation potentials
and positive sharp waves, and early recruitment of motor units of small ampli-
tudes and short durations in the biceps, triceps, flexor digitorum profundus
(FDP), and vastus lateralis muscles. Needle EMG also showed mixed large and
small motor unit potentials in the tibialis anterior muscle. A right vastus lateralis
muscle biopsy was performed.
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Muscle Biopsy Findings

The right vastus lateralis muscle biopsy (Fig. 6.1) showed a chronic active inflam-
matory myopathy with increased fiber size variation, a few necrotic and regenerat-
ing myofibers, patchy primary endomysial inflammation, several red rimmed
sarcoplasmic vacuoles, abundant cytochrome c oxidase (COX)-deficient myofibers,

Fig. 6.1 Inclusion body myositis. Hematoxylin & eosin stain (a) shows lymphocytic invasion into
viable myofibers. Gomori trichrome stain (b) shows a myofiber with sarcoplasmic red rimmed
vacuole. COX/SDH stain (¢) shows abundant COX-deficient myofibers (blue). MHC1 immunos-
tain (d) shows diffuse sarcolemmal and sarcoplasmic upregulation of MHC1. EM (e: low power;
f: high power) shows a vacuole containing abundant myeloid debris (e), and bundles of tubulofila-
mentous inclusions with individual filament measuring about 20 nm in diameter (f)
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diffuse myofiber upregulation of class I major histocompatibility complex (MHC1),
and increased endomysial connective tissue. Electron microscopy (EM) showed a
few fibers containing small and large vacuoles consisting of myeloid debris, tubulo-
filamentous inclusions with individual filament measuring about 20 nm in diameter,
glycogen granules, and a few cytoplasmic bodies. The findings are characteristics of
inclusion body myositis (IBM).

Final Diagnosis

Sporadic Inclusion Body Myositis.

Patient Follow-up

The diagnosis of IBM was discussed with the patient. He underwent physical ther-
apy and occupational therapy. He had slow progression of his limb weakness over
2 years. His glycemic control improved after adjusting medications by his endocri-
nologist. His distal sensory deficits were stable.

Discussion

Sporadic inclusion body myositis (SIBM) is a type of idiopathic inflammatory
myopathies (IIM) which also include polymyositis (PM), dermatomyositis (DM),
antisynthetase syndrome (ASS), and immune-mediated necrotizing myopathy
(IMNM) [1-3]. It is distinguished from the other types by its clinical weakness pat-
tern, muscle biopsy features, autoantibody association, and resistance to immuno-
suppressive therapy. It is currently viewed as an inflammatory and degenerative
muscle disease [4, 5].

The prevalence of sSIBM varies in different populations and ethnic groups, rang-
ing from 46 to 117 per million [6-8]. It is the second most common type of 1IM,
accounting for 15.9% (73/460) of IIM in a Japanese cohort [9] and 29.6% (77/260)
in a French cohort [10]. The disease mainly affects men over age 50 years with the
mean age of symptom onset ranging from 61-68 years. About 20% of the patients
had a symptom onset in their 40s in one study cohort [11]. One of the current diag-
nostic criteria for sSIBM is age at onset >45 years [12]. Young sIBM is more com-
monly seen in patients with HIV or HTLV infection, and sIBM is overrepresented
in HIV-infected patients [13, 14].

The symptom onset of sIBM is usually insidious, and the progression is slow.
The disease preferentially affects knee extensors and finger flexors. But the other
limb muscles can be affected at an advanced stage. The initial symptom in a majority
of the patients is caused by thigh muscle weakness with difficulty getting out of a
car or climbing stairs and knee buckling when walking [15]. During the disease
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course, patients commonly develop finger flexor weakness with difficulty bending
fingers to make a fist, and anterior distal leg muscle (tibialis anterior) weakness with
difficulty picking up feet and resultant falls. The limb weakness is often asymmetri-
cal as seen in our case. Difficulty swallowing (dysphagia) is not uncommon, which
can cause weight loss and aspiration pneumonia, a major cause of mortality in
sIBM. Respiratory weakness is mild and often asymptomatic. In rare cases of sSIBM,
patients present with head drop. Examination often shows limb weakness with
asymmetry, more severely affecting knee extensors and finger flexors. Weakness
may also be detected in ankle dorsiflexors, hip flexors, and finger extensors.
Proximal upper limb weakness is uncommon and relatively mild if present. At a late
stage, quadriceps and forearm muscle atrophy is prominent. Serum CK can be nor-
mal or mildly elevated, no greater than 15 times the upper limit of normal; it is
rarely above 2000 U/L. EMG frequently shows fibrillation potentials and/or positive
sharp waves, and mixed small and large motor unit potentials in the affected limb
muscles [16]. Due to the late onset of the disease, asymmetrical limb weakness,
common co-existing spine spondylosis and diabetes mellitus, normal or mildly ele-
vated CK, and mixed large and small motor units on EMG, sIBM is often initially
misdiagnosed with radiculopathy, neuropathy, or even motor neuron disease. A cor-
rect diagnosis can be delayed by several years [15] as seen in our case.

Anti-NT5C1A autoantibody was identified in SIBM in 2011 [17-19]. It helps not
only explore the pathogenesis but also facilitate the diagnosis of sIBM. The test for
detecting this autoantibody in serum is commercially available. This autoantibody
test showed over 70% sensitivity and over 90% specificity for diagnosing sSIBM [18,
20, 21]. It is highly specific for sIBM and rarely present in polymyositis, dermato-
myositis, non-immune neuromuscular diseases, or non-neuromuscular autoimmune
diseases such as systemic lupus erythematosus and Sjogren’s syndrome [4]. The
sensitivity and specificity of the test may vary due to different methods and cut-offs
used by different laboratories. One study showed that female patients with sIBM
were more likely to have a positive anti-NTSC1A autoantibody, and that sIBM
patients with a positive anti-NT5C1A autoantibody were more likely to have dys-
phagia, facial weakness, respiratory muscle weakness, and severe leg weakness that
requires assistive devices for ambulation [20]. The other studies did not find the
association of this autoantibody with gender, age at onset, disease duration, weak-
ness pattern, or prevalence of inflammation on muscle biopsy [18, 22]. It remains
unclear whether the presence of this autoantibody influences muscle pathology, dis-
ease progression, or treatment response.

Muscle biopsy plays a key role in the diagnosis of sSIBM, and the current diagnostic
criteria for sSIBM include both clinical and muscle biopsy features [12, 23]. Anti-
NT5CIA autoantibody has not yet been incorporated into the diagnostic criteria.
Muscle biopsy is particularly helpful at the early stage of the disease to avoid misdi-
agnosis or delay in making the correct diagnosis. We do see patients with isolated
quadriceps weakness at the early stage of the disease, who subsequently develop fin-
ger flexor weakness after the muscle biopsy diagnosis of SIBM is made. It is important
to select a muscle for biopsy to increase the diagnostic yield, as rimmed vacuoles, one
of the key pathology features of sSIBM, can be missed from muscle biopsies in 20% of
patients with sSIBM due to the sampling error [24]. The most commonly selected mus-
cle for biopsy in sSIBM is quadriceps. It should be noted that vastus lateralis and vastus
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medialis are affected sooner and greater than rectus femoris in sIBM, and rectus femo-
ris can be relatively spared at the early stage of the disease [25]. Therefore, we usually
biopsy vastus lateralis, and our biopsy yield is very high.

The characteristic features of sIBM on muscle biopsy include primary endo-
mysial inflammation, mitochondrial abnormality, rimmed vacuoles and a back-
ground of chronic active myopathy. The inflammation is similar to polymyositis,
dominated by T lymphocytes predominantly located in the endomysium that sur-
round and invade viable myofibers, accompanied by diffuse MHC1 upregulation in
myofibers. The mitochondria abnormality is reflected by the presence of substan-
tially increased number of ragged red fibers on Gomori trichrome stain and COX-
deficient fibers on COX or COX/SDH combined stains, far exceeding what is
expected from the age related change. The vacuoles in sIBM contain red staining
granules on Gomori trichrome and acid phosphatase stains, so called “red rimmed
vacuoles”. On EM, these red staining granules are composed of myeloid debris, also
referred to as “myelinoid” or “lipidic” debris, due to their resemblance to myelin
ovoids in peripheral nerve (Fig. 6.1e). The more characteristic inclusion is the tubu-
lofilamentous inclusion, which is considered a form of amyloid and may show apple
green bi-referengence on Congo red stain and bright fluorescence signal under fluo-
rescence light through the red Rhodamine filter.

The diagnosis of sIBM is not difficult to make when all the diagnostic features
are present on muscle biopsy. However, the presence of primary inflammation,
MHCT1 upregulation, and rimmed vacuoles are variable and may make the diagnosis
challenging when absent. sSIBM cases lacking rimmed vacuoles need to be differen-
tiated from polymyositis with mitochondria abnormality and other inflammatory
myopathies. In sIBM, the chronic myopathic changes (e.g. hypertrophied fibers,
split fibers, interstitial fibrosis, and fatty tissue replacement) are usually much more
prominent than in polymyositis. The presence of p62 and TDP43 positive protein
aggregates in myofibers [26, 27] and a positive serum anti-NT5C1A antibody may
help differentiate sSIBM from polymyositis. The distinction is important as poly-
myositis with mitochondria abnormality may respond to methotrexate therapy [28].

Sporadic IBM patients who has been treated with corticosteroids may lack inflam-
mation or MHC1 upregulation. These muscle biopsies show chronic myopathy with
rimmed vacuoles that need to be differentiated from hereditary IBM (hIBM), myofi-
brillar myopathies, distal myopathies, limb girdle muscular dystrophies, and chronic
denervation atrophy. Clinical history, family history, and weakness pattern are criti-
cal in differentiating these disease entities. hIBM patients usually present younger
with atypical weakness patterns. Patients with UDP-N-acetylglucosamine
2-epimerase/N-acetylmannosamine kinase (GNE) mutations (hIBM?2) typically show
quadriceps-sparing muscle weakness [29]. Patients with myosin heavy chain 2
(MYH2) mutations (hIBM3) present with joint contracture, ophthalmoplegia, and
weakness. Patients with valosin-containing protein (VCP) mutations present with the
complex of IBM, Paget’s disease of bone, and frontal temporal dementia (h-IBMPFD);
some may also have features of amyotrophic lateral sclerosis or Charcot-Marie-Tooth
disease. Muscle biopsies show prominent neurogenic features in addition to IBM [30].
Muscle biopsies in patients with desmin mutations (hIBM 1) usually show myofibrillar
myopathy with more prominent protein aggregates than rimmed vacuoles. Patients
with oculopharyngeal muscular dystrophy (OPMD) caused by the PABPN1 mutation



6 A 75-Year-Old Man with Slowly Progressive Leg and Hand Weakness 115

present with ptosis and dysphagia in addition to proximal limb weakness. Muscle
biopsy (Fig. 6.2) shows inclusion body myopathy that lacks inflammation. The number
of COX-deficient fibers may or may not be increased. The presence of intranuclear fila-
mentous inclusions in a low percentage of myofibers is a distinguishing feature of the
disease (Fig. 6.2¢, ) [31]. In some cases with very chronic denervation atrophy, muscle
biopsies may show marked fiber size variation, interstitial fibrosis and secondary myo-
pathic changes that resemble a primary myopathy. Vacuoles can be present. These
cases typically show fiber type grouping and lack substantial COX-deficient fibers.

—

Fig. 6.2 A 90-year-old man with oculopharyngeal muscular dystrophy (OPMD). H&E stain (a)
shows chronic myopathy with vacuoles. Gomori trichrome (b) and acid phosphatase (¢) stains
shows red granules in the vacuoles. COX/SDH stain (d) shows occasional COX deficient fibers,
within the normal range for his age. Low (e, between arrows) and high (f) magnification images
from EM shows intranuclear filamentous inclusions
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Although sIBM is slowly progressive with a normal lifespan [32], the disease is
debilitating with gradual loss of independent ambulation and hand dexterity. The
mean time after the symptom onset for needing a cane is 7.5-10 years, and for need-
ing a wheelchair is 13—15 years [11, 15, 32-34]. Aspiration pneumonia from dys-
phagia may cause premature mortality.

sIBM is resistant to immunosuppressive therapies that are routinely used for
treating other types of IIM. There is no effective treatment for sIBM at this
point. The management is mainly supportive. Rehabilitation is important to
maximize function and prevent falls. Swallow evaluation and diet modification
should be done in patients with dysphagia to prevent aspiration. Dysphagia may
be treated transiently with pharyngoesophageal dilation or cricopharyngeal
myotomy [35].

The development of effective therapy for sIBM relies on the thorough under-
standing of the disease pathogenesis. sIBM is currently viewed as an inflammatory
and degenerative myopathy, as muscle biopsy shows both inflammatory and degen-
erative features [4, 5]. It remains unclear and debated whether sIBM is a primary
inflammatory or degenerative myopathy. Several lines of evidence supports the
autoimmunity in sSIBM, which includes the whole-genome linkage to an HLA auto-
immune haplotype, a circulating autoantibody, a marked T cell signature in gene
expression profile, the presence of clonal highly differentiated cytotoxic CD8+ T
cells in blood and muscle that are resistant to many immunotherapies, primary
endomysial inflammation with cytotoxic CD8+ T cells surrounding and infiltrating
normal-appearing myofibers, and diffuse myofiber MHCI1 upregulation [4].
Evidence that supports a prominent degenerative pathogenesis includes sarcoplas-
mic rimmed vacuoles, myofiber protein aggregates, mitochondrial abnormality with
excessive COX-deficient myofibers, and lack of a favorable response to immuno-
suppression. The therapy development has been targeting both inflammation and
degeneration [4, 5].

Pearls

Clinical Pearls

1. sIBM is a type of IIM with unique weakness pattern, EMG findings, auto-
antibody association, muscle biopsy features, and resistance to immuno-
suppressive therapies.

2. sIBM is an insidious, late-onset, progressive myopathy that predominantly
affects men above 50 years of age with preferential and asymmetrical
involvement of knee extensors and finger flexors.

3. Young sIBM is more commonly seen in patients with HIV or HTLV infec-
tion. sIBM is overrepresented in HIV-infected patients. Viral infection sta-
tus should be evaluated in patients with young-onset sIBM.
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4. Serum CK is normal or mildly elevated (no greater than 15 times the upper
limit of normal), and EMG often shows fibrillation potentials and/or posi-
tive sharp waves and mixed small and large motor unit potentials in
affected muscles in sIBM.

5. Serum anti-NT5C1A autoantibody has over 70% sensitivity and over 90%
specificity for SIBM. This autoantibody may be associated with increased
likelihood of dysphagia, facial weakness, respiratory muscle weakness,
and severe leg weakness requiring assistive devices for ambulation.

6. Muscle biopsy plays a key role in the diagnosis of sIBM. Vastus lateralis
and vastus medialis are affected sooner and greater than rectus femoris in
sIBM; choosing one of the vasti for biopsy may increase the diagnostic
yield especially at the early stage of the disease.

7. Currently there is no effective therapy for sIBM. The management is
mainly supportive to maximize function and prevent falls and aspiration.

Pathology Pearls

1. The characteristic muscle biopsy features of sSIBM include primary endo-
mysial inflammation, red rimmed vacuoles, excessive COX-deficient
fibers, a few ragged red fibers, diffuse myofiber upregulation of MHCI,
and a background of chronic active myopathy. These features may or may
not all be present.

2. EM often shows sarcoplasmic vacuoles containing myeloid debris, glyco-
gen granules, and characteristic tubulofilamentous inclusions with indi-
vidual filament measuring 15-20 nm in diameter.
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Chapter 7
A 53-Year-Old Woman with Proximal
Limb Weakness and Marked CK Elevation

Lan Zhou and Chunyu Cai

History

A 53-year-old Hispanic woman presented to our neuromuscular clinic for a second
opinion on her inflammatory myopathy. Four years prior to the presentation, she
began to notice bilateral leg weakness with difficulty climbing stairs. Shortly after,
she also noticed upper arm weakness with difficulty lifting up her arms over her head.
She saw a local rheumatologist and underwent a right vastus lateralis muscle biopsy.
The biopsy reportedly showed acute myopathic changes with scanty interstitial
inflammation, mild type 2 myofiber atrophy, and mild denervation atrophy. She was
treated with prednisone 60 mg once daily which was gradually tapered to 15 mg once
daily due to the side effects. She took methotrexate for a short period of time, and it
was discontinued because of “a spot in the lung”. She tried azathioprine 150 mg twice
daily for 2 years, and it was discontinued due to the lack of effect. Upon presentation,
she had been receiving monthly intravenous infusion of immunoglobulin (IVIg) for
1-1/2 years and taking oral mycophenylate 1000 mg twice daily for 4 months. She
was also on prednisone 15 mg once daily. Despite these treatments, she had little
improvement in her limb weakness. Serum creatine kinase (CK) level had been mark-
edly elevated ranging from 2000s to 7000s U/L. She denied skin rash, joint pain, or
respiratory symptoms. She reported frequent abdominal cramps after taking myco-
phenylate. Her past medical history was significant for hypertension, hyperlipidemia,
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steroid-induced diabetes mellitus, and uterine fibroids. Her medications included
prednisone, mycophenylate, monthly IVIg, pantoprazole, fosamax, calcium, vitamin
D, insulin, and lisinopril. She did take a statin drug in the past, which was started after
she developed muscle weakness, and the drug was discontinued 4 months later.
Family history was positive for hypertension, diabetes mellitus, and a thyroid disease.
She did not drink alcohol or smoke cigarettes. She was unemployed.

Physical Examination

General examination was unremarkable. There was no skin rash. Her mental status
and cranial nerve functions were normal. Motor examination revealed normal mus-
cle tone, normal muscle bulk, and weakness in the bilateral deltoid (MRC 4+/5),
biceps (4—/5), triceps (4—/5), iliopsoas (3/5), and quadriceps (4+/5) muscles. Neck
extensors and flexors were strong. She could not get up from a chair without her
hands to push the chair. There was no scapular winging or calf hypertrophy.
Sensation and coordination were normal. Deep tendon reflexes were diminished
throughout. Toes were downgoing bilaterally. Her gait was steady but waddling.

Investigations

Serum CK level was 7,217 U/L. Aldolase level was 42.9 U/L (normal <7.7).
Complete blood count (CBC) showed mild anemia. Comprehensive metabolic
panel were normal. Antinuclear antibodies (ANA) and anti-extractable nuclear anti-
gen antibodies (ENA) were negative. Myositis antibody panel showed a positive
anti-signal  recognition particle (SRP) autoantibody. Anti-3-hydroxy-3-
methyglutaryl-coenzyme A reductase (HMGCR) autoantibody was negative.
Paraneoplastic antibody panel was negative. TSH and vitamin D levels were nor-
mal. HbA1C was 7.0%. While waiting for the result of the myositis antibody panel,
a left biceps muscle biopsy was performed.

Muscle Biopsy Findings

The left biceps muscle biopsy (Fig. 7.1) showed a chronic active inflammatory
myopathy with abundant necrotic fibers infiltrated by macrophages (myophagocy-
tosis), a few regenerating fibers, markedly increased fiber size variation, endomysial
and perimysial fibrosis, and scattered myofibers with upregulation of class I major
histocompatibility complex (MHC1). Immunostains for dystrophin epitopes, alpha-
sarcoglycan, caveolin-3, and dysferlin revealed intact sarcolemmal reactivity, com-
parable to that present in sections stained for beta-spectrin reactivity. The findings
are consistent with a severe immune-mediated necrotizing myopathy (IMNM).
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Fig. 7.1 Hematoxylin & eosin (HE) statin shows abundant necrotic fibers and myophagocytosis
(arrows), increased fiber size variation with many polygonal atrophic fibers, and endomysial and
perimysial fibrosis. Alkaline phosphatase (ALK) stain shows a few regenerating fibers (arrows)
and patchy increase of perimysial reactivity indicating perimysium injury. Acid phosphatase
(ACP) and esterase (EST) stains shows multiple foci of myophagocytosis with acid phosphatase
and esterase reactive macrophages. CD68 immunostain (CD68) shows many CD68+ macrophages
infiltrating a necrotic myofiber. MHC1 immunostain shows patchy sarcoplasmic upregulation of
MHCI in necrotic and many non-necrotic myofibers, in addition to the normal reactivity in peri-
mysial and endomysial blood vessels

Final Diagnosis

Immune-mediated necrotizing myopathy associated with anti-SRP autoantibody
(anti-SRP myopathy)
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Patient Follow-up

The patient was treated with Rituximab. Her blood CD3-CD19+ B cell number
went down from 357 to <1 cells/pL (normal: 110-570). She continued to take pred-
nisone 15 mg once daily and receive IVIg treatment every 3 weeks. She also under-
went physical therapy. Her weakness slowly improved. Eighteen months later, her
follow-up examination showed resolution of the weakness in the deltoid and quad-
riceps muscles. The weakness in the bilateral iliopsoas (3+/5), biceps (4/5), and
triceps (4/5) muscles slightly improved.

Discussion

IMNM, also known as necrotizing autoimmune myopathy (NAM), is a type of idio-
pathic inflammatory myopathy (IIM) [1, 2]. It is distinguished by its muscle biopsy
features of myofiber necrosis with no or limited lymphocytic infiltrates [1-4]. The
disease is categorized into three distinct clinical subtypes based on the autoantibody
status: anti-SRP myopathy, anti-HMGCR myopathy, and autoantibody-negative
(seronegative) IMNM [5]. A large study of 460 patients with IIM in Japan [6]
showed that 177/460 (38.5%) patients had IMNM. Among the patients with IMNM,
autoantibodies were detected in 115/177 (65%), with anti-SRP autoantibody in
69/177 (39%) and anti-HMGCR autoantibody in 46/177 (26%).

Although all subtypes of IMNM in adults manifest subacute, progressive, sym-
metric, proximal limb weakness and marked CK elevation, they are different in
several aspects including weakness severity, extra-muscular manifestations, cancer
association, and treatment response [5, 7]. Severe limb weakness, muscle atrophy,
neck weakness, dysphagia, and respiratory insufficiency are more frequently seen in
anti-SRP myopathy than in anti-HMGCR myopathy [6]. Extra-muscular manifesta-
tions, such as skin rash, arthritis, and Raynaud’s phenomenon, are rare in both sero-
positive subtypes. The seronegative subtype shows frequent occurrence of
connective tissue diseases and a high rate of extra-muscular disease activity [8].
Anti-HMGCR myopathy can be seen in patients with or without statin exposure [9],
with the percentage of statin-induced anti-HMGCR myopathy ranging from 14% to
63% in different cohorts [3, 10-13]. Comparing with statin-induced anti-HMGCR
myopathy, statin-naive anti-HMGCR myopathy shows a younger age at onset, a
more severe disease, and a worse prognosis [8, 14]. The risk of cancer is markedly
increased in seronegative IMNM, slightly increased in anti-HMGCR myopathy, but
not increased in anti-SRP myopathy. No specific type of cancer is predominate [15].
It has been reported that seronegative IMNM can be induced by programmed
death-1 (PD-1) inhibitors that are used as cancer immunotherapy [16].

Although IMNM is mainly seen in adults, it can also be seen in children. It is
worth noting that children with anti-SRP myopathy and anti-HMGCR myopathy
may present with slowly progressive proximal weakness, mimicking a limb girdle
muscular dystrophy [17, 18]. It is thus advocated that the autoantibodies should be
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tested in children who have a muscular dystrophy phenotype but no family history
or a confirmative gene test result [5]. Children with anti-SRP myopathy and anti-
HMGCR myopathy can respond favorably to immunosuppressive therapy if diag-
nosed and treated early [17-19].

Although anti-SRP and anti-HMGCR autoantibodies are highly specific for
IMNM, a muscle biopsy is still needed to establish the diagnosis and to exclude
other diagnoses, especially in patients with seronegative IMNM. Pathologically, the
morphology of anti-SRP, anti-HMGCR and seronegative IMNM is similar. The
muscle biopsy shows randomly scattered necrotic fibers at different stages of reso-
lution (Fig. 7.2a), but only minimal or no lymphocytic inflammation. The muscle
may show significant chronic myopathic changes such as myofiber hypertrophy,
interstitial fibrosis, abnormal internal architecture (Fig. 7.2b), and even rimmed
vacuoles (Fig. 7.2c). Perimysial connective tissue damage, indicated by abnormal
alkaline phosphatase reactivity, is usually absent but may be focally present in cases
with abundant necrotic fibers (Fig. 7.2d). C5b-9 immunostain shows strong sarco-
plasmic reactivity in necrotic fibers (Fig. 7.2e black arrow) and membranous stain-
ing on scattered viable myofibers (Fig. 7.2e blue arrow). Class I major
histocompatibility complex expression is upregulated in individually scattered
myofibers (Fig. 7.2f). In mild cases, rare necrotic/regenerating fibers (Fig. 7.3a) and
scattered myofibers with MHC1 upregulation (Fig. 7.3b) may be the only abnormal
findings. The amount of necrotic fibers on muscle biopsy does not always correlate
with serum CK or autoantibody levels (Fig. 7.3).

Cases with chronic active myopathic changes need to be differentiated from inclu-
sion body myositis (IBM) and muscular dystrophies. Features of IBM that are usually
absent in IMNM include primary lymphocytic invasion into viable myofiber, substan-
tially increased COX-deficient myofibers, and diffuse MHC1 upregulation in myofi-
bers. Muscular dystrophies usually contain much more pronounced chronic changes
and fibrofatty replacement than active necrosis. Clinically, IMNM is usually easy to
differentiate from IBM and muscular dystrophy. The IMNM cases that contain only
acute myopathic damages need to be differentiated from rhabdomyolysis secondary
to myotoxins or a metabolic myopathy. The necrotic fibers in both IMNM and rhab-
domyolysis are randomly scattered. The monophasic nature of rhabdomyolysis is
usually evident by the presence of abundant damaged fibers all at similar stage of
necrosis or regeneration, while IMNM typically shows more temporal heterogeneity.
The presence or absence of mitochondria, glycogen or lipid accumulation should be
carefully examined in such cases to evaluate for metabolic myopathies.

The management of IMNM consists of aggressive immunosuppressive ther-
apy, cancer screening in patients with seronegative IMNM and anti-HMGCR
myopathy, and rehabilitation. There are no clinical trials to guide the treatment of
different subtypes of IMNM. To avoid long-term disability from muscle atrophy
and fatty replacement, immunosuppressive therapy should be initiated early and
aggressively. Patients with IMNM often require more than one immunosuppres-
sive agents. Corticosteroids plus methotrexate is the common initial treatment
regimen. Other chronic immunosuppressive agents that can be used include aza-
thioprine, mycophenylate, tarcrolimus, cyclosporine, and cyclophosphamide.
Patients with anti-SRP myopathy and statin-naive anti-HMGCR myopathy are
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Fig. 7.2 Biopsy from a 49-year-old man with progressive muscle weakness, CK over 7,000 U/L,
and a positive anti-HMGCR autoantibody. (a) H&E shows abundant acutely necrotic fibers (white
arrow), myophagocytic fibers (black arrows), and regenerating fibers (blue arrows). There is
marked fiber size variation and interstitial fibrosis. (b) NADH-TR stain shows markedly abnormal
internal architecture as a result of chronic myopathy. (¢) Gomori trichrome stain highlights rare
rimmed vacuoles (arrow). (d) Alkaline phosphatase stain shows abundant regenerating fibers
(black arrows) and patchy increase of perimysial reactivity indicating perimysium injury (blue
arrows). (e) C5b-9 immunostain stain shows strong sarcoplasmic reactivity in necrotic fibers
(black arrow) and sarcolemmal reactivity (blue arrows) in some viable myofibers. (f) MHC1
immunostain shows scattered rather than diffuse myofiber upregulation

often refractory to the treatment as seen in our case, and rituximab should be
considered early in the disease course. [VIg is recommended and may be used as
monotherapy for statin-induced anti-HMGCR myopathy especially in those who
have contraindications to the use of steroids [20]. It is recommended that patients
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Fig. 7.3 Biopsy from a 58-year-old woman with progressive muscle weakness, CK in a range of
7,000-9,000 U/L, and a positive anti-HMGCR autoantibody. (a) H&E shows only a rare necrotic
fiber (arrow). (b) MHC1 immunostain shows scattered viable fibers with MHC1 upregulation

with seronegative IMNM and anti-HMGCR myopathy undergo computed
tomography (CT) of chest, abdomen, and pelvis, and age- and gender-appropri-
ate cancer screening [5]. Rehabilitation is important to prevent disuse atrophy
and to improve functionality.

Pearls

Clinical Pearls

1. IMNM has three distinct subtypes: anti-SRP myopathy, anti-HMGCR
myopathy, and seronegative IMNM.

2. Patients with IMNM manifest progressive proximal limb weakness and
marked CK elevation. The disease is more severe in anti-SRP myopathy
and statin-naive anti-HMGCR myopathy.

3. Extra-muscular manifestations are rare in the seropositive subtypes but
more frequent in the seronegative subtype.

4. Although anti-SRP and anti-HMGCR autoantibodies are highly specific
for IMNM, a muscle biopsy is still needed to establish the diagnosis of
IMNM and to exclude other diagnoses, especially in patients with sero-
negative IMNM.

5. The risk of cancer is markedly increased in seronegative IMNM, slightly
increased in anti-HMGCR myopathy, but not increased in anti-SRP
myopathy.

6. The management of IMNM consists of aggressive immunosuppressive
therapy, cancer screening in patients with seronegative IMNM and anti-
HMGCR myopathy, and rehabilitation.

7. Children with anti-SRP myopathy and anti-HMGCR myopathy may
resemble a limb girdle muscular dystrophy; they often have a favorable
response to immunosuppressive therapy if diagnosed and treated early.
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Pathology Pearls

1. The characteristic muscle biopsy findings in IMNM are randomly scat-
tered necrotic fibers at different stages of resolution, and absence of sig-
nificant inflammation. MHC1 myofiber expression is individually
scattered, rather than diffuse or patchy.

2. The amount of myofiber damage on muscle biopsy does not always cor-
relate with serum CK level, autoantibody concentration, or clinical
severity.

3. IMNM may have significant chronic myopathic changes that histologi-
cally resemble inclusion body myositis or muscular dystrophy on biopsy.

4. IMNM differs from rhabdomyolysis by temporal heterogeneity of myofi-
ber damage. However, distinction cannot always be made solely based on
histology.
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Chapter 8
A 61-Year-Old Woman with Progressive
Distal Limb and Deltoid Muscle Weakness

Lan Zhou

History

A 61-year-old Caucasian woman developed mild right foot drop 1 year prior to the
presentation. This was followed by left foot weakness, right finger drop, and then left
finger drop. She also reported difficulty holding arms up lately. She could still get up
from a chair and walk upstairs without difficulties. She reported muscle cramps in the
posterior compartment of the distal legs, but no muscle atrophy or fasciculations. She
denied double vision, blurry vision, droopy eyelids, or difficulty chewing, swallowing
or breathing. There had been no pain or numbness. There had been no fatigue, weight
loss, chill, fever, sinusitis, cough or skin lesions. She had a past medical history of
migraine headaches and gastro-esophageal acid reflux disorder. She took Tylenol as
needed and Pepcid. She had a family history of hypertension but no rheumatological
diseases or muscle diseases. She did not smoke cigarettes or drink alcohol.

Physical Examination

Her general examination was unremarkable. Neurological examination
showed normal mental status and cranial nerve functions. Muscle tone and
bulks were normal in the upper and lower extremities. Weakness was detected
in the bilateral deltoid (MRC: 4+/5), forearm pronators (4/5), wrist and finger
extensors (2/5), intrinsic hand muscles (4—/5), and foot and toe dorsiflexors
(4/5). She could get up from a chair without her hands to push. There was no
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spine scoliosis, scapular wining, calf hypertrophy, or foot deformity. Sensory
was intact to pinprick, vibratory sensation, and joint position. Deep tendon
reflexes were 2+ throughout. Toes were downgoing bilaterally. Coordination
testing was normal. Gait was steady, and she was able to walk on her toes but
not heels.

Investigations

Serum creatine kinase (CK) level was mildly elevated at 344 IU/L (normal: 30-200).
CBC, comprehensive metabolic panel, TSH, free T4, B12, HbAIC, ESR, ANA,
ENA, rheumatoid factor, copper level, anti-GM1, GD1b, and GQ1b antibodies were
all unremarkable. Nerve conduction study (NCS) was normal. Needle EMG of
selected limb muscles showed abnormal spontaneous activities in the forms of
fibrillation potentials and positive sharp waves, and early recruitment of small-
amplitude and short-duration motor unit potentials in the deltoid, pronator tares,
extensor digitorum communis, first dorsal interosseous, and tibialis anterior mus-
cles. The findings were consistent with an irritable myopathy affecting distal >
proximal and upper > lower limb muscles. A left deltoid muscle biopsy was
performed.

Muscle Biopsy Findings

The left deltoid muscle biopsy revealed non-caseating granulomas (Fig. 8.1) with
no acid-fast bacilli (AFB), Gomori methenamine silver (GMS) positive micro-
organisms or polarizable materials. There were occasional scattered atrophic,

Fig. 8.1 Non-caseating granulomatous myo-  sisting of multinucleated giant cells (green
sitis. Muscle cross sections stained with hema-  arrow) and epithelioid cells which are mixed
toxylin & eosin (HE) show several endomysial ~ with lymphocytes. A few adjacent atrophic
and perimysial granulomas (red arrows) con-  muscle fibers () are present
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degenerating, and regenerating fibers. There was no esterase-positive fiber, target or
targetoid change, fiber type grouping or grouped atrophy to suggest a neurogenic
process.

Additional Investigations After the Muscle Biopsy Diagnosis

The patient’s serum angiotensin-converting enzyme (ACE) level was normal.
Computerized tomography (CT) of the chest, abdomen, and pelvis was
unremarkable.

Final Diagnosis

Isolated granulomatous myositis.

Patient Follow-up

The patient was started on Prednisone 60 mg once daily. She also underwent physi-
cal therapy. Two months after the treatment, she showed improvement in her muscle
strength. The dose of Prednisone was gradually tapered down to 20 mg once daily.
She tolerated the treatment well. One year after the treatment, she only showed mild
stable weakness in the wrist and finger extensors (4/5) and intrinsic hand muscles
(4+/5). She was subsequently followed by her local neurologist.

Discussion

Granulomatous myositis is a rare muscle biopsy diagnosis. In a large series of 2,985
muscle biopsies, only 12 (0.4%) showed granulomatous inflammation [1]. Although
muscle granulomas have been reported in association with many medical condi-
tions, including sarcoidosis, infections, Crohn disease, lymphoma, thymoma, graft-
versus-host-disease, anti-PD-1 therapy and others, the condition can be present in
isolation [1-12]. It is most commonly seen in association with systemic sarcoidosis
followed by idiopathic with no causes identified [1, 13].

Muscle involvement is not uncommon in systemic sarcoidosis; however, it is
mostly asymptomatic with muscle granulomas found in autopsy or random muscle
biopsy [14]. Patients with symptomatic muscle involvement can present with pal-
pable muscle nodules, acute myositis, or much more commonly chronic myopathy
[5, 14, 15]. Chronic myopathy caused by sarcoidosis usually has symptom onset
after 50 years of age with a female predominance. The disease manifests symmetrical,
proximal, lower limb weakness. With time, some patients may develop weakness in
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the upper limbs and distal limb muscles, and some patients may also have dysphagia
[5, 8, 16]. The clinical presentation of our patient is seemingly different. The initial
symptoms in our patient were mainly distal with foot drop and finger and wrist drop.
She developed mild weakness in the deltoid muscles late in the course. Her muscle
involvement was more broad and severe in the upper limbs than in the lower limbs.
This pattern is mostly seen in isolated granulomatous myositis [35, 8].

Due to the rarity of granulomatous myositis, there has been no large-scale com-
parison study to fully characterize the clinical features of sarcoid chronic myopathy
and isolated granulomatous myositis. Only a few retrospective small series studies
have been published [5, 8]. It is not entirely clear whether isolated granulomatous
myositis is a distinct entity or a special presentation of sarcoidosis. At present, the
diagnosis of isolated granulomatous myositis is made based on the clinical presen-
tation, the presence of granulomatous myositis on muscle biopsy, and the absence
of identifiable causes especially the symptoms and findings of systemic sarcoidosis.
Sarcoidosis is an immune-mediated multiorgan disorder of unknown cause. It typi-
cally involves lungs, skin, lymph nodes, eyes, and parotid glands. Nervous system
involvement is uncommon, and symptomatic muscle involvement is exceedingly
rare [17, 18]. The diagnosis is established by imaging studies and tissue pathology.
Given the common involvement of mediastinal lymph nodes and lungs, chest CT is
important in the diagnostic evaluation. Serum ACE level can be elevated, but it is
neither sensitive nor specific [19]. Gallium 67 scan is not as sensitive as fluorode-
oxyglucose positron emission tomography (FDG-PET) in detecting occult systemic
disease [20]. Our patient did not have any symptoms or signs to suggest systemic
sarcoidosis. Her CT scan of the chest, abdomen, and pelvis did not reveal abnor-
malities in other organs, although she did not have gallium 67 scan or FDG-PET
scan. Given her clinical presentation, granulomatous myositis shown on her muscle
biopsy, and lack of symptoms, signs or CT findings of other organ involvement, the
diagnosis for her was isolated granulomatous myositis.

It has been shown that isolated granulomatous myositis and sarcoid chronic myop-
athy are not different in age at onset, serum CK, EMG, or muscle biopsy findings [5,
8]. Both are late-onset, predominantly affecting people above 50 years of age. Both
have normal or mildly elevated serum CK levels. EMG in both mostly shows irritable
myopathic changes in the affected muscles. Muscle biopsies in both reveal non-case-
ating granulomas in endomysium or perimysium with epithelioid histiocytes mixed
with T lymphocytes. Multinucleated giant cells may also be present. Our patient had
all these features. Due to the late disease onset, prominent distal limb involvement,
and additional proximal limb involvement at a late stage, isolated granulomatous
myositis can mimic sporadic inclusion body myositis (sIBM) [21] or motor neuropa-
thy. sIBM predominantly affects knee extensors and finger flexors. Our patient shows
prominant wrist, finger and foot drop but no significant weakness in the finger flexors
or knee extensors, which is atypical for SIBM. EMG is important for differentiating a
myopathic condition from a neurogenic condition. Muscle biopsy is essential for
establishing the diagnosis of granulomatous myositis. Muscle biopsy in sIBM usually
does not show granulomas but shows a constellation of endomysial inflammation,
red-rimmed vacuole, tubulofilamentous inclusions, and increased number of COX-
deficient fibers. Our patient’s muscle biopsy did not show these features.
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There are no controlled studies to guide the treatment of isolated granuloma-
tous myositis or sarcoid chronic myopathy. According to the anecdotal reports
[5, 8], the first-line treatment is oral Prednisone, and the treatment response is
mixed. Adding a chronic immunosuppressant or immune modulating therapy is
usually ineffective. But in general, isolated granulomatous myositis is milder
with little disability.

Pearls

Clinical Pearls

1. Granulomatous myositis is rare and can be associated with many medical
conditions, most commonly systemic sarcoidosis followed by idiopathic
with no causes identified.

2. Unlike sarcoid chronic myopathy which mainly affects proximal lower
limb muscles, isolated granulomatous myositis predominantly affects dis-
tal limb muscles and upper limb muscles.

3. Bothisolated granulomatous myositis and sarcoid chronic myopathy man-
ifest late symptom onset, normal or mildly elevated serum CK level, irri-
table myopathy on EMG, and non-caseating granulomatous inflammation
on muscle biopsy.

4. There are no controlled studies to guide the treatment of isolated granulo-
matous myositis or sarcoid chronic myopathy. Oral Prednisone is usually
the first-line therapy which shows mixed treatment responses. Chronic
immunosuppressive or immune modulating therapies are usually
ineffective.

5. Comparing with sarcoid chronic myopathy, isolated granulomatous myo-
sitis is mild with little disability.

Pathology Pearls

1. Muscle biopsy is essential for establishing the diagnosis of granulomatous
myositis.

2. Muscle biopsies in both isolated granulomatous myositis and sarcoid
chronic myopathy show non-caseating granulomas in endomysium and/or
perimysium consisting of epithelioid histiocytes and multinucleated giant
cells mixed with T lymphocytes. Myopathic changes, including myofiber
atrophy, degeneration, and regeneration, are usually mild.
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Chapter 9
A 63-Year-Old Woman with Debilitating
Muscle Pain

Lan Zhou

History

A 63-year-old Caucasian woman presented with debilitating muscle pain. She
developed a rapid onset of severe soreness in the muscles of buttocks and thighs
with fatigue. Over the course of 3 weeks, the symptoms progressed to involve her
upper arms. She had difficulty climbing stairs and washing her hair because of the
pain. She had no spine pain, shooting limb pain, or numbness. She had no fever,
weight loss, appetite loss, joint pain, skin rash, or urinary symptoms. She went
to a local hospital emergency department, and was discharged with pain medica-
tions. Due to the progressive symptoms, she went to the local hospital emergency
department again, and was admitted for evaluation. Her serum creatine kinase (CK)
level, thyroid stimulating hormone, free T4, ANA, ENA, and rheumatoid factor
were unremarkable. Cervical and lumbosacral spine MRIs with and without con-
trast showed mild multi-level degenerative changes. She was discharged without a
clear diagnosis. One week later, she presented to our emergency department for the
progressive symptoms that significantly affected her function. She could not walk
long distance or function as a physician due to the severe pain and fatigue in her
proximal limb muscles. She was admitted to our neurology service for evaluation
and treatment. She had a past medical history of hypothyroidism and poliomyelitis
with mild residual left foot weakness. She took levothyroxine for hypothyroidism.
Her family history was positive for hypertension and thyroid dysfunction. She did
not smoke cigarettes, drink alcohol, or use illicit drugs.
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Physical Examination

Her vital signs were normal. She was distressed by the muscle pain. General
examination was otherwise unremarkable. Neurological examination showed nor-
mal mental status, cranial nerve functions, sensation, and coordination. There was
severe tenderness to palpation in the bilateral deltoid, biceps, gluteal, and quadri-
ceps muscles. Strength was intact except for her known mild residual weakness in
the left foot and toes from prior polio infection. Deep tendon reflexes were absent at
the ankles and normal elsewhere. Her gait was antalgic and slow; she fatigued very
quickly, requiring frequent rest.

Investigations

Blood tests showed mildly elevated CK level at 367 IU/L (normal 25-175) and
aldolase level at 9.1 U/L (normal 1.5-8.1). C-reactive protein (CRP) and eryth-
rocyte sedimentation rate (ESR) were markedly elevated at 124 mg/L (normal
0-5.0) and 79 mm/hr (normal 0-20), respectively. Antineutrophil cytoplasmic
antibody (ANCA) titer was elevated at 1:160 (normal <1:20), and myeloper-
oxidase (MPO) antibody was positive at 186 U/mL (normal 0-19). Antibodies
to proteinase 3 (PR3) and Jo-1 were negative. Urinalysis showed microscopic
hematuria and proteinuria. Chest CT showed a very small lung nodule. Nerve
conduction study (NCS) was normal. Electromyography (EMG) showed no
abnormal spontaneous activity but subtle early recruitment of a few small motor
unit potentials in the biceps and deltoid muscles, suggestive of a subtle non-
irritable myopathy. A left deltoid muscle biopsy was performed for further
evaluation.

Muscle Biopsy Findings

The muscle biopsy showed acute necrotizing vasculitis with transmural inflam-
mation and fibrinoid necrosis of blood vessel walls involving several small- and
medium-sized perimysial blood vessels (Fig. 9.1). There was no myopathic change
or endomysial inflammation.

Final Diagnosis

ANCA-Associated Vasculitis
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Fig. 9.1 H&E stain (a and b) shows transmural inflammation involving several perimysial blood
vessels (arrows), destruction of blood vessel walls with deposition of fibrinoid material (asterisks),
and occlusion of blood vessel lumen. Acid phosphatase stain (¢) shows that some of the mononu-
clear inflammatory cells are acid phosphatase-positive macrophages

Patient Follow-up

The patient was treated with intravenous (IV) infusion of methylprednisolone 1
gram/day for 5 days. She showed marked improvement of her symptoms. After
completing the course of IV steroids treatment, her muscle pain largely resolved
and she was able to walk fast without fatigue. Due to the abnormalities revealed by
urinalysis, she underwent a renal biopsy which showed crescentic glomerulonephri-
tis. She was discharged on oral Prednisone and started on Rituximab by rheumatol-
ogy. She was subsequently followed by rheumatology.

Discussion

ANCA are autoantibodies to neutrophilic granules and monocytic lysosomes [1].
There are two major types of ANCA, perinuclear ANCA (p-ANCA) and cytoplas-
mic ANCA (c-ANCA). The major antigens targeted by p-ANCA and c-ANCA
are MPO and PR3, respectively. ANCA have been associated with three distinct
vasculitides which involve inflammation of small-sized blood vessels: microscopic
polyangiitis (MPA), granulomatosis with polyangiitis (GPA, previously known
as Wegener granulomatosis), and eosinophilic granulomatosis with polyangiitis
(EGPA; previously known as Churg-Strauss Syndrome) [2—6]. The majority of
patients with MPA are positive for MPO antibody, patients with GPA are usually
positive for PR3 antibody, and about 50% of patients with EGPA are positive for
MPO antibody [4]. Our patient had MPA.

ANCA-associated vasculitis (AAV) affects both genders equally; most of the
patients are Caucasians and Hispanics. MPA is the most common AAV in Asians
with a similar annual incidence in Japan and United Kingdom [7]. The estimated
prevalence of AAV is 46—184 per million [8]. AAV is a multisystem disease, mostly
affecting kidney, lung, skin and nerve. Nervous system is frequently involved in
AAV with peripheral neuropathy predominated in each type of AAV (9). Common



140 L. Zhou

presentations of peripheral nervous system involvement include mononeuritis mul-
tiplex, distal sensorimotor axonal polyneuropathy, and isolated cranial mononeu-
ropathies [9, 10]. Muscle involvement is not as common as the nerve involvement.
Patients with MPA are usually older with more severe renal disease along with skin
rash and neuropathy [3]. Although myalgia is not uncommon in AAV, which have
been reported in 48.2% patients with MPA [11], myalgia or muscle weakness as
the predominant presentation without other systemic symptoms or neuropathies is
exceedingly rare [12—14]. The clinical diagnosis can be delayed as seen in our case
because of this rare entity. Our patient did not have objective weakness, CK was
mildly elevated, and the EMG findings were very subtle. But the muscle biopsy
showed fulminant necrotizing vasculitis. The severe myalgia is most likely due to
muscle ischemia.

The diagnosis of AAV is established by findings of vasculitis on tissue biopsy
and positive ANCA in serum. Muscle biopsy plays an important role in diagnosing
AAV when muscle symptoms are prominent [12—14], and it may spare the need for
a more invasive biopsy of an internal organ [15]. Tissue biopsy in MPA typically
shows necrotizing vasculitis but no granulomatous inflammation as seen in GPA or
EGPA. On muscle biopsy, the vasculitis mainly affects small- and medium-sized
perimysial arterioles [12, 14, 16]. The pathological features of necrotizing vasculitis
include transmural inflammation and fibrinoid necrosis of blood vessel walls. This
frequently results in the occlusion of blood vessel lumen, causing tissue ischemia.

The pathogenesis of AAV is not entirely clear [5, 6]. MPO-ANCA has been
shown to be pathogenic by the active transfer experiment in a murine model [17]
and the passive transfer of the disease in a newborn from a mother with positive
MPO-ANCA [18]. Evidence that supports a pathogenic role of PR3-ANCA is still
lacking. Neutrophil priming, T cell disturbance, ANCA production, complement
system activation, and high levels of circulating inflammatory cytokines have all
been implicated in the pathogenesis of AAV, and they become the targets of therapy
development [5].

Treatment of AAV consists of two phases: remission induction therapy and main-
tenance therapy [6]. The combination of corticosteroids and another immunosuppres-
sive agent is used for inducing disease remission. Corticosteroids is the cornerstone
of the therapy for AAV. The initial treatment can be oral prednisone 1 mg/kg/day or
intravenous infusion of methylprednisolone 1 gram/day for 3—5 days followed by
oral prednisone. The dose can be gradually tapered after 2—4 weeks of treatment to
reduce the side effects. It can be used alone for mild AAV, but usually another immu-
nosuppressive agent is needed especially for patients with GPA and severe MPA and
EGPA. At present, cyclophosphamide and rituximab are two choices to combine
with steroids for remission induction. Rituximab is as effective as and probably less
toxic than cyclophosphamide with respect to the risks of infertility and late cancers
[19-21]. It is a monoclonal anti-CD20 antibody depleting B cells with subsequent
reduction of ANCA and B cell cytokines. It is used as 4 infusions of 375 mg/m?
each given at 1-week intervals. Plasmapheresis may be used as a rescue treatment
for severe cases of AAV [22-24]. Once clinical remission is achieved, maintenance
therapy is critical to prevent disease relapses. The conventional immunosuppressive
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agents used for this purpose include azathioprine and methotrexate, and they are
equally effective and safe [25, 26]. Mycophenolate mofetil showed a higher relapse
rate than azathioprine [27]. Rituximab is another option for the maintenance ther-
apy especially in patients following a corticosteroids-rituximab-based induction. It
can be given at the point of the B-lymphocyte reconstitution based on the CD19+
CD20+ lymphocyte count and/or ANCA reappearance or significant titer increase
[28], or at regular intervals every 6—12 months independent of the B-cell count or
ANCA status [29-33]. The efficacy of using rituximab every 4 months as mainte-
nance therapy for AAV has been undergoing evaluation by a large-scale study [34].

Pearls

Clinical Pearls

1.

Acute, severe, and progressive myalgia should raise a suspicion for vascu-
litis, especially in the presence of markedly elevated ESR and CRP and
positive ANCA. The pain is most likely caused by muscle ischemia.
Acute, severe, and progressive myalgia can be a predominant initial pre-
sentation of AAV. Biopsy of a symptomatic muscle is essential to establish
a tissue diagnosis to initiate prompt treatment.

Treatment of AAV consists of induction therapy to induce disease remis-
sion by using corticosteroids plus rituximab or cyclophosphamide, and
maintenance therapy to prevent disease relapses by using azathioprine,
methotrexate, or rituximab.

Pathology Pearls

1.

The hallmark of acute vasculitis is transmural inflammation and destruc-
tion of blood vessel walls with deposition of fibrinoid material (fibrinoid
necrosis). It can cause blood vessel lumen occlusion and subsequent tissue
ischemia.

Necrotizing vasculitis revealed by a muscle biopsy usually affects small-
and medium-sized arterioles in perimysium.
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Chapter 10

A 33-Year-Old Woman with Pain
and Swelling in the Right Calf
and Persistent Fever

Lan Zhou, Laura K. Stein, and Susan C. Shin

History

A 33-year-old woman presented with 3 weeks of pain and swelling in the right calf
and persistent fever despite completing 10 days of oral antibiotics cephalexin for
possible cellulitis. Lower extremity Doppler was negative for deep vein thrombosis.
The patient was started on empiric broad-spectrum antibiotics with intravenous (IV)
vancomycin and zosyn for presumed cellulitis. With ongoing fevers 1 week after
the presentation, the antibiotics coverage was broadened and changed to Imipenem.
The patient continued to have high-grade fevers, right calf pain and swelling despite
being treated with broad spectrum IV antibiotics. She did not have cough or urinary
pain. She had a past medical history of lupus on Prednisone 10 mg once daily and
Plaquenil 200 mg once daily.

Physical Examination

The patient appeared ill with body temperature 100.8 °C. Heart rate, blood pressure,
and breathing were normal. There was remarkable edema, skin red discoloration,
and tenderness in the right calf. Mental status and cranial nerves were intact. There
was no weakness or numbness, although the movement of the right distal leg and
foot was limited due to the pain.
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Investigations

Computer tomography (CT) scan of the right lower extremity demonstrated focal
skin thickening along the posterior-lateral aspect of the mid-distal right calf, sub-
cutaneous fat stranding, and inflammatory changes suggestive of cellulitis. Gallium
scan was also suggestive of cellulitis localized to the medial proximal tibia below
the knee. Right distal leg magnetic resonance imaging (MRI) demonstrated exten-
sive signal abnormalities of the medial gastrocenemius and soleus muscles, and
small crecentric fluid collections along these muscles. Due to the concern of a focal
myositis, two weeks after the presentation, the patient underwent a right gastrocne-
mius biopsy and washout.

Muscle Biopsy Findings

The right gastrocnemius muscle biopsy revealed necrotizing granulomatous fas-
ciitis and myositis with the presence of many acid-fast bacilli (AFB) positive
micro-organisms (Fig. 10.1). Gram stain and Grocott’s methenamine silver (GMS)
stain showed no Gram positive or negative bacterial or fungal organisms (data not
shown). The findings are consistent with mycobacterial infection.

Fig. 10.1 Necrotizing granulomatous fasciitis and myositis with the presence of AFB positive
micro-organisms. Muscle cross sections with hematoxylin and eosin (HE) and acid fact bacilli
(AFB) stains show necrotizing granulomatous inflammation involving fascia and adjacent muscle
tissue (HE, arrows) with the presence of many AFB positive bacteria in the necrotic tissue (AFB,
arrows)
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Final Diagnosis

Mycobacterial fasciitis and myositis

Patient Follow-up

The patient was isolated and started on rifampin, isoniazid, pyrazinamide, and
ethambutol to cover mycobacterium tuberculosis (TB) infection. Approximately
1 week after the muscle biopsy, the patient developed right ankle and hip pain as
well as cervical lymphadenopathy. CT scan of the neck showed necrotic internal
jugular lymphadenopathy consistent with scrofula. CT of the chest, abdomen, and
pelvis demonstrated multiple bibasilar pulmonary nodules, necrotic mesenteric
lymph nodes, and fluid collections of the right iliacus and psoas muscles. The patient
was subsequently found to have positive TB cultures in sputum, bone lesions, and
cervical lymph nodes. She underwent drainage of multiple fluid collections. The
patient’s 6-month hospital course was complicated by drug rash, immune reconsti-
tution syndrome, failure to thrive, worsening renal function and isoniazid-induced
hepatotoxicity. Throughout the prolonged hospital course, she never demonstrated
respiratory symptoms. She eventually showed significant improvement with the TB
therapy and was discharged home with a plan to complete eleven total months of
TB therapy.

Discussion

It is well known that patients with systemic lupus erythematosus are at increased
risk for TB and other opportunistic infections because of the immunosuppression
these patients require. Multiple studies have demonstrated that serious infections
and extra-pulmonary manifestations are more common in this patient population [1,
2]. While approximately 3% of patients with TB have musculoskeletal involvement,
the incidence of the even more uncommon manifestation of myositis is unknown
[3]. It has been speculated that skeletal muscle is highly resistant to tuberculosis
infection, based on its low oxygen and high lactate levels, as well as the lack of
reticulo-endothelial tissue [4, 5].

Of the rare cases of TB myositis in the literature, it has been most commonly
described in immunosuppressed patients, including those with systemic lupus ery-
thematosus, rheumatoid arthritis, and HIV infection [3-5]. In each of the described
cases of TB myositis, the diagnosis was made with fluid culture, and patients pre-
sented similarly with ongoing fever, pain, and swelling. To our best knowledge,
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this is the first reported case of TB fasciitis and myositis with the initially diagnosis
suspected by muscle biopsy findings.

Granulomatous myositis is a rare muscle pathology diagnosis. It can be seen in
association with sarcoidosis, infections, Churg-Strauss Syndrome, Crohn disease,
and anti-PD1 therapy, among others [6—11]. Granuloma consists of epithelioid cells,
multinucleated giant cells, lymphocytes and other inflammatory cells. Necrotizing
granulomatous inflammation shows necrotic tissue with granular and cheese-like
cellular debris in the areas with granulomas. It is mostly seen in mycobacterial and
fungal infections. The necrotizing granulomatous fasciitis and myositis seen in our
case is caused by TB infection.

Our case illustrates that febrile focal myositis should raise a strong clinical sus-
picion for infectious myositis. Infection work up should be done on muscle biopsy
specimens. TB can infect muscle, and should be considered especially in immuno-
compromised patients even without pulmonary symptoms.

Pearls

Clinical Pearls

1. Although uncommon, TB can infect muscle in immunocompromised
hosts. Disseminated mycobacterium tuberculosis infection may initially
present with febrile focal myositis.

2. One should consider the possibility of TB as the etiologic infectious agent
in an immunocompromised patient with febrile focal myositis even with-
out pulmonary symptoms.

Pathology Pearls

1. Febrile focal myositis should raise a suspicion for infectious etiologies,
and infection work up should be done on muscle biopsy specimens by
special stains, including Gram, GMS, and AFB stains.

2. Necrotizing granulomatous myositis is mostly seen in mycobacterial and
fungal infections, and AFB and GMS stains can help differentiate.
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History

A 28-year-old woman presented with a few years of progressive weakness. An avid
athlete, she played softball in college but developed exercise fatigue and dyspnea on
exertion. She had constant leg soreness that got worse post exercise. Over time, she
developed difficulty going upstairs, carrying groceries, and picking up her nieces
and nephews. She did not have dysphagia, diplopia, or ptosis. Her fraternal twin
sister carried a clinical diagnosis of limb girdle muscular dystrophy of unknown
type, but her parents and grandparents did not have limb weakness.

Physical Examination

Her general examination was unremarkable. On strength testing, she had symmetric
proximal limb muscle weakness and mild scapular winging. Hip adductors were
weaker than abductors. There was no facial weakness.
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Investigations

CK level was mildly elevated 493 U/L (normal: < 200). ANA was negative. TSH
and free T4 were normal. AST and ALT were mildly elevated but GGT was normal.
She was initially evaluated by rheumatology, and NCS/EMG was not requested.
MRI of the thighs showed moderate to severe atrophy and fatty infiltration of the
hamstrings, adductor muscles, and gluteal muscles. A left quadriceps muscle biopsy
was ordered.

Muscle Biopsy Findings

The left quadriceps muscle biopsy (Fig. 11.1) revealed mild chronic active myopa-
thy with intact expression of dystrophin, alpha-sarcoglycan, alpha-dystroglycan,
caveolin-3, dysferlin, and emerin. Immunostain for MHC Class I showed no abnor-
mal myofiber upregulation.

) g S 50

Fig. 11.1 Quadriceps muscle biopsy shows mild chronic active myopathy. (a), Chronic features
include marked fiber size variation, split fibers (black arrows) and frequent internalized nuclei
(white arrows). (b), Active features include occasional necrotic fibers (arrows) and absence of
regenerating fibers. (¢), NADH-TR stain highlights split fibers (arrow). No lobulated myofibers are
seen in this biopsy. (d), MHC I stain shows a normal capillary staining pattern, there is no abnor-
mal myofiber reactivity
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Additional Investigation After Muscle Biopsy Diagnosis

The patient was referred to our neuromuscular clinic after obtaining the muscle
biopsy diagnosis. Based on her history, family history, MRI, and muscle biopsy
findings, a limb-girdle muscular dystrophy (LGMD) was suspected. Subsequent
genetic testing revealed two variants in the CAPN3 gene: ¢.1468C > T (p.R490W)
and ¢.1063C > T (p.R355W), both of which have been reported as pathogenic
mutations [1, 2].

Final Diagnosis

Limb girdle muscular dystrophy type 2A (LGMD2A).

Patient Follow-up

Patient underwent physical therapy for balance training and started using a cane for
safe ambulation. At follow up, she complained of daily bouts of coughing, worse
with lying flat. Transthoracic echocardiogram was normal. Spirometry showed FVC
89% predicted, MIP 54% predicted, and MEP 84% predicted. She was diagnosed
with mild restrictive lung disease. One year after diagnosis, she gave birth to her
first child without obstetric complication.

Discussion

The limb girdle muscular dystrophies (LGMD) are genetically heterogeneous, auto-
somally inherited, have a childhood to adult onset, and are characterized by progres-
sive muscle weakness and wasting of the shoulder- and pelvic-girdle muscles [3].
LGMD is the fourth most common form of muscular dystrophy, with a prevalence
of 1.63 per 100, 000 [4]. Autosomal dominant subtypes are denoted as LGMD1 and
autosomal recessive subtypes are denoted as LGMD?2. There are many subtypes of
LGMD: 26 LGMD?2 and 8 LGMDI. In general, LGMD2 is more common than
LGMDI.

LGMD?2A is most common in American and European countries, except in
Denmark where LGMD2I is more common [3]. Its clinical presentation is variable
with a wide range in onset from childhood to adulthood, but teenage onset is typi-
cal. Muscle weakness can start in the pelvic girdle (Leyden-Mobius variant) or the
shoulder girdle (Erb variant). Young patients can present with asymptomatic hyper-
CKemia or transient eosinophilic myositis [5]. Characteristic features include toe
walking in early childhood, scapular winging, scoliosis, axial muscle weakness,
joint contractures (especially of the Achilles tendon), and sparing of the facial
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muscles. The hamstrings, gluteal muscles, and hip adductors are often weak and
atrophic. Cardiac function is distinctly normal. As the illness progresses over
decades, ambulation is impaired and nearly half the patients become wheelchair
dependent. Respiratory complication can be seen in some patients, but is not a
salient feature of LGMD2A. There is some gender variability with women having
less weakness compared to men [6].

LGMD2A is caused by mutations in the CAPN3 gene found on chromosome 15,
which encodes for calpain-3 [5]. Calpain-3 is a muscle specific protein involved in
sarcomere remodeling. Though its exact function is unknown, calpain-3 helps target
actin and myosin for proteasomal degradation via ubiquitination. It is highly active
in both muscle catabolism and anabolism [7].

The differential diagnosis for LGMD?2A is broad. It is often hard to clinically
distinguish LGMD2A from other forms of autosomal recessive LGMD such as
LGMD2B (dysferlinopathy), LGMD2C-2F (sarcoglycanopathies), LGMD2G
(telethoninopathy), and LGMD?2J (titinopathy), thereby necessitating a muscle
biopsy and/or genetic analysis. Duchenne and Becker muscular dystrophy also
have a clinical presentation identical to LGMD2A, but these disorders have
prominent cardiac involvement and inheritance pattern is X-linked recessive.
Emery-Dreifuss muscular dystrophy presents with joint contractures similar to
LGMD2A, but cardiac involvement is more conspicuous. Facioscapulohumeral
muscular dystrophy also presents with progressive proximal shoulder girdle
weakness, but prominent facial weakness and autosomal dominant inheritance
should distinguish this from LGMD2A. LGMD2A can also be confused for met-
abolic myopathy given exercise intolerance and myalgia. However, most cases of
metabolic myopathy can be readily distinguished from limb girdle muscular dys-
trophy by muscle biopsy.

Serum CK is elevated 5-80x normal in LGMD2A and needle electromyography
shows a myopathic pattern. Genetic testing confirms the diagnosis; however, it is
not uncommon to detect variants of unknown significance in which case a muscle
biopsy should be performed [5]. Since limb girdle muscular dystrophy is phenotypi-
cally diverse, a multigene panel is preferred over single gene testing. The 24 coding
exons of CAPN3 can be directly sequenced by next-generation exome sequencing
whereas intron mutations can be identified by analysis of complementary DNA
(cDNA) [5, 8, 9].

MRI may be a valuable tool for preliminary screening of LGMD2A and can
enhance the efficiency of muscle biopsy and DNA analysis. MRI shows a character-
istic pattern of muscle involvement: severe fatty infiltration in the long head of
biceps femoris, semimembranosus, semitendinosus, and adductor muscles [6, 10]
as seen in our patient.

Muscle biopsy can aid in diagnosis by confirming dystrophic changes in muscle
and excluding other disease processes such as metabolic myopathies, immune
mediated myopathies, or neurogenic etiologies. The hallmarks of dystrophic
changes are chronic active myopathic changes with ongoing myofiber necrosis in a



11 A 28-Year-Old Woman with Proximal Limb Weakness and Scapular Winging 155

background of endomysial fibrosis and fatty replacement. Other less specific chronic
changes include marked fiber size variation with presence of hypertrophic fibers,
split fibers, and frequent internalized nuclei. These changes are reflective of the time
course of the disease process rather than any particular disease. It is usually not pos-
sible to specifically classify a muscular dystrophy based on histology or enzyme
histochemistry alone. Two helpful features have been reported in association with
LGMD2A, including (1) markedly reduced regenerating fibers compared to other
muscular dystrophies [5] and (2) eosinophilic myositis in childhood [11]. Definitive
diagnosis requires protein and/or genetic analysis. Immunohistochemistry is helpful
only in instances of total protein loss; mutations that cause partial loss of calpain-3
cannot be readily detected by this method. Immunoblot analysis is able to capture
partial protein loss. However, immunoblot misses 20-30% of LGMD2A cases
which have a mutation that impairs the function of the protein rather than its quan-
tity [5]. A functional assay that detects loss of the normal autocatalytic activity of
the protein can identify some but not all of the functional mutations. Genetic testing
in the form of LGMD panel is becoming the principle method for confirming the
diagnosis.

To date, there is no specific treatment for any of the LGMD subtypes. Once diag-
nosis is made, treatment for the condition is generally supportive. Physical therapy
and orthotic intervention is important to maintain safe ambulation and indepen-
dence for as long as possible. Passive range of motion promotes mobility and flex-
ibility. Gentle and low impact aerobic exercise improves cardiovascular performance
and reduces fatigue. Surgical correction of foot deformities, scoliosis, and contrac-
tures might be useful [12]. Given the risk of respiratory involvement, regular assess-
ment of forced vital capacity and overnight pulse oximetry are very important [12,
13]. Non-invasive ventilation and cough assist devices may be needed in select
individuals [14]. Finally, genetic counseling is important in family planning.

Pearls

Clinical Pearls

1. LGMD2A characteristically causes selective weakness and atrophy of the
hamstrings, gluteal muscles, and hip adductors. Scapular weakness and
joint contractures are other common features.

2. Muscles of the heart and face are spared in LGMD2A.

3. MRI of the thigh detects fatty infiltration in the adductors and hamstrings
and can be used as a screening tool.

4. Mutation testing for LGMD2A can be done by next generation sequencing
of the 24 coding exons of the CAPN3 gene.
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Pathology Pearls

1. The degree of pathology varies greatly and does not necessarily correlate
with clinical severity.

2. A chronic active myopathy that lacks regenerating fibers, and eosinophilic
myositis in children are relatively specific features of LGMD2A.

3. Although lobulated myopathy has often been associated with LGMD2A, it
is neither sensitive nor specific. Lobulated myopathy can be seen in a vari-
ety of hereditary and non-hereditary conditions [15].

4. In muscle with chronic active myopathy, MHC class I immunostain is
helpful in differentiating muscular dystrophies (usually negative) from
inflammatory myopathies (usually positive). However, notable exceptions
exist both ways. For example, dysferlinopathy (LGMD2B) and facioscapu-
lohumeral dystrophy (FSHD) may have prominent inflammation and myo-
fiber MHC1 upregulation. Conversely, inflammatory myopathies
undergoing long-term steroid treatment may have negative MHC1 myofi-
ber expression.
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Chapter 12
A 52-Year-Old Man with Proximal Limb
Weakness and Hand Stiffness

Check for
updates

Lan Zhou and Susan C. Shin

History

A 52-year-old man presented to our neuromuscular clinic for obtaining a second
opinion on his myopathy. He first noted mild difficulty rising out of a chair from a
seated position, climbing stairs, and doing pushups 5 years prior to the presentation.
The weakness slowly progressed with significant involvement of both upper and
lower extremities. He noted intermittent cramping and stiffness in the hands and
toes. He reported mild difficulty swallowing sometimes, but denied slurred speech,
droopy eyelids, double vision, shortness of breath, or palpitations. He had a past
medical history of Asperger syndrome, asthma, pancreatitis, cataracts at age 30s,
and non-insulin dependent diabetes mellitus diagnosed 5 years prior. He had bilat-
eral cataract removal. His medications included metformin, albuterol, and aspirin.
He was adopted and did not know his biological family members. He did not have
children. He did not drink alcohol or smoke cigarettes.

Physical Examination

General examination was notable to frontal balding and residua from the bilateral
cataract surgery. His cardiac examination was normal. His mental status was unre-
markable. Cranial nerve functions were intact with normal extraocular movements

L. Zhou (IX)

Departments of Neurology and Pathology, Boston University Medical Center,
Boston, MA, USA

e-mail: lanzhou@bu.edu

S. C. Shin
Department of Neurology, Icahn School of Medicine at Mount Sinai, New York, NY, USA
e-mail: susan.shin@mssm.edu

© Springer Nature Switzerland AG 2020 159
L. Zhou et al. (eds.), A Case-Based Guide to Neuromuscular Pathology,
https://doi.org/10.1007/978-3-030-25682-1_12


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-25682-1_12&domain=pdf
mailto:lanzhou@bu.edu
mailto:susan.shin@mssm.edu

160 L. Zhou and S. C. Shin

and no eyelid ptosis or dysarthria. Motor examination showed normal tone and bulk.
Mild percussion myotonia was noted in the thenar muscles, greater on the right.
Weakness was detected in the neck flexors (MRC 4/5) and bilateral deltoid (4/5),
biceps (4/5), hip flexors (4/5), and knee extensors (4/5). He was unable to rise from
a chair without using his hands to push. Deep tendon reflexes were 2+ throughout.
Sensory examination was normal to all modalities. Toes were downgoing bilater-
ally. His gait was normal.

Investigations

The patient’s serum creatine kinase (CK) level was normal. He had nerve con-
duction studies (NCS) and electromyography (EMG) twice by outside neurolo-
gists, one reportedly being normal and the other reportedly showing myotonic
discharges in the proximal limb muscles. He underwent a right quadriceps mus-
cle biopsy.

Muscle Biopsy Findings

The right quadriceps muscle biopsy (Fig. 12.1) showed increased fiber size vari-
ation with some scattered atrophic and hypertrophic muscle fibers, a few pyk-
notic nuclear clumps, a marked increase in internal nuclei, several round
atrophic fibers with ringbinden (ring fibers), a single necrotic fiber, and type 2

Fig. 12.1 Quadriceps muscle biopsy from the present patient. HE stain shows increased fiber size
variation with a few atrophic and hypertrophic fibers, and numerous internal nuclei. Many fibers
contain multiple internal nuclei. NADH stain shows two round fibers with ringbinden (ring fibers)
(arrows)
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fiber predominance. Many fibers contained multiple internal nuclei. There was
no inflammation. These findings suggested myotonic dystrophy, especially
myotonic dystrophy type 2 (DM2) in this clinical setting. There were very few
angulated atrophic fibers which were esterase-positive, but no target fibers, fiber
type grouping, or group atrophy. The findings suggested very mild denervation
atrophy.

Additional Investigation After Muscle Biopsy Diagnosis

Based on the patient’s clinical presentation, clinical and EMG myotonia, and mus-
cle biopsy findings, the DM?2 gene test was ordered. It showed a repeat expansion
mutation of DM2 with the expanded repeat size of 13,170 base pairs (normal: <176
base pairs), diagnostic for DM2. CBC, comprehensive metabolic panel, HbA1C,
thyroid function test, ANA, and Vitamin D level were all normal.

Final Diagnosis

Myotonic dystrophy type 2

Patient Follow-up

The diagnosis, management, and prognosis of DM2 were discussed with the patient.
He received physical therapy for the proximal limb weakness with benefit. His
clinical myotonia was mild, and he did not want to take a medication for it. He
underwent cardiology evaluation with no significant abnormalities found. His gly-
cemic control was optimal. He was followed annually by neurology, cardiology,
endocrinology, and ophthalmology.

Discussion

Myotonic dystrophy is the most common form of muscular dystrophies seen in
adults. It is a unique muscular dystrophy characterized by multisystem involvement,
clinical and EMG myotonia, RNA toxicity being the disease-causing mechanism,
and lack of dystrophic changes on muscle biopsy.
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Myotonic dystrophy is an autosomal dominant disease. It has two types:
myotonic dystrophy type 1 (DM1) and DM2. While both types manifest muscle
atrophy, weakness, myotonia, early-onset cataract (before age 50 years), diabe-
tes mellitus, gastrointestinal dysfunction, hypogonadism, and cardiac abnor-
malities including arrhythmia, conduction defects, and cardiomyopathy, there
are several differences between the two types [1, 2]. DM1 has an early symptom
onset with the presence of a congenital form, while the onset of DM2 is late,
most often in the fourth and fifth decades of life with no congenital form [1].
DM mainly affects distal limb muscles such as finger flexors, wrist flexors, and
ankle dorsiflexors, while DM2 predominantly involves proximal and axial mus-
cles including neck flexors, arm abductors, hip flexors, and hip extensors.
Frontal balding is common in both types, but facial weakness is mainly seen in
DMI1. Cardiac dysfunction and central nervous system involvement are less
common in DM2 than in DM1 [3-6].

DM2 is also known as proximal myotonic myopathy (PROMM) [7-11]. It is less
common than DM1. The prevalence of DM2 is uncertain, and it likely varies by
population. DM2 is probably underdiagnosed as the disease manifestation is vari-
able and can be very mild and non-specific [12]. Some patients may only have
muscle pain, fatigue, or mild weakness. Clinical myotonia is usually mild and can
be absent. Percussion of forearm extensors and thenar muscles is the most sensitive
clinical test for myotonia. When clinical myotonia is prominent in a patient with
DM2, a superimposed chloride or sodium channel gene mutation should be consid-
ered [13, 14]. CK is usually mildly elevated or normal. Needle EMG in resting
muscles may show myotonia which can be evoked by percussion; the myotonic
discharges tend to be waning in DM2 as opposed to waxing-waning in DM1 [15].
EMG myotonia can be minimal or absent in DM2.

Muscle biopsy is not necessary in myotonic dystrophy as gene testing is com-
mercially available for making the definitive diagnosis. However, due to the het-
erogeneity of the clinical presentation in DM2, muscle biopsy may still be useful
in patients with mild and non-specific symptoms and findings. Muscle biopsy in
myotonic dystrophy usually does not show dystrophic changes which consist of
prominent myofiber degeneration, regeneration, and necrosis, and endomysial
inflammation and fibrosis [16—18]. It typically shows markedly increased inter-
nal nuclei and increased fiber size variation with angulated or rounded atrophic
fibers and some hypertrophic fibers [16—18]. In DMI, it may also show sarco-
plasmic mass and prominent type 1 fiber hypotrophy [19, 20]. In DM2, it usually
shows prominent pyknotic nuclei clumps and type 2 fiber atrophy and/or hyper-
trophy but not type 1 fiber hypotrophy [16—18]. Ring fibers is an infrequent find-
ing [16, 18], and it is caused by disorientation of peripheral myofibrils running
at right angles to the main body of the fibre [21]. It is best viewed by NADH
stain or electron microscopy (EM). Muscle biopsies in individual DM2 cases
may not show all the pathological features; while some show ring fibers
(Fig. 12.1), the others do not (Fig. 12.2). In general, the pathological changes are
more prominent in type 2 fibers in DM2 but more involving type 1 fibers in DM1
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Fig. 12.2 Triceps muscle biopsy from another patient with DM2. HE stain shows markedly
increased internal nuclei, many pyknotic nuclear clumps (arrows), a rare angulated atrophic fiber
(%), and some hypertrophic fibers. NADH stain shows type 2 fiber predominance, occasional angu-
lated atrophic fibers, and absent ring fibers

[17]. The pathological changes in DM2 do not correlate with individual clinical
symptoms [16].

The pathogenic mechanism underlying myotonic dystrophy involves RNA tox-
icities. DM is caused by expanded CTG repeats in the 3’ untranslated region of the
myotonic dystrophy protein kinase gene (DMPK) on chromosome 19q13 [22, 23].
DM?2 is caused by expanded CCTG repeats in intron 1 of the zinger finger protein
9 gene (ZNF9) on chromosome 3q [24, 25]. These expanded repeats in the noncod-
ing regions are transcribed into RNAs which exert a toxic gain-of-function to
deregulate several RNA binding proteins including muscleblind-like proteins,
resulting in aberrant RNA slicing, polyadenylation, or expression of hundreds of
genes. The expanded RNA repeats may also affect cell signaling and are sometimes
translated into neurotoxic peptides [26]. The multilevel toxicities and the large
number of genes affected by the expanded RNA repeats account for the complex
phenotype of myotonic dystrophy. The phenotype of DM2 is milder than that of
DM1, which is most likely contributed by modifiers [27]. Currently, there is active
therapy development to target and reduce the RNA toxicities by antisense oligo-
nucleotides and others [26].

There is no cure for myotonic dystrophy at this point. Genetic counseling
should be provided to every patient. Given the multisystem involvement, the
symptomatic management of DM2 requires multiple clinical specialties, includ-
ing neurology, cardiology, endocrinology, ophthalmology, gastroenterology, and
rehabilitation. Myotonia, pain, and hypersomnolence are managed by neurologist.
Grip myotonia is usually mild, and mexiletine may be used if bothersome [28]. A
thorough cardiac evaluation is needed to identify and control the risks for major
cardiac arrhythmia and cardiomyopathy [3]. Diabetes mellitus is more frequently
seen in DM2 than in DM1, and it should be monitor and treated by endocrinolo-
gist. Periodic slit-lamp exam should be performed by ophthalmologist to detect
cataract and treat accordingly. Rehabilitation is important for DM2 patients to
manage their proximal limb weakness.
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Pearls

Clinical Pearls

1. Myotonic dystrophy is the most common muscular dystrophy seen in
adults.

2. DM2 is a multisystem disease which usually manifests adult-onset and
slowly progressive muscle pain, fatigue, and stiffness, as well as mild
proximal limb weakness. Diabetes mellitus, early-onset cataract, gallblad-
der dysfunction, and cardiac abnormalities are the commonly associated
conditions.

3. Examination in patients with DM2 often shows frontal balding and mild
proximal limb weakness. Facial weakness, a common feature in DM1, is
usually not seen or mild in DM2.

4. EMG often shows myotonia in limb muscles, but clinical myotonia is usu-
ally mild or even absent in DM2. CK is usually mildly elevated but can be
normal.

5. Muscle biopsy can be spared as the definitive diagnosis is made by the
DM2 gene test. In patients with mild and nonspecific symptoms and find-
ings, a muscle biopsy may still be useful to raise the suspicion and direct
the gene test.

6. Due to the multisystem involvement, patients with DM2 should be man-
aged by multiple clinical specialties, including neurology, cardiology, oph-
thalmology, endocrinology, gastroenterology, and rehabilitation.

7. The pathogenic mechanism underlying myotonic dystrophy involves RNA
toxicities. There is active therapy development to target and reduce the
RNA toxicities.

Pathology Pearls

1. Muscle biopsy in DM2 usually does not show dystrophic changes which
consist of prominent myofiber degeneration, necrosis, and regeneration,
and endomysial inflammation and fibrosis.

2. Muscle biopsy in DM2 usually shows a combination of markedly increased
internal nuclei, pyknotic nuclear clumps, ring fibers, a few angulated atro-
phic fibers, and some hypertrophic fibers. These changes are more promi-
nent in type 2 fibers. These features may not be all present in an individual
muscle biopsy from a patient with DM2.

3. Type 1 fiber hypotrophy, a relatively common finding in DM1, is not a
feature of DM2.
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Chapter 13

A 51-Year-Old Woman with
Long-Standing Exercise Intolerance

Lan Zhou

History

A 51-year-old Hispanic woman started to run 2-3 miles a day and 5 days a week
when she was in high school. At the end of high school, the running became difficult
as she would develop intense leg muscle pain, cramps, and fatigue which required
frequent rest. She also noticed dark-color urine several times triggered by running
at age 20s and 30s. She stopped running regularly at late 30s. She usually developed
annoying muscle pain, cramps, and fatigue in the legs shortly after running. She had
to slow down or stop for a few minutes to get the symptoms relieved. She also
developed mild difficulty climbing stairs and uncomfortable heaviness feeling in
her arms when carrying grocery bags at age 40s. She saw a local neurologist who
found persistently elevated serum creatine kinase (CK) level in a range of 300s to
5,000s U/L. In one occasion, CK went up to 21,000 U/L when she had tea-color
urine after jogging for 2 miles. She underwent a left quadriceps muscle biopsy with
no definitive diagnosis. She was suspected to have an inflammatory myopathy. She
had been treated with Prednisone, methotrexate, and Cytoxan for 2—1/2 years with
no improvement. Her muscle pain and cramps as well as the degree of CK elevation
correlated with her physical activity but not the treatment. She discontinued all the
immunosuppressive agents 3 years prior to the presentation with no change of her
symptoms of exercise intolerance. Her leg weakness, however, had been slowly
progressed. She came to our clinic for a second opinion. Her birth history and devel-
opmental history were unremarkable. Her past medical history was significant for
hypothyroidism, for which she took levothyroxine. Her family history was negative
for a muscle disease. There was no consanguinity in her parents. She did not drink
alcohol, smoke cigarettes, or abuse illicit drugs.
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Physical Examination

General examination was unremarkable. Neurologic examination showed intact
cranial nerve functions with no facial, ocular, or bulbar weakness. Motor examina-
tion revealed normal muscle tone and bulk, and mild weakness in the hip flexors
(MRC 4/5). She could get up from a chair without using her hands to push but with
difficulty. Sensation and coordination were normal. Deep tendon reflexes were 2+
throughout. Toes were downgoing bilaterally. Her gait was normal, including heel,
toe, and tandem walking.

Investigations

Serum CK level was mildly elevated at 830 U/L. CBC, comprehensive metabolic
panel, TSH, and free T4 were all normal. Plasma lactate and pyruvate levels as well
as acylcarnitine profile were also unremarkable. Nerve conduction study (NCS) was
normal. Electromyography (EMG) showed a non-irritable myopathy with myo-
pathic motor unit potentials seen in the proximal limb muscles and paraspinal mus-
cles. Her prior muscle biopsy slides were reviewed, which showed very tiny specimen
with remarkable freezing artefact, precluding adequate interpretation. There was no
obvious inflammation. A right quadriceps muscle biopsy was performed.

Muscle Biopsy Findings

The right quadriceps muscle biopsy (Fig. 13.1) showed a vacuolar myopathy
with many fibers containing subsarcolemmal vacuoles or blebs. These vacu-
oles were not red rimmed or autophagic with no acid phosphatase reactivity.

Fig. 13.1 Glycogen storage myopathy. (a), H&E stain shows many fibers containing subsarco-
lemmal vacuoles or blebs (arrows). (b), EM shows striking subsarcolemmal glycogen accumula-
tions (arrows)
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Electron microscopy (EM) showed striking subsarcolemmal accumulations of gly-
cogen granules, corresponding to the blebs seen under light microscopy. There
were very few scattered polygonal atrophic fibers but no myofiber necrosis, degen-
eration, or regeneration. The findings are typical for a glycogen storage myopathy.

Additional Investigation After the Muscle Biopsy Diagnosis

A part of the patient’s muscle biopsy tissue was sent for myoglobinuria panel (bio-
chemical analysis of enzyme activities involved in muscle energy metabolism, the
deficiencies in which could cause recurrent rhabdomyolysis). It showed a reproduc-
ible and profound deficiency in myophosphorylase activity.

Final Diagnosis

Glycogen Storage Disease Type V (McArdle Disease)

Patient Follow-up

The test results were discussed with the patient. Due to the long distance, she pre-
ferred to be managed by her local physicians. She was recommended to obtain the
PYGM gene test and genetic counseling. She was instructed to receive physical
therapy, modify her exercise and diet, and take nutritional supplements.

Discussion

McArdle disease, also known as glycogen storage disease type V, is an autosomal
recessive metabolic myopathy caused by mutations in the PYGM gene which
encodes the muscle isoenzyme of glycogen phosphorylase (myophosphorylase) [1].
Myophosphorylase is one of the key enzymes involved in converting glycogen to
glucose 1-phosphate (glycogenolysis) which enters the glycolytic pathways to pro-
duce the energy molecule ATP to support muscle activity. Deficiency in myophos-
phorylase causes abnormal glycogen accumulation and impaired energy metabolism
in skeletal muscle.

Among the metabolic myopathies that are caused by the defects in carbohy-
drate metabolism, McArdle disease is the most common with an estimated preva-
lence of 1:100,000 in Dallas-Fort Worth of Texas [2] and 1:167,000 in Spain [3].
The usual symptom onset is in the first or second decade of life but it can vary. The
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clinical presentation of McArdle disease is heterogeneous. The majority of patients
present with exercise intolerance, and they start to notice muscle symptoms when
they become athletic at school ages. The common symptoms include myalgia,
cramps, and fatigue in exercising muscles, which are usually developed a few min-
utes after isometric (e.g., carrying weights) or sustained aerobic exercise (e.g.,
jogging). The symptoms may improve after a brief rest or reducing the exercise
intensity (second wind phenomenon). Recurrent rhabdomyolysis occurs in approx-
imately 50% of the patients. These episodes may cause acute renal failure. Fixed
proximal limb weakness can be detected in 11% of the patients, mostly in those
above 40 years of age [3, 4].

The diagnosis of McArdle disease is often delayed due to the rarity and under-
recognition of the disease. It can be misdiagnosed with inflammatory myopathy as
seen in our case because of the persistent CK elevation and fixed proximal limb
weakness. Misdiagnosis causes diagnostic delay in McArdle disease [5]. Making a
correct diagnosis of McArdle disease at an early stage of the disease is important
because patients can be managed appropriately to avoid unnecessary exposure to
the side effects of immunosuppressive therapies.

Diagnostic evaluation of McArdle disease mainly includes serum CK, NCS/
EMG, muscle biopsy, and gene test. Forearm non-ischemic test and cycle and walk-
ing test to detect the heart rate response to the second wind phenomenon may also
be used to screen for McArdle disease [6, 7]. As exercise intolerance with an early
age at onset is a common feature of metabolic myopathies which also include mito-
chondrial myopathies and lipid storage myopathies, one may also check serum lac-
tate, pyruvate, carnitines, acylcarnitine profile, and urine organic acids during the
initial evaluation. Resting serum CK is usually persistently elevated in McArdle
disease. The CK elevation is mild or moderate at baseline and severe during the
episodes of rhabdomyolysis. EMG may show myopathic changes but can be nor-
mal. Muscle biopsy is useful in evaluating a patient with a suspected metabolic
myopathy. It can differentiate a glycogen storage myopathy from a lipid storage
myopathy or a mitochondrial myopathy, as these individual metabolic myopathies
have distinct pathological features. It can also rule out other chronic myopathies
which can cause exercise intolerance and muscle weakness such as muscular dys-
trophy. The phosphorylase stain allows histochemical analysis of the myophosphor-
ylase activity in muscle fibers to detect myophosphorylase deficiency.
Myophosphorylase activity can also be measured by biochemical analysis using
biopsied muscle tissue, and the diagnosis of McArdle disease can be established
when the myophosphorylase enzyme activity is deficient. The PYGM gene test
identifies specific mutations causing myophosphorylase deficiency. So far, 147
pathological mutations of the PYGM gene have been identified [8]. There is no
genotype-phenotype correlation [9—14]. Some neurologists prefer genetic testing
first; if negative, proceed with a muscle biopsy.

Muscle pathology of McArdle disease features the presence of subsarcolemmal
vacuoles or blebs. These vacuoles are filled with glycogen granules, which may be
striking on PAS stain (Fig. 13.2). Unlike lysosomal glycogen storage disease (e.g.,
Pompe disease), these vacuoles are not autophagic with no reactivity to acid phos-
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Fig. 13.2 Muscle biopsy from another patient, a 14-year-old female, with a history of rhabdomy-
olysis and muscle pain. (a), H&E shows subtle subsarcolemmal vacuoles in an otherwise unre-
markable muscle (arrows). These vacuoles are negative for acid phosphatase stain (b, arrows), but
contain PAS-positive granules (c, arrows) that are diastase digestible. Phosphorylase reactivity is
completely absent in myofibers but retained in the wall of blood vessels (d, arrows). (This figure is
provided by Dr. Chunyu Cai)

phatase (see Fig. 13.2). EM allows ultrastructural visualization of glycogen gran-
ules accumulated in the subsarcolemmal areas corresponding to the blebs seen
under light microscopy (see Fig. 13.1) [15]. Phosphorylase reactivity is completely
absent in muscle fibers but often retain in the wall of blood vessels (see Fig. 13.2)
as blood vessel smooth muscle contains a different phosphorylase isoenzyme. The
finding is specific to McArdle disease as long as the biopsied muscle tissue contains
endogenous glycogen. A positive control should be used to avoid false-negative
results of the phosphorylase stain. Muscle fiber type proportion or size is not altered
[16].

Management of patients with McArdle disease consists of aerobic training, exer-
cise and dietary modifications, and nutritional supplementation. The goal is to
reduce exercise intolerance and to avoid rhabdomyolysis. Aerobic training is benefi-
cial as it can improve fitness by improving cardiorespiratory capacity and increasing
delivery of blood-born fuels without adverse events in patients with McArdle dis-
ease [17-20]. Intense isometric exercise (e.g., weight lifting) or maximal aerobic
exercise (e.g., running, strenuous swimming, or cycling) should be avoided. As
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McArdle disease is caused by the defect in the breakdown of glycogen to generate
glucose for glycolysis, rich carbohydrate diet (65% carbohydrates) and taking car-
bohydrates (glucose, fructose, or sucrose) right before exercise have been shown
beneficial to reduce exercise intolerance [21-23]. Combining aerobic exercise train-
ing and carbohydrates ingestion before exercise has been advocated [24, 25]. Low-
dose creatine monohydrate also appears beneficial [26-28]. Large-scale,
double-blinded, and placebo-controlled studies are needed to confirm the efficacy
of nutritional and pharmacological treatments. Such studies may be difficult to do
because the disease is rare. Genetic counseling should be provided to every patient.
These patients should also be instructed to recognize myoglobinuria (pigmenturia).
They should go to a local emergency department when pigmenturia occurs to obtain
acute treatment (intravenous hydration, etc.) to avoid acute renal failure.

Pearls

Clinical Pearls

1. The clinical hallmark feature of McArdle disease is exercise intolerance
with recurrent thabdomyolysis triggered by strenuous exercise. The main
differential diagnosis is the other metabolic myopathies such as lipid stor-
age myopathies, mitochondrial myopathies, and other glycogen storage
myopathies.

2. Patients with McArdle disease may manifest fixed proximal limb weak-
ness especially after age 40 years, persistent CK elevation, and myopathic
changes on EMG.

3. Recognition and early diagnosis of McArdle disease is important for initi-
ating appropriate management and avoiding wrong diagnosis and
treatment.

4. Diagnostic evaluation of McArdle disease mainly includes serum CK,
NCS/EMG, muscle biopsy, and gene test.

5. Muscle biopsy is useful as it can differentiate McArdle disease from other
glycogen storage myopathies, lipid storage myopathies, and mitochondrial
myopathies to direct subsequent genetic testing. Myophosphorylase activ-
ity can be assessed by histochemical and biochemical analyses using mus-
cle biopsy tissue. The diagnosis of McArdle disease can be established if
myophosphorylase activity is absent.

6. The PYGM gene test identifies specific mutations in patients with McArdle
disease. There is no genotype-phenotype correlation.

7. The current management of patients with McArdle disease consists of
aerobic exercise training, dietary modifications, nutritional supplementa-
tion, and acute treatment of rhabdomyolysis when it occurs. Genetic coun-
selling should be provided to every patient.
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Pathology Pearls

1. Muscle pathology of McArdle disease features the presence of
subsarcolemmal vacuoles or blebs filled with excessive glycogen granules.
These vacuoles are not autophagic with no reactivity to acid phosphatase.
These vacuoles contain excessive PAS-positive granules that are diastase
digestible.

2. EM study is essential, which allows ultrastructural confirmation of
subsarcolemmal accumulation of glycogen granules.

3. Phosphorylase stain shows complete absence of reactivity in muscle fibers,
but the reactivity often retains in the wall of intramuscular blood vessels.
The finding is specific to McArdle disease as long as the biopsied muscle
tissue contains endogenous glycogen. A positive control should be used to
avoid false-negative results.
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A 37-Year-Old Woman with Leg Weakness
and CK Elevation

Check for
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Elisabeth Golden and Lan Zhou

History

A 37-year-old woman presented for evaluation of leg weakness. The symptom
started about 6 months prior to the office visit and were gradually worsened. She
had to rest during household chores. She had great difficulty with stairs, needed
to use the hand rail, and felt as if there were weights on her legs. She would
sometimes have to push with her arms to get out of chairs. Her arms would get
tired when she would fix her hair. She had some minor anterior thigh discomfort
but no stiffness, spasms, or cramps. She had mild non-radiating low back pain
but no neck pain. She denied ocular or bulbar symptoms. She had very mild
shortness of breath with exertion but no orthopnea. She denied constitutional
symptoms, skin rashes, or joint swelling. She denied any history of pigmenturia.
There was no history of myotoxic drug exposure. Her past medical history
included gastro-esophageal reflux disease treated with proton pump inhibitor,
vitamin B12 deficiency undergoing supplementation, and a remote episode of
polyarthralgia with unclear diagnosis. Family history was negative for neuro-
muscular diseases, adverse reactions to anesthesia, or autoimmune diseases. She
was a non-smoker, and she did not drink alcohol or use illicit drugs.
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Physical Examination

Her general examination was normal. Neurological examination showed normal
mental status and cranial nerve functions. Muscle bulk was notable for bilateral calf
hypertrophy. Tone was normal. There was mild weakness detected in the bilateral
shoulder abductors, elbow flexors, hip flexors, and hip extensors (MRC 4+/5), as
well as subtle weakness in the thigh abductors (5—/5). Sensory examination was
normal. Deep tendon reflexes were slightly brisk and symmetric. Hoffmann sign was
absent. Toes were downgoing bilaterally. Her gait and coordination were normal.

Investigations

Blood tests showed elevated creatine kinase (CK) at 1,139 U/L, mildly elevated
sedimentation rate at 31 mm/hour (normal: 0-20) and C-reactive protein 6.9 mg/L
(normal: < 5), minimally elevated AST 37 U/L (10-30) and ALT 41 U/L (6-29)
but normal alkaline phosphatase. Renal function, thyroid function, and lactate
level were all normal. Hepatitis B and C, HIV, and HTLV serology was negative.
Antinuclear antigen (ANA), extractable nuclear antigen antibody (ENA) panel,
rheumatoid factor, and myositis antibody panel were all negative. Acetylcholine
receptor and muscle-specific kinase antibodies were negative. Very long chain
fatty acid profile was normal. Dried blood spot analysis for acid alpha glucosidase
activity was normal. Magnetic resonance imaging (MRI) of the brain and spine
was unremarkable. Motor and sensory nerve conduction studies (NCS) were nor-
mal. Needle electromyography (EMG) study demonstrated an irritable myopathy,
with findings most pronounced in the thoracic paraspinal muscles. A right biceps
muscle biopsy was performed.

Muscle Biopsy Findings

This right biceps muscle biopsy (Fig. 14.1) showed a vacuolar myopathy with many
fibers containing multiple small sarcoplasmic vacuoles. These fibers were mainly
type 1 fibers, which appeared generally smaller than type 2 fibers. The sarcoplasmic
vacuoles were not rimmed or autophagic; they contained excessive neutral lipids but
not glycogens as demonstrated by Oil Red O and PAS stains. Some fibers with vacu-
olar changes also displayed incomplete ragged red appearance. There were no
COX-deficient fibers. Electron microscopy (EM) confirmed the presence of abun-
dant accumulations of lipid droplets associated with pleomorphic mitochondria
between the myofibrils and less frequently under the sarcolemma. No abnormal
cristae pattern or crystalline inclusions were seen. These findings are characteristic
of a lipid storage myopathy.
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Fig. 14.1 Lipid storage myopathy. (a), HE stain shows many fibers containing multiple small sarco-
plasmic vacuoles. Gomori trichrome stain (GT) shows these vacuoles are not red rimmed; a few of
these fibers also display incomplete ragged red appearance. Acid phosphatase stain (ACP) shows no
increase in acid phosphatase activity. PAS stain shows no abnormal glycogen accumulation. Oil Red
O (ORO) stain shows some type 1 fibers containing intense larger red droplets, indicating excessive
lipid accumulation. ATPase pH 9.4 stain shows the vacuolar changes are mostly seen in type 1 fibers
(pale), and the type 1 fibers are generally smaller than the type 2 fibers (dark). (b), EM shows abun-
dant sarcoplasmic accumulations of lipid droplets (round empty spaces with no membranes) associ-
ated with pleomorphic mitochondria between the myofibrils and under the sarcolemma
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Additional Investigations After the Muscle Biopsy Diagnosis

After the muscle biopsy diagnosis of a lipid storage myopathy was obtained, the
patient had additional laboratory tests. Urine organic acids were normal.
Acylcarnitine profile showed low levels of essentially all species. Plasma total and
free carnitine levels were very low; the esterified carnitine level was also decreased
but to a lesser degree. The total carnitine level was 5 pmol/L (normal: 25-28), free
carnitine level was 3 pmol/L (normal: 19-48), and the esterified carnitine level was
2 pmol/L (normal: 4—13). The esterified carnitine/free carnitine ratio was elevated
at 0.63 (normal: 0.13-0.42).

Final Diagnosis

Lipid storage myopathy with carnitine deficiency

Patient Follow-up

The patient declined genetic testing for more specific characterization of her lipid
storage myopathy. She was recommended to take empiric supplementation with
L-carnitine and riboflavin. She was also referred for cardiology evaluation.

Discussion

Lipid storage myopathies (LSM), a type of metabolic myopathies, are genetic dis-
orders caused by defects in the intracellular triacylglycerol catabolism and charac-
terized by excessive lipid accumulation mainly in the muscle fibers. Body
triacylglycerol is mostly derived from dietary fat with a small portion synthesized
in adipocytes and liver. It is stored in subcutaneous and visceral adipose tissue with
minimal amount in muscle, in the form of lipid droplets, to provide energy for
muscle activity. Triacylglycerol catabolism takes several key steps. Triacylglycerol
is first hydrolysed to fatty acids by lipases. Fatty acids are then transported in cir-
culation and taken up by target cells. Within target cells, non-esterified fatty acids
couple with coenzyme A (CoA) to form short-chain (< C8), medium-chain (C8—
12), long-chain (C12-24), and very long-chain (> C24) acyl-CoAs by fatty acyl-
CoA synthetases. While short- and medium-chain acyl-CoAs can passively diffuse
across mitochondrial membranes, long- and very long-chain acyl-CoAs need the
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carnitine shuttle system. They bind free carnitine catalyzed by the carnitine palmi-
toyltransferase I (CPT I) to form acylcarnitines, which then translocate into mito-
chondrial matrix, where acylcarnitines dissociate back to acyl-CoAs and free
carnitine catalyzed by the carnitine palmitoyltransferase II (CPT II). Acyl-CoAs
then undergo beta-oxidation catalyzed by acyl-CoA dehydrogenases to generate
acetyl-CoA molecules, which subsequently undergo tricarboxylic acid (TCA)
cycle and oxidative phosphorylation to generate the energy molecule adenosine
triphosphate (ATP) [1].

LSM are genetically and phenotypically heterogeneous. The onset can be early
or late, and the disease presentation can be acute or chronic. Clinical presentations
of infant-onset are similar across different types and are severe with multisystem
involvement. Patients usually present with hypotonia, hypoketotic hypoglycemic
encephalopathy, hepatomegaly, and cardiomyopathy. The late-onset presentations
can be acute (recurrent rhabdomyolysis) or chronic (fixed slowly progressive mus-
cle weakness), and the disease is relatively mild [2-5].

Recurrent rhabdomyolysis has been associated with defects in mitochondrial
fatty acid transport or beta-oxidation, such as deficiencies in CPT II, very-long-
chain acyl-CoA dehydrogenase (VLCAD), trifunctional protein, and lipin-1. CPT II
deficiency mainly causes recurrent thabdomyolysis in adults, which is frequently
triggered by strenuous exercise and/or fasting [6, 7]. Lipin-1 deficiency is one of the
most common causes of severe recurrent rhabdomyolysis in children [8, 9]. Muscle
biopsy in these patients usually does not show significant abnormal lipid accumula-
tion. In patients with CPT II deficiency, neurological examination, CK, EMG, and
muscle biopsy are usually normal between the rhabdomyolysis attacks. During or
shortly after the attacks, muscle biopsy may show a necrotizing myopathy with the
presence of necrotic and regenerating muscle fibers. Besides acute management of
rhabdomyolysis, these patients should avoid triggers such as fasting, prolonged
exercise (> 30 minutes), infection, fever, cold, emotional stress, and high-fat diet.
They may change diet to high-carbonhydrate and low-fat diet, take extra carbohy-
drate before and during exercise, and take frequent meals. They may also take car-
nitine. Bezafibrate did not improve fatty acid oxidation in patients with CPT II or
VLCAD deficiency [10].

There are four types of LSM: neutral lipid storage disease with myopathy
(NLSD-M), neutral lipid storage disease with ichthyosis (NLSD-I), primary carni-
tine deficiency (PCD), and multiple acyl-CoA deficiency (MADD).

NLSD-M is an autosome recessive disease caused by mutations in the patatin-
like phospholipase domain containing 2 (PNPLA2) gene which encodes adipose
triglyceride lipase (ATGL) [11]. NLSD-M may manifest gradually progressive
muscle weakness (either distal- or proximal-predominant), exercise intolerance,
myalgia, and cardiomyopathy with a disease onset in childhood or early adulthood
[12, 13]. NLSD-I is caused by mutations in the comparative gene identification-58
(CGI-58) gene which encodes alpha/beta-hydrolase domain-containing protein 5
(ABHD)S), a co-activator of ATGL [14]. It tends to cause less muscle weakness but
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prominent skin involvement with non-bullous congenital ichthyosiform erythro-
derma as well as cognitive, ophthalmologic, and hearing deficits, hepatomegaly, and
intestinal involvement [15—17]. The disease onset of NLSD-I is earlier than that of
NLSD-M. CK is typically elevated in NLSD-M but may be normal in NLSD-I. Lipid
accumulation is seen in muscle as well as many other tissues. Lipid accumulation
seen in leukocytes on routine peripheral blood smear is called “Jordan’s anomaly”
[4, 18]. There is no specific treatment for NLSD. Topical application of urea-
containing emollients may be used for skin ichthyosis. Dietary changes with high-
carbonhydrate and low-fat diet supplemented with medium-chain triacylglycerols
are beneficial.

PCD is caused by mutations in the solute carrier family 22 member 5
(SLC22A5) gene which encodes organic cation/carnitine transporter 2 (OCTN?2)
responsible for the cellular uptake of carnitine [19, 20]. The SLC22A5 muta-
tions impair the carnitine transport into cells and carnitine reuptake by kidneys,
thus causing carnitine wasting. As carnitine is required for long-chain and very
long-chain fatty acid transport from cytoplasm into mitochondria, carnitine
deficiency causes impaired utilization of fatty acids for energy production. PCD
has a wide clinical spectrum. Infant- or childhood-onset may manifest progres-
sive limb weakness, cardiomyopathy, hepatomegaly, and recurrent episodes of
hepatic encephalopathy, while adult-onset may only show subtle fatigability,
mild progressive limb weakness, or no symptoms at all (though cardiac involve-
ment may still be present) [6, 21]. Previously asymptomatic women may decom-
pensate during pregnancy [22]. CK may or may not be elevated, and total
carnitine and acylcarnitine levels are extremely low. Urine organic acids are
normal. Lipid accumulation is seen in muscle and liver. Treatment with lifelong
L-carnitine supplementation, 100—400 mg/kg/day in four daily doses, titrated to
normalize plasma carnitine levels, can improve skeletal and cardiac muscle
function and yield a favorable prognosis [23-26]. Pivalic acid containing anti-
biotics should be avoided. Patients should also have regular screening for car-
diac involvement with echocardiogram and electrocardiogram [18, 22].

MADD, also known as glutaric acidemia type II, is an autosomal recessive
disorder caused by dysfunction of flavoproteins, which normally function to
transfer electrons from acyl-coA dehydrogenases to coenzyme Q10 in the elec-
tron transport chain [18]. The disease is caused predominantly by mutations in
the electron transfer flavoprotein (ETFA, ETFB) or ETF dehydrogenase (ETFDH)
genes. It can also be caused by mutations in the other genes associated with
riboflavin transport such as SLC52A1, SLC52A2, and SLC52A3, or flavin ade-
nine dinucleotide (FAD) transport or synthesis such as SLC25A32 and FLADI.
Mutations in the ETFA and ETFB tend to cause the severe neonatal-onset form,
while ETFDH mutations are linked to the mild adult-onset form [27]. Most late-
onset cases present with a gradual onset of muscle weakness, exercise intoler-
ance, and myalgia, although a third present with acute and episodic metabolic
decompensation with lethargy, vomiting, hypoglycemia, acidosis, and liver
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dysfunction [28]. Cardiomyopathy can be seen in both neonatal- and late-onset
forms. Lipid accumulation can be seen in muscle and liver. There may be sec-
ondary carnitine deficiency, but blood acylcarnitines of all species are usually
increased. Serum CK may be normal or elevated, though note that labs may be
normal if not drawn during an episode of metabolic decompensation. A subset
of MADD patients respond to riboflavin very well, and all the riboflavin-
responsive cases appear associated with ETFDH mutations [27-30]. Riboflavin
should be initiated at 100-400 mg daily. Carnitine and coenzyme Q10 supple-
mentation may also be considered, particularly if there is evidence of secondary
deficiency [4]. The mechanism of riboflavin-responsiveness is still not entirely
clear, but supplementation likely increases mitochondrial FAD concentration,
which could increase FAD binding and/or increase the chaperone effect of FAD
to improve flavoprotein folding [27]. Patients should also avoid fasting [18].

Diagnostic evaluation of LSM should include blood and urine biochemical
analyses, muscle biopsy, and genetic testing. Biochemical analyses to measure
blood and urine carnitines, plasma acylcarnitine species, and urine organic acids
are helpful to distinguish different types of LSM, but the definitive diagnosis
relies on the gene tests. In PCD, plasma total and free carnitine levels as well as
acylcarnitine species are usually severely reduced. Urine excretion of carnitine
is increased. Urine organic acids are normal. In MADD, free carnitine may be
normal or low (secondary deficiency), all acylcarnitine species are elevated, and
urine C5 to C10 dicarboxylic acids are elevated [4, 18]. It may also show sec-
ondary CoQ10 deficiency. In CPT II deficiency, plasma C16 and C18 acylcarni-
tines are increased, but the free carnitine level is normal. Our patient showed
markedly reduced blood free and total carnitines as well as low acylcarnitines
but normal urine organic acids. She was well-nourished, had no significant
hepatic or renal dysfunction, and was not on any medications which could cause
carnitine deficiency. Therefore, she was most likely to have lipid storage myop-
athy from primary carnitine deficiency. Unfortunately, she refused the gene test
to confirm the diagnosis and the genetic cause.

Muscle biopsy plays an essential role in diagnosing LSM as seen in our case,
as the clinical presentation with mild, progressive, and proximal limb muscle
weakness is quite non-specific, and can be seen with inflammatory myopathies,
late-onset Pompe disease, and limb-girdle muscular dystrophies. We initially
suspected an inflammatory myopathy given her weakness pattern, moderate CK
elevation, and irritable myopathic changes on EMG. Bilateral calf hypertrophy
also raised a suspicion for a limb-girdle muscle dystrophy. But her muscle
biopsy showed no inflammation or dystrophic changes; it showed prominent
sarcoplasmic lipid accumulation in type 1 fibers, characteristic for a LSM.

Muscle biopsy in LSM such as PCD typically shows a vacuolar myopathy
with many small vacuoles present in the sarcoplasm of predominantly type 1
fibers. These vacuoles are not red rimmed in the Gomori trichrome stain. They
are not of lysosomal origin with increased acid phosphatase activity (autophagic)
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as seen in Pompe disease. They are not filled with excessive PAS-positive gly-
cogen as seen in glycogen storage disease. These vacuoles are filled with exces-
sive neutral lipids that can be readily revealed by Oil Red O or Sudan black
stain. Oil Red O stain shows intense and larger red lipid droplets in the affected
type 1 fibers. EM often shows prominent accumulation of lipid droplets between
the myofibrils and under the sarcolemma. The lipid droplets are often adjacent
to mitochondria. Mitochondrial abnormalities such as increased proliferation,
subsarcolemmal accumulation, and pleomorphism are often present [31].

It is important to obtain a specific diagnosis of LSM, as some of the LSM are
treatable. PCD can be successfully treated with a high-dose of L-carnitine supple-
mentation (100-400 mg/kg/day). Early carnitine therapy not only improves muscle
strength, but also prevents cardiomyopathy and other irreversible organ damage
[23-26]. A subset of MADD patients respond very well to riboflavin, and all
riboflavin-responsive cases are associated with ETFDH mutations [27]. Riboflavin
should be initiated at 100-400 mg daily. There is still no specific effective treatment
for NLSD-M or NLSD-I. Besides the specific supplementations, it is critical for
patients with LSM to avoid various triggers of rhabdomyolysis and to modify life-
style and diet.

Pearls

Clinical Pearls

1. Lipid storage myopathies, especially those with late-onset, can present
with mild, progressive, proximal limb weakness, mimicking inflammatory
myopathy, muscular dystrophy, and late-onset Pompe disease, among
others.

2. Although recurrent rhabdomyolysis is a feature of many patients with met-
abolic myopathies, lack of a history of rhabdomyolysis does not exclude a
metabolic myopathy.

3. Muscle biopsy plays an essential role in diagnosing LSM.

4. Once the diagnosis of LSM is made by a muscle biopsy, biochemical anal-
yses of blood and urine carnitine levels, acylcarnitine profile, and urine
organic acids can help differentiate different types of LSM to direct gene
test.

5. As PCD and some MADD patients respond very well to L-carnitine and
riboflavin, respectively, it is important to make a specific genetic diagnosis
for a patient with LSM.

6. It is critical for patients with LSM to avoid various triggers of rhabdomy-
olysis and to modify lifestyle and diet.
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Pathology Pearls

1. Muscle biopsy in LSM such as PCD typically shows a vacuolar myopathy
with many small sarcoplasmic vacuoles mainly in type 1 fibers. These
vacuoles are not rimmed; they do not show increased acid phosphatase
activity or contain PAS-positive glycogen accumulation. These vacuoles
contain excessive neutral lipids which can be revealed by Oil Red O or
Sudan black stain. Oil Red O stain shows intense larger red droplets in type
1 fibers.

2. EM is very useful in evaluating LSM, which typically shows prominent
accumulation of lipid droplets between myofibrils and under sarcolemma.
The lipid droplets are often adjacent to mitochondria. Mitochondrial struc-
tural changes such as increased proliferation, subsarcolemmal accumula-
tion, and pleomorphism can be seen in PCD. But crystalline inclusions are
absent in contrast to primary mitochondria diseases.

3. Muscle biopsy in LSM does not show dystrophic changes.
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Chapter 15 )
A 25-Year-Old Woman with Droopy
Eyelids and Double Vision

Check for
updates

Lan Zhou and Chunyu Cai

History

A 25-year-old woman started to notice bilateral droopy eyelids and binocular double
vision 5 years prior to the presentation. The symptoms were non-fatigable and had grad-
ually worsened. The patient denied any limb weakness or trouble chewing, swallowing,
or breathing. She had previously seen several neurologists, and the workup of myasthe-
nia gravis was unrevealing, which included acetylcholine receptor (AChR) antibody,
muscle specific kinase (MuSK) antibody, and repetitive nerve stimulation test (RNS).
She was suspected to have a mitochondrial disease. She denied palpitation, dizziness or
hearing problems. She had a past medical history of non-insulin dependent diabetes mel-
litus and asthma. Her medications included glyburide, saxagliptin, and Vitamin D. Family
history was significant for an “enlarged heart” in her maternal grandmother and maternal
aunt. She did not drink alcohol or smoke cigarettes. She was a sales assistant.

Physical Examination

General examination was notable for the patient’s short stature (4’ 10”). There was
no evidence of cataracts in either eye. Cardiac examination was unremarkable.
Cranial nerve examination revealed bilateral, non-fatigable, partial eyelid ptosis,
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and slow extraocular muscle movements. The patient had difficulty with upper gaze,
the right eye could not fully adduct or abduct, and the left eye could not fully adduct.
Hearing was symmetrical and intact to finger rubs. Motor examination revealed
normal tone and bulk, and mild weakness in the arm abductors, finger extensors,
and hip flexors (MRC 4/5). Deep tendon reflexes were reduced (1+) at the biceps,
triceps, and brachioradialis, and normal (2+) at the knees and ankles. Toes were
downgoing bilaterally. Sensation, coordination, and gait were normal.

Investigations

Serum creatine phosphokinase (CPK) level was normal at 57 U/L (25-175 U/L).
CBC and comprehensive metabolic panel were normal. Serum lactate, pyruvate,
TSH, and free T4 levels were all normal. The blood mitochondrial DNA point muta-
tions and deletions screen testing did not show any point mutations or deletions.
Brain MRI without contrast showed mild cerebral and cerebellar atrophy for her
age. Nerve conduction study (NCS), electromyography (EMG), and RNS were nor-
mal. A left deltoid muscle biopsy was performed.

Muscle Biopsy Findings

The left deltoid muscle biopsy (Fig. 15.1) showed the presence of many ragged red
fibers and COX-deficient fibers. There were a few scattered atrophic fibers but no
necrotic, degenerating, or regenerating fibers. Electron microscopy (EM) revealed
multiple subsarcolemmal and intrasarcoplasmic mitochondrial aggregations. Many
of these mitochondria contained paracrystalline inclusions. Some mitochondria
were swollen. Myofilaments appeared normal. The findings are characteristic of a
primary mitochondrial disease.

Additional Investigation After the Muscle Biopsy Diagnosis

A part of the patient’s muscle biopsy tissue was sent for the next-generation sequenc-
ing for mitochondrial DNA point mutations and deletions. It showed a large hetero-
plasmic mtDNA deletion (3.37 kb). Low level multiple deletions were also observed.
The sequence of 15 genes, mutations in which could potentially result in mtDNA
deletions, was negative.
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Fig. 15.1 Mitochondrial myopathy. (a), Gomori trichrome (GT) stain shows two ragged red fibers
(arrows). (b), COX/SDH stain shows many COX-deficient fibers (blue), some of which show ragged
blue appearance (arrows). (¢, d), EM shows a large subsarcolemmal accumulation of pleomorphic
mitochondria (¢, arrow); many of these mitochondria contain paracrystalline inclusions (d, arrows)

Final Diagnosis

Mitochondrial Myopathy, Kearns-Sayre syndrome (KSS)

Patient Follow-up

The patient received genetic counseling. She underwent cardiac evaluation. Her
EKG revealed conduction blocks, for which she had a pacemaker implanted. Her
cardiac function was normal. Her ophthalmological evaluation was unremarkable
except for bilateral eyelid ptosis. She underwent a blepharoplasty surgery for her
eyelid ptosis. Her hearing evaluation was normal. Her diabetes was controlled well
by her endocrinologist. She also took mitochondrial cocktail (CoQ10, creatine,
alpha-lipoic acid, and vitamins) and underwent physical therapy. Her weakness did
not deteriorate during the 2-year follow-up. She was able to function better and
keep her job.
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Discussion

Mitochondrial diseases are a heterogeneous group of genetic disorders caused
by defects in the mitochondrial oxidative phosphorylation (OXPHOS) function.
The mitochondrial OXPHOS process produces the energy molecule ATP to sup-
port cellular activities. Mitochondrial diseases often affect the tissues with a
high metabolic demand such as brain, heart, skeletal muscle, and nerve. When
skeletal muscle is predominantly affected, the disease is also called mitochon-
drial myopathy [1, 2].

The OXPHOS system (respiratory chain) contains fiver enzyme complexes
(complex I-V). The components involved in the OXPHOS are encoded by
nuclear or mitochondrial genes. The majority of these genes are nuclear DNA
(nDNA), the defects in which cause diseases with Mendelian inheritance. The
mitochondrial genome is small, which contains 16,569 base pairs. The mito-
chondrial DNA (mtDNA) encodes 13 proteins, 22 transfer RNAs, and two ribo-
somal RNAs. The defects in the mitochondrial genes cause diseases with
maternal transmission as mtDNA is maternally inherited. Unlike nuclear gene,
each mitochondrial gene has multiple copies within a cell. Individual cells may
have variable proportions of mutant to wild-type mtDNA copies, and this phe-
nomenon is called heteroplasmy. Dysfunction of individual cells and tissues
occurs when the heteroplasmy reaches a threshold level. The mutant hetero-
plasmy is usually low in blood but high in muscle and brain. The mtDNA abnor-
malities can be primary or secondary to the nuclear gene mutations. Such
mutations affect the mtDNA maintenance, resulting in multiple large-scale
mtDNA deletions and/or mtDNA depletion with reduced mtDNA copy
number.

Mitochondrial diseases are clinically heterogeneous. Patients may present
with short statue, eyelid ptosis, chronic progressive external ophthalmoplegia
(CPEO), fixed proximal limb weakness, exercise intolerance, recurrent rhabdo-
myolysis, cardiac conduction block, hearing loss, retinopathy, anemia, migraine
headaches, seizure, stroke, ataxia, peripheral neuropathy, diabetes mellitus, and
intestinal pseudo-obstruction, among others. CPEO is a common presentation
of adult-onset mitochondrial diseases. It can be associated with either primary
mtDNA mutations or mtDNA abnormalities secondary to nDNA mutations.
Mitochondrial diseases can cause several neurological syndromes, including
metabolic encephalopathy, lactic acidosis, stroke-like episodes (MELAS), myo-
clonic epilepsy with ragged red fibers (MERRF), Kearns Sayre syndrome (KSS),
mitochondrial neurogastrointestinal encephalopathy (MNGIE), neuropathy,
ataxia, retinitis pigmentosa syndrome (NARP), Leber hereditary optic neuropa-
thy (LHON), Leigh syndrome, Pearson syndrome, and others [1]. KSS has a
symptom onset in childhood or early adulthood (before age 20 years) with the
presence of CPEO and at least one of the following clinical presentations,
including cardiac conduction defects, cardiomyopathy, short statue, retinopathy,
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hearing loss, ataxia, cognitive defect, and tremor [3]. The disease is usually
sporadic caused by a single large-scale mtDNA deletion. The heteroplasmy, but
not the deletion size, inversely correlates with the age at onset [3]. Our patient
showed typical features of KSS, and her mtDNA testing revealed a large hetero-
plasmic deletion.

Diagnostic evaluation of mitochondrial diseases includes biochemical testing
of blood, cerebrospinal fluid (CSF), and urine, muscle biopsy, and DNA testing.
Serum CK and NCS/EMG may also be used to evaluate a mitochondrial disease
with myopathy and/or neuropathy, although they are frequently normal in
mitochondrial myopathy as seen in our case. It has been recommended that the
initial evaluation should include the measurements of lactate and pyruvate in
plasma and CSF, amino acids in plasma, urine, and CSF, acylcarnitine profile in
plasma, and organic acids in urine. The sensitivity and specificity of lactate and
pyruvate elevation in primary mitochondrial diseases are not high enough.
However, these biochemical tests may help differentiate mitochondrial diseases
from other inborn errors of metabolism [4]. The diagnosis of mitochondrial dis-
eases becomes relatively easy nowadays owing to the development of the new
genetic testing methodologies including next-generation sequencing (NGS) and
whole-exome sequencing. NGS has become the first-line testing for mitochon-
drial and nuclear genome analysis [4]. Muscle biopsy still plays an essential
role in investigating mtDNA deletion and duplication syndromes such as KSS,
CPEOQ, and Pearson syndrome. The muscle biopsy tissue can be used for enzyme
histochemistry, EM study, mitochondrial biochemical and functional analysis,
and mtDNA analysis. Since mtDNA mutations tend to be restrict to one or a few
tissues, and the mutant heteroplasmy is low in blood but high in muscle, muscle
biopsy tissue is ideal for mtDNA analysis to improve the diagnostic sensitivity.
In general, mitochondrial DNA deletions are rarely present in blood but usually
present in skeletal muscle. As seen in our case, the mtDNA testing was negative
in blood but positive in the biopsied muscle tissue.

There are several hallmark pathological features of mitochondrial myopathy,
including ragged red fibers (RRF), COX-deficient fibers, and paracrystalline
(parking lot) inclusions [5, 6]. The RRF are seen in the Gomori trichrome (GT)
stain which highlights mitochondria [7]. It is caused by marked proliferation
and subsarcolemmal aggregation of mitochondria, likely due to a compensatory
production of mitochondria in response to the reduced ATP synthesis. The RRF
usually appear as “ragged blue fibers” on the SDH enzyme histochemical stain,
and “COX-deficient fibers” on COX enzyme histochemical stain. The SDH
enzyme (complex II) is unique in that all its subunits are encoded by nuclear
DNA, thus not affected by mtDNA mutations. The COX enzyme (complex IV),
on the other hand, is encoded by both mtDNA and nuclear DNA. As a result,
mutations or deletions of mtDNA often lead to a selective loss of COX reactivity
and retention of SDH reactivity on enzyme histochemical stains. These “COX-
deficient fibers” are best seen with sequential staining of COX and SDH in the
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same section, where COX-deficient fibers stand out as blue fibers in a back-
ground of brown fibers. Less commonly, RRF can be COX positive, such as in
most patients with MELAS syndrome [8]. It has been shown that RRF are pres-
ent in 80% and COX-deficient fibers in 76.7% of patients with KSS [3].
Paracrystalline inclusions, one of the most characteristic findings of mitochon-
drial diseases, although not specific, are seen by EM study. They represent crys-
tal formation of mitochondrial creatine kinase [9]. They give a parking lot
appearance. EM may also show mitochondrial subsarcolemmal accumulation,
size and shape pleomorphism, concentric layering of cristae membranes, and
other abnormal cristae patterns (Figs. 15.1 and 15.2). SDH strongly positive
blood vessels are indicative of MELAS [5].

The muscle biopsy features of mitochondrial abnormalities are not present in all
primary mitochondrial diseases or specific to primary mitochondrial diseases. They
are often rare or absent in pediatric patients with primary mitochondrial diseases [5]
(Fig. 15.2). Muscle biopsy is normal in some mitochondrial diseases such as Leigh
syndrome and NARP [6, 10]. On the other hand, RRF and COX-deficient fibers can
be seen with normal aging, as aging is associated with accumulation of mitochon-
drial abnormalities [11]. There is no widely accepted threshold how many RRF or
COX deficient fibers should be considered substantially increased. We follow the
recommendation that the presence of >2% RRF, >2% COX-deficient fibers below
age 50 years, or >5% COX-deficient fibers above age 50 years is considered major
criteria for mitochondrial abnormality; any RRF in patients under 30 years of age,
1-2% RRF in patients between 30 and 50 years, and >2% fibers with subsarcolem-
mal mitochondria accumulation in children under 16 years would be considered
minor criteria [12]. Several notable exceptions exist. First, RRF and COX-deficient
fibers may be seen in a large numbers in patients with human immunodeficiency
virus (HIV) infection with or without Zidovudine (AZT) therapy [13], sporadic
inclusion body myositis, and some cases of polymyositis [14]. Second, external
ocular muscles and axial muscles such as paraspinal and scalene muscles often
show a high number of COX-deficient fibers without a primary mitochondrial dis-
order associated. The consensus report from the mitochondrial medicine society
recommended using vastus lateralis as the preferred site for muscle biopsy in the
evaluation of mitochondrial diseases [4]. Third, myofibers with drying artifact or
mild cautery artifact may have selective loss of COX activity but relatively pre-
served SDH reactivity. The same is true for atrophic perifascicular fibers in derma-
tomyositis patients [15]. This abnormality is particularly evident on COX/SDH
double stain. In general, any zonal loss of COX reactivity should not be considered
evidence of a primary mitochondria disorder.

Management of patients with mitochondrial myopathy requires a multidisci-
plinary team as these patients often have multisystem involvement. Genetic coun-
seling should be provided. A thorough cardiac evaluation is crucial even in
asymptomatic patients. In our patient with no cardiac symptoms, her cardiac evalu-
ation revealed significant cardiac conduction blocks, and the pacemaker was
implanted to prevent syncope and sudden death. These patients should also be
screened and/or treated for central nervous system abnormalities, retinopathy,
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Fig. 15.2 (a—g), Images from a child with TWINKLE (mitochondrial DNA helicase) deficiency.
(a), H&E shows relatively normal myofiber morphology. (b), Gomori trichrome stain shows rare
ragged red fibers. These fibers are dark on SDH (¢, arrow, “ragged blue fiber”) and pale on COX
(d, arrow, COX deficient fiber). Electron microscopy shows marked variation in mitochondria size,
shape, and cristae pattern (e), such as a lattice-like cristae pattern (f) or cristae compaction (g).
Images (h—j) are from a separate pediatric patient with MNGIE syndrome, and demonstrate fre-
quent “parking lot” like crystalloid mitochondria inclusions, which are likely due to cristae
compaction
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hearing loss, and diabetes mellitus. Blepharoplasty is helpful when ptosis is severe
enough to affect the vision or cosmetic appearance. It has been shown that endur-
ance exercise is safe and beneficial, as it can increase muscle mitochondrial enzyme
activity and improve quality of life [16-20]. Supplementation with CoQ10, cre-
atine, alpha-lipoic acid, and vitamins also appears beneficial [21-23] and should be
offered [4], although there are very few randomized, double-blinded, and placebo-

L. Zhou and C. Cai

controlled studies to prove the efficacy.

Pearls

Clinical Pearls

1.

Mitochondrial diseases can be caused by mutations in nuclear or mito-
chondrial genes with Mendelian inheritance or maternal transmission,
respectively.

Mitochondrial diseases characteristically involve multiple systems. They
tend to affect muscle, heart, brain, and nerve.

. Early-onset, progressive, bilateral eyelid ptosis and ophthalmoplegia

should raise a suspicion for a mitochondrial myopathy. The main differen-
tial considerations include other hereditary myopathies that affect ocular
muscles and myasthenia gravis.

KSS is caused by a single large-scale mtDNA deletion. Besides bilateral
eyelid ptosis and ophthalmoplegia, patients with KSS may also manifest
fixed proximal limb weakness, cardiac conduction block, cardiomyopathy,
hearing loss, retinopathy, and diabetes mellitus, among others. These con-
ditions should be screened in every patient and treated if present.

. Diagnostic evaluation of mitochondrial myopathy includes biochemical

testing, EMG, muscle biopsy, and DNA testing. Serum CK and EMG are
often normal. Plasma lactate and pyruvate elevation is neither very sensi-
tive nor specific. NGS has become the first-line testing for mitochondrial
and nuclear genome analysis for diagnosing mitochondrial diseases.
Muscle biopsy can be spared if the genetic testing is positive in blood.
Muscle biopsy is still frequently needed for diagnosing mtDNA deletion
and duplication syndromes such as KSS, CPEO, and Pearson syndrome.
The mutant mtDNA may be detected in muscle biopsy tissue but not in
blood due to the mutant heteroplasmy being high in muscle and low in
blood.

The current treatment of mitochondrial myopathy is mainly symptomatic
to improve the quality of life. Endurance exercise is beneficial.
Supplementation with CoQ10, alpha-lipoic acid, creatine, and vitamins
should be offered.
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Pathology Pearls

1. The hallmark pathological features of mitochondrial myopathy include
ragged red fibers (RRF), COX-deficient fibers, paracrystalline (parking
lot) inclusions, and other mitochondrial ultrastructural abnormalities.

2. Mitochondrial myopathy with primary mtDNA abnormalities such as KSS
typically shows many RRF, COX-deficient fibers, and paracrystalline
inclusions.

3. RRF and COX deficient fibers are often absent or rare in pediatric patients
with primary mitochondrial diseases. Mild subsarcolemmal accumulation
of mitochondria is a more common finding in this population.

4. Muscle biopsy is usually normal in some mitochondrial diseases such as
Leigh syndrome and NARP.

5. A large number of RRF or COX-deficient fibers can be seen in IBM, poly-
myositis with COX-deficient fibers, and HIV-associated myopathy with or
without AZT therapy. RRF and COX-deficient fibers can also be seen in
association with aging and in normal extra-ocular and axial muscles.

6. Zonal loss of COX reactivity is usually not associated with a primary
mitochondria defect, and typically seen in perifascicular atrophic fibers in
dermatomyositis patients and artifacts.
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Chapter 16

A 58-Year-Old Man with Hypercapnic
Respiratory Failure

Lan Zhou, Patrick Kwon, and Susan C. Shin

History

A 58-year-old Caucasian man presented to the emergency room with worsening
shortness of breath and bilateral lower extremity edema for 2 weeks. Eleven years
ago, he suffered a myocardial infarction, which resulted in left ventricular apical
akinesis and systolic congestive heart failure (CHF) (ejection fraction 28%). This
required treatment with anticoagulation. When he was a young adult, he had mild
supine breathing difficulty requiring two pillows to sleep and was never athletic. He
did not, however, have any obvious disability. Over the past 2 years, he noticed mild
progressive proximal upper and lower extremity weakness manifested by difficulty in
walking upstairs, showering, and standing from a seated position. Additionally, he
developed more prominent breathing difficulties and lower extremity edema requir-
ing diuretics. He saw a neuromuscular specialist who suspected a limb girdle muscu-
lar dystrophy (LGMD), but the LGMD gene panel was negative. Over the past
decade, his creatine kinase (CK) levels fluctuated between 300900 U/L; however,
over the past several months his CK had been normal. His medications included rosu-
vastatin, warfarin, digoxin, furosemide and enalapril. He used to smoke cigarettes but
did not drink alcohol. He did not have a family history of a muscle disease.
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While in the emergency room, he was noted to be in hypercapnic respiratory
failure (PaCO2 > 100 mmHg, PaO2 88 mmHg); therefore, he was intubated and
admitted to the intensive care unit (ICU). Cardiac enzymes and EKG did not reveal
a new acute myocardial infarction. He was treated for CHF exacerbation with the
lower extremity edema resolved. However, his PaCO2 remained markedly elevated,
and he was unable to be weaned off the ventilator. Neurology consult was requested
for possible respiratory muscle weakness.

Physical Examination

The patient was intubated. His mental status, cranial nerve functions, sensory exam-
ination, deep tendon reflexes, and coordination were all normal. Motor examination
showed normal tone and bulk throughout. On manual muscle testing, weakness was
detected in his neck flexors and extensors (MRC: 4/5), and bilateral deltoids (4/5),
biceps (4+/5), triceps (5—/5), hip extensors (5—/5), knee extensors (5—/5), and knee
flexors (5—/5). His distal limb muscles were strong.

Investigations

His complete blood count, comprehensive metabolic panel, serum CK, thyroid-
stimulating hormone, vitamin B12, folate, acetylcholine receptor antibodies, MuSK-
antibody, and Vitamin D level were all unremarkable. International normalized ratio
(INR) was 2.2. Nerve conduction studies (NCS) were normal. Needle electromyog-
raphy (EMG) of selected upper and lower limb muscles was also normal. Paraspinal
and iliacus muscles were not examined by needle EMG due to the patient being on
an anticoagulant. Fluoroscopic sniff test and diaphragmatic ultrasound showed paral-
ysis of bilateral hemidiaphragms. A right deltoid muscle biopsy was performed.

Muscle Biopsy Findings

The right deltoid muscle biopsy (Fig. 16.1) showed a mild chronic active vacuolar
myopathy with a few scattered atrophic and hypertrophic muscle fibers, rare necrotic
and regenerating fibers, several fibers containing autophagic vacuoles with increased
acid phosphatase activity, and some fibers containing acid phosphatase-positive
globular inclusions in the sarcoplasm. Electron microscopy (EM) showed sarcoplas-
mic vacuoles containing lysosomal debris and globular inclusions with lipofuscin
pigments, and small lakes of freely dispersed glycogen granules. The findings are
highly suggestive of a lysosomal glycogen storage disease, acid maltase deficiency.
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Fig. 16.1 HE stain shows increased internalized nuclei, a few necrotic fibers and myophagocyto-
sis (a, arrows), and several fibers containing blue-rimmed sarcoplasmic vacuoles (b, arrows). Acid
phosphatase stain shows a few fibers containing aid phosphatase-positive globular inclusions (c,
arrow). EM (d) shows a sarcoplasmic vacuole (arrow) containing lysosomal debris and globular
inclusions with lipofuscin pigments, and small lakes of freely dispersed glycogen granules (arrow-
heads). (The EM picture was provided by Dr. Dennis K. Burns)

Additional Investigation After Muscle Biopsy Diagnosis

Given the combination of limb-girdle weakness, prominent respiratory muscle
weakness, and the muscle biopsy findings, the patient’s blood sample was sent for
dried blood spot assay, which showed a markedly reduced acid a-glucosidase activ-
ity at 2.8 pmol/punch/hour (normal: >10) with a normal neutral a-glucosidase
activity at 110.35 pmol/punch/hour (normal: 23.8—132.6). The subsequent sequenc-
ing of the lysosomal acid alpha-glucosidase (GAA) gene revealed a c.-32-13 T > G
sequence alteration on one allele and a deletion of exon 18 on the other; both were
known pathogenic.

Final Diagnosis

Late-onset Pompe disease
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Patient Follow-up

The patient required tracheostomy due to the inability to be weaned off the ventila-
tor. He was started on enzyme replacement therapy (ERT), receiving alglucosidase
alfa (20 mg/kg body weight) biweekly. After 12 months, his exercise tolerance,
pulmonary function tests, and proximal limb weakness all improved. The patient
required assist control ventilation at night but did not require any ventilator support
during the day. The ERT was continued. His lowest forced vital capacity (FVC) dur-
ing the hospitalization was 0.7 Liter (L) which improved to 2.03 L (53% predicted)
2 years after the hospitalization and enzyme replacement therapy.

Discussion

Pompe disease, also known as acid maltase deficiency or glycogenosis type II, is a
rare autosomal recessive metabolic disorder caused by a partial or a complete defi-
ciency in lysosomal acid a-1,4-glucosidase activity. The disease has multisystem
involvement, including skeletal muscle. The inability to metabolize glycogen leads
to intralysosomal and cytoplasmic build-ups of glycogen in skeletal muscle causing
glycogen storage myopathy. The two forms of the disease are infantile-onset and
late-onset [1, 2].

Late-onset Pompe disease (LOPD) has an estimated frequency of 1:57,000
according to one study [3]. It presents after 1 year of age, most commonly between
the second and sixth decade with slowly progressive limb-girdle weakness and
respiratory muscle weakness but usually without significant cardiac involvement,
although Wolff-Parkinson-White syndrome has been reported [4-6]. It tends to
more affect axial muscles and respiratory muscles with more than 70% of patients
progressing into respiratory failure, which is the most common cause of death [7].
Although limb-girdle weakness is the most common presenting symptom, respira-
tory insufficiency can precede the onset of limb weakness [6]. Since the presenta-
tion is mild and non-specific at the early stage, the diagnosis can be delayed for
years or missed entirely [6, 8], as seen in our case. In one retrospective study, 48%
of patients carried wrong diagnoses initially [8].

Diagnosis of LOPD requires a high clinical suspicion based on the clinical pre-
sentation and test findings. Serum CK can be mildly elevated or normal in LOPD. NCS
is usually normal. Needle EMG often shows myopathic motor unit potentials with
increased membrane irritability and myotonia [1, 6], which can be restricted to the
paraspinal muscles [9]. Limb muscle EMG can be normal in LOPD as seen in our
case, and paraspinal muscles should be examined when LOPD is suspected [10].
Although patients may have EMG myotonia, they do not have clinical myotonia.

Muscle biopsy in Pompe disease typically shows a vacuolar myopathy with
increased acid phosphatase activity and increased sarcoplasmic glycogen accumu-
lation. EM often shows glycogen granules accumulated freely in sarcoplasm and/
or in membrane bound lysosomes [11, 12]. While infantile-onset Pompe disease
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usually shows many large sarcoplasmic vacuoles, LOPD often shows a few fibers
containing small vacuoles or no vacuoles at all [13-16], which makes the muscle
biopsy diagnosis of LOPD quite challenging. It could be due to the lack of signifi-
cant involvement of the limb muscles biopsied. Glycogen accumulation can be
evaluated by PAS stain and EM, but glycogen can be washed out by the prepara-
tion in some cases. Therefore, negative muscle biopsy does not exclude the diag-
nosis of LOPD. It has been shown that even in muscle biopsies of LOPD with no
vacuolar changes, sarcoplasmic acid phosphatase-positive globular inclusions can
be seen [15]. These inclusions contain lipofuscin pigments [16, 17]. The sarco-
plasmic inclusions have been reported and described in all forms of Pompe disease
[15, 16, 18-20]. They are different from cytoplasmic bodies as they do not contain
Z-band materials and they are acid phosphatase-positive. The acid phosphatase-
positive globular inclusion is a useful diagnostic marker especially for LOPD [15].
Diagnosis of LOPD has become easier owing to the development of a fast and reli-
able screening test, dried blood spot assay [21]. It is the gold standard for diagnosing
Pompe disease [22]. The test measures the acid a-glucosidase activity, which is reduced
but not absent in LOPD. It is important to also measure the neutral a-glucosidase activ-
ity, which should be normal in LOPD, to ensure the quality of the specimen. The com-
mon practice now is to order dried blood spot first, which is relatively inexpensive. If
it shows reduced acid a-glucosidase activity, then proceed with the GAA gene test.
More than 200 mutations have been reported [1]. The GAA mutations discovered in
our patient are common. Deletion of exon 18, which leads to a complete loss of the
enzyme catalytic function, is commonly seen in the infantile form. The c. -32-13 T > G
mutation is seen in over 50% of LOPD. This mutation changes a single nucleotide
within the first intron of the GAA gene, which affects the splicing of the exon 2.
Early diagnosis of LOPD is essential because enzyme replacement therapy
(ERT) is available to improve or stabilize LOPD [23-26]. Early diagnosis requires
the awareness of this disease. It has been advocated that the dried blood spot assay
should be ordered for every patient with unexplained limb-girdle weakness but
prominent axial and respiratory muscle weakness, especially when EMG shows
myotonia in paraspinal muscles [8]. Normal CK, normal limb muscle EMG, and
lack of characteristic findings on limb muscle biopsy, however, do not exclude
LOPD. Muscle biopsy can be spared as the dried blood spot assay is fast, reliable,
inexpensive, and non-invasive. The subsequent GAA gene test is definitive.
Recombinant human acid alpha-glucosidase (thGAA) was developed in 1990s.
Alglucosidase alfa(Myozyme) was approved by the U.S. Food and Drug Administration
(FDA) and the European Medicines Agency in 2006 for treating Pompe disease, and
Lumizyme was approved in 2010 for treating LOPD in the USA. The randomized
Late-Onset Treatment Study (LOTS) showed that biweekly infusion of alglucosidase
alfa (20 mg/kg body weight) improved limb and respiratory functions [26]. The open-
labeled exploratory muscle biopsy, imaging, and functional assessment (EMBASSY)
showed that the muscle tissue glycogen was reduced and the limb and respiratory
functions were improved in adult patients with LOPD after 6 months of the alglucosi-
dase alfa treatment [25]. Although both studies only included ambulatory patients
without invasive ventilation and no trials have been done in patients with severe LOPD
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as seen in our case, the consensus committee of the American Association of
Neuromuscular & Electrodiagnostic Medicine (AANEM) recommends treating these
patients with alglucosidase alfa for at least 1 year, and the ERT should be continued if
no decline in symptoms or signs [27]. The side effects of alglucosidase alfa are mild
to moderate, and the hypersensitivity should be monitored especially in patients who
develop a high alpha-glucosidase antibody titer [27]. A new therapy, reveglucosidase
alfa, has been developed to improve the lysosome uptake of the enzyme [28]. Future
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studies will test whether this new treatment is safe and more effective.

Pearls

Clinical Pearls

1.

LOPD may predominantly affect respiratory muscles resulting in respira-
tory failure. Limb girdle weakness can be very mild. LOPD should be
considered as a potential cause of hypercapnic respiratory failure even in a
patient with coexisting cardiopulmonary disease.

Patients with LOPD often present with mild limb girdle weakness but
prominent axial and respiratory muscle weakness.

Serum CK may be intermittently normal in LOPD.

Needle EMG can be normal in limb muscles in LOPD. Paraspinal muscles
should be sampled as they may be the only muscles that show abnormali-
ties, including myotonia.

. Normal CK, normal limb muscle EMG, or lack of pathological features in

limb muscle biopsy does not exclude LOPD.

Early diagnosis of LOPD is challenging, and it requires a high clinical
suspicion. The gold standard diagnostic test is the dried blood spot fol-
lowed by the GAA gene test. Muscle biopsy can be spared as the dried
blood spot screening test is fast, reliable, and inexpensive. The GAA gene
test provides a definitive genetic diagnosis.

Early diagnosis of LOPD is essential as the enzyme replacement therapy is
useful to reduce glycogen accumulation in muscle cells and to improve
limb and respiratory muscle functions.

Pathology Pearls

1.

Muscle biopsy in LOPD often shows myopathic changes, small autopha-
gic vacuoles, acid phosphatase-positive sarcoplasmic globular inclusions,
and excessive glycogen accumulation.

. EM in LOPD often shows glycogen granules accumulated freely in

sarcoplasm and/or in membrane bound lysosomes. It may also show
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vacuoles containing lysosomal debris, glycogen granules, and globular
inclusions with lipofuscin pigments.

3. Vacuolar changes can be absent in LOPD muscle biopsy.

4. Acid phosphatase-positive sarcoplasmic globular inclusions is a useful
diagnostic marker for LOPD.
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Chapter 17

A 65-Year-Old Man with Asymmetrical
Leg Weakness and Foot Tingling

Lan Zhou and Chunyu Cai

History

A 65-year-old Caucasian man was referred for evaluation of neuropathy. Nine years
prior to the presentation, he developed tingling in both feet. He then developed ach-
ing pain in the thighs. Two years prior to the presentation, he developed leg weak-
ness with difficulty climbing stairs and picking up his feet, worse on the left. He
noticed atrophy in the left calf muscles but no fasciculations. He also developed
pain but not numbness or weakness in his hands. He admitted to chronic low back
pain and hip pain, which was non-radiating. He denied bowel or bladder symptoms.
He was evaluated by an outside neurologist and had nerve conduction study (NCS)
and electromyography (EMG) done three times. They all reportedly showed chronic,
predominantly axonal, sensorimotor polyneuropathy and right carpal tunnel syn-
drome. Lumbosacral spine MRI only showed a small disc protrusion at L5/S1 with
no spinal canal or neural foraminal stenosis. He had been on a statin drug for
25 years for hyperlipidemia. He stopped it for 1 month at one time with no change
of his symptoms. He had a past medical history of hypertension, hyperlipidemia,
mitral valve prolapse, and right carpal tunnel syndrome. The only surgery that he
had was the right carpal tunnel release. His medications included aspirin, carvedilol,
lisinopril, zocor, and gabapentin. His family history was positive for hypertension
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and hyperlipidemia but negative for muscle or nerve diseases. He was married with
two children. He did not drink alcohol or smoke cigarettes. He was a retired real
estate agent.

Physical Examination

General examination was unremarkable. There was no cataract, spine tenderness,
spine scoliosis, or joint contracture. Neurologic examination showed normal men-
tal status and cranial nerve functions. Motor examination revealed reduced muscle
tone in the left leg with atrophy in the distal leg muscles. Weakness was detected in
the bilateral hip flexors (MRC: 4+/5), left foot and toe dorsiflexors (MRC 4-/5),
left foot and toe plantar flexors (3/5), left foot evertor (4—/5), and right toe dorsi-
flexors (4+/5). There was no muscle fasciculation or scapular winging. Pinprick
sensation was reduced from the toes to ankles. Vibratory sensation was reduced at
the toes. Joint position sense was intact. Deep tendon reflexes were 2+ at the biceps,
triceps, brachioradialis, and knees, and absent at the ankles. Toes were downgoing
bilaterally. He was able to walk but could not walk on his heels, toes, or in
tandem.

Investigations

A repeat NCS showed reduced bilateral peroneal and tibial compound muscle action
potential (CMAP) amplitudes, worse on the left, and normal distal motor latencies
and conduction velocities. Left sural conduction response was absent, and right
sural sensory nerve action potential (SNAP) amplitude was markedly reduced with
normal peak latency and conduction velocity. Needle EMG of selected left lower
limb muscles showed a few fibrillation potentials and positive sharp waves in the
tibialis anterior and medial gastrocnemius muscles, early recruitment of small-
amplitude and short-duration motor unit potentials in the tibialis anterior, medial
gastrocnemius, and vastus lateralis muscles. Needle EMG of the right flexor digito-
rum profundus muscles also showed a few small-amplitude and short-duration
motor unit potentials but normal recruitment and no abnormal spontaneous activi-
ties. Overall, the NCS/EMG showed an irritable myopathy mainly affecting distal
leg muscles, and a distal sensory polyneuropathy. Serum creatine kinase (CK) level
was elevated at 481 U/L. Aldolase level was also elevated at 8.5 U/L (normal <7.7).
Complete blood count (CBC), comprehensive metabolic panel (CMP), ESR, TSH,
free T4, HbA1C, vitamin B12, and serum immunofixation were all normal. ANA,
ENA, ANCAs, myositis antibody panel, anti-cytosolic 5'-nucleotide 1A (cN1A;
NT5C1A) autoantibody, and anti-3-hydroxy-3-methyglutaryl-coenzyme A reduc-
tase (HMGCR) autoantibody were all negative. A right vastus lateralis muscle
biopsy was performed.
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Muscle Biopsy Findings

The right vastus lateralis muscle biopsy (Fig. 17.1) showed a chronic active myopathy
with marked fiber size variation, rare rimmed vacuoles and occasional scattered
necrotic and regenerating fibers. The most distinctive feature was the presence of over
a dozen of myofibers containing small sarcoplasmic spherical proteinaceous aggre-
gates, which were eosinophilic on the H&E stain (Fig. 17.1a), dark blue on the Gomori

Fig.17.1 Myofibrillar myopathy. (a) H&E stain. (b) Gomori trichrome stain. (¢) NADH-TR stain.
(d) ATPase stain at pH 9.4. (e) Desmin immunostain. (f) Granulofilamentous material on electron
microscopy
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trichrome stain (Fig. 17.1b), metachromatic on the crystal violet stain, and pale on the
NADH-TR (Fig. 17.1c), SDH, COX and ATPase (Fig. 17.1d) stains, involving pre-
dominantly type 1 myofibers. The protein aggregates in most of the fibers were immu-
noreactive to desmin (Fig. 17.1e). A small focus of endomysial lymphocytic
inflammation was present. There was no diffuse upregulation of class I major histo-
compatibility complex (MHC1), except for focal reactivity in the necrotic fibers and
near the inflammatory cells. There was no excessive COX-deficient fibers. Very mild
neurogenic changes including rare esterase positive denervated atrophic fibers and
subtle fiber type grouping were also present. Electron microscopy (EM) showed a
sarcoplasmic accumulation of granulofilamentous materials which appeared to be a
mixture of Z-line material, electron dense material, and disrupted myofilaments
(Fig. 17.11). The findings are characteristic of myofibrillar myopathy. Focal areas of
maldistribution of mitochondria were also noted with streaks separating myofibrils,
rendering a lobulated appearance on light microscopy.

Final Diagnosis

Myofibrillar Myopathy

Patient Follow-up

The patient underwent genetic testing. The muscular dystrophy gene panel showed
one copy of a possible pathogenic variant, c.5568T > A (p.C1856X), in the SMCHD1
gene. The DUX4 gene expression-permissive 4q35 haplotype was not tested, as his
presentation was atypical for facioscapulohumeral muscular dystrophy. There was no
mutation detected in the desmin, myotilin, FHLI, or DNAJB6 gene. The other genes,
mutations in which could also cause myofibrillar myopathy, including aB-crystallin,
Z-line alternatively spliced PDZ motif-containing protein (ZASP), filamin C, and bcl-
2-associated athanogene 3 (Bag3) genes were not included in this muscular dystrophy
gene panel. Due to the patient’s insurance status, these genes had not been tested. The
patient underwent physical therapy, and his weakness slightly progressed over the next
1-1/2 years. But his gait improved after wearing ankle foot orthotic brace (AFO). He
was referred to cardiology for cardiac evaluation which revealed a very mild dilated
cardiomyopathy, and it was treated. His pulmonary function test was unremarkable.

Discussion

Myofibrillar myopathies are a group of heterogeneous genetic myopathies that share
distinct muscle pathology features [1]. They are caused by mutations in the genes
that encode proteins in Z line or associated with Z line, which play important roles
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in maintaining intermyofibrillar architecture. The genes that are primarily involved
in myofibrillar myopathies include desmin (DES), aB-crystallin (CRYAB), myotilin
(MYOT), ZASP (LDB3), filamin C (FLNC), Bag3 (BAG3), and four-and-a-half-LIM
domain 1 protein (FHLI). Many cases are sporadic. The inheritance in the majority
of the cases with a positive family history is autosome dominant except for the
FHL1-associated cases which are X-linked. Recessive mutations are very rare. A
large number of cases with myofibrillar myopathies have no gene mutations found,
which indicates that some causative genes have not been identified yet [2-5].

Age of symptom onset in myofibrillar myopathies is variable, ranging from
childhood to late adulthood with adult onset being more common [4], especially in
the cases with mutations in the LDB3, MYOT, and FLNC genes. Childhood cases
are often severe and the progression is rapid. Myofibrillar myopathies can affect
skeletal muscles and cardiac muscles. Limb weakness is often distal starting from
lower limbs. It gradually progresses to involve upper limb muscles and proximal
limb muscles. Some patients may show Achilles and finger contractures and atypi-
cal predominant scapuloperoneal weakness. Facial weakness is uncommon. Some
older patients may report slurred speech and difficulty swallowing. Cardiac involve-
ment is relatively common in the disease that is caused by mutations in the DES,
FLNC, FHLI, or BAG3 gene. Patients may have arrhythmia, conduction defects,
and/or dilated or hypertrophic cardiomyopathy. Cardiac involvement is rare in the
disease that is caused by mutations in the MYOT or LDB3 gene. Respiratory weak-
ness is mainly seen in early-onset severe cases and is also common in cases with
FLNC mutations. Peripheral neuropathy is common especially in patients with
BAG3 mutations. Early-onset cataract is a feature associated with CRYAB
mutations.

The common causes of distal limb numbness and asymmetrical distal lower limb
weakness in an elderly patient like ours include polyradiculopathy, lumbosacral
plexopathy, and polyneuropathy. Myofibrillar myopathy is often misdiagnosed with
these conditions and a correct diagnosis is often delayed. EMG plays a pivotal role
in raising a suspicion for a myopathy. EMG in myofibrillar myopathies usually
shows myopathic changes more prominent in the affected distal lower limb muscles
as seen in our case. It may also show a coexisting distal polyneuropathy [4]. CK in
myofibrillar myopathies is either normal or mildly elevated. The combination of a
distal predominant myopathy and a distal polyneuropathy should raise a suspicion
for a myofibrillar myopathy. The differential diagnosis in this setting includes spo-
radic inclusion body myositis (SIBM) and other distal myopathies [6]. For the distal
limb muscles, sIBM more affects finger flexors than foot dorsiflexors. The more
severe foot and toe plantar flexor weakness seen in our patient is atypical for
sIBM. Muscle MRI may show different patterns of muscle involvement in myofi-
brillar myopathies caused by different gene mutations.

Muscle biopsy plays a key role in making a diagnosis of a myofibrillar myopathy
and differentiating it from other distal myopathies. Subsequent genetic testing can
identify genetic causes in many patients but not all [3]. As the disease more affects
distal limb muscles and the muscle involvement can be asymmetrical, choosing an
affected muscle for biopsy based on the clinical weakness, EMG findings, and mus-
cle MRI findings is important as it can increase the biopsy yield.
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The defining feature of myofibrillar myopathy is the presence of sarcoplasmic
protein aggregates in a background of chronic myopathy. These protein aggregates
have been referred to as hyaline structures, spheroid bodies, or Mallory bodies.
They are eosinophilic on H&E, dark blue on Gomori trichrome, but pale on mito-
chondria enzyme stains (NADH-TR, SDH, and COX) and ATPase stains (Fig. 17.1).
Cytoplasmic bodies can also be seen in myofibrillar myopathy, but much less spe-
cific. Cytoplasmic bodies are usually smaller than hyaline structures, composed of
a dark red core surrounded by a pale halo on Gomori trichrome (Fig. 17.2a). On
EM, cytoplasmic bodies are composed of an electron dense core surrounded by a
halo of radiating filaments that show continuity with myofibrils (Fig. 17.2b).
Replicated triads can be prominent (Fig. 17.2b). NADH-TR stain may also reveal
widespread myofibrillar disarray (Fig. 17.2c), sometimes referred to as nonhyaline
structures [7]. Both hyaline and nonhyaline structures are immunoreactive to des-
min (Fig. 17.2d). These aggregates are also reported to be immunoreactive to alpha
B crystalline, myotilin and dystrophin [4]. On EM, both hyaline and nonhyaline
structures are composed of disintegrated Z band material, electron dense material,
and disorganized myofilaments, which are collectively referred to as granulofila-
mentous material (Fig. 17.2e). Vacuoles containing degenerating membranous
organelles can also be seen in some cases of myofibrillar myopathy (Fig. 17.2f);
those vacuoles typically lack tubulofilamentous inclusions seen in inclusion body
myositis IBM).

Morphological differential considerations of myofibrillar myopathy include tar-
get/targetoid fibers, central cores, multi-minicores, lobulated myofibers, and chronic
myopathies from any cause with markedly abnormal myofibrillar architecture. Most
of those lack well-formed hyaline structures. Target/targetoid fibers are seen in
chronic active denervation atrophy, and they often coexist with angular atrophic
fibers and fiber type grouping. Central cores and multi-minicores are most common
in children. The muscle biopsy usually shows type 1 fiber predominance and lacks
active myopathic changes such as necrotic, myophagocytic, or regenerating fibers.
Lobulated fibers (Fig. 17.2g) have been commonly associated with calpain defi-
ciency but can be seen in a variety of hereditary and nonhereditary conditions. On
EM, the lobulated appearance is rendered by maldistribution of mitochondria from
their normal Z-band location into streaks that separate myofibrils into bundles
(Fig. 17.2h). The presence of specific diagnostic features of other chronic myopa-
thies, such as lymphocytic invasion and diffuse myofiber MHCI1 upregulation in
IBM and polymyositis, and muscle dystrophic changes with detectable membrane
protein defects by immunostaining panel in various muscular dystrophies, overrides
the morphological diagnosis of myofibrillar myopathy.

There is no effective disease-modifying therapy for myofibrillar myopathies cur-
rently. Several disease animal models have been generated to study the disease-
causing mechanisms and to develop targeted therapies to control sarcomere
disruption and protein aggregation [2]. At this point, the management of patients
with myofibrillar myopathies is mainly supportive to maximize functions and pre-
vent falls. Since cardiac involvement is relatively common in patients with myofi-
brillar myopathies, these patients should be referred to cardiology for a thorough
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Fig. 17.2 (a, b) Cytoplasmic bodies from an 8-year-old girl with plectin (PLEC) associated muscular
dystrophy. (a) Gomori trichrome and (b) EM (arrows: replicated triads). (c—e) Hyaline and Non-hyaline
structures from a 72-year-old man with myofibrillar myopathy. (¢) NADH-TR, (d) Desmin immunos-
taining, and (e) EM (arrows: hyaline structures). (f) A vacuole with degenerating membranous organ-
elles in an 83-year-old man with myofibrillar myopathy. (g-h) Myopathy with lobulated fibers from a
67-year-old woman. (g) NADH-TR shows prominent lobulated changes in type 1 myofibers. (h) EM
shows maldistribution of mitochondria that form subsarcolemmal and sarcoplasmic bands
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cardiac evaluation and for the management of associated cardiac defects if present.
These patients may also undergo swallow evaluation and pulmonary function test.
Genetic counseling should be provided.

Pearls

Clinical Pearls

1. Myofibrillar myopathies are a group of heterogeneous genetic myopathies
that are primarily caused by mutations in the genes encoding desmin,
aB-crystallin, myotilin, ZASP, filamin C, Bag3, and FHL1. The disease is
mainly autosomal dominant except for the FHL 1-associated disease which
is X-linked.

2. Patients with myofibrillar myopathies commonly show adult onset of
symptoms. The onset is often late. The early-onset disease is usually more
severe and rapidly progressive.

3. Myofibrillar myopathies predominantly affect distal limb muscles with
initial weakness in the distal lower limb muscles. Cardiac involvement is
common which may manifest arrhythmia, conduction defects, and/or
dilated or hypertrophic cardiomyopathy. Peripheral neuropathy is common
especially in patients with BAG3 mutations.

4. The combination of a distal predominant myopathy and a distal polyneu-
ropathy should raise a suspicion for a myofibrillar myopathy.

5. Muscle biopsy plays a key role in the diagnosis of a myofibrillar myopa-
thy. Subsequent genetic testing can identify genetic causes in many patients
but not all.

6. Currently there is no effective therapy for myofibrillar myopathies. The
management is mainly supportive. Patients should be referred to cardiol-
ogy for a thorough cardiac evaluation and for the management of associ-
ated cardiac defects if present.

Pathology Pearls

1. The characteristic feature of myofibrillar myopathy is the presence of sar-
coplasmic hyaline structures in a background of chronic myopathy.
Cytoplasmic bodies, non-hyaline structures, rimmed vacuoles, and uneven
oxidative enzyme staining are common findings in myofibrillar myopathy
but less specific.
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2. The hyaline structures are dark on Gomori trichrome, pale on ATPase,
NADH-TR, COX, and SDH stains, and immunoreactive to desmin.

3. On EM, the hyaline and non-hyaline structures are composed of disorga-
nized filaments, Z-disk material, and electron dense material, which are
collectively referred to as granulofilamentous material.
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Chapter 18

A 40-Year-Old Man with Muscle Pain
and Fatigue

Lan Zhou

History

A 40-year-old Caucasian man presented with over 1 year of muscle pain and fatigue.
He was diagnosed with hyperlipidemia 2 years prior to the presentation. It was
unsatisfactorily controlled by dietary modification and exercise. He was started on
Atorvastatin 20 mg once daily by his primary care physician. Two weeks later, he
developed pain and fatigue mainly in his thigh muscles. Atorvastatin was switched
to Rosuvastatin and then to Pravastatin. His muscle symptoms continued to prog-
ress, and they involved the upper arm muscles as well. He felt that his thigh muscles
and upper arm muscles were heavy. He became tired easily, and could no longer run
1 mile per day. His serum creatine kinase (CK) level was tested several times, and it
was persistently elevated in the range of 300s to 500s U/L. His baseline CK level
before taking statin drugs was unknown. Eight months prior, statin drug was com-
pletely discontinued, but his muscle symptoms remained although less severe. He
was evaluated by a local neurologist. Nerve conduction study (NCS) and needle
electromyography (EMG) study were reportedly normal. He underwent a left quad-
riceps muscle biopsy with no definitive diagnosis. Dysferlin and myotonic dystro-
phy type 2 (DM2) gene tests were negative. He was referred to our clinic for further
evaluation and a repeat muscle biopsy. His past medical history was significant for
hyperlipidemia. He was not on any medications when presenting to our clinic. His
family history was positive for hypertension and hyperlipidemia but not myopathy.
He did not drink alcohol or smoke cigarettes. He was an engineer.
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Physical Examination

His general examination was unremarkable. Neurological examination showed nor-
mal mental status and intact cranial nerve functions. Motor examination revealed
normal muscle tone and bulk. Strength was minimally reduced in the bilateral ilio-
psoas muscles (MRC 5—/5) but normal in other limb muscles. Neck muscles were
strong. He was able to get up from a chair without using his hands to push. There
was no scapular winging or calf hypertrophy. Sensation and coordination were nor-
mal. Deep tendon reflexes were 2+ throughout. Toes were downgoing bilaterally.
His gait was normal.

Investigations

Complete blood count (CBC) and comprehensive metabolic panel were normal. A
repeat serum creatine kinase (CK) level was mildly elevated at 308 U/L. TSH, free T4,
and vitamin D levels were normal. ANA, ENA, myositis antibody panel, and 3-hydroxy-
3-methylglutaryl-coenzyme A reductase (HMGCR) antibody were all negative. A
repeat NCS/EMG was normal. His left quadriceps muscle biopsy slides were reviewed.

Muscle Biopsy Findings

The left quadriceps muscle biopsy (Fig. 18.1) showed a few scattered polygonal
atrophic fibers. There was no necrotic, degenerating, or regenerating fiber. The atro-
phic fibers were not esterase positive. There was no ragged red fiber or COX-
deficient fiber. There was noinflammation. Myophosphorylase, phosphofructokinase,

Fig. 18.1 Hematoxylin
and eosin stain (HE) shows
a rare atrophic fiber
(arrow)
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and myoadenylate deaminase stains showed positive sarcoplasmic reactivity with
no evidence of deficiencies in these enzymes. Electron microscopy (EM) was
reportedly unremarkable. The findings are non-diagnostic and insignificant.

Final Diagnosis

Mild Toxic Myopathy Induced by Statin Use

Patient Follow-up

The diagnosis of a mild toxic myopathy induced by statin use was discussed with
the patient. He was reassured that his muscle symptoms would continue to improve
with time. A repeat muscle biopsy was not needed. He was instructed to take coen-
zyme Q10 (CoQ10) and multivitamins. Six months later, he returned for follow-up.
He reported near-complete resolution of his muscle symptoms. Examination showed
no weakness. His CK level was minimally elevated at 283 U/L. His hyperlipidemia
was relatively controlled by ezetimibe, low-fat diet, and daily exercise.

Discussion

Statin drugs, the HMGCR inhibitors, have been widely used for treating dyslipidemia
and reducing the risk for cardiovascular and cerebrovascular diseases [1]. Muscle
symptoms, including myalgia, fatigue, and weakness, represent a major side effect of
this class of drugs, which can be seen in up to 20% of statin users [2]. Statin drugs can
cause rhabdomyolysis, an immune-mediated necrotizing myopathy, and more com-
monly a mild toxic myopathy [3—-8]. All statin drugs on the market can cause myopa-
thy, which include lovastatin, simvastatin, pravastatin, atorvastatin, and fluvastatin
[9]. The risk factors for statin-induced myopathies include age at or above 65 years,
comorbidities such as diabetes mellitus, renal dysfunction, and cardiovascular dis-
ease, co-administration of certain drugs, and SLCO1B1 gene variants [10-12].
Rhabdomyolysis induced by statin is a very rare but serious type of myopathy
[13, 14]. It is caused by the direct myotoxicity of statin. It can occur when initiating
a statin drug or after increasing the dosage of a statin drug. These cases are mainly
encountered in an emergency department or in an inpatient setting. Besides acute
management of rhabdomyolysis, statin use should be discontinued immediately.
Immune-mediated necrotizing myopathy induced by statin is an autoimmune
myopathy [15]. It is caused by the autoimmunity triggered by statin use [4-6].
The disease is characterized by progressive, symmetric, and proximal limb weak-
ness, marked CK elevation, the presence of HMGCR autoantibody, muscle biopsy
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features of a necrotizing myopathy with diffuse or multifocal myofiber upregula-
tion of class I major histocompatibility complex (MHC-1), and the need for
immunosuppressive therapy [4-6]. The mean age of onset is 64.7 years in one
series [4] and 55 years in the other [16]. The proximal limb weakness may develop
weeks or years after statin exposure or even after statin withdrawal [4]. The initial
serum CK while taking statin is markedly elevated, ranging from 3,000 to
17,280 U/L in one series of 25 patients [4]. Mean CK upon initial presentation is
6,853 U/L according to a systemic review of 100 published cases with immune-
mediated necrotizing myopathy induced by statin [17]. This review also shows
that HMGCR antibody is present in all cases tested [17]. HMGCR antibody is not
present in asymptomatic statin users or statin users who develop self-limited mild
toxic myopathy [18], which makes this autoantibody a useful marker for immune-
mediated necrotizing myopathy induced by statin. HMGCR antibody can also be
present in statin-naive patients with autoimmune myopathy [19]. EMG in patients
with immune-mediated necrotizing myopathy induced by statin often shows irri-
table myopathy with the presence of abnormal spontaneous activities in the forms
of fibrillation potentials, positive sharp waves, and myotonic or pseudomyotonic
discharges [4]. Muscle biopsy shows a necrotizing myopathy with minimal or
absent lymphocytic infiltrates but with diffuse or multifocal myofiber upregula-
tion of MHC-1 [6]. The disease course is characterized by the lack of improve-
ment or worsening of muscle symptoms and CK elevation after statin withdrawal,
the need for immunosuppressive therapy, and frequent relapse after tapering off
immunosuppressive therapy [4, 6].

Mild toxic myopathy as seen in the present case is much more common than
rhabdomyolysis and immune-mediated necrotizing myopathy induced by statin. It
is caused by the direct myotoxicity of statin. The disease usually manifests muscle
pain, fatigue, and/or mild weakness which predominantly affects proximal limb
muscles. By using the development of muscle symptoms after statin use with no
other causes of muscle symptoms identified as the definition for statin myopathy,
and by excluding patients with rhabdomyolysis or immune-mediated necrotizing
myopathy induced by statin use, we identified a cohort of 69 patients with mild toxic
myopathy induced by statin (mild statin myopathy) to characterize their clinical
features and outcomes after statin withdrawal [8]. Myalgia was the most common
muscle symptom, as over 90% of the patients in our cohort reported myalgia. This
is consistent with the finding by another study [20]. Although 68.1% of our patients
also reported muscle weakness, only 26.1% had mild proximal limb weakness
detectable by exam. CK was normal in nearly 25% of our patients, mildly elevated
at or below 1,000 U/L in 52.2%, and above 1,000 U/L in 23.2%, with the highest CK
level being 2,607 U/L. Despite that all of our patients had muscle symptoms and
over 75% had CK elevation, only 25% of the patients who underwent EMG showed
myopathic changes on EMG [8]. NCS/EMG is useful to rule out other neuromuscu-
lar disorders, but it is relatively insensitive to detect mild statin myopathy.

The diagnosis of mild statin myopathy can be made based on clinical grounds.
Muscle biopsy is not needed as there is no muscle pathology signature for this con-
dition. Among 16 patients in our cohort who underwent muscle biopsies, 3 showed
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rare degenerating and regenerating fibers, 2 showed occasional regenerating fibers,
3 showed rare COX-deficient fibers, and 1 showed mild type 2 fiber atrophy. EM
only showed a mild increase in mitochondrial number in rare fibers in 3 cases, and
it was completely normal in the others [8]. These findings are very mild and non-
specific. Therefore, muscle biopsy is not helpful in diagnosing mild statin myopa-
thy. The muscle biopsy in our patient also showed mild non-specific changes, but
his clinical presentation was consistent with a mild statin myopathy. The purpose of
a muscle biopsy is mainly to rule out immune-mediated necrotizing myopathy
induced by statin and other underlying myopathies unmasked by statin use. The
muscle pathology features of immune-mediated necrotizing myopathy are illus-
trated in the chapter of immune-mediated necrotizing myopathy.

Mild statin myopathy can be differentiated from immune-mediated necrotizing
myopathy induced by statin based on the clinical features. Unlike immune-mediated
necrotizing myopathy, mild statin myopathy is characterized by mild or no muscle
weakness, normal or mildly elevated CK, absent HMGCR autoantibody, improve-
ment of muscle symptoms and CK elevation after statin withdrawal, and no need for
immunosuppressive therapy. However, we still frequently receive requests for per-
forming muscle biopsies for patients with mild statin myopathy. The most common
reason for referring physicians to request muscle biopsies is to rule out immune-
mediated myopathy induced by statin use or other myopathies unmasked by statin
use, as patients’ CK elevation or muscle symptoms do not resolve as fast as expected
after statin withdrawal. To avoid unnecessary muscle biopsies in this clinic setting
and to obtain data to guide the biopsy threshold, we studied the outcomes of mild
statin myopathy after statin withdrawal [8].

For the duration of follow-up (Mean + SD: 29.6 + 33.1 months) in our cohort of
69 patients, muscle symptoms completely recovered in 50/69 (72.5%), improved in
9/69 (13.0%), and did not change in 10/69 (14.5%). None of our patients reported
worsening of muscle symptoms. Among the 10 patients who reported no change of
their muscle symptoms, only 1 showed mild, persistent, detectable proximal weak-
ness, and CK trended down in all. Among 50/69 (72.5%) patients who had their
muscle symptoms completely resolved, the recovery was achieved within 1 month
in 12 (24.0%), 3 months in 31 (62.0%), 6 months in 45 (90.0%), 1 year in 48
(96.0%), 3 years in 49 (98.0%), and 5 years in all (100%). 13/69 (18.8%) patients
had muscle symptoms lingering beyond 14 months. Therefore, the symptom recov-
ery in mild statin myopathy can be prolonged. One may hold muscle biopsy espe-
cially in those who have mild improving muscle symptoms even the improvement
is relatively slow. The outcomes of mild statin myopathy after statin withdrawal do
not correlate with the duration of statin exposure, duration of follow-up, initial CK
elevation or myopathic changes on EMG [8]. There are no features that would
allow us to accurately determine who may have a prolonged recovery course. The
confounding factors of muscle symptoms should be screened, such as thyroid dys-
function, connective tissue diseases, and administration of non-statin myotoxic
drugs.

Although 85.5% of our patients had muscle symptoms completely resolved
(72.5%) or improved (13.0%) for the duration of follow up, the CK level remained
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elevated, although trended down, in 41/52 (78.8%). Baseline CK levels (before
statin exposure) were retrievable in 34/69 (49.3%) patients, and they were all nor-
mal. The findings suggest that the normalization of CK often lags behind the
improvement or resolution of muscle symptoms after statin withdrawal. Mild per-
sistent CK elevation alone should not be an indication for muscle biopsy.

Management of patients with mild statin myopathy may include statin with-
drawal and CoQ10 supplementation. Statin drugs should be immediately discontin-
ued when the diagnosis of rhabdomyolysis or immune-mediated necrotizing
myopathy is made. The decision of discontinuing statin in mild toxic myopathy
should be made by weighing the benefits and risks. In some cases, the muscle symp-
toms are very mild, but the benefit of statin use to reduce the risk of cardiovascular
and cerebrovascular diseases is significant. Such patients may be managed by close
monitoring. If their muscle symptoms become significantly worse with time, the
decision of statin withdrawal should be reconsidered. In this setting, treating neu-
rologists should make a decision by discussing the benefits and risks of statin with-
drawal not only with patients but also with physicians who treat patients with statin.
It has been shown that CoQ10 can reduce muscle symptoms but not serum CK [21],
and it may be offered to patients with mild statin myopathy.

Pearls

Clinical Pearls

1. Statin drugs can cause rhabdomyolysis, immune-mediated necrotizing
myopathy, and mild toxic myopathy. The mild toxic myopathy is the most
common.

2. Myalgia is the most common symptom of mild statin myopathy. The other
common muscle symptoms include muscle fatigue and weakness.

3. Although the majority of patients with mild statin myopathy report muscle
weakness, a few have muscle weakness detectable by exam.

4. Over 18% of patients with mild statin myopathy can have muscle symp-
toms lasting for more than 1 year after statin withdrawal. It is difficult to
predict who will have a prolonged recovery course.

5. CK normalization often lags behind muscle symptom improvement or
resolution. Mild persistent CK elevation alone should not be an indication
for muscle biopsy.

6. EMG is often normal in mild statin myopathy.

7. Mild statin myopathy can be diagnosed and differentiated from immune-
mediated necrotizing myopathy based on the clinical features.

8. Muscle biopsy is not needed for diagnosing mild statin myopathy.

9. Management of mild statin myopathy consists of statin withdrawal if the
benefit outweighs the risk, and CoQ10 supplementation.
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Pathology Pearls

1. Muscle biopsy findings in mild toxic myopathy induced by statin use are
mild and non-specific. They may include a few atrophic fibers, degenerating
fibers, and regenerating fibers with no myofiber upregulation of MHC1.

2. The purpose of a muscle biopsy is to rule out immune-mediated necrotizing
myopathy induced by statin use and other myopathies unmasked by statin
use. Muscle pathologic features of immune-mediated necrotizing myopathy
are illustrated in the chapter of immune-mediated necrotizing myopathy.
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Chapter 19 )
A 42-Year-Old Woman with Progressive
Limb Weakness and Breathing Difficulty

Check for
updates

Lan Zhou and Dennis K. Burns

History

A 42-year-old Caucasian woman presented to our neuromuscular clinic for evalua-
tion of progressive limb weakness and exertional shortness of breath. She was diag-
nosed with systemic lupus erythematosus (SLE) 2 years prior to the presentation
and treated with Prednisone (20—40 mg once daily). Six months prior, hydroxychlo-
roquine (Plaquenil) 200 mg twice daily was added. Three months prior, she started
to notice difficulty holding arms up when blow drying her hairs. She also noticed
difficulty climbing stairs. She developed easy fatigability associated with mild
shortness of breath after walking a few blocks. She denied eyelid ptosis, double
vision, or difficulty chewing or swallowing. She reported that her limb weakness
had gradually worsened. She saw her rheumatologist who suspected steroid myopa-
thy, and prednisone was tapered off 1 month prior with no improvement of her
weakness. She was referred to our clinic for further evaluation. Her past medical
history was significant for SLE and hypertension. Medications included Plaquenil,
losartan, and calcium supplement. Family history was significant for lupus. She did
not drink alcohol or smoke cigarettes. She was an office manager.
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Physical Examination

Her general examination was unremarkable. There was no skin rash or ankle
edema. Neurological examination showed normal mental status and intact cranial
nerve functions. Motor examination revealed normal muscle tone and bulk. Mild
weakness was detected in the bilateral deltoid (MRC 4/5), biceps (4+/5), iliopsoas
(4/5), and quadriceps (4+/5) muscles. She could not get up from a chair without
using her hands to push. Sensation and coordination were normal. Deep tendon
reflexes were diffusely reduced (1+). Toes were downgoing bilaterally. Her gait
was normal.

Investigations

Complete blood count (CBC) showed mild anemia. Comprehensive metabolic
panel showed normal renal and hepatic functions. Serum creatine kinase (CK) level
was mildly elevated at 290 U/L. TSH and free T4 were normal. Acetylcholine recep-
tor antibody (AChR-Ab) and muscle specific kinase antibody (MuSK-Ab) were
negative. Chest CT was normal. Echocardiogram was also normal with an ejection
fraction of 65%. Nerve conduction study (NCS) and repetitive nerve stimulation
(RNS) were unrevealing. Needle electromyography (EMG) showed an irritable
myopathy with some fibrillation potentials and positive sharp waves in the proximal
limb muscles and early recruitment of small-amplitude and short-duration motor
unit potentials. A left deltoid muscle biopsy was performed.

Muscle Biopsy Findings

The left deltoid muscle biopsy (Fig. 19.1a) showed a vacuolar myopathy with con-
spicuous sarcoplasmic vacuoles in many severely atrophic fibers. These vacuoles
were red rimmed in Gomori trichrome stain, and had strong acid phosphatase reac-
tivity, consistent with a lysosomal origin. There was no accumulation of periodic
acid Schiff (PAS)-positive granules in the vacuoles. There were occasional degener-
ating and regenerating fibers but no necrotic fibers or inflammation. Electron
microscopy (EM) revealed numerous myeloid profiles and prominent collections of
curvilinear bodies (Fig. 19.1b).

Final Diagnosis

Hydroxychloroquine Myopathy
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Fig. 19.1 Hydroxychloroquine myopathy. (a), Hematoxylin and eosin stain (HE) shows many
scattered severely atrophic fibers, which are basophilic and contain sarcoplasmic vacuoles (arrows).
Gomori trichrome stain (GT) shows the sarcoplasmic vacuoles are red rimmed (arrows). Acid phos-
phatase stain (ACP) shows strong reactivity in the vacuoles (arrows). PAS stain shows no abnormal
accumulation of PAS-positive granules. (b), EM reveals osmiophilic lamellar myeloid profiles
(arrow heads), accompanied by collections of well-developed curvilinear bodies (arrows). The find-
ings in this clinical setting are consistent with a toxic myopathy induced by hydroxychloroquine

Patient Follow-up

Hydroxychloroquine was discontinued. The patient underwent physical therapy.
She reported marked improvement of her weakness and endurance 2 months later
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when she returned for follow-up. She could walk a mile without feeling fatigue or
shortness of breath. Examination showed minimal weakness in the bilateral deltoid
and iliopsoas muscles (5—/5). Weakness in the biceps and quadriceps muscles
resolved. She was able to get up from a chair without her hands to push.

Discussion

Hydroxychloroquine and its predecessor chloroquine were first introduced as anti-
malarial drugs. They were subsequently found to also have anti-inflammatory prop-
erties and have been widely used for treating connective tissue diseases, including
SLE, rheumatoid arthritis, and Sjogren’s syndrome, among others [1-4]. They are
4-aminoquinolones and amphiphilic cationic drugs with a high affinity for the lipid-
rich membranes of lysosomes. Once the drugs enter lysosomes, they tend to accu-
mulate, where they neutralize lysosomal contents and raise intra-lysosomal pH. This
in turn inhibits lysosomal enzyme activities and affects lysosomal protein, phospho-
lipid, and glycogen degradation [5]. The toxicity mainly affects muscle, nerve,
myocardium and retina. Hydroxychloroquine is less toxic than chloroquine [6-9].

Hydroxychloroquine myopathy is considered to be rare, but it is probably under-
recognized and underreported. The risk factors include Caucasian race, renal dys-
function, and concomitant use of other myotoxic drugs. The occurrence of
hydroxychloroquine myopathy does not appear to be dose-dependent [10, 11]. The
disease may predominantly affect proximal limb muscles or in severe cases may
affect both proximal and distal limb muscles as well as respiratory muscles with
resultant respiratory failure [12—14]. Therefore, it is important to make an early
diagnosis to avoid mortality and morbidity.

As hydroxychloroquine is often used along with corticosteroids to treat connec-
tive tissue diseases, a myopathy that develops in this clinical setting may represent
hydroxychloroquine myopathy, steroid myopathy, and/or an inflammatory myopa-
thy associated with connective tissue diseases. Serum CK and EMG findings can
sometimes be helpful in differentiating these conditions. Serum CK is usually nor-
mal in steroid myopathy while it is usually elevated in inflammatory myopathies.
CK can be normal or mildly elevated in hydroxychloroquine myopathy. EMG often
shows an irritable myopathy in hydroxychloroquine myopathy and inflammatory
myopathy but a non-irritable myopathy or no myopathic findings in steroid myopa-
thy. Diffuse myotonic discharges, if present, can help indicate hydroxychloroquine
myotoxicity [12]. A muscle biopsy is necessary for a definitive diagnosis.

Muscle biopsies in hydroxychloroquine myopathy, steroid myopathy, and
inflammatory myopathy have very different and distinctive features. The muscle
biopsy in hydroxychloroquine myopathy is characterized by the presence of a vacu-
olar myopathy with autophagic rimmed vacuoles and, at an ultrastructural level, the
accumulation of myeloid profiles and curvilinear bodies due to the enzymatic deg-
radation of lysosomal membranes. The muscle fibers with vacuolar changes are
often severely atrophic and basophilic [12, 13]. These vacuoles are red rimmed in
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GT stain as they contain membranous debris. Unlike lysosomal glycogen storage
diseases such as late-onset Pompe disease, sarcoplasmic vacuoles in hydroxychlo-
roquine myopathy do not contain excessive glycogen accumulation. EM study
shows distinctive curvilinear bodies, a characteristic finding only seen in chloro-
quine/hydroxychloroquine and other amphiphilic cationic myopathies and some
variants of neuronal ceroid lipofuscinosis [11, 15]. Steroid myopathy is character-
ized by type 2b myofiber atrophy, a non-specific finding which can also be seen in
disuse, cachexia, alcohol abuse, connective tissue diseases, and a number of endo-
crinopathies. Inflammatory myopathy is characterized by primary endomysial and/
or perimysial inflammation, morphological evidence of myofiber injury and either
diffuse of selective perifascicular MHC1 upregulation. Although inclusion body
myositis (IBM) also shows red rimmed vacuoles, these vacuoles contain tubulofila-
mentous inclusions but not curvilinear bodies. In addition, biopsies from patients
with IBM often have many cytochrome c oxidase (COX)-deficient fibers. Clinically,
IBM tends to affect men above 50 years of age with predominant involvement of
finger flexors and knee extensors. Therefore, the clinical presentation and muscle
biopsy findings in our patient are consistent with hydroxychloroquine myopathy.

The management of hydroxychloroquine myopathy is simple, and the disease
can be reversible by discontinuing hydroxychloroquine. Patients may show signifi-
cant improvement over several months if diagnosed and managed early as seen in
our case [10, 13]. However, the disease can also be severe and life-threatening due
to the respiratory muscle involvement [12, 14]. It is thus important to make an early
diagnosis by a muscle biopsy.

Pearls

Clinical Pearls

1. Hydroxychloroquine myopathy is rare but probably underrecognized and
underreported. The risk factors include Caucasian race, renal dysfunction,
and concomitant use of other myotoxic drugs.

2. Patients with hydroxychloroquine myopathy often present with proximal
limb weakness which can progress into diffuse weakness with respiratory
failure.

3. Serum CK is mildly elevated or normal in hydroxychloroquine myopathy.
EMG shows an irritable myopathy and sometimes diffuse myotonic
discharges.

4. As hydroxychloroquine is often used along with steroids to treat connec-
tive tissue diseases, a myopathy that develops in this clinical setting may
represent hydroxychloroquine myopathy, steroid myopathy, and/or an
inflammatory myopathy associated with connective tissue diseases. A
muscle biopsy is needed to differentiate these diagnoses.
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5. The management of hydroxychloroquine myopathy is to discontinue
hydroxychloroquine. Hydroxychloroquine myopathy is reversible if diag-
nosed and managed early.

Pathology Pearls

1. Muscle biopsy in hydroxychloroquine myopathy is characterized by a
vacuolar myopathy with the presence of autophagic rimmed vacuoles,
myeloid profiles and curvilinear bodies due to the enzymatic degradation
of lysosomal membranes. There is no inflammation.

2. Hydroxychloroquine myopathy can be differentiated from steroid myopa-
thy as steroid myopathy shows type 2 fiber atrophy, a non-specific finding
which can also be seen with disuse, cachexia, alcohol abuse, connective
tissue diseases, and a number of endocrinopathies.
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Chapter 20

A 49-Year-Old Man with Limb Weakness
and Painful Skin Lesions

Check for
updates

Kara Stavros, Rajeev Motiwala, Lan Zhou, and Susan C. Shin

History

A 49-year-old man presented with a 2-week history of severe weakness, myalgias,
and malaise. He also reported skin rashes over his trunk and limbs for several weeks.
He denied double vision, difficulty in chewing, swallowing, or breathing, or
increased distal limb numbness. He had a past medical history of end-stage renal
disease on peritoneal dialysis for 10 years. He also had a history of hypertension and
diabetes mellitus. The family history was positive for hypertension and diabetes
mellitus. He did not smoke cigarettes or drink alcohol.

Physical Examination

The patient appeared cachectic with diffuse muscle wasting. Widespread ecchymo-
sis and large areas of skin hardening with black discoloration were seen most con-
centrated on pressure sensitive areas such as the back, shoulders, upper thighs and
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gluteal regions. Proximal muscles, especially beneath the regions of skin changes,
were exquisitely tender to palpation. Neurological examination showed normal
mental status and cranial nerve functions. Weakness was detected in the bilateral
deltoid (4—/5), biceps (4/5), triceps (4/5), hip flexors (3/5), and knee extensors
(4—/5). Sensory examination revealed reduced pinprick sensation in a stocking-
glove distribution, impaired vibratory sensation at the toes, and intact joint position
sense. Deep tendon reflexes were absent throughout.

Investigations

His initial serum creatine kinase level was markedly elevated at 10,000 IU/L (24—
204 TU/L). Myositis antibody panel was negative. TSH and free T4 were normal.
PTH level was markedly elevated at 2,345 pg/ml (16-97 pg/ml). Calcium level was
9.7 mg/dL (8.5-10.5 mg/dl), and ionized calcium was 0.98 mmol/L (1.14—
1.29 mmol/L). Nerve conduction studies revealed a length-dependent axonal senso-
rimotor polyneuropathy. Needle electromyography revealed an irritable myopathy
affecting the proximal muscles in the upper and lower extremities. Two lesional skin
biopsies by dermatology were non-diagnostic and showed only diffuse tissue necro-
sis. A right quadriceps muscle biopsy was performed.

Muscle Biopsy Findings

The right quadriceps muscle biopsy revealed mild type 2 fiber atrophy and calcifica-
tion of the walls of several perimysial blood vessels (Fig. 20.1). Myofiber necrosis,
inflammation, or perifascicular atrophy was not present.

Fig. 20.1 Calciphylaxis. (a), A picture of the patient’s back shows a large area of skin eschar
(arrows). (b), Muscle biopsy with HE stain shows calcification of media tunica and thickening of
intima of a perimysial arteriole (arrow), and some atrophic fibers ()
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Final Diagnosis

Systemic calciphylaxis affecting skin and muscle

Patient Follow-up

The patient underwent multiple skin wound debridements and parathyroidectomy.
Despite these treatment measures, the patient died from sepsis 4 months after the
initial presentation.

Discussion

Calciphylaxis is a rare disorder that predominantly affects patients on dialysis for
chronic renal failure [1, 2]. It is characterized by systemic vascular calcification.
The disorder carries a high morbidity and mortality especially in patients with
ulcerative skin lesions. Clinical manifestations most commonly affect the skin,
however vascular calcifications can affect any organ in the body including skeletal
muscle, brain, lung, mesentery, and eyes [1, 3-5].

Muscle involvement in calciphylaxis can present with a painful proximal myopa-
thy that progresses over several months. Medial calcification and intimal prolifera-
tion of arterioles cause luminal narrowing which leads to muscle ischemia and
resultant pain [6]. Although mural calcification predominantly involves small arteri-
oles, it can also affect small venules and capillaries [6, 7]. A few case reports
described patients with calciphylaxis who developed prominent muscle involvement
manifesting with weakness, myalgias, and rhabdomyolysis [6—11]. In one case the
myopathy symptoms preceded the development of skin lesions and were the first
presenting symptoms of calciphylaxis [8]. Although a myopathy with skin abnor-
malities raises a concern for dermatomyositis [9], the ischemic necrotic skin lesions
seen in calciphylaxis (Fig. 20.1a) are very different from skin rashes seen with
dermatomyositis.

Laboratory studies may show higher levels of PTH, calcium, and phosphorous
but are not reliable indicators of calciphylaxis. Definitive diagnosis of calciphylaxis
requires a skin biopsy, which shows arteriolar medial calcification, intimal fibrosis
and thrombotic occlusion [12]. However, as in this case, advanced tissue necrosis
can cause the sample to be non-diagnostic. Muscle biopsy can be useful in such
cases especially when myopathy is suspected to be a part of the clinical picture.
Muscle biopsy shows calcification of the walls of perimysial arterioles, venules, and
endomysial capillaries [6, 7].

Management includes wound debridement, pain control, dialysis, nutritional man-
agement, and parathyroidectomy in patients with refractory hyperparathyroidism.
However, despite these measures, morbidity and mortality remain high.
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Pearls

Clinical Pearls

1. Calciphylaxis should be considered as a cause of painful myopathy in dial-
ysis patients who present with characteristic skin lesions.

2. Muscle biopsy may be useful to confirm the diagnosis if skin biopsy is
non-diagnostic.

3. Calciphylaxis tends to affect skin, and the ischemic necrotic skin lesion is
distinctive with hardening and black discoloration that most frequently
seen in areas with abundant body fat.

4. The prognosis of calciphylaxis is usually poor.

Pathology Pearls

1. Biopsy of an affected muscle in a patient with systemic calciphylaxis may
show mural calcification, intimal proliferation, and luminal narrowing or
occlusion of small perimysial arterioles, venules, and endomysial capillaries.
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Chapter 21
A 54-Year-Old Man with Progressive
Lower Limb Weakness and CK Elevation

Lan Zhou

History

A 54-year-old African American man presented to our neuromuscular clinic for eval-
uation of progressive lower extremity weakness. Two years prior to the presentation,
he noticed right leg weakness which gradually progressed and affected his gait with
frequent stumbling and tripping. He then developed the weakness in the left leg but
less severe. He had several falls and had to use a cane. He had mild chronic low back
pain, sometimes shooting towards the legs and feet. He also had intermittent tingling
and numbness in the feet. He denied symptoms in the upper limbs. He denied ocu-
lobulbar or respiratory weakness. He was evaluated by a local neurologist. Nerve
conduction study (NCS) and electromyography (EMG) reportedly showed findings
compatible with a chronic active, right > left, L5 and S1 radiculopathies. Lumbosacral
(L/S) spine MRI reportedly showed multi-level disc herniation with mild-to-moder-
ate spinal stenosis at L4-L5 and L5-S1. He underwent a successful laminectomy
with no clinical benefit. His leg weakness continued to progress to involve the proxi-
mal leg muscles. He also noticed atrophy and occasional fasciculations in the right
distal leg muscles. He was then found to have an elevated serum creatine kinase
(CK) level at 1,475 U/L. A myopathy was suspected. He underwent a right quadri-
ceps muscle biopsy which reportedly showed mixed neurogenic and myopathic
changes with no inflammation. He then underwent a left gastrocnemius muscle
biopsy which also reportedly showed mixed neurogenic and myopathic changes with
no inflammation. He was referred to our clinic with a question whether his symp-
toms were caused by radiculopathies, a neuropathy, a myopathy, or a combination of
these conditions. He had a past medical history of hypertension and L/S spine
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degenerative joint disease with LS and S1 radiculopathies. He took lisinopril for
hypertension. He did not have surgeries other than the L/S spine laminectomy. His
family history was positive for hypertension. He also reported that his father died of
amyotrophic lateral sclerosis (ALS) at age 53 years. He was married with two chil-
dren. He did not drink alcohol or smoke cigarettes. He worked for a post office.

Physical Examination

His general examination was unremarkable; there was no spine tenderness.
Neurological examination showed normal mental status and cranial nerve functions.
Motor and sensory examination was normal in the upper extremities. In the lower
extremities, tone was normal but atrophy was noted in the right distal leg and bilateral
foot muscles with no muscle fasciculations. Weakness was detected in the hip flexors
and knee flexors (MRC 4/5 on the right and 4+/5 on the left) as well as the bilateral
distal leg and foot muscles with limited foot and toe movement. Pinprick sensation
was reduced at the feet, and vibratory sensation was mildly impaired at the toes.
Proprioception was intact. Tendon reflexes were 1+ at the right knee, absent at both
ankles, and 2+ elsewhere. Toes were downgoing bilaterally. His gait was steppage.

Investigations

NCS of the right upper limb was normal. NCS of the lower limbs showed absent
peroneal motor responses, markedly reduced tibial compound motor action potential
(CMAP) amplitudes, and normal sural sensory action potential (SNAP) amplitudes.
Needle EMG of selected right lower limb muscles showed fibrillation potentials
and positive sharp waves as well as reduced recruitment of large-amplitude and
long-duration motor unit potentials in the L3-S1 myotomes. The findings indicated
a diffuse, chronic active, neurogenic process, compatible with either a motor
neuropathy/neuronopathy or a polyradiculopathy. There was no evidence of a
myopathy. Blood tests revealed a high serum CK level at 1,643 U/L. Complete
blood count, comprehensive metabolic panel, ESR, ANA, RF, C-ANCA, P-ANCA,
serum immunofixation, TSH, B12, anti-GM1 antibody, and Lyme serology were all
unremarkable. Cerebrospinal fluid (CSF) study was unrevealing. The prior muscle
biopsy slides were reviewed.

Muscle Biopsy Findings

The right quadriceps (Fig. 21.1) and left gastrocnemius muscle biopsies showed
prominent chronic active neurogenic changes, including many angular atrophic fibers
and target fibers, scattered pyknotic nuclear clumps, and grouped atrophy. The
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Fig. 21.1 Muscle biopsy sections stained with H&E (a) shows markedly increased fiber size vari-
ation with a group of atrophic fibers (arrows), some hypertrophic fibers (#), and split fibers () but
no inflammation. Gomori trichrome stain (b) shows some pyknotic nuclear clumps (arrows), target
fibers, and mild endomysial fibrosis but no vacuolar changes. NADH -TR stain (¢) shows several
target fibers (arrows). ATPase pH 9.4 stain (d) shows grouped atrophy (arrows) with groups of both
type 1 and type 2 atrophic fibers; some atrophic fibers are angulated

biopsies also showed chronic myopathic changes, including markedly increased fiber
size variation with many hypertrophic fibers and atrophic fibers, several scattered
split fibers, and mild endomysial fibrosis. There was no myofiber necrosis, degenera-
tion, regeneration, or endomysial inflammation to suggest an active myopathic pro-
cess. The findings are most consistent with a severe, chronic active, neurogenic
process with pseudomyopathic changes secondary to long-standing denervation.

Additional Investigation After the Muscle Biopsy Diagnosis

Based on our interpretation of the muscle biopsy abnormalities and a positive fam-
ily history of ALS, we ordered the Cu/Zn superoxidase dismutase 1 (SODI) gene
test, which showed a heterozygous in-frame deletion of GAA at the nucleotide posi-
tion 481-483, resulting in Glul33del. This is a known mutation causing familial
ALS (FALS), which has been reported previously [1] and listed in the ALSOD
database (http://alsod.iop.kcl.ac.uk).
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Final Diagnosis

Familial ALS Caused by an SOD1 Mutation

Patient Follow-up

The patient was referred to our motor neuron disease clinic for multidisciplinary
care. His weakness slowly and continuously progressed over the course of 2 years.
He also developed weakness in the upper limbs and respiratory muscles with supine
breathing difficulty.

Discussion

ALS, also known as Lou Gehrig’s disease, is a degenerative motor neuron disease
that affects both upper motor neurons in the motor cortex and lower motor neurons
in the brainstem and spinal cord anterior horn. Dysfunction of lower motor neurons
causes muscle atrophy, fasciculations, and weakness, while dysfunction of upper
motor neurons results in spasticity, weakness, hyperreflexia, and pathological
reflexes. Cognitive and behavioral impairment are also common and can be seen in
up to 50% of patients with ALS [2].

The estimated prevalence of ALS is 5 in 100,000 people in the United States [3]
and 2.6-3.0 in 100,000 people in European populations [2]. It is more common in
men than in women with a ratio 1.6 to 1. The majority of the cases are sporadic. The
mean age at symptom onset is 56 years in sporadic ALS and 46 years in familial ALS
[4]. ALS is debilitating and lethal. The disease is characterized by progressive facial,
bulbar, tongue, limb, and respiratory muscle weakness with premature death caused
by respiratory failure. The median survival is 2-3 years from symptoms onset. The
older age at onset, bulbar onset, cognitive impairment, and certain genotypes are
associated with a more rapid disease progression and a shorter lifespan [2, 4, 5].

About 10% of patients with ALS have a family history of the disease. Over two-
thirds of FALS and 10% of sporadic ALS can have genetic causes identified [4]. More
than 30 genes have been linked to FALS [6, 7]. The most common genetic cause of
ALS is a hexanucleotide G4C2 repeat expansion (>30 repeats) in the chromosome 9
open reading frame 72 gene (C90rf72), which accounts for 30-40% of FALS, and it
also causes frontotemporal dementia [8, 9]. SODI is the first gene that is linked to
FALS [10, 11]. SOD1 gene mutations account for about 20% of FALS and up to 7%
of sporadic ALS [12-15]. Transactive response DNA binding protein 43 KDa (TDP-
43) accumulation is a feature of ALS. Itis linked to frontotemporal dementia. Mutations
in TARDBP, the gene that encodes TDP-43, account for about 5% of FALS. Mutations
in the fused in sarcoma gene (FUS) also account for about 5% of FALS [4, 6].
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The diagnosis of ALS is made based on the clinical features, EMG findings, and
absent causative lesions in the brain, spinal cord, or nerve roots. The revised El
Escorial criteria are considered the gold standard for the diagnosis of ALS [16].
Genetic testing can help confirm many cases of FALS. A muscle biopsy is not
needed. However, as seen in our case, the diagnosis of FALS with SOD1 gene muta-
tions can be missed or significantly delayed due to the lack of sufficient ALS clini-
cal features at the initial presentation, co-existing spine spondylosis, confusing CK
elevation, and ignorance of a positive family history.

Our patient was initially misdiagnosed with L/S polyradiculopathy because his
initial symptoms were asymmetrical lower extremity weakness of pure lower motor
neuron nature. His initial EMG showed right > left, L5 and S1 radiculopathies, and
L/S spine MRI did show disc herniation and spinal stenosis at L4-5 and L5-S1.
Radiculopathy from spine degenerative changes is not uncommon at age 50s.
However, the scope of his leg weakness cannot not be fully explained by the struc-
tural abnormalities of his spine. Worsening of the leg weakness despite a successful
laminectomy strongly argues against the L/S radiculopathy being the only or major
cause of his leg weakness. It is well known that FALS with SODI gene mutations
can present predominantly with lower motor neuron weakness affecting one seg-
ment at the early stage [12—14], which can mimic polyradiculopathy. Therefore,
making a correct diagnosis at the early stage of the disease can be quite challenging.
Frequent neurological follow-up evaluation, careful correlation of clinical presenta-
tion with EMG and MRI findings, and obtaining a detailed family history are needed
to raise a high clinical suspicion for a FALS. Our patient did not tell his outside
neurologist about the family history of ALS. He did not think he had ALS as his
disease course was very different from his father’s. His father’s disease had a rapid
progression, and he died of ALS less than 2 years after the symptom onset. Intra-
familial phenotypic heterogeneity is common in FALS causes by an SOD1 muta-
tion. The length of survival is variable.

Our patient was also misdiagnosed with a myopathy because of the CK elevation
above 1,000 U/L. The moderate CK elevation led to muscle biopsies, and the chronic
myopathic changes on the biopsies misled further. In our patient at age 50s with
asymmetrical leg weakness and moderate CK elevation without upper motor neuron
signs at the time of evaluation, a myopathy such as inclusion body myositis would
be a reasonable consideration. However, it is worth noting that mild and moderate
CK elevation can be seen not only in myopathies but also in a variety of motor neu-
ron diseases, including sporadic ALS [17], Kennedy’s disease [18, 19], spinal mus-
cular atrophy [20], and post-polio syndrome [21]. The etiology of CK elevation in
motor neuron diseases is unclear. It is thought to be related to active denervation, but
one study showed that the degree of CK elevation did not correlate with the degree
of denervation noted in the EMG study [22]. It is not uncommon for a muscle biopsy
to show both neurogenic changes and chronic myopathic changes in a motor neuron
disease as seen in our case. The chronic myopathic changes have been reported in
several motor neuron diseases, including ALS, spinobulbar muscular atrophy, and
post-polio syndrome [19, 23-25]. They are attributed to the longstanding denervation,
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as chronic denervation can cause pseudomyopathic changes [26]. The neurogenic
changes are usually prominent in motor neuron diseases such as ALS and spinobul-
bar muscular atrophy. These changes may include esterase-positive denervated atro-
phic fibers, pyknotic nuclear clumps, target or targetoid fibers, grouped atrophy, and
rare fiber type grouping. Chronic myopathic changes in ALS and spinobulbar mus-
cular atrophy may include increased fiber size variation with the presence of both
atrophic and hypertrophic fibers, increased number of internalized nuclei, split
fibers, and endomysial fibrosis [19, 25]. Occasional necrotic fibers, regenerating
fibers, and minimal inflammation may also be present [19]. It has been shown that
type grouping of normal-sized fibers is common in peripheral neuropathy but rare in
motor neuron diseases, and that grouped atrophy in motor neuron diseases or motor
neuropathies usually consists of mixed type 1 and type 2 atrophic fibers [27].
Patients with ALS are best managed by ALS clinics which can provide multidis-
ciplinary care. The disease is debilitating and lethal. The treatment goal is to improve
quality of life and prolong survival. There are currently two disease-modifying
drugs approved by the US Food and Drug Administration (FDA) for ALS, including
riluzole and Edaravone. Riluzole, which blocks the release of glutamate, was
approved for ALS in 1995. It showed to provide a survival benefit of approximately
3 months [28, 29]. Edaravone, a free radical scavenger, was approved for ALS in
2017. It showed benefit in treating a small subset of patients at an early stage of ALS
[30]. The symptomatic management includes rehabilitation, noninvasive ventilation
support, swallow evaluation with diet modification or gastrostomy placement, nutri-
tional support, cognitive and behavioral evaluations, and control of pseudobulbar
affect, sialorrhea, limb spasticity, depression, fatigue, pain, and muscle cramps.

Pearls

Clinical Pearls

1. ALS is a degenerative motor neuron disease that affects both upper motor
neurons and lower motor neurons. Patients with ALS manifest progressive
facial, bulbar, tongue, limb, and respiratory muscle weakness with both
upper motor neuron and lower motor neuron signs.

2. The majority of ALS cases are sporadic; about 10% are familial. The mean
age at symptom onset is 56 years in sporadic ALS and 46 years in familial
ALS. Intra-familial phenotypic heterogeneity is common in FALS.

3. Over two-thirds of FALS and 10% of sporadic ALS cases can have genetic
causes identified. Among over 30 genes that have been linked to FALS, the
CYorf72 gene mutations with a hexanucleotide G4C2 repeat expansion
(>30 repeats) is the most common (accounting for 30—40% of FALS), fol-
lowed by the SOD1 (20%), TARDBP (5%), and FUS (5%) gene mutations.

4. The diagnosis of ALS is made based on clinical features and EMG findings
using the revised El Escorial criteria after ruling out ALS mimics. CK can
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be mildly or moderately elevated as seen in other motor neuron diseases.
Genetic testing can help confirm many cases of FALS.

5. The diagnosis of FALS with SOD/ gene mutations can be missed or sig-
nificantly delayed due to the lack of sufficient ALS clinical features at the
initial presentation, co-existing spine spondylosis, moderate CK elevation,
and ignorance of a positive family history. It may be misdiagnosed with a
polyradiculopathy due to co-existing spine spondylosis, or a myopathy due
to CK elevation and chronic myopathic changes on muscle biopsy.

6. A muscle biopsy is not needed for the diagnosis of FALS. It may still be
performed when the suspicion is not high especially at the early stage of
the disease, and when a muscle disease such as inclusion body myositis is
of consideration.

7. Patients with ALS are best managed by ALS clinics which can provide
multidisciplinary care. Currently, there are two disease-modifying drugs
approved by the US FDA for ALS, and they are riluzole and Edaravone.

Pathology Pearls

1. Muscle biopsies in motor neuron diseases commonly show prominent neu-
rogenic changes and chronic myopathic changes. The chronic myopathic
changes are most likely secondary to longstanding denervation to repre-
sent pseudomyopathic changes.

2. The neurogenic changes in motor neuron disease are chronic active, which
may include esterase-positive denervated atrophic fibers, pyknotic nuclear
clumps, target or targetoid fibers, grouped atrophy, and rare fiber type
grouping.

3. Chronic myopathic changes may include increased fiber size variation
with the presence of both atrophic and hypertrophic fibers, increased num-
ber of internalized nuclei, split fiber, and endomysial fibrosis. Occasional
necrotic fibers, regenerating fibers, and minimal inflammation may also be
seen.
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History

A 63-year-old Chinese-American man presented with progressive limb weakness
and slurred speech over the course of 4 years. The patient first noticed leg weakness
with difficulty climbing stairs. The symptom gradually worsened, and he also devel-
oped difficulty holding arms up or carrying heavy objects. His hand grip also
appeared weak. His speech became slurred. The weakness was constant and not
fatigable. He also reported morning stiffness in his fingers and toes sometimes. He
denied double vision, droopy eyelids, or trouble swallowing or breathing. He
reported no muscle twitching or cramping. He denied pain, numbness, or sphinc-
teric dysfunction. He denied fevers, malaise, appetite changes, or weight loss. He
reported a normal developmental history. He had a past medical history of hyperten-
sion and chronic obstructive pulmonary disease. His medications included amlodip-
ine, advair, and spiriva. He denied any family history of neurologic diseases. He was
married with three children. He had smoked cigarettes for many years but did not
drink alcohol.
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Physical Examination

His general examination was significant for mild spine scoliosis but no tenderness.
There was no breast enlargement. Neurological examination showed weakness in
the bilateral orbicularis oculi, orbicularis oris, and buccinators (MRC: 4/5). His soft
palate elevated symmetrically, but his speech was slightly nasal. His tongue pro-
truded midline with atrophy and weakness (4/5) but no obvious fasciculations.
Motor examination of his limbs showed normal tone and bulk. Weakness was
detected in the bilateral deltoid (right 4-, left 4), biceps (right 5-, left 4+), triceps
(right 4, left 3), wrist extensors (right 5-, left 4), finger extensors (right 4, left 4),
interossei (right 4, left 4), hip flexors (right 4, left 4), and foot plantar flexors (right
4+, left 4+). There were no muscle fasciculations. He had difficulty getting up from
a chair without his hands to push the chair. Pinprick sensation was reduced from the
toes to above the ankles. Vibratory sensation was impaired at the toes and ankles.
Joint position sense was intact. Deep tendon reflexes were diffusely absent. Toes
were downgoing bilaterally. Coordination testing was normal. Gait was steady; he
was able to walk on his heels but not on his toes or in tandem.

Investigations

Complete blood count, comprehensive metabolic panel, HbA1C, Vitamin B12,
TSH, free T4, ANA, ENA, serum immunofixation, myositis antibody panel, and
paraneoplastic antibody panel were all unremarkable. Creatine kinase (CK) level
was elevated at 662 U/L (normal: 55-170). Brain MRI with and without contrast
was normal. Whole spine MRI showed multi-level disc protrusions with no signifi-
cant cord or root compression. Nerve conduction study (NCS) and electromyogra-
phy (EMG) showed widespread mild active denervation changes in the forms of
fibrillation potentials and positive sharp waves, and prominent chronic denervation-
reinnervation changes with reduced recruitment of motor unit potentials which were
mostly of large amplitudes and broad durations. It also showed evidence of a length-
dependent sensory axonal loss with reduced sensory nerve action potential (SNAP)
amplitudes. The findings are consistent with a severe, chronic active, motor greater
than sensory, axonal polyneuropathy, but more suggestive of a motor neuron disease
superimposed by a sensory axonal polyneuropathy. A combined left sural nerve and
gastrocnemius muscle biopsy was performed.

Muscle and Nerve Biopsy Findings

The left sural nerve biopsy (Fig. 22.1) showed a mild-to-moderate depopulation of
myelinated nerve fibers, more affecting large myelinated fibers. There were no
myelin ovoids, regenerating clusters, large thinly-myelinated fibers, onion bulbs,
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Fig. 22.1 H&E stained muscle biopsy section (a) shows striking endomysial fibrosis, abundant
severely atrophic fibers and pyknotic nuclear clumps, and a few hypertrophic fibers. A split fiber is
also shown. ATPase pH 9.4 stain (b) shows grouped atrophy and fiber type grouping. Esterase stain
(c) shows groups of severely atrophic fibers and two split hypertrophic fibers. Toluidine blue
stained resin embedded sural nerve plastic section (d) shows mild-to-moderate depopulation of
myelinated nerve fibers, more affecting large myelinated fibers, with no myelin ovoids, regenerat-
ing clusters, large thinly-myelinated fibers, or onion bulbs

inflammation, or amyloid deposition. The findings are consistent with a mild-to-
moderate chronic axonal neuropathy. The left gastrocnemius muscle biopsy
(Fig. 22.1) showed severe chronic myopathic changes and some neurogenic changes
with abundant severely atrophic fibers scattered and in groups, a few hypertrophic
fibers, a few split fibers, fiber type grouping, and extensive endomysial fibrosis.
There was no myofiber necrosis or inflammation.

Additional Investigation After the Muscle and Nerve Biopsy
Diagnosis

Based on the predominant motor weakness involving the facial, bulbar, and limb
muscles, the chronicity of the neurogenic changes on needle EMG, and the nerve
and muscle biopsy findings, a motor neuron disease, spinobulbar muscular atrophy
(Kennedy’s disease), was strongly suspected. The chronic myopathic changes on
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muscle biopsy were felt to represent pseudomyothic changes. The subsequent gene
test showed an abnormal expansion of the CAG tandem repeat (47 CAG repeats)
(normal: 11-33; borderline: 34-39) in the androgen receptor gene, confirming the
diagnosis of Kennedy’s disease.

Final Diagnosis

Kennedy’s disease

Patient Follow-up

The patient was referred to a motor neuron disease clinic for multidisciplinary care.
His weakness slowly progressed over the course of 2 years.

Discussion

Kennedy’s disease, also known as spinobulbar muscular atrophy, is a rare X-linked
recessive hereditary motor neuron disease [1]. It is caused by an expansion of the
CAG tandem repeat in the androgen receptor gene [2]. The disease affects lower
motor neurons in the brainstem and spinal cord with resultant slowly progressive
facial, bulbar, and limb weakness [3]. In addition to the weakness, patients may also
show evidence of sensory neuropathy and signs of androgen deficiency such as poor
sexual function, reduced fertility, and gynecomastia [3, 4].

The mean age at onset is 40s [5, 6]. There is a wide range of age at symptom
onset, which inversely correlates with the size of the CAG repeat expansion [7, 8].
The disease onset is insidious. The initial symptom in a majority of the patients is
caused by proximal leg weakness with difficulty getting up from a low chair or dif-
ficulty climbing stairs. This is followed by bulbar, facial, and other limb muscle
weakness that manifests dysarthria, dysphagia, and weakness in the upper limbs.
Patients may note fasciculations and cramping in the affected muscles as well as
postural hand or leg tremors. They may also report sexual dysfunction and reduced
fertility. Cardiac and respiratory muscles are usually not affected. Besides dysar-
thria, muscle atrophy, and weakness, examination often detects tongue atrophy and
fasciculations, quivering chin (perioral fasciculations-myokymia), diffusely dimin-
ished tendon reflexes, and gynecomastia. It is also not uncommon to detect asympa-
tomatic distal sensory loss as seen in our patient. It has been shown that bulbar
symptoms, gynecomastia, and insulin resistance, but not the disease progression
rate, correlate with the length of the CAG repeat [5, 9]. Serum CK level is mildly or
moderately elevated from 200 s to 2,000 s U/L in a majority of the patients, and CK
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elevation is also seen in other motor neuron diseases such as amyotrophic lateral
sclerosis (ALS), spinal muscular atrophy (SMA), and post-polio syndrome [10-13].
CK elevation is more significant in Kennedy’s disease than in ALS [10], which may
lead to a misdiagnosis of a primary myopathy. The etiology of CK elevation in
motor neuron diseases is not fully understood. EMG in Kennedy’s disease typically
shows diffuse active denervation changes including fibrillations and positive sharp
waves, and more prominent chronic denervation-reinnervation changes including
reduced recruitment and giant motor unit potentials [14]. In most of the patients
with Kennedy’s disease, including our patient, NCS shows a sensory neuropathy
[14], a feature that distinguishes Kennedy’s disease from other motor neuron dis-
eases such as ALS, primary muscular atrophy, and adult-onset spinal muscular atro-
phy (SMA). The abnormality is caused primarily by distally accentuated sensory
axonopathy with dorsal root ganglion cells less affected [15]. Kennedy’s disease
does not affect upper motor neurons with no upper motor neuron signs, another use-
ful feature that differentiates Kennedy’s disease from ALS.

The diagnosis of Kennedy’s disease is made by genetic testing, which is com-
mercially available. The disease diagnosis, however, is often delayed by several
years [6] due to the insidious onset, slow progression of weakness, co-existing sen-
sory neuropathy, CK elevation, lack of gynecomastia or a positive family history in
some patients, and lack of awareness. Although a muscle biopsy is not needed for
the diagnosis of Kennedy’s disease, it is sometimes done before a high clinical sus-
picion for Kennedy’s disease is raised to rule out other disorders which can affect
both motor and sensory nerves/neurons. As illustrated here, a sural nerve biopsy in
Kennedy’s disease shows chronic axonal neuropathy, consistent with the findings
by another study [15]. A muscle biopsy in Kennedy’s disease can be difficult to
interpret as seen in our case [4]. Biopsy of a muscle with relatively preserved
strength or mild weakness often shows prominent neurogenic changes, such as
esterase-positive denervated fibers, pyknotic nuclear clumps, target or targetoid
fibers, grouped atrophy, and rare fiber type grouping. Biopsy of a muscle with sig-
nificant weakness usually shows chronic myopathic changes in addition to the neu-
rogenic changes, such as increased fiber size variation, increased number of
internalized nuclei, fiber splitting, and endomysial fibrosis [10, 16]. Occasional
necrotic fibers, regenerating fibers, rimmed vacuoles, and minimal inflammation
may also be seen [10]. The chronic myopathic changes have been reported in other
motor neuron diseases, such as ALS and post-polio syndrome [17, 18]. They are
attributed to long-standing denervation to represent pseudomyopathic changes [19].
In Kennedy’s disease, the accumulation of mutant androgen receptor protein may
also contribute to the myopathic changes [16]. It has been shown that type grouping
of normal-sized fibers is common in peripheral neuropathy but rare in motor neuron
diseases, and that grouped atrophy in motor neuron diseases or motor neuropathies
usually consists of mixed type 1 and type 2 atrophic fibers [20].

The disease progression in Kennedy’s disease is slow as compared with other
motor neuron diseases such as ALS. The median age of using a wheelchair is
60 years [5], and the lifespan is not significantly affected [7]. Due to the bulbar
involvement, the risk of chocking and aspiration pneumonia is high. Currently, there
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is no effective disease-modifying therapy. The management is mainly supportive to
prevent falls and aspiration pneumonia by rehabilitation and swallow evaluation
with diet modification. Genetic counseling should be provided.

The exact pathogenic mechanism of the CAG repeat expansion in the androgen
receptor gene remains elusive. The available evidence supports that the neurodegen-
eration is caused by the androgen-dependent gain of toxic functions [21, 22]. Upon
ligand binding, the mutant androgen receptor proteins translocate from cytoplasm
to nucleus causing toxic aggregations and cell dysfunction [22]. The CAG repeat
encodes a polyglutamine tract. There are widespread nuclear and cytoplasmic inclu-
sions containing mutant polyglutamine androgen receptor in patients with Kennedy’s
disease [23]. Suppressing peripheral and muscle expression of mutant polygluta-
mine androgen receptor has been shown effective in treating a mouse model of
Kennedy’s disease [24, 25]. Clinical trials in human patients with Kennedy’s dis-
ease have been targeting the androgen receptor ligand to reduce its binding to the
receptor and subsequent toxicity. Leuprorelin, but not dustasteride, showed a mild
benefit in delaying the functional decline [26, 27]. Clenbuterol, a f2-adrenoceptor
agonist, also appeared beneficial in a pilot study [28]. Future therapy development
may also target the CAG repeat expansion.

Pearls

Clinical Pearls

1. Kennedy’s disease is a rare X-linked recessive hereditary motor neuron
disease that is caused by the CAG repeat expansion (>39 repeats) in the
androgen receptor gene.

2. Kennedy’s disease affects lower motor neurons in the brainstem and spinal
cord. It manifests slowly progressive facial, bulbar, and limb weakness.
None-motor manifestations include poor sexual function, reduced fertility,
and gynecomastia.

3. Kennedy’s disease affects adult males with the age at onset and the disease
symptoms correlating with the length of the CAG repeats.

4. CKis usually mildly or moderately elevated. EMG typically shows diffuse
active denervation changes and more prominent chronic reinnervation
changes. NCS commonly shows distal sensory neuropathy.

5. The diagnosis of Kennedy’s disease is made by genetic testing with no
need for a muscle or a nerve biopsy. A muscle and nerve biopsy may be
occasionally performed if the awareness or suspicion is not high or if the
other diseases which can cause both motor and sensory neuropathy/neu-
ronopathy need to be ruled out.

6. The progression of Kennedy’s disease is slow. The median age of using a
wheelchair is 60 years, and the lifespan is not significantly affected.
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7. There is no effective disease-modifying therapy for Kennedy’s disease cur-
rently. The management is mainly supportive to prevent falls and aspira-
tion pneumonia.

Pathology Pearls

1. A sural nerve biopsy in Kennedy’s disease usually shows a chronic axonal
neuropathy with reduced myelinated axon density but no demyelination or
inflammation.

2. A muscle biopsy in Kennedy’s disease often shows mixed neurogenic and
myopathic changes.

3. The neurogenic changes are chronic active, which may include esterase-
positive denervated atrophic fibers, pyknotic nuclear clumps, target or tar-
getoid fibers, grouped atrophy, and rare fiber type grouping.

4. Chronic myopathic changes are more prominent in muscles with signifi-
cant weakness. They are most likely to represent pseudomyopathic changes
secondary to the long-standing denervation. These changes may include
increased fiber size variation, increased number of internalized nuclei, fiber
splitting, and endomysial fibrosis. Occasional necrotic fibers, regenerating
fibers, rimmed vacuoles, and minimal inflammation may also be seen.
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Chapter 23
A 6-Year-Old Girl with Muscle Pain
and Swelling in the Thighs

Diana P. Castro, Chunyu Cai, and Dustin Jacob Paul

History

A 6-year-old girl who was previously healthy. She developed muscle pain and
swelling in her thighs. Her mother reported that for the last 6 months, her daughter
developed episodes of muscle swelling and pain in her thighs whenever she exer-
cised or walked more than 30 minutes. Episodes were always triggered by physical
activity. Pain was partially controlled with NSAIDs or Acetaminophen. She was
previously seen in the emergency department for bilateral thigh pain and fatigue.
Her CK was 40,000 U/L with elevated liver function tests and positive red blood
cells in urinalysis examination. Rheumatology evaluated the patient and subse-
quently referred her to our neuromuscular clinic for further assessment.

Physical Examination

The patient was alert and awake with normal speech for her age. Cranial nerves
were intact and muscle tone was normal. Strength was normal (MRC: 5/5), except
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for minimal hip flexor weakness (5—/5). Deep tendon reflexes were 2+, except for
1+ at the ankle. Her gait, coordination and sensory exam were normal. The patient
reported mild tenderness on palpation of her quadriceps.

Investigations

Her serum creatine kinase (CK) level was initially 40,000 U/L, but at the time of
muscle biopsy it was 137. Her hip and lower extremity MRI with and without con-
trast showed no significant myotendinous signal abnormality identified in the pelvis
or proximal lower extremities. Brain MRI with and without contrast was reported
normal. A left quadriceps muscle biopsy was performed.

Muscle Biopsy Findings

The left quadriceps muscle biopsy showed the presence of intensely basophilic
macrophages in the perimysium and endomysium connective tissue (Fig. 23.1a).
The macrophages were strongly positive for nonspecific esterase stain (Fig. 23.1b)
and acid phosphatase (Fig. 23.1c¢) stains on cryostat sections. The granules within
macrophages were positive for periodic acid Schiff (PAS) stain (Fig. 23.1d) and
for immunostain of the macrophage marker CD68 (Fig. 23.1e). Morin stain
showed strong green fluorescent signal in these macrophages (Fig. 23.1f), which
confirmed the presence of aluminum in the macrophages. Electron microscopy
(EM) also demonstrated spiculated electron dense inclusions characteristic of alu-
minum salt (Fig. 23.1g, h). The findings were diagnostic for macrophagic
myofasciitis.

Final Diagnosis

Macrophagic Myofascitis

Patient Follow-up

The patient was started on prednisone 1 mg/kg/day for 2 months, followed by a slow
tapering schedule to be weaned off. She had dramatic improvement of her symp-
toms. Unfortunately, she had recurrent episodes of swelling and muscle pain a year
after steroids were weaned off. She was re-started on steroid therapy with a partial
control of her symptoms. CK level had been decreasing progressively.
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Discussion

Macrophagic myofasciitis is an inflammatory condition associated with aluminum
containing vaccines, including DTaP, hepatitis A(HepA), HepB, human papilloma
virus (HPV), HIB, and pneumococcal conjugate vaccine (PCV) [1]. The lesion of
MMF is restricted to the vaccine injection sites, namely the quadriceps muscle of
children and deltoid muscle of adults. Pathologically, the characteristic finding in
muscle biopsy is the presence of macrophages that contain aluminum salt derived
from aluminum adjuvant-containing vaccines [2]. These macrophages tend to aggre-
gate in the perimysium (Fig. 23.2a) but do not form multinucleated giant cells. A
lymphocytic component may be present within the aggregate (Fig. 23.2b, arrow). In
cases where the macrophages infiltrate the endomysial compartment, they percolate
through the interstitial connective tissue without causing obvious myofiber damage
or myofiber MHC1 upregulation (Fig. 23.2c). Morin compound (2-(2,4-
dihydroxyphenyl)-3,5,7-trihydroxychromen-4-one) is a flavonoid that forms a green-
blue fluorescent complex with aluminum [3]. Morin fluorescence reactivity is
strongly positive in the aluminum particles in the cytoplasm of the basophilic

Fig. 23.2 Other examples of MMF. (a): Macrophage aggregates in perimysium with extension
into endomysium. (b): Lymphocytic inflammation (arrow) can be present within the macrophage
aggregate. (¢) MHC class 1 immunostaining is positive in the macrophages but there is minimal
myofiber upregulation. Necrotic or regenerating fibers are usually absent. (d) Morin stain reactiv-
ity is restricted to the cytoplasm of macrophages, not in myofibers or connective tissue
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macrophages, weakly positively in some nuclei (likely due to the presence of zinc
finger transcription factors), but not in myofibers or connective tissue (Fig. 23.1f,
Fig. 23.2d). Morin stain is highly specific for MMF, and is negative in granulomatous
myositis, sarcoidosis, or inflammatory myositis with abundant macrophages [4].

In children younger than 3 year of age, MMF is often an incidental finding in a
muscle biopsy and may not have clinical significance. Older children and adults with
MMEF may present with chronic fatigue and arthromyalgias. Usually there is a slow
development of symptoms over several months to years. In the adult population, the
average delay between the last vaccination and biopsy is 45 years [5]. Therefore, a
“recent” vaccination history may not be present. Diffuse myalgias are the cardinal
feature usually starting in the distal limbs progressing over the whole body. On exam-
ination, patients exhibit a few or no tender point sites and normal muscle strength.
Spinal pain is also frequently observed. Patients usually report diffuse arthromyal-
gias with pain exacerbated by activity. The second cardinal feature is fatigue which
may precede pain by several months. Some patients may have cognitive dysfunction
with dysexecutive syndrome, memory impairment, and sometimes psychiatric com-
plaints consistent with mood disorders. However, a causal link between central ner-
vous system symptoms and MMF has not been widely accepted [6]. CK levels may
be elevated at onset but usually normal at time of muscle biopsy. Persistently elevated
CK levels should prompt evaluation for other diagnosis. Differential diagnosis con-
sists of inflammatory myopathies, metabolic myopathies, and limb-girdle muscular
dystrophies. Diagnosis is achieved by muscle biopsy confirming the presence of
aluminum-containing macrophages within the perimysium or endomysium.
Treatment generally involves immunosuppression and prognosis is good.

Pearls

Clinical Pearls

1. The main clinical symptoms of MMF are diffuse arthromyalgia and fatigue.

2. The delay between vaccination and muscle biopsy can be many years. A
“recent” vaccination history is not required for the diagnosis.

3. The main treatment is steroid therapy.

Pathology Pearls

1. The hallmark of MMF pathology is the presence of macrophages with
intensely basophilic granular cytoplasm containing aluminum salt.

2. The presence of aluminum salt can be confirmed by positive cytoplasmic
reactivity on a Morin stain or identification of spiculated electron dense
inclusions within the cytoplasm of macrophages on EM.
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Chapter 24

A 4-Year-Old Boy with Progressive
Weakness, Difficulty Walking

and Running, and Increased Falls

Diana P. Castro, Chunyu Cai, and Dustin Jacob Paul

History

A 4-year-old boy was brought to our clinic for evaluation of progressive weakness,
difficulty walking and running, and increased falls. His mother reported that he was
“clumsy”, and had difficulties climbing stairs and rising from a sitting position. The
patient was born full term, and there were no complications during pregnancy or
delivery. His gross motor development was delayed. He sat without assistance at
15 months and walked independently at 19 months of age.

His family history was negative for neuromuscular diseases.

Physical Examination

The patient was alert, awake and oriented to person, place, and time. Cranial nerves
were intact. His general examination was notable for macroglossia and large calves.
Muscle tone was decreased in the lower extremities. Weakness was detected in the
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proximal limb muscles, more affecting the legs than the arms. His gait examination
showed exaggerated lordosis, slow and waddling gait. He was unable to run or
climb stairs without holding a rail and his Gower’s sign was positive. Deep tendon
reflexes were 1+ throughout and his toes were down going bilaterally. Sensory
examination, coordination testing, and cerebellar function were normal. Achilles
tendons were tight bilaterally.

Investigations

His serum creatine kinase (CK) level was markedly increased at 17,000 U/L (normal:
50-350). The dystrophin gene test showed a DNA sequence variant of unclear sig-
nificance, which was described as transition A > G (IVS51 + 10) in the dystrophin
gene. A quadriceps muscle biopsy was performed for further evaluation.

Biopsy Findings

The muscle biopsy showed a chronic active myopathy (Fig. 24.1a). Features of
chronicity include marked fiber size variation, fatty replacement of perimysium,
endomysial fibrosis, frequent internalized nuclei, split fibers, and fibers with abnor-
mal internal architecture. Active myopathic changes include scattered necrotic and
regenerating fibers. Immunohistochemical staining for dystrophin epitopes (rod
domain, carboxy terminus and amino terminus) showed an absence of sarcolemma
reactivity in almost all areas of the biopsy (Fig. 24.1b), except for rare revertant
fibers with partially restored carboxy terminus expression (Fig. 24.1c).
Immunostaining for alpha-dystroglycan was also attenuated (Fig. 24.1d).
Immunostaining for sarcoglycans (alpha, beta, gamma and delta) were relatively
preserved. The findings are supportive of Duchenne muscular dystrophy (DMD).

Final Diagnosis

Duchenne Muscular Dystrophy

Patient Follow-up

After the diagnosis of DMD was made, the patient was started on Prednisone
0.75 mg/kg/day and a proton pump inhibitor for GI prophylaxis. The patient was
also evaluated and followed by our cardiology and pulmonary team. He continued
to deteriorate over the years and lost ambulation by 10 years of age after a fall and
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Fig. 24.1 Duchenne muscular dystrophy. (a) H&E shows dystrophic changes (asterisks indicate
necrotic fibers, arrow indicates myofiber with abnormal internal architecture). (b) Immunostaining
for dystrophin N terminus (DY S3) shows absent sarcolemma reactivity (Inset shows spectrin posi-
tive control). (¢) Immunostaining for dystrophin C terminus (DYS2) shows rare revertant fiber
(arrow). (d) Immunostaining for alpha-dystroglycan shows attenuated sarcolemma reactivity. (All
images are taken at the same magnification)

subsequent femur fracture. He was unable to stand to bear weight, with or without
assistance. He was unable to go from a supine to a sitting position without assis-
tance and required pillows for support when pulled to sit. He could assist with dress-
ing himself, brushing his teeth, and feeding himself independently. The patient
developed progressive upper extremity weakness at age 16 years. He also developed
obstructive sleep apnea and restrictive lung disease, requiring non-invasive ventila-
tion overnight. He had dilated cardiomyopathy. Echocardiogram showed normal
ventricular systolic function and under filled ventricles. He took Lisinopril,
Carvedilol and Spironolactone. He had a hiatal hernia and required a GT and Nissen.
He had not developed neuromuscular scoliosis.

Discussion

DMD is an X-linked recessive disease caused by mutations in the dystrophin gene
with an incidence of 1 in 3,500-5,000 live birth males [1-3]. Dystrophin is an
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intracellular cytoskeletal protein that stabilizes the plasma membrane and stabilizes
the dystrophin glycoprotein complex, preventing degradation of the muscle fiber.
Loss of these membrane proteins causes degeneration of the muscle fibers resulting
in elevated CK level and muscle weakness. DMD is characterized by progressive
muscle weakness and degeneration of skeletal and cardiac muscles. Weakness starts
at the hip and progresses to involve the whole lower extremities. Patients stop ambu-
lating between 10 and 15 years of age. Then, truncal weakness followed by upper
extremity weakness develops. Physical examination is notable for proximal more
than distal weakness, hypotonia, decreased reflexes, abnormal waddling gait,
increased lordosis, difficulty running and jumping, calf pseudohypertrophy, macro-
glossia, and positive Gowers’ sign. Duchenne boys usually present with symptoms
around age 2-5 years, become wheelchair bound by age 12—15 years, and die around
age 30 years due to cardiac or respiratory muscle weakness and complications [4].
Our patient had a typical presentation of DMD.

Differential diagnosis includes limb-girdle muscular dystrophy, Emery-Dreifuss
muscular dystrophy, spinal muscular atrophy, mitochondrial or other metabolic
myopathies. Once the clinical features are apparent to help narrow the diagnosis,
genetic testing is performed looking for deletions, duplications or sequence altera-
tions in the dystrophin gene. In a small percentage of patients, no known pathogenic
variants can be found as seen in our patient, whose dystrophin gene test only showed
a DNA sequence variant of unclear significance, a muscle biopsy is necessary.
Biopsy shows chronic active myopathy with near complete absence of dystrophin
protein expression by immunohistochemistry (IHC), which confirms the diagnosis
of DMD. This case illustrates the shift in diagnostic paradigm for muscular dystro-
phies in the genetic era. Clinically prototypical cases of dystrophies are usually
diagnosed by paneled genetic analysis. The pathologists nowadays are more likely
to encounter muscle biopsies from patients whose initial genetic testing did not
match the clinical impression, or genetic testing identified a variant of uncertain
significance, or the patient had late onset or unusual clinical features that mimic
acquired myopathies. The hallmarks of muscular dystrophy are chronic myopathic
changes, which are sometimes referred to as “dystrophic” changes. Those changes,
however, are nonspecific and do not distinguish dystrophy subclasses.
Immunohistochemical stains can serve as surrogate markers for some underlying
mutations when the mutations result in loss of normal protein expression. We typi-
cally perform an IHC panel including beta-spectrin (sarcolemma integrity control),
dystrophin epitopes (rod domain, carboxy terminus and amino terminus), sarcogly-
cans (alpha, beta, gamma and delta), caveolin-3, dysferlin, merosin (80 KDa and
300 KDa), alpha-dystroglycan, collagen IV, collagen VI and emerin, on any pediat-
ric muscle specimen with chronic myopathic changes.

DMD management involves a multidisciplinary approach involving experts in
different medial fields, including neurology, cardiology, pulmonology, orthopedic
surgery, endocrinology, dietitian, physical and occupational therapies.
Glucocorticoids are the mainstay of the treatment in DMD to maintain the motor
strength and to delay the loss of ambulation [5, 6]. The only FDA approved medi-
cation is Exondys, an antisense oligonucleotide for exon 51 skipping. This therapy
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is applicable to only 13% of patients with DMD [2—4]. Therapeutic approaches
that are currently under exploration include gene transfer (micro-dystrophin),
exon skipping, trans-splicing, genome editing, stop codon read-through and cell
replacement therapy [7, 8].

Pearls

Clinical Pearls

1. DMD is an X-linked recessive disease affecting skeletal and cardiac mus-
cles. Patients with DMD usually present with symptoms around age
2-5 years, become wheelchair bound by age 12—15 years, and die around
age 30 years due to cardiac or respiratory weakness and complications.

2. DMD should be suspected in males with proximal limb weakness at age
2-5 years and marked CK elevation.

3. A muscle biopsy can be spared in many patients with DMD because the
disease can be diagnosed by the dystrophin gene test. However, a muscle
biopsy with dystrophin immunostaining is still useful in patients with
DMD phenotype but no known pathological dystrophin gene mutations.

4. DMD management involves a multidisciplinary team approach.

5. Glucocorticoids are the mainstay of treatment in DMD, and the only FDA
approved medication is Exondys 51, an antisense oligonucleotide for exon
51 skipping, which is applicable to only 13% of patients with DMD.

Pathology Pearls

1. The muscle pathology hallmarks of a muscular dystrophy are chronic
myopathic changes.

2. An immunostaining panel can help confirm or narrow down possible
underlining genetic defects and should be performed on any pediatric mus-
cle biopsy with chronic myopathic changes.
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Chapter 25

A 2-Year-Old Girl with Hypotonia Since
Birth and Delayed Motor and Speech
Development

Check for
updates

Diana P. Castro, Chunyu Cai, and Dustin Jacob Paul

History

A 2-year-old girl presented with hypotonia since birth. Pregnancy course was
uncomplicated, except for decreased fetal movements. The patient was born at
full term via caesarean section due to previous C-section. At delivery, infant did
not require resuscitation but had poor latch so could not be breast fed and was
eventually bottle fed. Her motor development was delayed with rolling over at
9 months, sitting with support at 6 months and independently at 9 months. She
had never crawled or pulled to stand, and only stood with a kid walk device. She
developed pincer grasp at 9 months of age. At the age of 2 years she was able to
feed herself independently using a fork and spoon and used a sippy cup for
drinking. She could not dress herself, but she tried to help her mother with cloth-
ing and brushed her teeth with assistance. She did hold a crayon and color. She
did indicate when she needed to use the bathroom, but occasionally had urinary
incontinence. She was social and enjoyed interacting and playing with siblings.
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Her speech was delayed with only 20 words at 2 years of age and did not use
phrases. She did use sign language for some communication and parents thought
that she understood what they said to her. Family history was negative for any
neurologic disorders.

Physical Examination

The patient was alert and interactive. Her speech was delayed but was able to under-
stand everything with hypophonic speech. She had long elongated myopathic facies
with high arched palate. Cranial nerves were notable for facial weakness, poor
facial expression, and inability to close eyelids fully. During the examination her
mouth was open with tongue protruding. Her muscle tone and bulk were decreased
in the upper and lower extremities. Motor exam was limited due to patient’s age.
She was unable to go from supine to sitting independently and was unable to bear
weight on her legs. She was unable to roll over from front to back or back to front.
When sitting up she could hold her head up steadily, but her head did not tilt for-
ward. Her arms could abduct to about 90 degrees, she flexed at elbows and she had
a weak hand grasp bilaterally. Her hands had hyper extensible joints. Her right leg
was minimally antigravity but not her left leg. But her lower extremities moved in
the same plane of the bed.

Investigations

Her creatine kinase level was 325 TU/L (normal: 50-350). Her brain MRI showed
extensive increased T2 signal throughout the supratentorial white matter. A left
quadriceps muscle biopsy was performed.

Muscle Biopsy Findings

The left quadriceps muscle biopsy from the patient showed an end-stage muscle
with prominent fatty replacement and sparse remaining myofibers (Fig. 25.1a). The
remaining myofibers showed chronic myopathic changes and marked interstitial
fibrosis. A muscular dystrophy immunostaining panel demonstrated intact sarco-
lemmal dystrophin epitopes (rod domain, carboxy terminus and amino terminus),
sarcoglycans (alpha, beta, gamma and delta), caveolin-3, dysferlin, a-dystroglycan,
collagen 1V, collagen VI, and nuclear emerin reactivity (representative images for
a-dystroglycan and dystrophin carboxy terminus were shown in Fig. 25.1b, c,
respectively), but complete absence of both the merosin 80 kD C-terminal
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Fig. 25.1 Muscle pathology in merosin deficiency. (a) H&E stained cryostat section shows an end
stage muscle with few remaining fibers. Immunostaining shows intact alpha-dystroglycan (b) and
dystrophin (¢, DYS2 epitope) sarcolemmal reactivity, but complete absence of merosin (d, 80kD
epitope)

(Fig.25.1d) and 300 kD N-terminal epitopes reactivity. These findings are diagnostic
for a merosin deficient congenital muscular dystrophy.
Additional Investigation After the Muscle Biopsy Diagnosis

Her genetic testing revealed an abnormality in the LAMA2 gene, described as an
heterozygous mutation in exon 2 with sequence variant defined as c.268delA
(p-Ser90Alafs=35) and deletion of exon 4-41 with approximate genomic locations
129, 397, 936 in intron 3 and 129, 753, 986 in intron 4.

Final Diagnosis

Merosin (laminin a2-chain) Deficient Congenital Muscular Dystrophy (MDC1A)
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Patient Follow-up

The patient is currently followed at the pediatric neuromuscular clinic. A multidis-
ciplinary clinic including neurology, pulmonology and neuromuscular therapists
follow her on a regular basis. Her development is very slow. She is non-ambulatory
and is developing thoracic scoliosis.

Discussion

Merosin deficient congenital muscular dystrophy is an autosomal recessive disease.
It is one of the most common forms of congenital muscular dystrophy (CMD) and
represents 10-40% of all cases in different CMD series [1-3]. Merosin is encoded
by laminin alpha 2 chain gene (LAMAZ2) and is the predominant homologue of lam-
inin a chain in the basal lamina of skeletal muscle fibers and Schwann cells in the
nervous systems [4]. In skeletal muscle, merosin is a component of the extracellular
matrix and connects to the sarcolemmal dystrophin complex through a-dystroglycan;
its absence leads to myofiber degeneration. There is a wide spectrum of the disease
with varying amounts of complete or partial merosin deficiency. Patients with
MDCI1A usually present at birth or early infancy with hypotonia and weakness [5].
Usually there are respiratory and feeding difficulties. Ophthalmoparesis particularly
in upper gaze is common. There is elevation of CK level up to 10x the normal value.
Increased T2 signal intensity in the white matter can be found on brain MRI, which
is thought to be from abnormal myelination. Epilepsy can be present in 20% of
patients and most patients are cognitively intact. Since laminin a2 is also present in
Schwann cells, some patients develop a peripheral neuropathy. There is cardiac
involvement in approximately 30% of the patients. Differential diagnosis consists of
congenital myopathies and congenital myasthenic syndrome given the vertical gaze
palsies as well as congenital muscular dystrophy.

The initial workup includes serum CK and brain MRI. Muscle biopsy is useful
to differentiate merosin deficient congenital muscular dystrophy from other
chronic active myopathies with similar clinical presentations. A specific genetic
diagnosis relies on the gene mutation analysis. Muscle pathology of merosin defi-
cient congenital muscular dystrophy is characterized by a complete or a partial
deficiency of merosin with dystrophic characteristics, including myofiber necro-
sis, degeneration, regeneration, endomysial inflammation, and fibrofatty tissue
replacement. The dystrophic changes alone do not differentiate different types of
muscular dystrophies or other chronic active myopathies. An immunostaining
panel encompassing the most common muscular dystrophy related proteins
including merosin, a-dystroglycan, collagen IV, collagen VI, dystrophin epitopes,
sarcoglycans, caveolin-3, dysferlin, and emerin should be performed. Merosin



25 A 2-Year-Old Girl with Hypotonia Since Birth and Delayed Motor and Speech... 267

detection needs the use of two antibodies, the Millipore MAB1922 antibody to
recognize the N-terminal of the 80-kDa protein fragment and the Leica/Novacastra
NCL-MEROSIN antibody to recognize the C-terminal 300 kDa fragment. This
aids in the cases of partial merosin deficiencies.

Management is multidisciplinary and includes neurology, cardiology, pulmonol-
ogy and orthopedics similar to many of the congenital muscular dystrophies. The
therapies using combinatorial approach of both protein therapy and gene therapy
are currently being studied [6].

Pearls

Clinical Pearls

1. MDCI1A should be suspected in patients with weakness, hypotonia and
gaze palsies.

2. Brain MRI T2 white matter hyperintensities can be seen due to

dysmyelination.

Patients can develop polyneuropathy due to myelination involvement.

4. Patients are cognitively intact and only 20% may develop seizures.

s

Pathology Pearls

1. Merosin deficiency is a common form of CMD and should be evaluated by
immunohistochemistry on any pediatric muscle biopsy with chronic active
myopathic changes.

2. Histology alone is nonspecific and usually does not distinguish among dif-
ferent types of muscular dystrophy or acquired chronic myopathies. An
immunostaining panel encompassing the most common muscular dystro-
phy related proteins including merosin, a-dystroglycan, collagen IV, col-
lagen VI, dystrophin epitopes, sarcoglycans, caveolin-3, dysferlin, and
emerin should be performed.

3. Complete merosin deficiency leads to presentation at birth and a complete
absence of both 80kD and 300kD epitope reactivity on immunohistochem-
istry; these cases are referred to as “merosin negative congenital muscular
dystrophy”.

4. Patients with a partial merosin deficiency may present in childhood or
early adulthood. Muscle biopsies show partial reduction or focal loss of
merosin. The antibody that detects the C-terminal 300 kD fragment is more
sensitive than the antibody that detects the 80 kD N-terminal epitope [7].
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Chapter 26 )
An 8-year-old boy with delayed motor
milestones and proximal leg muscle weakness

Check for
updates

Partha S. Ghosh and Hart G. W. Lidov

History

An 8-year-old boy presented to the neuromuscular clinic for muscle weakness. He
was born at term without complications; his fetal movements were normal. He
walked at 15 months; his parents felt that he always had an abnormal gait. He was
slower compared to other children in running. He needed to hold on the railing
while climbing stairs. He could not get up from the sitting position without support.
His weakness remained stable over the years. There was no history of upper limb
weakness, ptosis, or dysphagia. He had autism spectrum disorder and anxiety disor-
der. He also had moderate persistent asthma. There was no family history of neuro-
muscular disorders.

Physical Examination

On neurological examination there was no ptosis, ophthalmoparesis or facial weak-
ness. He had proximal upper limb weakness (deltoid and triceps 4+/5 MRC grade)
and proximal lower limb weakness (iliopsoas 4+/5, gluteus medius and maximus
4/5, quadriceps 5—/5). Tendon reflexes were normal. He had modified Gowers sign;
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waddling noted during running. There was no calf hypertrophy or joint contractures.
Sensory and cerebellar examinations were normal.

Investigations

He had normal serum creatine kinase (89 U/L), lactate, thyroid functions, total and
free carnitine, and acylcarnitine. EMG was not performed. A right quadriceps mus-
cle biopsy was performed.

Muscle Biopsy Findings

Muscle biopsy of the right quadriceps muscle (Fig. 26.1a) showed moderate fiber
size variation with preponderance of type I fibers, increased internal nuclei with
nuclei more towards the center of the fibers. NADH-TR histochemical stain
(Fig. 26.1b) revealed a variety of changes in scattered fibers including cleared out
central areas, increased staining in a central dot-like pattern and scattered fibers
with radial strand-like abnormalities. There was a mild increase in endomysial con-
nective tissue. Overall features were consistent with congenital myopathy, most
likely centronuclear myopathy (CNM).

Fig. 26.1 Muscle biopsy findings of the right quadriceps muscle. (a) H&E showing excessive
variation in fiber diameter, and increased numbers of fibers with centrally placed nuclei. (b)
NADH-TR histochemistry showing four fibers had central nuclei and exhibit the typical radial
distribution pattern
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Additional Investigation After Muscle Biopsy Diagnosis

Next generation sequence panel showed that he had a heterozygous de novo muta-
tion of the Dynamin 2 (DNM2) gene (c.1393C > T, p.Arg465Trp) which is a known
pathogenic mutation.

Final Diagnosis

Autosomal dominant centronuclear myopathy from a de novo DNM2 mutation

Patient Follow-up

At the time of last follow-up, 1 year from the initial diagnosis, there was no progres-
sion of his muscle weakness. He was getting regular physical therapy and did not
require assistive devices for ambulation. He was followed in pulmonary clinic for
his asthma and there was no concern for respiratory muscle weakness.

Discussion

The child in this vignette presented with proximal lower limb weakness from early
childhood. Pertinent negatives were absence of family history, ocular/bulbar find-
ings, facial or neck muscle weakness, calf hypertrophy, and joint contractures.

Though anterior horn cell disorders (spinal muscular atrophy) and radiculoneu-
ropathies could present with proximal limb weakness, retained tendon reflexes were
against those diagnoses. Neuromuscular junction disorders seemed unlikely due to
absence of ocular-bulbar involvement and lack of diurnal variation of symptoms.
Myopathy was the most likely possibility in this case. Chronic course and early
onset of symptoms suggested a genetic myopathy. In a boy with autism spectrum
disorder and myopathy, dystrophinopathy (Duchenne and Becker muscular dystro-
phy) should be considered. Nonprogressive course, absence of calf hypertrophy and
normal CK were against dystrophinopathy.

The investigative approach in a child with myopathy includes measurement of
serum CK, EMG, muscle ultrasound or muscle MRI, muscle biopsy and finally
genetic testing [1, 2]. Normal CK in our patient ruled out most of the muscular dys-
trophies. Congenital myopathies can have normal CK. EMG can further differenti-
ate myopathy from a neurogenic process. EMG was however, not performed in this
patient. A muscle biopsy was considered as the next step in this case which showed
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features of CNM. Next generation sequencing confirmed the final diagnosis of
CNM due to DNM?2 mutation.

Centronuclear myopathies are a group of clinical and genetically heterogeneous
entity characterized by the presence of centralized nuclei in majority of the muscle
fibers [3]. Additional histologic features include hypotrophy of the type I fibers and
characteristic patterns of disorganization of oxidative enzymes [4]. Clinically, there
is a wide spectrum of severity ranging from severe neonatal presentation to more
mild adult disease [5, 6]. Ophthalmoparesis is commonly encountered which may
help to differentiate CNM from other congenital myopathies [7]. Mutations in at
least eight genes are described as causes of CNM: MTM 1, DNM2, BINI, RYRI, TTN,
MTMRI4, SPEG, and CCDC78 [8, 9]. Based on the inheritance pattern, CNM can be
divided into the following groups: (1) X-lined recessive due to mutation of myotubu-
larin gene-MTM 1 (mytotubular myopathy) which has a severe neonatal presentation
with profound hypotonia and respiratory failure [10]; (2) autosomal dominant caused
by mutation of DNM?2 gene causing a milder phenotype [11]; and (3) autosomal
recessive form which is of intermediate severity caused by mutations of amphiphysin
2 (BINI) and ryanodine receptor (RYRI) genes respectively [8, 9]. Heterozygous
variants in CCDC78 and MTMR14 genes are associated with autosomal dominant
early-onset centronuclear myopathy [12, 13]. Recently mutations in 77N and SPEG
are considered as additional cases of autosomal recessive CNM [14, 15].

Mutations in DNM2 gene account for about 50% of cases of CNM [4]. A wide
spectrum of clinical severity has been described in DNM2-related CNM varying
from severe disease with neonatal onset to a milder disease with adult onset [11, 16,
17] Facial weakness, bilateral ptosis and ophthalmoparesis are common manifesta-
tions along with distal muscle atrophy, finger and ankle contractures and pes cavus
[18]. However, the child described in this vignette had proximal muscle weakness
without other features. There are only a few cases of DNM2-CNM presenting as
late-onset dilated cardiomyopathy, ventricular septal defect or valvular irregularities
and non-life-threatening arrhythmias [6, 18]. Cognitive impairment has been rarely
reported in this condition, only in two families carrying the E368Q and R465W
mutations and in one additional patient also showing the R465W mutation [17, 19].
Our patient had R465W mutation and had autism spectrum disorder.

Muscle imaging in DNM?2 related myopathy shows a characteristic pattern with
early involvement of the following muscles: medial gastrocnemius and soleus in the
lower leg, adductor longus and hamstrings in the thighs, and gluteus minimus in the
pelvis [18-20].

Histopathological hallmarks on muscle biopsy in DNM2-related CNM are (1)
hypotrophy and predominance of type I fibers, (2) radial arrangement of sarcoplas-
mic strands and (3) centrally located nuclei [4].

To date, 19 different DNM2 mutations have been reported in approximately
100 families [6]. Mutations affecting the middle domain (MD) are generally asso-
ciated with a milder clinical course [11, 20] whereas those associated with muta-
tions affecting the pleckstrin-homology (PH) and GTPase effector (GED) domains
of DNM?2 are frequently associated with a severe phenotype [6, 16]. It has been
found that DNM2 mutations affecting the PH domain have also been associated
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with dominant intermediate Charcot Marie Tooth Disease [21], and in an axonal
variant of the same group of disorders, CMT2M [22]. The majority of patients with
DNM?2 mutations are sporadic cases with de novo dominant heterozygous muta-
tions [6]. Mutational hot spots for DNM?2 related CNM myopathy involve two adja-
cent amino acids, Glu368 and Arg369, encoded on exon 8, and a single amino acid
Arg465, encoded on exon 11 [6], the latter was found in our case.

There is no specific cure for DNM?2 related CNM. There are case reports of some
patients with improvement with neuromuscular junction augmentation therapy
(pyridostigmine) [23]. Allele-specific siRNA sequences have been recently shown
to achieve functional restoration in patient-derived fibroblasts and murine DNM2-
mRNA harboring p.R465W mutation (most commonly encountered mutation)
which can pave the path for future gene-based therapies [24].

Pearls

Clinical Pearls

1. CNM should be considered in a child with limb girdle pattern of weakness,
relatively non-progressive course, and ophthalmoparesis.

2. CK is usually normal.

3. CNM is clinically and genetically heterogeneous; DNM2 mutations are the
most common cause of autosomal dominant CNM.

Pathology Pearls

1. Muscle biopsy shows characteristic findings in CNM, including the pres-
ence of centralized nuclei, specific patterns of disorganization in oxidative
stains (e.g. radial arrangement of sarcoplasmic strands in DNM2-CNM),
and type I fiber abundance and hypotrophy.
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Chapter 27 )
A 6-Year-Old-Boy with Proximal Leg
Muscle Weakness and Facial Weakness

Check for
updates

Partha S. Ghosh and Hart G. W. Lidov

History

A 6-year-old-boy presented to the neuromuscular clinic for muscle weakness. He
was born at term gestation without complications; fetal movements were normal.
He walked at 16 months. Parents first noticed waddling gait when he was 3 years
old. He would trip and fall often and needed to hold on the railing while climbing
stairs. He had easy fatigability but there was no diurnal variation of his symptoms.
He had nasal dysarthria and underwent surgery for velopharyngeal insufficiency.
There was no history of ptosis, ophthalmoparesis, dysphagia, or recurrent respira-
tory tract infections. His cognitive functions were normal. Parents were of Caucasian
descent and he was younger of three siblings. There was no family history of neu-
romuscular disorders.

Physical Examination

On neurological examination he had nasal dysarthria, open mouth suggestive of
lower bifacial weakness; there was no ptosis or ophthalmoparesis. He had mild
generalized hypotonia. He had neck flexor weakness (MRC grade 4+/5), proximal
upper limb weakness (deltoid 4+), and proximal lower limb weakness (iliopsoas
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4+/5, gluteus medius and maximus 4/5). He had pectus excavatum and mild scapu-
lar winging. Tendon reflexes were diminished at the knees only. He had modified
Gowers sign and mild waddling gait. There was no calf hypertrophy or joint con-
tractures. Sensory and cerebellar examinations were normal.

Investigations

He had normal serum creatine kinase, lactate, thyroid functions, total and free car-
nitine, acylcarnitine, and urine organic acid. MRI brain and spine were normal.
Nerve conduction study (NCS) showed normal sensory and motor responses in the
upper and lower limbs. Needle electromyography (EMG) did not show increased
insertional activity or spontaneous discharges. Voluntary motor unit potentials were
normal though the activation was poor due to sedated study. A left quadriceps mus-
cle biopsy was performed.

Muscle Biopsy Findings

Muscle biopsy of the left quadriceps muscle showed excessive fiber size variation
with preponderance of type 1 fibers which were hypotrophic and abundant
(Fig. 27.1a). Nemaline rods were present in the sarcoplasm of predominantly type I
fibers (Fig. 27.1b). There was a mild increase in endomysial connective tissue.
Overall features were consistent with nemaline myopathy (NM).

Fig. 27.1 Muscle biopsy findings of the left quadriceps. (a) H&E showing excessive variation of
fiber diameters and mild increase in endomysial connective tissue. ATPase histochemistry (not
shown) demonstrates that the majority of hypotrophic fibers are Type I. (b) Gomori Trichrome
stain demonstrating nemaline rods in many fibers, predominantly in the small Type I fibers. Insert
shows rods at a higher magnification
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Additional Investigation After the Muscle Biopsy Diagnosis

Next generation sequence panel showed 2 novel frameshift mutations of the nebulin
(NEB) gene which were predicted to be pathogenic: maternally inherited
c.5244_5254delCTACACTGAAAInsG,p.Tyr1 749Asnfs=23 and paternally inher-
ited ¢.24770_24771dupTT,p.Ser8258Leufs:10.

Final Diagnosis

Autosomal recessive nemaline myopathy from NEB mutations (compound
heterozygous)

Patient Follow-Up

At the time of last follow-up 1.5 years from the initial diagnosis, there is no progres-
sion of his muscle weakness. He had negative cardiology and pulmonary evalua-
tions. He was getting regular physical therapy and did not require assistive devices
for ambulation.

Discussion

The child in this vignette presented with proximal lower limb weakness since early
childhood. In addition to proximal limb weakness he had neck flexor weakness,
facial weakness, nasal dysarthria, mild scapular winging and reduced tendon
reflexes at the knees. Pertinent negatives were absence of family history, diurnal
variation of symptoms, ocular findings, calf hypertrophy, joint contractures, and
normal sensory examination.

The differential diagnosis for this presentation was broad and involves different
parts of the lower motor unit. Anterior horn cell disorders particularly spinal mus-
cular atrophy (SMA) type 3 was a consideration in this case due to proximal weak-
ness and reduced knee reflexes. The non-progressive course and lack of diffuse
hypo/areflexia argued against the possibility of diffuse polyradiculopathy. Peripheral
neuropathies seemed unlikely given lack of distal weakness and sensory findings.
Presence of fatigue, facial weakness, and nasal dysarthria might suggest the possi-
bility of a neuromuscular junction (NMJ) disorder. Early onset presentation and
chronic course could suggest congenital myasthenic syndrome (CMS) rather than
acquired autoimmune myasthenia gravis. However, lack of ocular manifestations
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and diurnal variation of symptoms were against NMJ disorder. Myopathy seemed
the most likely possibility given symmetric limb girdle pattern of weakness. Chronic
course and early onset of symptoms suggested a genetic myopathy. Negative family
history either suggested autosomal recessive inheritance or de novo mutation.
Myopathies with facial weakness in children can be seen in congenital myopathies,
mitochondrial myopathies, facioscapulohumeral muscular dystrophy (FSHD),
myotonic dystrophy and rarely other muscular dystrophies [1].

The investigative approach in a child with myopathy includes measurement of
serum CK, EMG, muscle ultrasound or muscle MRI, muscle biopsy and finally
genetic testing [2, 3]. Measurement of serum CK level is an inexpensive and excel-
lent screening tool in patients with suspected myopathies. Among the myopathic
disorders with normal CK, congenital myopathies are the most common causes [2,
3]. Though high CK is commonly encountered in most of the muscular dystrophies,
certain muscular dystrophies like FSHD and myotonic dystrophy can have normal
CK 1, 2]. However, the pattern of weakness in this case did not suggest FSHD. SMA
type 3 closely mimics myopathies due to limb girdle pattern of weakness. EMG in
this case helped to rule out SMA which shows chronic neurogenic changes. Absence
of myotonic discharges in EMG in this case made myotonic dystrophy less likely.
EMG in CM can be myopathic or normal. Repetitive nerve stimulation was not
performed, so a NMJ disorder could not be completely ruled out. A muscle biopsy
was considered as the next step in this case which showed features of NM. Next
generation sequencing confirmed the final diagnosis of NM due to NEB mutation.

Congenital myopathies are a group of clinically and genetically heterogeneous
conditions characterized by muscle weakness and distinctive structural abnormali-
ties in muscle biopsies [3, 4]. Traditionally CM is classified histologically into 4
distinct types: central core disease, multi-minicore disease, centronuclear myopathy
and nemaline myopathy based on the presence of central cores, multi-minicores,
central nuclei and nemaline rods respectively [5-8]. The overall prevalence of CM
is not clearly known but estimated to be around 1:20,000 children [9].

NM is the commonest form of CM [10]. The hallmark feature on muscle pathol-
ogy is the accumulation of Z-disk and thin filament proteins into aggregates called
nemaline bodies or rods, usually accompanied by disorganization of the muscle
Z-disks [11]. Nemaline rods are protein aggregates which stain red with the modi-
fied Gomori trichrome stain [4]. They can appear within the sarcoplasm as isolated
or diffuse structures, compact subsarcolemmal clusters, or both [12]. On electron
microscopy, nemaline rods appear as electron dense structures [13]. Another com-
mon histologic hallmark of NM is type I fiber predominance [12, 13]. Our patient’s
biopsy showed all those features.

NM can be classified into six clinical types based on the age of onset, severity of
weakness and respiratory muscle involvement [14]. Severe neonatal form is charac-
terized by severe hypotonia and respiratory failure at birth. Intermediate congenital
NM patients fail to achieve motor milestones, or become wheelchair dependent and/
or develop respiratory failure by 11 years. Typical congenital forms are character-
ized by delayed motor milestones, proximal limb, lower facial or bulbar weakness
which is either static or progresses very slowly. The patient described in this vignette
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fits with this phenotype. Childhood-onset NM develop their symptoms in the late
first or second decade of life and most remain ambulatory. Adult onset NM develops
symptoms much later in life. NM is typically not associated with extraocular muscle
weakness which differentiates it from other forms of CM like centronuclear myopa-
thies [4]. Extramuscular manifestations are uncommon in NM [3, 4]. Patients are
cognitively normal. Cardiac involvement is rare except for some patients with
ACTAI or MYPN mutations. Patients can develop respiratory failure, feeding diffi-
culties or scoliosis which is usually secondary to the muscle weakness [15].

Genetics of CM is changing rapidly. To date, mutations in more than 30 different
genes have been associated with CM, though it accounts for approximately 60% of
the cases. There are 12 known genetic causes of NM: ACTAI, NEB, TPM2, TPM3,
TNNTI, CFL2, KBTBD13, KLHL40, KLHL41, LMOD3, MYO18B, and MYPN [4].
ACTAI mutations are the most common dominant/de novo mutations, and NEB
mutations are the most common recessive mutations [4]. The nebulin gene in the
chromosomal region 2q23 with its 183 exons, encodes one of the biggest proteins in
vertebrates (600900 kDa) [16]. This protein plays an important role in the skeletal
muscle sarcomere by determining the minimum lengths of the actin filaments and
regulating actin-myosin interactions and the calcium sensitivity of force generation
[17]. A repetitive region in the middle of the nebulin gene complicates analytical
testing [18]. All pathogenic variants known in NEB have been recessive, mostly
compound heterozygous. The most common types of variants are splice-site muta-
tions (34%), followed by frameshift mutations (32%) caused by small (<20 bp)
deletions or insertions, nonsense mutations (23%), missense mutations (7%); large
deletions and duplications (>1 kb) are rare (4%) [18].

The clinical and histological spectrum of disorders caused by NEB mutations is
a continuum, ranging in severity from the severe form with perinatal onset to the
mild forms. The distribution of weakness can vary from generalized muscle weak-
ness, more pronounced in proximal limb muscles, to distal-only involvement in
early-onset distal myopathy without nemaline bodies, a distal form of NM, although
neck flexor weakness appears to be rather consistent [3, 4, 18]. Histological patterns
range from a severe, but almost invariably non-dystrophic disturbance of the myofi-
brillar pattern to an almost normal picture on hematoxylin-eosin staining, with or
without nemaline bodies, sometimes combined with cores, core-rod myopathy with
generalized muscle weakness and a childhood-onset distal myopathy with rods and
cores [18].

Useful laboratory investigations include measurement of serum creatine kinase
levels, which are typically normal or slightly elevated. Neurophysiological studies,
such as electromyography and nerve conduction studies, are useful mainly for
excluding congenital neuropathies, myotonic disorders and congenital myasthenic
syndromes [3]. Muscle imaging, in particular, muscle ultrasonography as a screen-
ing test and muscle MRI for a more detailed assessment, can reveal diagnostic pat-
terns of selective muscle involvement [19]. Assessment of muscle biopsy samples
with a standard panel of histological, histochemical and immunohistochemical
stains will confirm the specific congenital myopathy and exclude distinct conditions
with overlapping pathological features, such as the congenital muscular dystro-
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phies, myofibrillar myopathies and autophagic vacuolar myopathies [3]. Electron
microscopy helps to clarify the pathognomonic structural abnormalities that are
seen with light microscopy [3]. Analysis of multiple congenital myopathy-associated
genes through next generation sequencing is rapidly becoming the preferred diag-
nostic approach [3].

At present, there are no specific therapies for NM, in particular those due to NEB

mutations [3]. Treatment is mainly supportive with regular physical therapy and
follow-up to detect and manage respiratory failure, bulbar symptoms (dysphagia
and dysarthria) and orthopedic complications.

Pearls

Clinical Pearls

1. Nemaline myopathy should be considered in a child with limb girdle pat-
tern of weakness, non-progressive course, and facial weakness.

2. CK is usually normal and EMG may not show myopathic changes.

3. NM is clinically and genetically heterogeneous; NEB mutations are the
most common cause of autosomal recessive NM.

Pathology Pearls

1. Muscle biopsy is the gold standard in the diagnosis of NM.

2. Presence of nemaline rods within the sarcoplasm is the hallmark histologic
finding in NM best visualized in modified Gomori trichrome stain.

3. Type I fibers are abundant and usually hypotrophic in NM.
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Chapter 28 )
A 6-Week-Old Boy with Neonatal
Hypotonia and Feeding and Respiratory
Difficulties

Check for
updates

Partha S. Ghosh and Hart G. W. Lidov

History

A 6-week-old boy presented to the neuromuscular clinic for evaluation of hypoto-
nia. He was born at term gestation by induced vaginal delivery due to low biophysi-
cal profile. Fetal movements were reduced. He had low muscle tone, minimal
spontaneous movements, and weak cry after birth but had normal sensorium. He
received supplemental oxygen after birth and subsequently required continuous
positive airway respiration (CPAP) due to desaturations. He had feeding difficulties
requiring gastrostomy tube placement. There was no family history of neuromuscu-
lar disorders.

Physical Examination

On neurological examination, he was alert. There was tenting of the upper lip and
high arched palate. There was no ptosis or ophthalmoparesis. He had diffuse hypo-
tonia on pull to sit, ventral and vertical suspension. He had frog leg position of the
lower limbs. He had antigravity movements at the knee extension, elbow flexion and
distal joints. Knee and ankle reflexes were diminished.
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Investigations

He had normal serum creatine kinase (CK), lactate, carnitine, acylcarnitine, amino
acids, urine organic acids and acylglycine. Genetic testing for Prader-Willi syn-
drome was negative. MRI brain showed a small occipital infarct and small subdural
hemorrhage in the right tentorial leaflet which did not explain his clinical features.
Nerve conduction study (NCS) showed normal sensory and motor responses in the
upper and lower limbs. Needle electromyography (EMG) showed early recruitment
of short duration, low amplitude motor unit potentials without increased insertional
activity or spontaneous discharges. A left quadriceps muscle biopsy was
performed.

Muscle Biopsy Findings

Muscle biopsy of the left quadriceps muscle showed excessive fiber size variation
with preponderance of type I fibers which were hypotropic and abundant (Fig. 28.1).
Scattered type II fibers were hypertrophic. There were no increased internal nuclei,
muscle fiber necrosis or regeneration. Nemaline rods, cores were not present in the
sarcoplasm. There was no increase in endomysial connective tissue. Overall fea-
tures were consistent with congenital fiber type disproportion (CFTD) myopathy.
Electron microscopy revealed few focal areas of disorganization of the myofibrillar
apparatus.

Fig. 28.1 Muscle biopsy findings of the left quadriceps muscle. (a), H&E shows excessive varia-
tion in fiber diameter without increased internal nuclei, muscle fiber necrosis or regeneration.
Nemaline rods and cores are absent. (b), ATPase histochemistry (pH 9.4) demonstrates that the
majority of hypotrophic fibers are Type I. Measurement of the 170 fibers in B, shows that the Type
I (n =96) has an average diameter of 7.9 microns, while the Type II fibers (n = 74) has an average
diameter of 12.9 microns suggesting disproportion of both fiber diameter and fiber type population
(not shown in the figure)
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Additional Investigation After the Muscle Biopsy Diagnosis

Next generation sequence panel showed compound heterozygous mutations of the
ryanodine receptor (RYRI) gene: ¢.3381 + 1G > A (known pathogenic mutation)
and ¢.3235_3240dup, p.Ser1079_Tyr1080dup (predicted to be pathogenic).

Final Diagnosis

CFTD due to autosomal recessive RYRI myopathy (compound heterozygous)

Patient Follow-up

At the time of last follow-up, 1.5 years from the initial diagnosis, the child had sig-
nificant improvements in his gross motor milestones. He could walk unassisted for
few steps. He was able to feed orally and his gastrostomy tube was removed. He
continued to have muscle hypotonia and diminished reflexes. He was getting regular
physical therapy. Family had been counseled regarding malignant hyperthermia risk
due to RYRI mutation.

Discussion

The child in this vignette presented with neonatal hypotonia, poor feeding, and pos-
sible respiratory muscle weakness. Pertinent negatives were absence of family his-
tory and ocular findings (ptosis and ophthalmoplegia). He most likely had peripheral
hypotonia from a neuromuscular disorder rather than central hypotonia as his
reflexes were diminished and he had normal sensorium. The differential diagnosis
for neonatal hypotonia is broad and involves different parts of the lower motor unit
[1]. Anterior horn cell disorders particularly spinal muscular atrophy (SMA) type 1
was a consideration as he had diminished tendon reflexes. Peripheral neuropathies
were also possible due to depressed reflexes. He did not have ocular manifestations
but had possible bulbar and respiratory muscle involvement which might suggest
the possibility of a neuromuscular junction (NMJ) disorder. Lastly genetic myopa-
thies (congenital muscular dystrophy, congenital myopathy, and congenital myo-
tonic dystrophy) are in the differential. His mother did not have clinical features of
myotonic dystrophy type 1 making congenital myotonic dystrophy less likely (fre-
quently transmitted from the affected mother). Negative family history either sug-
gested autosomal recessive inheritance or a de novo mutation. The genetic disorders
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presenting with neonatal hypotonia and feeding difficulties which frequently mim-
ics a neuromuscular disorder is Prader-Willi syndrome [2].

The investigative approach in a child with neonatal hypotonia from a peripheral
neuromuscular disorder includes measurement of serum CK and metabolic work-up
(lactate, serum carnitine, acylcarnitine, urine organic acids and acylglycine) [1]. A
normal CK ruled out most of the congenital muscular dystrophies, though collagen-
6-related myopathies can have normal or mildly high CK [3]. Metabolic work-up
and genetic testing for PWS was negative. EMG will be the next important investi-
gation. In this case, it helped to rule out anterior horn cell disorder and peripheral
neuropathy. Myopathic EMG without signs of membrane irritability suggested the
possibility of congenital myopathy. It should be kept in mind that in congenital
myotonic dystrophy, typical myotonic discharges may not be present in the neonatal
period [4]. Repetitive nerve stimulation can show decremental response in NMJ
disorders (not performed in this case).

A muscle biopsy was considered as the next step in this case which showed fea-
tures of CFTD. Next generation sequencing confirmed the final diagnosis of CFTD
due to RYRI mutation.

Congenital fiber type disproportion (CFTD) is a relatively rare subtype of con-
genital myopathy. In order to qualify for this diagnosis, 2 important criteria must
be met: (1) type I fibers are small while type II fibers are either normal or hyper-
trophied in absence of other major structural abnormalities (such as cores or rods)
and (2) the clinical features are consistent with congenital myopathy [5, 6]. Our
patient met both these criteria. The term CFTD has been used when the mean
diameter of type I fiber is at least 12% smaller than the mean type II fiber diam-
eter irrespective of clinical features [4]. As this definition is rather nonspecific,
some authors prefer to use the term fiber size disproportion (FSD) and reserve
CFTD only for patients when the patients have clinical features of a congenital
myopathy [7]. Two studies looking at the children’s muscle biopsies found that
about 7% had FSD; only 10-20% of them (approximately 1% of all children
biopsied) have CFTD [6].

Using the minimum cut off of 12% FSD, 67 children were identified with CFTD
which fell to 50 children when the cut off was increased to 50% FSD, the latter group
had a severe phenotype [6]. Majority of the patients present with neonatal hypotonia
like our patient. Patients have varying degrees of weakness ranging from mild to
severe either proximal muscle or generalized weakness [8]. Reflexes are usually
reduced or absent. Joint contractures can be present at birth or develop later. Spinal
deformities including scoliosis, kyphoscoliosis, and lordosis are seen in 25% of the
patients [8]. Facial weakness/myopathic facies (long face, high-arched palate, and
tented upper lip) and ophthalmoparesis can be present [6]. Feeding difficulties and
respiratory involvement can be seen in about 30% of the patients [8]. Cardiac involve-
ment and cognitive impairment are rarely noted [8, 9]. Serum CK is usually normal
or mildly elevated [6, 8]. EMG can be normal, myopathic or mixed myopathic/neu-
ropathic [6, 8]. CFTD can be caused by mutations in several genes. The following 6
genes have been implicated in CFTD: ACTAI (~6% of individuals with CFTD),
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MYH?7 (unknown), RYRI (~10-20%), SELENON (SEPN1) (rare), TPM?2 (rare) and
TPM3 (~20-25% of individuals with CFTD) [9-15]. Patients with RYR/ mutation
may have ophthalmoparesis but our patient did not have ophthalmoparesis [8].

At present, there are no specific or effective medical therapies for different
genetic types of CFTD [8]. Treatment is mainly supportive with regular physical
therapy and follow-up to detect respiratory failure, bulbar symptoms and orthopedic
complications.

Pearls

Clinical Pearls

1. CFTD should be considered in a child with neonatal hypotonia, facial
weakness, and feeding and respiratory difficulties.

2. CK is usually normal and EMG may show myopathic changes in CFTD.

3. CFTD is clinically and genetically heterogeneous; so far 6 genes have
been implicated.

Pathology Pearls

1. The characteristic muscle biopsy findings of CFTD include abundant and
hypotrophic type I fibers, normal or hypertrophic type II fibers, and lack-
ing other histologic evidence of congenital myopathies (rods or cores).
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Chapter 29 )
A 6-Year-Old Boy with Respiratory

and Feeding Difficulties at Birth, Delayed
Gross Motor Milestones, and Facial

and Proximal Lower Limb Weakness

Check for
updates

Partha S. Ghosh and Chunyu Cai

History

A 6-year-old boy presented to the neuromuscular clinic for muscle weakness. He
was born at 36-week via caesarian-section, fetal movements were described as nor-
mal. He developed respiratory distress after birth requiring mechanical ventilation
for 2 weeks followed by continuous positive airway pressure and oxygen. He also
had trouble feeding requiring nasogastric tube followed by gastrostomy tube place-
ment. He had delayed gross motor milestones (sat at 12 months and walked at
24 months). His running was uncoordinated, needed support to stand up from sitting
position and to hold railing while climbing stairs. His mouth always stayed open;
there was mild droopiness of his eyelids. He fatigued quickly but there was no diur-
nal variation of his symptoms. His swallowing eventually improved and gastros-
tomy tube was removed. His language, social and cognitive skills were normal. He
had two sisters and one brother who were normal. There was no family history of
neuromuscular disorders.
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Physical Examination

On neurological examination he had mild ptosis without fatigability or ophthalmo-
paresis, myopathic facies, and high arched palate. He had generalized hypotonia
and reduced muscle bulk. He had marked neck flexor weakness (MRC grade 3—/5)
and mild neck extensor weakness (4/5), proximal upper limb weakness (deltoid,
triceps, biceps 4+/5), and proximal lower limb weakness (iliopsoas, gluteus medius
and maximus 4/5). He had mild scapular winging. Tendon reflexes were diminished
(1+4) diffusely. There was no percussion or grip myotonia. He had modified Gowers
sign, waddling noticed during running. There was no calf hypertrophy or joint con-
tractures. Sensory and cerebellar examinations were normal.

Investigations

He had normal serum creatine kinase (CK), lactate, thyroid functions, total and free
carnitine, and acylcarnitine. MRI brain was normal. Nerve conduction study (NCS)
showed normal sensory and motor responses in the upper and lower limbs. Needle
electromyography (EMG) did not show increased insertional activity or abnormal
spontaneous discharges; myopathic motor unit potentials were observed in tibialis
anterior muscle. Repetitive nerve stimulation of the ulnar and peroneal nerves did
not show decremental response at rest and after exercise. A left quadriceps muscle
biopsy was performed.

Muscle Biopsy Findings

Muscle biopsy of the left quadriceps muscle showed increased fiber size variation
with preponderance of type 1 fibers. There was presence of central cores which
were confirmed on electron microscopy as well-demarcated foci of disruption of
sarcomeric architecture, Z-line streaming, disruption of triads, and absence of mito-
chondria and other organelles. Overall features were consistent with central core
myopathy.

Additional Investigation After the Muscle Biopsy Diagnosis

Next generation sequencing panel showed compound heterozygous mutations of
the ryanodine receptor 1 (RYRI) gene: ¢.10204 T > G, p.Cys3402Gly (known
pathogenic mutation) and ¢.4405C > T, pArg1469Trp (potentially pathogenic muta-
tion). Parental testing could not be performed.
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Final Diagnosis

Central Core Disease from Compound Heterozygous RYRI Mutations

Patient Follow-up

At the time of the last follow-up 6 months from the initial presentation, there was no
progression of his muscle weakness. He was getting regular physical therapy and
did not require assistive devices for ambulation. Parents were counseled regarding
malignant hyperthermia risk.

Discussion

The child in this vignette presented with respiratory and feeding difficulties at birth,
delayed gross motor milestones, and proximal lower limb weakness. In addition to
proximal limb weakness, he had neck flexor weakness, facial weakness, mild ptosis,
and diminished tendon reflexes. Pertinent negatives were absence of family history,
diurnal variation of symptoms, ophthalmoparesis, calf hypertrophy, joint contrac-
tures, and normal sensory examination.

The differential diagnosis for this presentation was broad and involved different
parts of the lower motor unit. Anterior horn cell disorders particularly spinal muscu-
lar atrophy (SMA) type 3 was a consideration in this case due to proximal weakness
and diminished tendon reflexes but facial weakness and ptosis were against that
diagnosis. The non-progressive course argued against the possibility of diffuse poly-
radiculoneuropathy. Peripheral neuropathies seemed unlikely given lack of distal
weakness and sensory findings. Presence of ptosis, facial weakness and fatigue
might suggest the possibility of a neuromuscular junction (NMJ) disorder. Early
onset presentation and chronic course could suggest congenital myasthenic syn-
drome (CMS) rather than acquired autoimmune myasthenia gravis. However, lack of
diurnal variation of symptoms and fatigability of ptosis were against a NMJ disorder.
Myopathy seemed the most likely possibility given symmetric limb girdle pattern of
weakness. Chronic course and early onset of symptoms suggested a genetic myopa-
thy. Negative family history either suggested autosomal recessive inheritance or de
novo mutation. Myopathies with facial weakness in children include congenital
myopathies, mitochondrial myopathies, facioscapulohumeral muscular dystrophy
(FSHD), myotonic dystrophy and rarely other muscular dystrophies [1].

The investigative approach in a child with myopathy includes measurement
of serum CK, EMG, muscle ultrasound or muscle MRI, muscle biopsy and
finally genetic testing [2, 3]. Measurement of serum CK level is an inexpensive
and excellent screening tool in patients with suspected myopathies. Among the
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myopathic disorders with normal CK, congenital myopathies (CM) are the most
common causes [2, 3]. Though high CK is commonly encountered in most of the
muscular dystrophies, certain muscular dystrophies like FSHD and myotonic
dystrophy can have normal CK [1, 2]. However, the pattern of weakness in this
case did not suggest FSHD. Absence of myotonic discharges in EMG in this
case made myotonic dystrophy less likely. EMG in CM can be myopathic or
normal. SMA type 3 closely mimics myopathies due to limb girdle pattern of
weakness. EMG in this case helped to rule out SMA which shows chronic neu-
rogenic changes. Repetitive nerve stimulation of the distal nerves did not show
evidence of a NMJ disorder. A muscle biopsy was considered as the next step in
this case which showed features of central core disease. Next generation sequenc-
ing confirmed the final diagnosis of core myopathy due to RYRI mutations.

Congenital myopathies are a group of clinically and genetically heterogeneous
conditions characterized by muscle weakness and distinctive structural abnormali-
ties in muscle biopsies [3, 4]. Traditionally CM is classified histologically into 4
distinct types: central core disease, multi-minicore disease, centronuclear myopathy
and nemaline myopathy based on the presence of central cores, multi-minicores,
central nuclei and nemaline rods respectively [3, 4]. The pathological hallmark of
core myopathy is the presence of clearly demarcated areas of pale staining on light
microscopy called cores which lack reactivity to the oxidative stains (NADH, suc-
cinic dehydrogenase, as well as cytochrome c oxidase), but maintained ATPase
reactivity (Fig. 29.1) [4, 5]. Cores lack mitochondria and contain disorganized myo-
fibrils on electron microscopy. Central cores span the longitudinal length of the
muscle fiber whereas minicores are present in a more transverse orientation [6].
There may be more than one core per muscle fiber, either located centrally or periph-
erally [5]. Morphologically, the closest mimicker to central cores are target or targe-
toid fibers, which may have similar light microscope and ultrastructural appearances
(Fig. 29.2). Unlike central cores, target or targetoid changes are usually readily vis-
ible on ATPase stains (Fig. 29.2c). Target or targetoid fibers are typically associated
with denervation and reinnervation, more commonly seen in adult muscle biopsy
with a background of angulated atrophic fibers, group atrophy and fiber type group-
ing. Central cores, on the other hand, predominantly occur in pediatric muscle
biopsy with a background of type I predominance and type I hypotrophy (Fig. 29.1).

RYRI mutations are the most common cause of congenital myopathies in general
and also the most frequently encountered childhood myopathy excluding Duchenne
muscular dystrophy [7]. RYRI gene on chromosome 19q encodes a calcium-channel
of the sarcoplasmic reticulum, which, along with sarcolemmal voltage-gated calcium
channels (dihydropyridine receptor), is responsible for triggering muscle contraction
after sarcolemmal depolarization and subsequent calcium release (excitation-con-
traction coupling) [8, 9]. Myopathies due to RYR] mutations is thought to disrupt
excitation-contraction coupling due to reduced calcium release [4].

RYRI related myopathies (RYR1-RM) are both pathologically and phenotypi-
cally complex and diverse. Histopathological RYR1-RM subtypes include central
core disease, multiminicore disease, centronuclear myopathy, core-rod myopathy,
and congenital fiber-type disproportion [5, 10-15]. All these histologic types of
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Fig. 29.1 Representative images from a separate 10-year-old boy with RYR1 mutation. (a) H&E
stain shows marked fiber size variation. (b) NADH-TR stain shows well demarcated central cores
in type I fibers. (¢) ATPase at pH 4.3 shows type I (dark fibers) predominance and type I hypotro-
phy. Type II fibers (pale fibers) are mildly hypertrophied. (d) Electron microscopy shows that the
central cores are composed of well demarcated mitochondria free zone (outlined by arrows) that
runs parallel to the long axis of the myfiber, with or without central Z band streaming

RYRI1-RM produce variable degree of muscle weakness. RYR/ mutations can lead
to other conditions including malignant hyperthermia (MH) susceptibility, exer-
tional heat stroke, rhabdomyolysis-myalgia syndrome, King Denborough syn-
drome, and atypical periodic paralysis [16-19]. RYR1-RM can be inherited as
autosomal dominant and recessive traits [4, 5]. Heterozygous recessive mutations
have also been described due to epigenetic silencing of the wild type allele without
an additional mutation in the other allele [20]. For the purpose of this vignette, we
will briefly discuss central core disease due to RYR/ mutations.

The most common phenotype encountered in patients with CCD is a nonprogres-
sive, mild proximal limb-girdle weakness related to the dominant mutations in
RYRI. However, some patients with CCD can have a severe infantile presentation
that results in respiratory failure and impaired ambulation [4]. Such patients
typically have de novo dominant mutations [21]. Patients with RYR1-related mini-
core myopathy usually have a severe phenotype (axial weakness more common as
well musculoskeletal complications) and are usually associated with recessive
RYRI mutations [4, 5]. Ophthalmoparesis is common in RYR1- related minicore
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Fig. 29.2 Well-formed target fibers from a 37-year-old woman with amyotrophic lateral sclerosis
(ALS). (a) Gomori trichrome. (b) NADH-TR. (c¢) ATPase at pH 9.4, dark fibers are type II, light
fibers are type 1. Besides target changes in type I fibers, the muscle also shows selective type II
atrophy. (d): Electron microscopy shows a central zone (CZ) with electron dense filaments and
disorganized Z band material, and an intermediate zone (IZ) with loss of normal sarcomere struc-
ture. Both CZ and IZ are devoid of mitochondria

disease and helps to clinically differentiate this from SEPNI1-related minicore
myopathy [22]. The patient presented in this case had a severe neonatal course with
respiratory and feeding difficulty which fits with autosomal recessive inheritance
and subsequently nonprogressive proximal muscle weakness which is commonly
seen with CCD phenotype.

Serum creatinine kinase in CCD is usually normal or mildly elevated. EMG may
show myopathic changes [5]. Muscle MRI shows selective involvement with spar-
ing of certain muscle groups (rectus femoris, adductor longus, gracilis) in dominant
RYRI1-RM [23]; however, MRI findings are not consistent in recessively inherited
cases. There is an overlap between CCD and MH susceptibility cases; patients with
mutations at the N-terminal region have a higher probability of MH susceptibility
[8]. Mutations are located in CCD hotspots including the C-terminal domain in 60%
of RYR1-related CCD patients. Recessive mutations are found throughout the gene
[4]. Patients with suspected RYR1-RM should have full RYRI gene sequencing [8,
24]. Next generation sequencing techniques are very helpful in detecting mutations
in patients with suspected congenital myopathies [3].
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Currently, there are no specific treatments for core myopathies but several small
molecules have been tried in some patients. Dantrolene, a muscle relaxant effective
against MH has been reported to be effective in a single case [25]. Salbutamol
(Albuterol) had been found to be effective in a small case series [26]. N-acetylcysteine
by reducing oxidative stress could be potential therapeutic agent in RYR1-RM [27].
Rycals are drugs which help to stabilize excitation-contraction coupling and thus may
be helpful in this condition [28]. Gene-based therapies may be helpful in some of the
RYRI-RM. Using exon-skipping strategy, researchers were able to remove a pseudo-
exon formed by one of the mutations from an individual with compound heterozygous
state resulting in restoration of RYR/ expression and functional calcium release [29].

In the absence of a specific treatment, supportive management includes regular
physical therapy and follow-up to detect respiratory failure, and orthopedic
complications.

Pearls

Clinical Pearls

1. Core myopathy should be considered in a child with limb girdle pattern of
weakness, non-progressive course, and facial weakness.

2. CK is usually normal and EMG may show myopathic changes.

3. Core myopathies are clinically and genetically heterogeneous; RYRI muta-
tions are the most common cause of core myopathy.

Pathology Pearls

1. Muscle biopsy is the gold standard in the diagnosis of core myopathy.

2. Well demarcated mitochondria free zone parallel to the long axis of the
myofiber on oxidative enzyme stains (e.g. NADH, SDH and COX) is the
histologic hallmark of core myopathies.
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Chapter 30

A 12-Year-Old Girl with a 2-Year History
of Progressive Limb Weakness

and Difficulties with Exercise

Diana P. Castro, Chunyu Cai, and Dustin Jacob Paul

History

A 12-year-old girl with a past medical history of sensorineural hearing loss was
brought to our clinic for evaluation of a 2-year history of progressive weakness and
difficulties with exercise. Specifically, she reported difficulties skiing, playing basket-
ball and physical education class. She ran slower than her classmates, had difficulties
turning her feet, standing up from the floor, and going up the stairs, and had more falls
than usual. During a recent travel, she had more difficulty walking on the uneven
sidewalks. She also heard her hips “popping” loudly with walking. She complained
of hip pain with walking for longer periods of time and her ankles also “pop”. She
denied any cramping pain or muscle pain though. Her birth history was remarkable
for pregnancy complicated due to incompetent cervix. She was delivered vaginally at
34 weeks gestation. She required oxygen for 1 hour at birth due to respiratory dis-
tress. Her developmental history was unremarkable, in terms of gross motor, fine
motor, language and social skills as well as cognition. Family history was remarkable
for positive Factor V Leiden in her mother and sensorineural hearing loss in her father.
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Physical Examination

On physical examination, she had long narrow face with high arched palate. Cranial
nerves were normal except for eye closure weakness bilaterally and decreased hear-
ing bilaterally. Muscle bulk and muscle tone decreased in the lower extremities. No
tremors were noted. Muscle strength was decreased at the neck flexors (MRC 2/5),
hip abductors (2/5), hip extensors (1/5) and ankle dorsiflexors (4+/5). Sensory exam
was remarkable for decreased vibration in ankles and toes. Deep tendon reflexes were
absent. Gait showed exaggerated lordosis, knee flexion and genu valgum.

Investigations

Her serum creatine kinase (CK) was elevated ranging from 1,302 to 1,506 U/L (nor-
mal 50-350). Her spine MRI was significant for a syrinx in the cervical cord. It also
demonstrated a large area of fat replacement in the gluteus medius muscle. Her
pelvic X-rays demonstrated subluxation of the left femoral head. Her nerve conduc-
tion study (NCS) was normal and electromyography (EMG) showed some large-
amplitude and long-duration motor unit potentials in the first dorsal interosseous
and vastus medialis muscles. Pulmonary function test showed evidence of the
restrictive abnormality with a reduced forced vital capacity of 70%. A left quadri-
ceps muscle biopsy was performed.

Muscle Biopsy Findings

The muscle biopsy shows striking vacuolar changes predominantly involving type
2 myofibers (Fig. 30.1a, b), many of which are atrophic. The vacuoles are variably
sized, distributed throughout the myofibers, and positive on acid phosphatase stain
(Fig. 30.1c) which confirms their lysosomal origin. Periodic acid Schiff (PAS) in
non-aqueous solution without diastase (Fig. 30.1d) and electron microscopy
(Fig. 30.1e, f) confirm abnormal glycogen storage materials within the lysosome
bound vacuoles. The collective findings are those of a lysosomal glycogen storage
myopathy, most consistent with acid maltase deficiency.

Additional Investigation After the Muscle Biopsy Diagnosis

The acid alpha-1,4 glucosidase (GAA) gene sequencing for Pompe disease was
positive for compound heterozygous mutations described as c¢.-32-13 T > G and
c213T>C.
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Fig. 30.1 Acid maltase deficiency. (a) H&E shows a vacuolar myopathy. (b) ATPase at pH 9.4
shows that the myofibers that contain vacuoles are predominantly type 2. There is also type 2
smallness. (¢) Acid phosphatase stain shows that the vacuoles are stained red due to their lyso-
somal origin. (d) PAS stain without diastase confirms glycogen storage in the vacuoles. (e) Electron
microscopy shows abundant free (black arrows) and lysosome bound (red arrows) glycogen par-
ticles in the vacuoles. (f) Some vacuoles also contain myeloid debris (arrow)
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Final Diagnosis

Pompe Disease (Acid Maltase Deficiency)

Patient Follow-up

The patient was started on the enzyme replacement therapy (ERT) with Lumizyme
every 2 weeks. Her motor function had stabilized and even improved over 5 years
on the treatment. Respiratory function had also improved with better FVC. Her
mild-to-moderate hearing loss was treated with a hearing aid.

Discussion

Pompe disease, also referred to as acid maltase deficiency or type II glycogen stor-
age disease, is an autosomal recessive disease caused by mutations in the gene
encoding lysosomal acid alpha-1,4 glucosidase (GAA) leading to a deficiency of the
acid alpha glucosidase or acid maltase enzyme with secondary accumulation of
glycogen in lysosomes [1]. The estimated incidence of GAA deficiency was 1 in
40,000 [2]. Deficiency of the enzyme leads to glycogen accumulation in lysosomes
and cytoplasm, resulting in tissue destruction [3, 4]. The classic infantile form pres-
ents with hypertrophic cardiomyopathy, generalized hypotonia, and elevated CK. In
the juvenile and adult forms, clinical features are widely variable. There is usually
a slowly progressive myopathy with eventual respiratory muscle involvement.
Children have delayed gross motor milestones with diaphragm involvement, sleep-
disordered breathing and limb girdle muscle weakness. Adults also have limb girdle
weakness and have diaphragm involvement relatively early. The heart is less
involved with adult onset. Differential diagnosis consists of fatty oxidation disor-
ders, mitochondrial disorders, other glycogen storage disorders, and muscular dys-
trophies. Initial diagnostic evaluation includes serum CK level and NCS/
EMG. Patients can have neurogenic findings on EMG probably due to the co-
existing motor neuron involvement, as the results from early autopsy investigations
showed that spinal cord anterior horn cells, motor nuclei of the brain stem, and
spinal ganglia were susceptible particularly in infantile Pompe disease [5—7]. In this
clinic setting, the diagnosis of Pompe disease can be challenging, and a muscle
biopsy is helpful as seen in our case. Measuring GAA enzyme activity in white
blood cells or dried blood spots can be used to screen patients. Diagnostic confirma-
tion is made through sequencing of the GAA gene. GAA gene encodes lysosomal
acid alpha-1,4 glucosidase located at chromosome 17q25.2-q25.3 [1].

Pompe disease defers from all other types of glycogen storage diseases as the
enzyme is located within lysosomes. Acid maltase deficiency results in glycogen accu-
mulation within lysosomes that are positive for both acid phosphatase stain, which
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detects lysosomes, and PAS stain, which detects glycogen. Vacuolar changes are usu-
ally prominent in the infantile-onset form; however, they can be quite subtle or absent
in selected muscle groups in patients with the late-onset disease (see Chap. 16). The
most sensitive finding in a mildly affected muscle is diffusely increased sarcoplasmic
punctate acid phosphatase reactivity, or in some cases, increased lipofuscin particles
[8]. However, these findings are not specific. Main differential considerations include
other lysosomal vacuolar myopathies associated with Danon disease, X-linked myop-
athy with excessive autophagy (XMEA), myotoxicities of drugs such as chloroquine,
hydroxychloroquine (see Chap. 19) and colchicine, vitamin E deficiency [9] and
aging. On the other hand, a muscle biopsy with normal histology does not exclude the
possibility of acid maltase deficiency, especially in the late-onset cases. Mild denerva-
tion changes are relatively common in muscle biopsies from patients with acid maltase
deficiency, likely due to motor neuron involvement.

Treatment of Pompe disease is ERT with alglucosidase alfa. With the advent of
ERT, prognosis of Pompe disease has improved. Adverse effects of ERT include
hypersensitivity reactions and development of antibodies to alglucosidase alfa [10].
Other genetic therapies are on the preclinical stages or early clinical phases [11, 12].

Pearls

Clinical Pearls

1. Infantile-onset Pompe disease presents typically very early with hypotonia
and hypertrophic cardiomyopathy.

2. Pompe disease has to be considered in children with delayed motor devel-
opment and problems related to limb-girdle weakness.

3. Children with Pompe disease may have myopathic face, hyporeflexia or
areflexia, and scoliosis. Pulmonary function is decreased in approximately
half of the patients.

4. Pompe disease should be included in the differential diagnosis in children
with less familiar signs such as disproportional weakness of the neck
flexors, unexplained fatigue, persistent diarrhea and unexplained high
CK and liver function test.

Pathology Pearls

1. The hallmark of Pompe disease on muscle biopsy is the presence of
glycogen-filled vacuoles that are positive for acid phosphatase, selectively
affecting type 2 myofibers.

2. Muscle involvement is quite variable in late-onset Pompe disease. Rectus
femoris, sartorius, and gracilis muscles are typically spared. A muscle
biopsy with normal histology does not completely exclude late-onset
Pompe disease.
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3. In muscle with mild involvement, the most sensitive finding is diffusely

increased, punctate sarcoplasmic acid phosphatase reactivity.

4. Neurogenic changes are common in Pompe disease, owing to motor

neuron deficiency.
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Chapter 31 )
A 3-Month-Old Boy with Generalized
Hypotonia, Weakness, Pneumonia
and Respiratory Failure

Check for
updates

Diana P. Castro, Chunyu Cai, and Dustin Jacob Paul

History

A 3-month-old boy presented to the emergency department with a 1-day history of
decreased oral intake and fever with a temperature as high as 39 degrees Celsius.
His mother denied cough, congestion, vomiting, diarrhea or sick contacts. Blood,
urine, and CSF cultures were obtained, and the patient was started on broad cover-
age antibiotics. Chest X-ray showed bilateral peri-hilar infiltrates and pneumonia,
and urine analysis was concerning for urinary tract infection.

The patient was admitted to the Pediatric Intensive Care Unit. The patient was in
severe respiratory distress requiring several forms of non-invasive ventilation, until
he was electively intubated to place a gastrostomy tube and perform Nissen due to
severe oral and pharyngeal dysphagia, as well as aspiration. He was extubated after
the procedures, but his ventilation was poor, even on continuous non-invasive
ventilation.
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Physical Examination

The examination upon admission showed that the patient was in respiratory distress on
non-invasive ventilation. His chest wall was notable for significant pectus excavatum
with a paradoxical breathing pattern. He had a weak cry and suck and would open his
eyes spontaneously and look at faces. There were tongue fasciculations. He had gener-
alized severe muscle hypotonia, minimal spontaneous movements and no antigravity
movements. He was unable to hold his head with severe head lag and axillary slippage.
Deep tendon reflexes were absent. Palmar and plantar reflexes were absent.

Investigations

A rectus abdominis muscle biopsy was performed.

Muscle Biopsy Findings

The rectus abdominis muscle biopsy (Fig. 31.1) showed groups of round, markedly
atrophic fibers interspersed among large fibers (Fig. 31.1a). Large fibers were mark-
edly hypertrophied and exclusively type 1; small atrophic fibers were mixed
(Fig. 31.1b). The findings are consistent with spinal muscular atrophy (SMA) type 1.
Investigations After the Muscle Biopsy Diagnosis

The survival motor neuron (SMN) gene test showed a homozygous deletion of
exons 7 and 8. The SMN2 copy number was not obtained.

Final Diagnosis

Spinal Muscular Atrophy Type 1

Patient Follow-up

The patient continued to deteriorate and his family decided to withdraw support at
4 months of age. At autopsy, the intercostal and psoas muscles showed marked neu-
rogenic atrophy similar to the rectus abdominis muscle. Muscle from the diaphragm



31 A 3-Month-Old Boy with Generalized Hypotonia, Weakness, Pneumonia... 305

Fig. 31.1 SMA type 1. (a) H&E and (b) ATPase at pH 9.4 are images from the rectus abdominis
muscle biopsy performed at age of 3 months. (¢) H&E of spinal cord anterior horn and (d) thoracic
cord Clark column are images from the same patient at time of autopsy, at 4 months of age. Arrows
in (d) indicate balloon neurons

was relatively normal. The spinal cord showed moderate to severe loss of anterior
horn pyramidal neurons and reactive astrocytosis (Fig. 31.1c). The thoracic cord
Clarke neurons showed marked ballooning change in a background of reactive
astrocytosis (Fig. 31.1d). Elsewhere, the lungs showed diffuse bilateral acute bron-
chopneumonia. Postmortem culture from the lungs grew multiple bacterial organ-
isms including Escherichia coli, Alpha hemolytic streptococcus, Staphylococcus
aureus, and Enterobacter aerogenes. The cause of death was determined as SMA
type 1 complicated by failure to thrive, respiratory failure and pneumonia.

Discussion

Spinal muscular atrophy (SMA) is an autosomal recessive disease caused in 95%
of cases by a homozygous deletion of exons 7 and 8 of the SMN1 gene [1] located
on chromosome 5q. The most common mutation of SMNT1 is a deletion of exon 7
[2]. The carrier frequency of SMN1 mutations ranges from 1 in 90 to 1 in 47 [3].
The number of SMN2 copies determines the clinical phenotype. It is classified
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into four types, depending on the age of symptom onset and maximal motor func-
tion achieved by the patient. SMA type 1 typically presents before 6 months of
age with hypotonia, progressive proximal and distal weakness, fasciculations and
the inability to achieve normal developmental milestones like head control or sit-
ting without support [4, 5]. The intercostal muscles are affected, and the dia-
phragm is spared resulting in paradoxical breathing and a bell-shaped chest as
seen in our patient. SMA type 2 presents between 6—18 months of age and are able
to sit unassisted but are not able to achieve independent ambulation [6]. SMA type
3 presents weakness after 18 months and are able to achieve independent ambula-
tion but in most cases will lose this ability with time. SMA type 4 usually has
onset after 30 years of age. Sensation and cognition are usually spared. Differential
diagnosis includes spinal muscular atrophy with respiratory distress type 1
(SMARD1), congenital myasthenic syndromes, congenital myopathies, congeni-
tal muscular dystrophies, glycogen storage disease type II, Prader-Willi, and
Zellweger as well other conditions that can present with hypotonia. Diagnosis of
SMA consists of molecular genetic testing with targeted mutation analysis of the
SMNI1 gene and copy number analysis of the SMN2 gene. Electrophysiological
studies are rarely performed.

Muscle biopsy is becoming increasingly uncommon as the genetic test is com-
mercially available and is the first line definitive diagnostic test when SMA is clini-
cally suspected. The muscle pathology of SMA type 1 is characterized by a unique
infantile denervation pattern. Large fibers are hypertrophied and exclusively type 1,
which differs from most other types of denervation atrophy. Small fibers are mixed
or predominantly type 2. The small fibers are polygonal or round rather than angu-
lar, and usually do not show strong esterase positivity. In SMA type 2, the hypertro-
phy of type 1 fibers are often more pronounced, giving the appearance of islands of
huge type 1 fibers floating in a sea of small type 2 fibers (Fig. 31.2a, b). In SMA type
3 and 4, the muscle changes are less specific and may be difficult to differentiate
from other types of denervation atrophy.

Fig. 31.2 Quadriceps muscle biopsy from a 2-year-old female with SMA type 2. (a) H&E. (b)
ATPase 9.4
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Differential considerations include congenital muscular dystrophy, congenital
myopathies, and other types of denervation atrophy, such as Chacot-Marrie-Tooth
disease. Congenital muscular dystrophies may also demonstrate marked fiber size
variation and fiber hypertrophy. However, the endomysial connective tissue is usually
markedly expanded, with variable presence of acute and chronic myopathic changes,
which differs from SMA. Congenital myopathies may also demonstrate a bi-model
fiber size variation and minimal interstitial fibrosis. However, in congenital myopa-
thies the larger fibers are type 2 and smaller fibers type 1, opposite from SMA. Other
types of denervation atrophy typically lack uniform type 1 hypertrophy.

Patient with SMA should be managed by multidisciplinary clinics that include
neuromuscular specialists, therapists, and pulmonologists [7-9]. Nusinersen
(Spinraza™) is the only FDA approved medication for the treatment of
SMA. Nusinersen is an antisense oligonucleotide designed to increase the expres-
sion of survival motor neuron protein by enhancing the SMN2 gene and is delivered
intrathecally every 4 months lifelong. This is currently changing the clinical land-
scape of SMA, and with other therapies in research trials it will continue to change
in the years to come such as gene transfer therapy [10]. Unfortunately, when this
patient presented, there were no therapies available and many families opted for
withdrawing care due to the poor prognosis.

Pearls

Clinical Pearls

1. SMA should be considered in patients with generalized hypotonia, proxi-
mal and distal weakness, areflexia and tongue fasciculations.

2. Cognition and sensory examination are completely normal in patients with
SMA.

3. Nusinersen (Spinraza™) is the only FDA approved medication for the
treatment of patients with SMA types 1, 2 and 3. This medication has dras-
tically changed the prognosis of this condition. According to the clinical
studies, more than 50% of patients with SMA type 1 treated before 6 months
of age reached milestones previously not seen in these patients, such as the
capacity of holding their heads, sitting, kicking and standing [11].

Pathology Pearls

1. Islands of markedly hypertrophic type 1 fibers floating in a sea of small
mixed type 1 and 2 fibers are characteristic findings in SMA type 1 and
type 2.

2. The absence of myopathic changes and interstitial fibrosis distinguishes
SMA from congenital muscular dystrophy and congenital myopathies.
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Chapter 32

A 59-Year-Old Woman with Subacute
Lower Limb Weakness and Painful
Paresthesia

Shaida Khan and Chunyu Cai

History

A 59-year-old woman presented with a subacute onset of symmetric lower extrem-
ity weakness, painful paresthesias and gait instability. Symptom onset was 3 months
prior to her presentation and symptoms were mild initially. However, there was a
significant decline in neurological symptoms in the prior 3 weeks, with new painful
sensory disturbances in her hands and difficulty gripping objects bilaterally. Her leg
weakness progressed rapidly, and she was completely unable to ambulate upon pre-
sentation. Notably, in the past 3 months, she had a 50-pound unintentional weight
loss. There was associated joint pain diffusely throughout her arms and legs. There
was no associated rash, photosensitivity, fever, cough, or dryness of the eyes or
mouth. Her past medical history included hypertension and diabetes mellitus type 2.
There was a family history of diabetes but no neurological or rheumatologic disor-
ders. She denied alcohol use, tobacco use, illicit drugs, or any recent travels outside
the U.S. Her medications at the time of her presentation included Lasix 20 mg twice
daily and Novolin 2—4 units three times daily before meals.
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Physical Examination

She was in no acute distress and appeared well nourished. There was no malar rash,
sclerodermatous changes, telangiectasias, nailfold capillary changes, palmar ery-
thema or livedo reticularits over face or four extremities. Cardiac, lung, and abdomi-
nal examinations were normal.

Her neurological examination demonstrated severe distal > proximal upper
and lower extremity weakness. Weakness was detected in the bilateral shoulder
abduction (MRC 4/5), elbow flexion (4/5), elbow extension (4—/5), wrist flexion
and extension (right 0/5, left 1/5), finger flexion and extension (0/5), finger
abduction (right 0/5, left 1/5), hip flexion (right 2/5, left 3/5), hip abduction and
adduction (4—/5), knee flexion (right 2/5, left 3/5), knee extension (4/5), and
ankle and toe dorsiflexion and plantar flexion (0/5). Deep tendon reflexes were
diminished at the biceps, triceps, and brachioradialis, and absent at the knees and
ankles. Toes were downgoing bilaterally. Sensory impairment was noted in the
upper and lower extremities, with diminished pinprick and temperature sensation
in the extensor surfaces of the arms and in the hands, and absent sensation to all
sensory modalities below the knees.

Investigations

Laboratory studies were notable for a positive ANA at a high titer of >1:2,560,
double stranded DNA antibody >1:2,560, elevated anti-Smith antibody at 1.7,
low C3 complement at 39, and low C4 complement at 6. These findings were
consistent with a newly diagnosed systemic lupus erythematosus (SLE). RNP
antibody was also elevated at >8 and anti-Ro (SS-A) was elevated at 1.3. Anti-La
(SS-B) was <0.2. p-ANCA and c-ANCA were negative. Erythrocyte sedimenta-
tion rate (ESR) was 30 mm/hr. Hepatitis C serology, hepatitis B surface antigen,
and Lyme serologies were all negative. Complete blood count (CBC) showed
anemia with hemoglobin and hematocrit being 10 g/dL and 29.6%, respectively,
but white blood cell (WBC) and platelet counts were normal. Comprehensive
metabolic panel showed elevated AST (82 U/L) and alkaline phosphatase
(295 U/L) with normal ALT (16 U/L), and normal renal function. Creatine kinase
(CK) and aldolase were normal at 16 and 7.5 U/L, respectively. Cerebrospinal
fluid (CSF) studies were normal. Nerve conduction studies (NCS) and electromy-
ography (EMG) showed a severe axonal sensorimotor polyneuropathy with active
denervation changes seen in all the distal upper and lower extremity muscles
examined. Given the subacute onset of severe sensorimotor impairment, slight
asymmetry on examination, and serologic evidence of newly diagnosed SLE, a
combined right sural nerve and gastrocnemius muscle biopsy was pursued for
evaluation of a potential vasculitic neuropathy.
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Nerve and Muscle Biopsy Findings

The right gastrocnemius muscle showed transmural inflammation (Fig. 32.1c, d)
and occasional extravascular hemosiderin deposition involving multiple small- to
intermediate-sized perimysial blood vessels. The inflammation was predominantly
composed of lymphocytes, plasma cells and histiocytes without granuloma forma-
tion. The background muscle fibers showed severe denervation atrophy. In the sural
nerve (Fig. 32.1a, b), although no overt vasculitis was identified, one epineurial
vessel with nonspecific perivascular inflammation (Fig. 32.1a) was present. The
nerve fascicles showed severe depletion of myelinated axons across all fascicles.
Most of the remaining myelinated axons were under monophasic Wallerian degen-
eration in the form of numerous myelin ovoids (Fig. 32.1b). Together these findings
suggest chronic and active vasculitis involving both muscle and nerve.

-2k

Fig. 32.1 Lupus vasculitidies. (a), H&E stained cryostat section of sural nerve shows one epineu-
rial vessel with scant perivascular inflammation (arrow). (b), Toluidine blue stained resin embed-
ded plastic section of the sural nerve shows severe depletion of myelinated axons. Most of the
remaining axons are in the form of myelin ovoids (arrows), consistent with Wallerian degenera-
tion. (¢), H&E stained paraffin embedded section of the gastrocnemius muscle shows marked
neurogenic atrophy. Multiple perimysial blood vessels show trans-mural inflammation (arrow).
(d), A smooth muscle actin (SMA) immunostain shows splayed smooth muscle cells in the
destructed vascular wall and intramural inflammatory cells (arrow)
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Final Diagnosis

Severe active vasculitic neuropathy in a setting of newly diagnosed SLE

Patient Follow-up

The patient’s clinical presentation was initially concerning for Guillain-Barre syn-
drome and vasculitic neuropathy. She was treated with 5 days of plasmapheresis
(PLEX) without a significant improvement. She subsequently received 5 days of IV
methylprednisolone 1-gram (g) daily with minor improvement. After obtaining the
biopsy diagnosis of a severe active vasculitic neuropathy, which was associated with
newly diagnosed SLE with no other apparent organ involvement, she was treated with
oral prednisone 60 mg daily and IV cyclophosphamide 1 g monthly for 4 total infu-
sions. She had an improvement in proximal limb muscle strength and overall function-
ing, but no improvement in distal limb muscle strength. She had several hospitalizations
for urosepsis and cryptococcal meningitis. She was transitioned to Mycophenolate
Mofetil, and Prednisone was tapered down to 10 mg daily. Several weeks later, the
patient died from infectious complications related to immunosuppressive therapy.

Discussion

Vasculitic neuropathy is a debilitating neuropathy that can occur in patients with SLE
as a result of immune-mediated damage to the vasa nervorum, leading to ischemic
nerve damage and axonal loss [1]. Diagnosing vasculitic neuropathy can be challeng-
ing, particularly when neuropathy is isolated to the peripheral nervous system or
presents as the first manifestation of systemic vasculitis with no other apparent organ
involvement. Typical clinical presentation includes a distal and lower limb predomi-
nance, painful sensory disturbances, and an asymmetric or multifocal pattern of sen-
sory or sensorimotor abnormalities [2]. While classically this type of neuropathy
presents as an asymmetric painful multifocal sensorimotor process (mononeuropa-
thy multiplex), vasculitic neuropathies can also present as a symmetric length-depen-
dent polyneuropathy [3] in as many as 30—40% of patients [4], similar to our patient’s
presentation. In patients with SLE, peripheral nervous system involvement occurs
more commonly as a non-vasculitic distal symmetric polyneuropathy, and is more
prevalent in patients diagnosed at an older age [5, 6]. But it can also be associated
with vasculitic neuropathy as seen in our case, and SLE constitutes 3% of all cases
of vasculitic neuropathy [6]. The most frequently affected motor nerves in vasculitic
neuropathy include peroneal nerve followed by tibial, ulnar, median, and radial
nerves [6], and our patient had widespread involvement of these nerve.

Particular systemic abnormalities, laboratory findings, and electrodiagnostic
testing can provide meaningful clues to expand the diagnostic workup. However, it
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is also noteworthy that the vasculitis can be restricted to the peripheral nerves in up
to 60% of cases; these non-systemic vasculitides tend to have a better prognosis
than systemic cases [4]. A positive anti-Smith antibody and low complement 3 are
frequently seen in SLE polyneuropathy [7]. Laboratory findings and characteristic
pathological abnormalities on biopsy proved to be very helpful in the diagnosis and
management of this case.

It is considered best practice to select a nerve that is clinically and electrodiag-
nostically affected for biopsy [8]. Classically, the sural and superficial peroneal sen-
sory nerves are the most commonly selected nerves in the lower extremity, given
their location and low rate of post-surgical complications. The superficial radial
sensory nerve is another common biopsy target [4] if it is affected. A combination
of nerve and muscle biopsy has been advocated to increase the diagnostic yield for
vasculitis [9]. A muscle biopsy specimen is much larger than a nerve biopsy speci-
men, and it contains more blood vessels for detecting vascular abnormalities. The
two common combinations are sural nerve with gastrocnemius muscle, and superfi-
cial peroneal nerve with peroneal brevis muscle. With one surgical incision, both
nerve and muscle biopsies can be obtained.

On biopsy, primary pathological features seen in vasculitis include transmural
inflammation of the small-and medium-sized arterial vessel walls, perivascular
inflammation, and significant axonal degeneration [10]. Fibrinoid necrosis and
transmural inflammation are more specific for the diagnosis of vasculitis, but usu-
ally seen when large- to intermeidate-sized arteries are involved, and rarely seen in
small-sized vessels that are predominantly affected in vasculitic neuropathy. In our
case, the sural nerve biopsy revealed perivascular inflammation and widespread ter-
minal complement complex (C5b-9) deposition in capillaries, which are both non-
specific findings and could also be seen in acute and chronic demyelinating
neuropathies [10]. C5b-9 deposition in the endoneurial vessels is also seen in a
substantial number of patients with diabetes [11]. The muscle biopsy exhibited the
more specific and definitive findings of transmural vessel wall inflammation. Our
case represents one of the examples that illustrates the usefulness of adding a mus-
cle biopsy to a nerve biopsy for the evaluation of vasculitic neuropathy.

High dose corticosteroid with concomitant cyclophosphamide remains the main-
stay of treatment for patients with peripheral neuropathy associated with systemic
and non-systemic vasculitis [12]. Treatment with this regimen demonstrated better
outcomes with significantly reduced relapse rates compared with prednisone mono-
therapy [1]. There are not many studies comparing different immunosuppressant
treatment regimens in patients with severe ployneuropathy associated with SLE;
one controlled clinical trial in this population demonstrated cyclophosphamide
treatment to be more effective than pulse steroids [13]. Other maintenance immuno-
suppressive agents such as azathioprine, mycophenolate mofetil, IVIG, and ritux-
imab have also been used with varying success [13]. Oral cyclophosphamide is
associated with much higher toxicity and adverse side effects than intravenous (IV)
dosing, thus monthly treatment with IV cyclophosphamide is preferred [4]. While
several other steroids-sparing immunosuppressive agents can be used, strong evi-
dence is lacking regarding the efficacy of these agents [12]. Many patients with
significant peripheral nervous system involvement will need lifelong therapy [4],
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however for non-systemic cases, the treatment can be reduced if there is early response
to treatment [6]. The benefits of immunosuppression must be balanced with limiting
side effects; this challenge was evident in our case, where intense immunosuppressive
therapy resulted in recurring and persistent infections and ultimately death. Significant

S. Khan and C. Cai

systemic side effects and infectious complications should be closely monitored.

Pearls

Clinical Pearls

1.

Acute or subacute onset with rapid progression of neuropathy symptoms
should raise the suspicion for vasculitic neuropathy. While classically the
neuropathy presents in a mononeuropathy multiplex pattern, a relatively
symmetric sensorimotor polyneuropathy can also been seen.

Tissue diagnosis is critical for vasculitic neuropathy. A combined nerve
and muscle biopsy should be pursued, as adding a muscle biopsy can
increase the diagnostic yield.

Prompt evaluation and treatment are essential to the management of
patients with vasculitic neuropathy. Better outcomes occur with earlier
identification and treatment.

High dose corticosteroid with concomitant cyclophosphamide remains the
mainstay of the treatment for vasculitic neuropathy.

Pathology Pearls

1.

The most definitive evidence for active vasculitis is fibrinoid necrosis and
transmural inflammation. However, these features are usually seen in
large- to intermediate-sized vessels, and rarely seen in small-sized vessels
that are predominantly affected in vasculitic neuropathy. The latter often
shows nonspecific perivascular inflammation. Other supporting pathologi-
cal features including perivascular hemosiderin deposition, epineurial
microvascular proliferation, and differential fascicular axon loss should be
carefully evaluated.

2. Wallerian degeneration, first described as a distal change in transected

nerve [14], refers to massive monophasic axonal degeneration. Although it
can be seen in association with a variety of conditions such as nerve
trauma, neurotoxin exposure, and immune mediated axonal motor and
sensory neuropathy (AMSAN), in peripheral nerve biopsies, Wallerian
degeneration is most commonly seen in association with vasculitis.

. Due to the patchy and asymmetric nature of vasculitis, negative findings

for vasculitis on a nerve biopsy does not completely rule it out.
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Chapter 33

A 63-Year-Old Man with Nausea,
Vomiting, Orthostatic Dizziness,
and Distal Limb Paresthesia

Jeffrey L. Elliott, Lan Zhou, Chunyu Cai, and Michelle Kaku

History

A 63-year-old Caucasian man was referred to our clinic for the evaluation of neu-
ropathy. Four years prior to the presentation, he developed tingling and numbness in
the feet and fingers, which had progressed to involve the distal legs and forearms.
He also developed intermittent nausea and vomiting with no obvious triggers or
overall pattern. He suffered severe bowel constipation and mild lower abdominal
pain. He underwent esophagogastroduodenoscopy and colonoscopy with no signifi-
cant abnormalities found. Computed tomography (CT) of abdomen and pelvis only
showed changes consistent with a prior cholecystectomy, which he had several
years prior for gallbladder dysfunction. Gastric emptying study showed decreased
gastrointestinal motility. The symptoms of nausea and vomiting worsened 1 year
prior to the presentation, and he lost 30 pounds of body weight. He endorsed feeling
diffusely weak and needed to use a walker occasionally. He also reported feeling
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dizzy when standing up from a seated position and felt that he was going to pass out.
A few weeks prior to the presentation, he developed urinary retention and needed
catheterization. He underwent urological evaluation, and his urinary retention was
felt to be neurogenic. He denied dry mouth, dry eyes, vision changes, palpitations,
abnormal sweating, skin discoloration, difficulty breathing or distal limb swelling.
He admitted to erectile difficulty. He also reported mild bilateral droopy eyelids for
many years, but no double vision. Besides the above conditions, he also had a past
medical history of hypertension. His medications included metoclopramide as
needed, furosemide, pregabalin, and multivitamins. His family history was positive
for cancers involving his parents. One of his paternal cousins needed liver trans-
plant, but he did not know the diagnosis or other details of his cousin’s illness. There
was no family history of neurological diseases. He was married with one daughter.
He did not drink alcohol or smoke cigarettes. He was a retired office worker.

Physical Examination

General examination was notable for orthostatic hypotension. There was no evi-
dence of cataracts, arrhythmia, abdominal tenderness, hepatosplenomegaly, distal
leg or foot edema, or abnormal skin changes. Neurological examination demon-
strated normal mental status and language function. Cranial nerve exam showed
mild bilateral eyelid ptosis but normal extraocular movements. Motor examination
showed normal muscle tone, bulk, and weakness in the bilateral hip flexors (MRC:
4+/5), finger extensors (4+/5), and interosseous hand muscles (4+/5). There was no
muscle fasciculation, scapular winging, or hand grip myotonia. Pinprick sensation
was reduced from the toes to the knees and from the fingers to the elbows. Vibratory
sensation was reduced at the toes. Joint position sense was intact. Deep tendon
reflexes were 1+ at the biceps and absent at the triceps, brachioradialis, knees, and
ankles. Toes were downgoing bilaterally. His gait was unsteady due to the feeling of
generalized weakness and dizziness.

Investigations

Nerve conduction study (NCS) and electromyography (EMG) showed a sensory
greater than motor axonal polyneuropathy with active denervation changes in the
distal and proximal muscles and no myotonic discharges. Complete blood count
(CBC) showed mild anemia. Serum immunofixation showed the presence of M pro-
tein of free lambda light chain. Light chain quantification showed increased kappa
light chain. Skeletal survey was negative for bony lesions. Comprehensive meta-
bolic panel (CMP), serum creatine kinase (CK), erythrocyte sedimentation rate
(ESR), anti-nuclear antibodies (ANA), rheumatoid factor (RF), vascular endothelial
growth factor (VEGF), cryoglobulin, paraneoplastic antibody panel, thyroid stimu-
lating hormone (TSH), free T4, hemoglobin A1C, vitamin B12, vitamin B6, and
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acetylcholine receptor antibody (AChR-Ab) were all unremarkable. Brain MRI was
normal. Spine MRI showed mild degenerative joint disease at C5-6. CT of the
chest, abdomen, and pelvis showed an 8§ mm lung nodule in the right middle lobe
and a small hiatal hernia. Transthoracic echocardiogram was normal. Myotonic dys-
trophy type 1 and type 2 gene tests were unrevealing. Right deltoid muscle and right
superficial radial nerve biopsies were performed.

Muscle and Nerve Biopsy Findings

The right deltoid muscle and right superficial radial nerve biopsies (Fig. 33.1)
showed amyloid deposits distributed around myofibers and in the interstitium, fas-
cia, endoneurial and perineurial compartments. Transthyretin (prealbumin) immu-
nostain showed diffuse immunoreactivity surrounding individual myofibers and in
the interstitium and fascia. Kappa and lambda immunostains showed a marked
immunoreactivity with the kappa immunoreactivity greater than that of lambda.
These findings were suggestive of an inherited amyloidosis, possibly associated
with transthyretin. In addition, the muscle biopsy showed neurogenic changes
including scattered atrophic esterase-positive denervated fibers, occasional myonu-
clear clusters, and target/targetoid fibers. The nerve biopsy showed a significant loss
of myelinated axons, particularly small-caliber axons, in all fascicles with multiple
myelin ovoids and rare regenerating clusters but no selective myelin injury or onion
bulb formation. There was no evidence of inflammation.

Additional Investigation After the Biopsy Diagnosis

The patient underwent genetic testing, which showed a pathological mutation
¢.238A > G (p.Thr80Ala) in the transthyretin (TTR) gene. This mutation has been
reported in sporadic cases of hereditary amyloidosis in non-endemic areas [1-3].

Final Diagnosis

Familial Amyloid Polyneuropathy Caused by a TTR Gene Mutation

Patient Follow-up

The diagnosis of familial amyloid polyneuropathy caused by the Thr80Ala TTR
mutation and the new therapies for the disease were discussed with the patient. The
patient was started on Diflunisal, a TTR stabilizer, and Inotersen, a TTR silencer
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Fig. 33.1 Amyloid neuropathy. (a) Toluidine blue stained resin embedded plastic section of the
biopsied nerve shows an end stage nerve with severe depletion of myelinated axons. (b) Congo red
stain of the nerve shows focal perivascular amyloid deposition (arrow). (¢) Congo red stain of the
concomitant muscle biopsy shows more extensive amyloid deposition in the perimysium, fascia,
and around myofibers. The background myofibers show neurogenic atrophy. (d) Under polarized
light, the amyloid deposits show apple green birefringence (arrows). (e): Amyloid deposits are
strongly positive for transthyretin immunostain. (f) On electron microscopy (EM), the amyloid
deposits are composed of haphazardly arranged fibrils with diameters around 8§ nm

and a transthyretin-directed antisense oligonucleotide drug. His nausea and vomit-
ing were partially controlled by antiemetics. Orthostatic dizziness improved after
taking pyridostigmine bromide. Neuropathic pain was largely controlled by maxi-
mizing the dose of pregabalin. The patient was sent for genetic counseling.
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Discussion

Peripheral neuropathy commonly occurs in both hereditary and acquired amyloido-
sis. Immunoglobulin light chain (AL) amyloidosis is the most common form of
acquired amyloidosis, whereas transthyretin (TTR) amyloidosis is the most com-
mon form of hereditary amyloidosis. When neuropathy is the primary feature of
amyloidosis related to a TTR mutation, it is often referred to as neuropathic hATTR
amyloidosis, or familial amyloid polyneuropathy, which is caused by one of over
140 mutations in the transthyretin gene. It is familial and transmitted in an autoso-
mal dominant manner, although sporadic cases exist.

Transthyretin is a plasma transport protein for retinol binding protein and thyroid
hormone. It is produced in the liver, with small amounts produced in the choroid
plexus and retinal pigment epithelium of the eye [4—6]. When mutated, TTR mis-
folds and aggregates as insoluble amyloid fibrils that deposit in various organs and
leads to dysfunction and even failure of affected organs. Amyloid can deposit in any
part of the peripheral nervous system including nerves, nerve roots, autonomic and
spinal ganglia and muscle [7, 8]. Patients often present with sensorimotor polyneu-
ropathy, carpal tunnel syndrome and autonomic dysfunction. Small myelinated and
unmyelinated axons are more affected than large myelinated axons. Depending on
which organ the fibrils deposit, patients can also have cardiomyopathy, reduced
gastrointestinal motility, renal insufficiency, and vitreous opacities [9].

The most common TTR mutation is a substitution of Methionine for Valine at
position 30, the ATTRVal30Met mutation (or V30M mutation), whereas in the
United States, the most common mutation is the substitution of isoleucine for valine
at position 122, or the V122I mutation which affects 3% of African Americans [10].
The V1221 mutation is commonly associated with cardiomyopathy, although neu-
ropathy can be seen in 10-38% of patients [10, 11]. Penetrance varies by mutation
type, and having a genetic mutation does not necessarily mean that patients will
develop the disease [12]. Clinical presentation can vary widely worldwide. In
endemic regions of Japan, northern Portugal, Sweden, and Cyprus, patients present
in the third or fourth decade classically with pain and temperature abnormalities in
the feet. Later, light touch and proprioception are impaired with proximal progres-
sion of symptoms up the legs and eventual weakness that can be debilitating.
Autonomic dysfunction can manifest with orthostatic hypotension, dry eyes, dry
mouth, gastroparesis with fluctuating constipation and diarrhea, urinary retention,
and erectile dysfunction in men. Significant adrenergic, cardiovagal or sudomotor
autonomic dysfunction can be detected even in patients without clinical manifesta-
tions of autonomic failure [13]. Amyloid deposits in the transverse carpal ligament
can cause compression of the median nerve and manifest clinically as carpal tunnel
syndrome with pain and tingling in the hands [14].

Patients living in non-endemic areas often develop symptoms later than age
50 years, and may have obscure family history, with less autonomic dysfunction.
Neuropathy may involve both large and small fibers concurrently [15]. Although
rare, amyloid can also deposit in muscle and cause myopathy, presenting with
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proximal or distal weakness. Most patients with amyloid myopathy have AL amy-
loidosis although amyloid myopathy has also been reported in hATTR amyloidosis.
Given the rarity of this disease, it has previously been misdiagnosed as limb girdle
muscular dystrophy or polymyositis [8].

The diagnosis should be considered in patients with neuropathy and a concurrent
family history. In these patients, tissue diagnosis is not necessary and patients can
be diagnosed by genetic testing. In patients without a known family history, the
diagnosis should be considered in the presence of a progressive, length-dependent,
mixed large and small fiber polyneuropathy, especially when associated with carpal
tunnel syndrome, autonomic dysfunction, or other multi-systemic involvement. The
most common NCS/EMG finding is a length-dependent axonal polyneuropathy.
NCS/EMG may also show carpal tunnel syndrome. Conduction slowing is rare [16].
Biopsy of the affected organ, including nerve if neuropathy is present, can demon-
strate the presence of amyloid deposits. Other organs that are commonly sampled
include abdominal fat, salivary gland, heart, kidney, and muscle. Because of the
patchy nature of amyloid deposition, a negative biopsy does not rule out
amyloidosis.

In peripheral nerves, amyloid can deposit in the epi, peri or endoneurium in a
patchy distribution [17]. Histologically, amyloid is an eosinophilic mass of protein
fibrils that stains positive for Congo red and demonstrates yellow-green birefrin-
gence under polarized light. Teased fiber studies demonstrate various stages of axo-
nal degeneration with nodules of amyloid indenting myelinating fibers, producing
sacculations of the fiber on both sides of the point of compression [17]. When amy-
loid deposits in the muscle, it can be detected in the interstitium by Congo red stain
viewed under polarized light or using fluorescent optics, and can also be found in
intramuscular blood vessels. The transthyretin immunostain is highly sensitive and
specific for transthyretin derived amyloid [18]; it thus can provide a quick diagnosis
for transthyretin amyloidosis in muscle and nerve biopsies. It should be noted that
besides hereditary forms, ATTR can also accumulate from wild type transthyretin
protein [19], typically in patients older than 80 years. This is referred to as senile
systemic amyloidosis. Wild type ATTR deposits are often weak or even negative on
Congo red stain [20], but positive for transthyretin immunostain. Genetic testing is
necessary to confirm hATTR, particularly in elderly patients. Electron microscopy
can usually confirm the presence of amyloid fibrils but has limited utility in deter-
mining the subtype of amyloid.

Amyloidosis is a devastating disease. The mean survival is less than 10 years
from the diagnosis with death typically secondary to cardiac failure, infection or
malnutrition [21]. Historically, liver transplantation has been the standard of care in
the treatment of hATTR amyloidosis [22]. However, new therapies have recently
been approved by the United States Food and Drug Administration (FDA) for the
treatment of neuropathy. These include TTR stabilizers which stabilize the TTR
tetramer and suppress the TTR synthesis, and TTR silencers that inhibit hepatic
production of TTR. Diflunisal, a TTR stabilizer, is a non-steroidal anti-inflammatory
drug that binds to tetrameric TTR and stabilizes it, decreasing fibril formation [23].
Its use is limited largely by gastrointestinal side effects, and it is contraindicated in
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patients with severe congestive heart failure or renal insufficiency. Tafamidis, a thy-
roxine-like small ligand inhibitor, similarly stabilizes mutant tetramers. In a random-
ized double-blind study of patients with V30M mutation given Tafamidis or placebo,
the primary outcomes in the quality of life metrics and neuropathy impairment score
in the lower limbs were unfortunately not met, although the secondary end points
demonstrating less neurologic deterioration were met. It is currently marketed in
Europe, Japan and South America but has not been approved by US FDA [24].
TTR silencers include anti-sense oligonucleotides (ASO) and small interfering
RNAs (siRNAs) which inhibit mutant and non-mutant TTR production in the liver.
The ASO, Inotersen, is a string of nucleotides that prevents TTR protein expression
by binding its messenger RNA and thus preventing its translation. In the NEURO-
TTR study, both primary endpoints were met with significant benefit inhibiting, slow-
ing or even improving sensorimotor polyneuropathy [25]. Patisiran is an siRNA,
which is a double stranded RNA that targets a sequence of mRNA in all TTR variants,
inhibiting TTR synthesis in the liver. Patisiran has been demonstrated to halt or reverse
the progression of neurologic and cardiac manifestations of hATTR amyloidosis [26].
In summary, amyloidosis should be included early on in the work up of polyneu-
ropathy, particularly with concurrent carpal tunnel syndrome, autonomic dysfunc-
tion, or other organ involvement, whether or not the patient has a family history of
neuropathy or amyloidosis. With the advent of new therapies, hATTR amyloidosis
has become one of the few hereditary causes of polyneuropathy that can be treated.

Pearls

Clinical Pearls

1. hATTR amyloidosis is the most common hereditary form of amyloidosis
whereas AL amyloidosis is the most common acquired form of
amyloidosis.

2. hATTR amyloidosis is inherited in an autosomal dominant fashion,
although sporadic cases have no family history.

3. hATTR amyloidosis is a multisystem disease and can manifest clinically
with cardiomyopathy, renal insufficiency, vitreous opacities, and soft tis-
sue deposition. The common neurological presentations include a length-
dependent sensorimotor polyneuropathy, carpal tunnel syndrome and
autonomic dysfunction. Amyloid can also deposit in muscle causing a
myopathy.

4. When large fiber neuropathy is present, NCS/EMG often shows a sensory
greater than motor axonal polyneuropathy, worse in the lower extremities.
When small fiber involvement is present, skin biopsy may show reduced
intraepidermal nerve fiber density, but the yield of detecting amyloid
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deposition in a non-lesional skin biopsy is low. Autonomic testing is useful
to evaluate autonomic symptoms associated with amyloidosis.

5. Nerve biopsy can be spared in a patient with a high clinical suspicion for
hATTR amyloidosis especially when a positive family history is present,
as the diagnosis can be made by the TTR gene test.

6. Patients with amyloidosis are better managed by a multi-disciplinary team
with experts in different fields, including neurology, cardiology, ophthal-
mology, nephrology, gastroenterology, and rehabilitation. Referral to a
genetic counselor should also be considered.

Pathology Pearls

1. On muscle and nerve biopsies, the diagnosis of amyloidosis is estab-
lished by the detection of amyloid deposits on sections stained with
Congo red.

2. Transthyretin immunostain is sensitive and specific for amyloid deposits
composed of TTR. Most early onset ATTR are hereditary and caused by
genetic mutations, while late onset ATTR can be mutant or wild type.
The latter is referred to as senile systemic amyloidosis. Genetic confir-
mation is necessary in differentiating senile systemic amyloidosis from
late onset hATTR.

3. Amyloid deposition is patchy in amyloidosis. Concomitant nerve and mus-
cle biopsies can increase the diagnostic yield as compared with nerve
biopsy alone. Absence of amyloid on biopsy does not completely exclude
amyloidosis.
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Chapter 34
A 47-year-old woman with progressive
numbness and weakness in the limbs

Lingchao Meng, Yun Yuan, and Shan Chen

History

A 47-year-old Asian woman presented with progressive numbness and weakness in
her arms and legs. Her symptoms started about one year prior to the presentation
when she noticed numbness and tingling with dysesthesias in her hands followed by
weakness in her legs. Gradually she developed weakness in her hands as well. The
weakness became progressively worsened, and she was unable to walk without
assistance eight months after the onset of the symptoms. She reported bilateral wrist
drop and foot drop. She had mild weight loss. She denied any pain, muscle wasting,
twitches or cramps. She denied any headaches, dizziness, visual disturbance, ptosis,
dysarthria, dysphagia, or cognitive impairment. She had no urinary or bowel distur-
bance. She had no foreign travel prior to the onset of symptoms. She took vitamin
B1 and B12 oral supplements without any symptom relief. She was otherwise
healthy. There was no family history of neuromuscular disorders. She worked in a
shoe factory in a rural area in China for one and a half years. She had stopped work-
ing for 2 months before presenting to our neuromuscular clinic.
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Physical Examination

The general examination showed that the patient was well nourished, well devel-
oped, and in no acute distress. Her vital signs were normal. She was normocephal-
lic and atraumatic with no dysmorphic features. Her cardiac, pulmonary, and
abdominal examination were unremarkable. There were no pes cavus, hammer
toes, or other foot deformities. There were no skin lesions or spine tenderness.
There were no hair or skin changes. Neurological examination showed normal
mental status and cranial nerve functions. She was unable to walk or stand without
support. There was very mild hypotonia in the limbs and very mild distal limb
muscles atrophy. She had mild symmetric proximal limb weakness (Medical
Research Council (MRC) grade 4/5), and moderate-to-severe symmetric distal
limb weakness (MRC grade 2/5 to 3/5). She also had reduced pinprick and tem-
perature sensation and impaired vibratory sensation and joint position sense in a
stocking-glove pattern. Deep tendon reflexes were diffusely absent. Toes were
down-going bilaterally.

Investigations

Laboratory evaluation revealed unremarkable CBC, basic metabolic panel, renal
function, hepatic function, thyroid function, HbA1C, serum folic acid and vitamin
B12 levels, antinuclear antibody (ANA), extractable nuclear antigen antibody
(ENA) panel, ANCA panel, serum and urine protein electrophoresis and immuno-
fixation, paraneoplastic antibody panel, and urine analysis. Chest x-ray was normal.
Cerebral spinal fluid (CSF) study was also normal. Nerve conduction study and
electromyography (NCS/EMG) showed a chronic, predominantly axonal, sensory
and motor polyneuropathy. CMAP and SNAP amplitudes were all markedly reduced
ranging from 5-25% of the lower limits. Mild conduction slowing was found in
several nerves with conduction velocities ranging from 37—45 m/s in the upper
extremities and 32-38 m/s in the lower extremities, worse in the motor nerves.
There were no conduction blocks seen. A left sural nerve biopsy was performed for
further evaluation.

Nerve Biopsy Findings

The left sural nerve biopsy showed a mild active neuropathy with a minimally reduced
density of myelinated fibers, rare myelin ovoids, and a few giant axons with marked
axonal swelling and attenuated myelin sheath (Fig. 34.1). There were no regenerating
clusters or onion bulbs. Endoneurium, perineurium, epineurium, and blood vessels
appeared normal. There were no inflammatory infiltrates or amyloid deposits. The
findings are consistent with giant axonal neuropathy (GAN).
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Fig. 34.1 Sural nerve biopsy. Plastic toluidine blue stained semi-thin sections at a lower magnifi-
cation (a) and a higher magnification (b) show a minimally reduced density of myelinated fibers
with no regenerating clusters, onion bulbs, or inflammatory infiltrates. Two axons (b, thick arrows)
show axonal swelling and attenuated myelin sheath overlying the “giant” axons. There are rare
myelin ovoids (b, thin arrow)

Final Diagnosis

N-hexane-induced giant axonal neuropathy

Patient Follow-up

The patient was advised to avoid any route of exposure to leather cements at her
work. She underwent physical and occupational therapy with her symptoms improved
gradually. In a follow-up visit one and a half years later, she was able to walk on her
own with mild residual numbness and tingling sensation. Examination showed mild
residual distal limb weakness and sensory impairment as well as absent ankle jerks.

Discussion

N-hexane used as solvents in shoe, furniture, automotive, and printing industries as
well as recreational glue/gasoline sniffing is neurotoxic [1-3]. Chronic n-hexane
intoxication can result in sensory and motor axonal polyneuropathy with second-
ary demyelination [4, 5]. Rarely conduction blocks can be seen on the nerve con-
duction studies [6]. The neuropathy symptoms are often slowly progressive, but
the disease onset can be insidious or subacute. Sensory symptoms are usually the
initial complaints followed by muscle weakness with a pattern of distal predomi-
nance [5]. Paresthesias and dysesthesias are common, but pain is usually minimal.
The development of neuropathy seems to have no direct relationship to the
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duration of exposure; hence, factors such as individual susceptibility may be
important. Optic neuropathy and central nervous system (CNS) involvement are
uncommon, and autonomic neuropathy is rarely encountered [2, 5]. The hallmark
of the nerve pathology is segmental swelling of axons with thinning of the overly-
ing myelin sheath without marked active nerve fiber degeneration or regeneration
as seen in our case [1-6]. Electron microscopic (EM) examination of nerve biop-
sies often shows accumulation of packed intermediate neurofilaments [1-6], which
is suggestive of disorganized network of cytoskeleton [1]. This may affect axonal
transportation and other cellular functions, resulting in primary axonopathy.
Aggregation of intermediate neurofilaments has been shown to impair mitochon-
drial motility with resultant metabolic and oxidative stress [7]. Ultrastructural
studies of n-hexane neuropathy in the animal models showed that there was a ret-
rograde, temporal spread of axonal swelling from distal paranodal sites and up
along the affected nerve trunks, but the axonal degeneration did not begin in the
nerve terminal or spread centripetally along individual nerve fibers; it was rather in
a multifocal pattern [8, 9]. The exact pathogenic mechanism of n-hexane-induced
GAN remains unknown. Nevertheless, n-hexane neuropathy shares these above-
mentioned neuropathological features with the hereditary form of GAN [10-12].

Hereditary GAN is a rare, autosomal recessive, and progressive neurodegenera-
tive disease seen in pediatric population. It is characterized by progressive motor and
sensory peripheral neuropathy, CNS involvement with pyramidal and cerebellar
signs, and characteristic kinky hair [10, 11]. In the hereditary form of GAN, the GAN
gene mutations cause reduced or dysfunctional gigaxonin which is crucial for ubiq-
uitin-proteasomal degradation of neuronal intermediate neurofilaments, resulting in
accumulation of intermediate neurofilaments [12, 13]. In n-hexane-induced GAN, it
has been postulated that n-hexane is converted to toxic gamma-diketone metabolite
2,5-hexanedione (2,5-HD), which can cause covalent crosslinking of neurofilaments,
resulting in intermediate neurofilaments aggregation [14].

Acquired GAN induced by n-hexane can be differentiated from hereditary
GAN by a late age at onset, a history of industrial or recreational exposure, a lack
of kinky hair or CNS involvement, and improvement after removing the exposure
as seen in our patient. Thorough history taking, especially the occupational and
recreational history, is important to raise the suspicion. Nerve biopsy is diagnostic
as seen in our case, which may otherwise be misdiagnosed with and wrongly
managed for chronic inflammatory demyelinating polyneuropathy or other forms
of polyneuropathy.

The clinical course of polyneuropathy induced by n-hexane exposure tends to be
biphasic with “coasting” phenomenon (continued symptoms after removal of insult-
ing agent, as seen in some chemotherapy-induced polyneuropathy) for 2-3 months,
followed by a slow improvement or recovery in about 1-2 years after the cessation
of the n-hexane exposure [1-3, 5, 15]. Prognosis is usually favorable, but some
patients may have a protracted recovery course or permanent disability if initial
axonal damage is severe.

N-hexane exposure at workplace needs to be investigated and recreational expo-
sure needs to be considered in a patient with acquired GAN. Using safer solvents
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with adequate ventilation system in factories of shoe furniture, automotive, and
printing industries is critical to prevent the disease. This case has profound implica-
tions for occupational health.

Pearls

Clinical pearls

1. Workers in shoe, furniture, automotive, and printing industries and glue
sniffers are at risk for developing n-hexane-induced toxic polyneuropathy.

2. Chronic n-hexane-induced toxic polyneuropathy often manifests insidious
or subacute onset, progressive, sensorimotor deficits affecting all four
extremities with distal predominance.

3. NCS/EMG usually shows a predominantly axonal polyneuropathy with
mild secondary demyelination changes.

4. Unlike hereditary GAN, optic neuropathies, kinky hair, CNS involvement,
and autonomic neuropathy are uncommon in n-hexane-induced GAN.

5. N-hexane exposure needs to be investigated in a patient with acquired
GAN.

6. N-hexane-induced toxic polyneuropathy is preventable and treatable by
avoiding the exposure. It is often reversible after the exposure is removed.

Pathology pearls

1. N-hexane intoxication can cause aquired GAN. Nerve biopsy often shows
giant axons caused by segmental swelling of axons, thinning of myelin
sheath, widened nodal gaps and loss of some large myelinated nerve fibers.

2. Active nerve fiber degeneration and regeneration in nerve biopsy of n-hexane-
induced GAN are often very mild, which is relatively distinct from the dying
back pattern of axonal degeneration caused by other toxic and metabolic eti-
ologies such as diabetes mellitus.

3. EM usually shows accumulation of packed neurofilaments as seen in the
hereditary form of GAN.
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History

A 65-year-old Hispanic woman presented to the emergency room with worsening
pain and weakness of the distal lower extremities. Two months prior to the presenta-
tion, she developed a deep aching, cramping pain throughout both legs and the
lower lumbar region. There was no shooting pain. Shortly after, she also developed
tingling and numbness in the feet. She was evaluated by a neurologist. Nerve con-
duction study (NCS) showed normal motor and sensory conduction responses in the
upper and lower limbs, but needle electromyography (EMG) showed a few fibrilla-
tion potentials and positive sharp waves in the bilateral L5-S I-innervated distal limb
muscles and paraspinal muscles, which was interpreted to be consistent with a lum-
bosacral radiculopathy. A lumbosacral spine MRI, however, was unremarkable.
Two weeks prior to the presentation, she developed acute onset of cold sensation in
the bilateral lower extremities and mild proximal leg weakness. One week prior to
the presentation, she developed acute onset of bilateral foot drop followed by mild
hand weakness. She could no longer walk. She denied saddle anesthesia or change
in bowel or bladder function. She denied fevers, weight loss, cough, diarrhea, or
skin rashes. She denied preceding vaccinations or travels. There was no toxin
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exposure. She had a past medical history of breast cancer treated with mastectomy
and chemotherapy 6 years prior, and a remote history of cutaneous sarcoidosis at
age 20s that was treated with a course of oral prednisone for a few months. The
diagnosis of cutaneous sarcoidosis was made based on a biopsy of a skin lesion. She
also had a history of hypertension, hypothyroidism, and asthma. Her medications
included levothyroxine 75 pg daily, aspirin 81 mg daily, losartan/hydrochlorothia-
zide 100/12.5 mg daily, gabapentin 600 mg three times daily, calcium, vitamin D,
alendronate, and albuterol inhaler as needed. Family history was negative for neu-
ropathy. She did not smoke cigarettes or drink alcohol.

Physical Examination

General examination was unremarkable including pulmonary and skin examination.
Neurological examination showed normal mental status and cranial nerve functions.
Motor examination was notable for mildly reduced tone in both lower extremities
along with weakness in both proximal and distal lower limb muscles as well as distal
upper limb muscles. Strength was MRC 4/5 in the bilateral hip flexors, 4+/5 in the
knee flexors, 2/5 in the foot and toe dorsiflexors, 3/5 in the foot and toe plantar flex-
ors, and 4+4/5 in the finger extensors and interossei hand muscles. Deep tendon
reflexes were 2+ at the biceps, triceps, and brachioradialis, 1+ at the knees, and
absent at the ankles. Sensory examination showed intact vibratory sensation and joint
position sense. Pinprick sensation was reduced in a stocking distribution. Coordination
testing was normal. Toes were downgoing bilaterally. She was unable to walk.

Investigations

The patient was admitted to our neurology inpatient service. A repeat NCS/EMG was
performed. NCS revealed reduced bilateral peroneal and tibial compound muscle
action potential (CMAP) amplitudes with normal conduction velocities and distal
motor latencies. Sensory conduction responses were normal. H-reflexes were absent.
Needle EMG revealed abundant fibrillation potentials and positive sharp waves in the
majority of the muscles tested both proximally and distally in the bilateral lower
extremities, including the lumbar paraspinal muscles but to a much lesser degree
compared to the limb muscles. Motor unit recruitment was markedly reduced; motor
unit morphology appeared relatively normal except for a few polyphasic units.
Cerebrospinal fluid (CSF) study revealed mildly elevated protein 68 mg/dL (normal:
15-45 mg/dL), normal cells, glucose, and IgG index and synthesis, and absent oligo-
clonal bands. Blood tests showed a mildly elevated serum angiotensin converting
enzyme (ACE) level at 74.6 (normal: 12-68 U/L). GM1 antibodies were negative.
Complete blood count (CBC), comprehensive metabolic panel, HbA1C, serum
immunofixation, ANA, ENA, ANCAs, cryoglobulins, TSH, B12, Lyme serology, and
paraneoplastic antibody panel were all unremarkable. She was treated with
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intravenous immunoglobulin (IVIg) 0.4 gm/kg/day for 5 days for a presumed diagno-
sis of the axonal variant of Guillian Barré syndrome (GBS). Her weakness and pain
minimally improved after the first course of IVIg, and she was discharged to the
inpatient rehabilitation unit. Her sensorimotor deficits did not show further improve-
ment even after two more courses of IVIG (2 gm/kg per course), 2 weeks apart. NCS/
EMG was repeated again 2 months after the second one. NCS revealed absent motor
and sensory nerve conduction responses in the lower extremities. EMG showed
ongoing denervation changes in the proximal and distal lower extremity muscles. The
findings are consistent with a severe, progressive, sensorimotor, axonal polyneuropa-
thy. A combined right sural nerve and gastrocnemius muscle biopsy was performed.

Nerve and Muscle Biopsy Findings

The right sural nerve biopsy (Fig. 35.1) revealed a mildly-to-moderately severe,
active, axonal neuropathy with striking perineuritis but no granulomas or acid fast
bacilli. Several fascicles showed focal or irregular inflammation and thickening of
perineurium. Chronic mononuclear inflammatory cells were seen infiltrating peri-
neurium and surrounding epineurial and endoneurial blood vessels. Vasculitis was
absent. The degree of perineurial inflammation was variable among different fasci-
cles. In one fascicle, the perineurial inflammation extended into endoneurium. Many
of the inflammatory cells were CD68+ macrophages. Fite stain was negative for acid
fast bacilli. The semithin plastic sections also showed prominent perineurial inflam-
mation and scattered perivascular inflammation. Many foamy macrophages were
noted in perineurium; a few were also seen in endoneurium. The majority of the
fascicles showed focal inflammation and thickening of perineurium. Subperineurial
edema was absent. The myelinated fiber density was mildly-to-moderately reduced
with no significant interfascicular or intrafascicular variations. Some myelin ovoids
were present, indicating active axonal degeneration. There was no regenerating clus-
ter. There was no large thinly-myelinated fiber or onion bulb to suggest demyelin-
ation and remyelination. The right gastrocnemius muscle biopsy (Fig. 35.1) showed
prominent chronic active neurogenic changes, including abundant target and target-
oid fibers, mild fiber type grouping, and grouped atrophy. It also showed mild-to-
moderate type 2 myofiber atrophy. There were two tiny endomysial collections of
chronic mononuclear inflammatory cells, but no necrotic or regenerating fibers.

Additional Investigations After the Nerve and Muscle Biopsy
Diagnoses

Given the sterile perineuritis revealed by the nerve biopsy and the remote history of
cutaneous sarcoidosis, the patient underwent high resolution chest computed tomogra-
phy (CT). It showed trace bibasilar atelectasis but no lymphadenopathy. CT of abdomen
and pelvis was also unremarkable. There was no evidence of systemic sarcoidosis.
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Fig. 35.1 Hematoxylin and eosin stain (HE) of the sural nerve biopsy section shows chronic
mononuclear inflammatory cells infiltrating perineurium and surrounding epineurial and endoneu-
rial blood vessels. There is irregular thickening of perineurium. CD68 immunostain (CD68) shows
many of the inflammatory cells in perineurium are macrophages. The number of endoneurial mac-
rophages also appears mildly increased. Gomori trichrome stain (GT) shows mildly-to-moderately
reduced myelinated axons. FITE stain (FITE) shows no acid fast bacilli. NADH-TR stain
(NADH-TR) of the gastrocnemius muscle biopsy section shows several target fibers. ATPase
pH 9.4 stain (ATPase 9.4) shows grouped atrophy and type 2 myofiber atrophy
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Final Diagnosis

Perineuritis with Active Axonal Polyradiculoneuropathy.

Patient Follow-up

After the diagnosis of active perineuritis was made based on the biopsy, the patient
received intravenous infusions of methylprednisolone 1 gram daily for 5 consecu-
tive days, followed by oral prednisone 60 mg daily. The patient’s pain markedly
reduced. Strength also improved. She was able to ambulate with a walker within a
few weeks. Mycophenolate mofetil 1 gram twice daily was added. The patient had
a near complete recovery of her motor function within a year. She only had mild
residual weakness in the foot and toe dorsiflexors. Immunosuppressant medications
were gradually tapered and discontinued after 3 years with close monitoring.

Discussion

Perineuritis is a rare clinicopathological entity. Patients with perineuritis may pres-
ent with sensory polyneuropathy [1, 2], sensorimotor axonal polyneuropathy [3],
chronic polyneuropathy with mixed demyelinating and axonal features [4], or
mononeuropathy multiplex [5]. Perineuritis that manifests acute, progressive, senso-
rimotor, axonal polyneuropathy mimicking Guillian Barre syndrome (GBS) as seen
in our case has also been described [6]. Painful paresthesia is a prominent symptom.
Perineuritis can be idiopathic but is more often seen in association with a systemic
disease such as sarcoidosis, leprosy, cryoglobulinemia, ulcerative colitis, intoxica-
tion with adulterated rapeseed oil, or systemic malignancy [5—8]. Our case appears
to represent idiopathic perineuritis. Although the patient had a remote history of
cutaneous sarcoidosis and breast cancer, there was no evidence of systemic sarcoid-
osis or malignancies at the time of neuropathy evaluation. The combined sural nerve
and gastrocnemius muscle biopsy did not show granulomas or micro-organisms.
The link between the perineuritis and prior cutaneous sarcoidosis is uncertain.

The differential diagnosis of an acute, painful, rapidly progressive, polyneuropa-
thy includes GBS, vasculitic neuropathy, other inflammatory neuropathies such as
sarcoid granulomatous neuritis and perineuritis, infectious neuropathies, and toxic
neuropathies. GBS mimics should be considered when the disease course is atypical
and the treatment response is poor. Our patient presented with acute worsening of
paresthesia and rapid progression of limb weakness with reduced peroneal and tibial
CMAP amplitudes and normal sensory NCS, which made the initial consideration of
GBS reasonable. However, the onset of mild sensory symptoms 2 months prior to the
acute worsening, and the lack of any improvement over the course of 3 months
despite the repeated courses of [VIg treatment made the GBS diagnosis questionable.
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It raised a strong suspicion for an active inflammatory myopathy other than GBS
such as vasculitic neuropathy. Given the past medical history of breast cancer and
sarcoidosis, paraneoplastic neuropathy and sarcoid neuritis were also of concern.
The patient did not have signs of infection or a history of neurotoxin exposure. A
nerve biopsy was needed in this clinical setting to address the GBS mimics.

The sural nerve biopsy in our patient showed striking active perineuritis.
Perineuritis is a rare but distinct pathological diagnosis. The nerve pathology of peri-
neuritis is characterized by prominent perineural inflammation, damage, and thicken-
ing along with axonal degeneration as seen in our case [6]. Endoneurial and epineurial
perivascular inflammation is commonly seen. The inflammation and thickening of
perineurium are often focal or irregular with fascicle-to-fascicle variations. Electron
microscopy (EM) typically reveals foamy histiocytes and lymphocytes infiltrating
and splitting perineurial lamellae, perineurial cell necrosis, and thickening of peri-
neurium with excessive collagen deposition [3, 5, 6]. When associated with sarcoid-
osis, granulomas may be present in the endoneurium or epineurium (see Fig. 2.6 in
Chap. 2) [6]. When associated with leprosy neuritis, additional features such as gran-
ulomas, acid fast bacilli, more severe epineurial and endoneurial inflammation, and
neural architectural damage are often present [9] (see the chapter of “Leprous
Neuropathy”). The nerve biopsy finding of perineuritis should prompt a careful
search for sarcoidosis and leprosy. In our case, although the patient had a remote his-
tory of cutaneous sarcoidosis, the high resolution chest CT and the abdomen and
pelvis CT did not reveal any evidence of systemic sarcoidosis. The nerve biopsy did
not show granulomas. The nerve inflammation was relatively confined to perineu-
rium, and the FITE stain did not show acid fast bacilli to suggest leprosy neuritis.

A sural nerve biopsy can differentiate GBS from other inflammatory neuropa-
thies which can clinically mimic GBS. A nerve biopsy in GBS typically shows
prominent endoneurial inflammation rather than perineurial inflammation, along
with active demyelination and/or axonal degeneration. A nerve biopsy in acute vas-
culitic neuropathy often shows acute vasculitis changes and axonal degeneration
with interfascicular and/or intrafascicular variations (see Figs. 2.2, 2.3, and 2.13 in
Chap. 2 and the chapter of “Vaculitic Neuropathy™).

As perineuritis is rare, the natural history and the treatment response to immuno-
suppressive or immune modulating therapies have not been studied. According to
the limited number of case reports, steroids appears effective.

Pearls

Clinical Pearls

1. Perineuritis is a rare clinicopathological entity that may manifest sensory
neuropathy, sensorimotor axonal polyneuropathy, chronic polyneuropathy
with mixed demyelinating and axonal features, or mononeuropathy multi-
plex. It can also mimic the axonal variant of GBS.
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2. Perineuritis can be idiopathic but is more often seen in association with a
systemic disease such as sarcoidosis, leprosy, cryoglobulinemia, ulcerative
colitis, intoxication with adulterated rapeseed oil, or systemic malignancy.
Adequate workup is needed for appropriate patient management.

3. The differential diagnosis of an acute, painful, rapidly progressive, axonal
polyneuropathy includes GBS, vasculitic neuropathy, other inflammatory
neuropathies such as sarcoid granulomatous neuritis and perineuritis,
infectious neuropathies, and toxic neuropathies.

4. GBS mimics should be considered when the disease course is atypical and
the treatment response is poor. A nerve biopsy is essential to address the
GBS mimics.

5. A prompt diagnosis of GBS mimics is critical, as it changes clinical man-
agement. While the therapy for GBS is IVIg or plasmapheresis, the treat-
ment of vasculitic neuropathy, sarcoid granulomatous neuritis, and sterile
perineuritis usually requires steroids and other immunosuppressive agents.
Infectious neuritis such as leprosy neuritis needs antibiotics treatment.

Pathology Pearls

1. Perineuritis is characterized by predominant inflammation, damage, and
thickening of perineurium along with axonal degeneration. The inflamma-
tion and thickening of perineurium are often focal or irregular with fascicle-
to-fascicle variations. EM typically shows foamy histiocytes and lymphocytes
infiltrating and splitting perineurial lamellae, perineurial cell necrosis, and
thickening of perineurium with excessive collagen deposition.
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A 34-Year-Old Man with Right Hand
and Left Foot Numbness

Check for
updates
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History

A 34-year-old Indian man presented for evaluation of right hand and left foot numb-
ness. Eighteen months earlier, he noted right index finger numbness that spread over
months to involve entire hand up to mid-forearm. He had burned his fingers without
feeling it. He also noted the skin of the right hand was dry. About 6 months after
onset, he noted a small patch of numbness, slowly enlarging, on the lateral left foot.
He denied pain, rashes or skin discoloration, nasal congestion or nose bleeds, or
weight loss. He had no history of diabetes, hepatitis or renal disease. He did not
smoke or drink alcohol and worked in a clerical position, without exposure to
toxins.

Physical Examination

His examination revealed no rash or skin hypopigmentation. His mental status and
cranial nerve functions were normal. He had normal strength, coordination, deep
tendon reflexes, and gait. He had decreased light touch, pinprick and temperature
sensation in the right hand and left lateral foot. Vibratory sensation was decreased
in his right index finger. Proprioception was normal.

S. P. Nations (<)

Department of Neurology & Neurotherapeutics,

University of Texas Southwestern Medical Center, Dallas, TX, USA
e-mail: sharon.nations @utsouthwestern.edu

D. K. Burns
Department of Pathology, Neuropathology Section,
University of Texas Southwestern Medical Center, Dallas, TX, USA

© Springer Nature Switzerland AG 2020 343
L. Zhou et al. (eds.), A Case-Based Guide to Neuromuscular Pathology,
https://doi.org/10.1007/978-3-030-25682-1_36


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-25682-1_36&domain=pdf
mailto:sharon.nations@utsouthwestern.edu

344 S. P. Nations and D. K. Burns
Investigations

The following tests were negative or normal: serum glucose, erythrocyte sedimenta-
tion rate, antinuclear antibody, anti-neutrophil cytoplasmic antibodies, and serum
protein electrophoresis. Nerve conduction studies (NCS) revealed slightly pro-
longed right ulnar distal latency, mildly reduced right ulnar motor amplitude and
normal conduction velocity across the forearm. Across the elbow, conduction veloc-
ity was mildly slowed by 21% and amplitude decrease by 21%. Right median motor
response was normal. Right median and ulnar sensory responses were absent. Right
radial sensory response had mildly prolonged peak latency and moderately reduced
amplitude. Left peroneal and tibial motor responses were normal. Left sural sensory
response had normal peak latency and severely reduced amplitude. Overall findings
were of a predominantly sensory axonal multifocal neuropathy with superimposed
right ulnar neuropathy at the elbow.

Skin biopsy of the right hand was performed and showed mild nonspecific
inflammation without abnormal stains for acid fast bacilli (AFB). Since the biopsy
was non-diagnostic, the patient was referred for biopsy of the right superficial radial
nerve. Biopsy of overlying skin was performed at the same time.

Nerve and Skin Biopsy Findings

Cryostat and paraffin sections of the right superficial radial nerve biopsy revealed a
striking endoneurial mononuclear inflammatory infiltrate, particularly pronounced
in the subperineurial region of the largest fascicle and extending more diffusely
through the remainder of the endoneurial compartment. Granulomas were present
in some areas (Fig. 36.1a). Myelinated axons were decreased in number in an irreg-
ular distribution in all fascicles. Fite modified acid fast stain highlighted scattered
acid fast bacilli dispersed singularly and in small clusters throughout the endoneu-
rial compartment, some within the cytoplasm of inflammatory cells and some within
myelin sheaths (Fig. 36.1b). Toluidine blue-stained semithin Epon sections revealed
a generalized decrease in myelinated fiber numbers, with a substantial number of
the remaining myelinated axons invested by disproportionately thin myelin sheaths
(Fig. 36.1c). Electron microscopy revealed endoneurial mononuclear infiltration
and additional evidence of axonal loss in the form of numerous collections of
Schwann cell cytoplasmic processes devoid of axoplasm, as well numerous thinly
myelinated axons and an occasional myelin ovoid. In some instances, myelin
sheaths were disrupted by intramyelinic vesicular profiles, consistent with active
demyelination. Electron dense bacilli were identified in the cytoplasm of some
Schwann cells and occasional endoneurial mononuclear cells (Fig. 36.1d). No defi-
nite intra-axonal bacilli were identified. Simultaneous skin biopsy showed a patchy
mononuclear inflammatory infiltrate around dermal appendages and nerve twigs,
the latter most conspicuous at the dermal-subcutaneous junction. No granulomas
were identified. Fite-stained sections revealed scattered AFB adjacent to adnexal
structures and within the deeper dermal nerve twigs. Slit skin scrapings for tissue
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Fig. 36.1 Nerve biopsy, leprous neuropathy. (a), An H&E-stained paraffin section of the superfi-
cial radial nerve biopsy, demonstrating a well-formed granuloma (arrow). (b), Fite stained longi-
tudinally oriented paraffin section, demonstrating clusters of acid fast bacilli intimately associated
with a myelin sheath (arrow). (c¢), Epon-embedded 1.5 mm transverse section, demonstrating
numerous axons invested by disproportionately thin myelin sheaths, compatible with demyelin-
ation (arrow). (d), Transmission electron micrograph, demonstrating irregular, electron dense
bacilli within an endoneurial mononuclear cell. A prominent mycolic acid coat (arrow), typical of
M. tuberculosis, surrounds the degenerating bacilli

fluid of bilateral ear lobes, elbows and knees, tested by modified Fite stain, demon-
strated AFB at the right elbow.
Final Diagnosis

Multibacillary Hansen’s disease

Patient Follow-up

The patient was treated with dapsone, rifampin and clofazimine for 2 years per the
National Hansen’s disease program guidelines [1]. His sensory exam improved dra-
matically in the right hand and normalized in the left foot.
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Four years after completing therapy, he returned for evaluation of worsening
right-hand numbness, new weakness of the right hand, and new numbness and
weakness of the right foot. He had partial recurrence of numbness in left lateral
foot. His hemoglobin Alc was normal. Skin biopsy of the numb area of the right
foot showed chronic perivascular and perineurial inflammatory infiltrates in the
mid and deep dermis. One focus clearly involved a cutaneous nerve. No AFB could
be identified by Fite stain. The patient was treated with prednisone, gradually
tapering over several months. He was also treated with dapsone, rifampin and clo-
fazimine for a year for possible recurrent infection. However, in retrospect, this
episode most likely represented a reversal reaction [2], an increase in the body’s
immune response to bacteria, which can be seen before, during or even years after
completion of antibiotic treatment [3]. Nonviable bacteria are cleared from the
body very slowly over years and may provoke an inflammatory response, produc-
ing new neuropathies, with or without pain. Reversal reactions can be successfully
treated with steroids or other immune suppressants. The patient’s right hand weak-
ness improved but did not return to baseline. His right foot numbness was
unchanged.

Discussion

Leprosy, or Hansen’s disease, is a common cause of neuropathy in the developing
world, but may be seen in immigrants to developed countries or in endemic regions
of the United States. It is an infection caused by Mycobacterium leprae, affecting
skin and nerves. Its neurotropism can be explained, at least in part, by its affinity for
Schwann cells. The cell wall of M. leprae contains phenolic glycolipid-1 (PGL-1),
which is not found in other mycobacteria [4]. PGL-1 binds to the laminin alpha-2
chain of the Schwann cell basal lamina, an interaction sufficient to induce the uptake
of M. leprae into the Schwann cell [5]. Manifestations of the disease range on a
spectrum from tuberculoid to lepromatous. Tuberculoid patients have a well-
developed cell-mediated immune response, with disease limited to a few hypoes-
thetic skin lesions and at most a mononeuropathy. Lepromatous patients present
with widespread rash and a symmetric polyneuropathy. Interestingly, deep tendon
reflexes are typically preserved in leprous neuropathy. Patients may have loss of
eyelashes and eyebrows, and inflammatory infiltration of ear lobes, nose and fore-
head, leading to the so-called “leonine facies”. In between these polar extremes are
patients with more asymmetric presentations, called borderline leprosy [6]. For
treatment purposes, patients are classified as either paucibacillary (5 or fewer skin
lesions) or multibacillary (more than 5 skin lesions) and treated according to World
Health Organization protocols. Paucibacillary patients are treated with dapsone and
rifampin for 6 months. Multibacillary patients are treated with dapsone, rifampin
and clofazimine for 1 year [7]. In the United States, treatment is continued for 1 year
for paucibacillary and 2 years for multibacillary disease per the National Hansen’s
Disease Program recommendations [1].
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One of the challenges of treating this disease is its propensity for causing autoim-
mune reactions, which can occur as long as the bacterial antigens are present in the
body. These are of two types: type 1 or reversal reaction and type 2 or erythema
nodosum leprosum (ENL). In reversal reaction, there is an increase in cell-mediated
immune response, leading to increased erythema and swelling of skin lesions and
new numbness or weakness, with or without pain. ENL is caused by deposition of
antigen-antibody complexes in various tissues, leading to fever, painful skin nod-
ules, hepatosplenomegaly, neuritis, nephritis, orchitis, and iridocyclitis [2]. Both
reversal reaction and ENL are treated with prednisone, particularly when there is
nerve involvement. In addition, thalidomide is used to treat ENL in non-pregnant
patients. It is not helpful in treating neuropathy. Both male and female patients
treated with thalidomide must use adequate contraception due to the well-known
teratogenic effects of the medication.

Leprosy is typically diagnosed by biopsy of skin rash. In tuberculoid cases, well-
formed epithelioid granulomas, sometimes caseating, may be seen with bacteria
absent or only demonstrable by polymerase chain reaction (PCR) for M. leprae. In
lepromatous cases, skin biopsy reveals disorganized inflammatory cells, including
lipid-laden (“foamy”’) macrophages containing many bacilli in clumps (“globi”).
Destruction of sweat glands and hair follicles results in dry skin and loss of hair,
respectively [2].

As illustrated in this case, “neuritic leprosy” may occur, without associated
skin hypopigmentation or rash. A high index of suspicion in patients from endemic
areas (which include Texas and Louisiana in the United States) should prompt
referral for biopsy. Skin biopsy in a symptomatic area may reveal inflammation
involving dermal nerves, which is highly suggestive of leprosy by itself without
AFB. If skin biopsy is not definitive, biopsy of an affected nerve may confirm the
diagnosis.

Nerve biopsy shows variable degrees of inflammatory changes, involving some
fascicles, sparing others. Perineurial inflammation is common, and its presence in
any nerve biopsy should always prompt a search for acid fast bacilli. Animal studies
have demonstrated that the mycobacteria collect in epineurial lymphatics, thus
spreading to endoneurial blood vessels [8]. M. leprae may be seen in endothelial
cells of human patients, suggesting a vascular entry through the perineurial sheath
[9]. In tuberculoid disease, granuloma formation is prominent and destroys nerve.
Staining with S-100 may be necessary to verify presence of nerve tissue. In lepro-
matous cases, the nerve structure may be relatively preserved and well-formed gran-
ulomas are absent. Myelin injury is best demonstrated in toluidine blue stained
semithin resin-embedded semithin sections and in teased fiber preparations. The
perineurium may be split into layers by sheets of foamy cells or edema, giving an
“onion bulb” appearance [2].

Prognosis depends on the duration of symptoms and is good to excellent if the
disease is diagnosed in early stages before significant nerve damage occurs. Close
monitoring of patients is required during treatment and periodically after treatment
is completed, in order to promptly detect and treat reactions that can lead to further
nerve damage.
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Pearls

Clinical Pearls

1. Leprous neuropathy should be a diagnostic consideration in any patient
with neuropathy, with or without rash, from an endemic region.

2. Nerve biopsy is not usually necessary but helpful for diagnosis.

3. The disease is curable with recommended antibiotic therapy but prolonged
treatment is necessary.

4. Patients must be monitored for worsening or new neuropathy symptoms,
which may signal an immune mediated reaction, requiring treatment with
immune suppressants. Thalidomide may be used to treat ENL reactions
but does not treat neuropathy.

Pathology Pearls

1. Nerve biopsy in leprous neuropathy may reveal characteristic inflamma-
tion and AFB as well as demyelination of axons. Acid fast bacilli may be
exceedingly rare in some cases of the tuberculoid form of the disease, but
are typically abundant in the lepromatous variants.
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Chapter 37

A 64-Year-Old Woman with Progressive
Pain, Numbness and Weakness in the Right
Lower Limb

Lan Zhou, Susan Morgello, Rajeev Motiwala, and Susan C. Shin

History

A 64-year-old woman presented to the emergency room with progressive pain,
weakness, and numbness in the right lower extremity. She developed a relatively
acute onset of pain in the right gluteal area shooting towards the right posterior
thigh, calf, and lateral foot 2 months prior to the presentation. This was followed by
progressive weakness and numbness in the right leg and foot, which affected her
gait. She also developed focal swelling in the lateral aspect of the right distal leg.
She denied other limb involvement. She denied bowel or urinary incontinence.
There had been no fever, weight loss, night sweats, or skin rash. Her past medical
history was significant for uterine fibroids status-post hysterectomy. Her family his-
tory, social history, and review of systems were unremarkable.
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Physical Examination

Her general examination was unremarkable except for mild focal edema with ten-
derness involving the lateral aspect of the right distal leg. There was no spine tender-
ness. Her neurological examination showed normal mental status and cranial nerve
functions. Sensorimotor deficits were only detected in the right lower limb with
weakness in the knee flexors (MRC 4—/5), foot dorsiflexors (4/5) and plantar flexors
(4-/5), foot evertors and invertors (4—/5), and toe dorsiflexors (3/5) and plantar
flexors (4—/5). Pinprick sensation was reduced in the right posterior thigh, posterior
and lateral distal leg, and the dorsal and lateral aspects of the foot. Vibratory sensa-
tion was reduced at the right toes and ankle. Joint position sense was intact. Deep
tendon reflexes were 2+ except for the absent right ankle jerk. Plantar responses
were flexor bilaterally. Her gait was antalgic, and she dragged her right foot.

Investigations

Nerve conduction study (NCS) and electromyogram (EMG) showed severely
reduced right peroneal compound muscle action potential (CMAP) amplitude
recording the extensor digitorum brevis muscle (0.1 mV). The right peroneal CMAP
amplitude recording the tibialis anterior muscle was also reduced (1.4 mV) with a
partial (42%) conduction block and conduction slowing (28 m/s) across the fibular
head. Right tibial CMAP amplitude was also markedly reduced (0.8 mV) with nor-
mal distal latency and conduction velocity. Right tibial H-reflex was absent. Right
sural sensory nerve action potential (SNAP) amplitude was more than 50% reduced
as compared to the left (right 9 pV and left 19 pV). Right superficial peroneal sen-
sory response was absent. Right femoral motor conduction study was normal and
similar to the left. NCS of the left lower extremity was normal. Concentric needle
EMG revealed 1+ to 3+ fibrillation potentials and positive sharp waves with reduced
motor unit recruitment and slightly large motor unit potentials in the right tibialis
anterior, peroneal longus, gastrocnemius, extensor hallucis longus, biceps femoris,
and gluteus medius muscles. Fibrillation potentials and positive sharp waves were
also noted in the right L5 and S1 paraspinal muscles. Needle EMG of the right vas-
tus lateralis muscle and the left lower extremity and paraspinal muscles was normal.
The complex electrodiagnostic findings were consistent with a right lumbosacral
radiculoplexus neuropathy with associated acute right peroneal neuropathy at the
fibular head. Magnetic resonance imaging (MRI) of the lumbar and sacral spine
showed no significant degenerative changes of the spine but thickening and contrast
enhancement of cauda equine nerve roots, most prominently the right S1 nerve root.
MRI of the right leg showed a 4.9 cm x 1.2 cm x 1.0 cm lobular enlargement with
contrast enhancement of the right superficial peroneal nerve adjacent to the distal
fibular shaft. There was also thickening and enhancement of the distal sciatic, tibial,
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or common peroneal nerve. MRIs of brain and cervical and thoracic spine were
unrevealing. Rheumatological markers, ACE level, and HIV, EBV, CMV, HSV, and
Lyme serology were all unremarkable. A cerebrospinal fluid (CSF) study demon-
strated an elevated protein level (112 mg/dL), normal otherwise. CSF cytology dis-
played rare atypical lymphocytes, and flow cytometry was suspicious for a B-cell
lymphoproliferative disorder. Computed tomography (CT) scan of chest, abdomen
and pelvis with contrast was unremarkable. Whole body fludeoxyglucose-positron
emission tomography (FDG-PET) scan showed intense radiotracer activity along
the course of the right S1 nerve root, discrete focus of increased tracer uptake in the
posterior compartment of the lower right thigh and popliteal fossa, and intensely
hypermetabolic tubular mass in the anterior compartment of the right distal leg.
There were no other hypermetabolic lesions in the rest of the body. A right superfi-
cial peroneal nerve lesion biopsy was performed.

Nerve Lesion Biopsy Findings

The right superficial peroneal nerve lesion biopsy (Fig. 37.1) showed diffuse large
B-cell lymphoma (DLBCL) involving the nerve and surrounding soft tissue; the
lymphoma cells were immunoreactive to CD20 and Bcl-2 but not CD10.

Final Diagnosis

Primary Neurolymphomatosis

Patient Follow-up

The patient underwent chemotherapy with the R-MPV regimen (rituximab, metho-
trexate, procarbazine, and vincristine) developed for primary CNS lymphoma [1].
She also received radiation therapy to her right distal leg. She presented to our
neurology clinic for follow up 15 months after the symptom onset, when she had
received 7 cycles of chemotherapy and 17 radiation treatments. She showed
remarkable interval improvement with the right leg pain completely resolved. Only
mild weakness was detected in the right foot dorsiflexors (4+/5) and toe dorsiflex-
ors (4/5). Pinprick sensation was slightly reduced at the lateral aspect of her right
distal leg and the lateral, dorsum, and bottom of her right foot. She was able to
walk without dragging her right foot. The repeat FDG-PET showed no evidence of
residual lymphoma.
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Fig. 37.1 H&E stain (a) shows nerve infiltration by abundant tumor cells (arrows). The tumor
cells have large nuclei and prominent nucleoli; these features are typical of a large cell B-cell
lymphoma. Immunostains show that these cells expressed CD20 (b) and Bcl-2 (c)
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Discussion

Neurolymphomatosis (NL), defined as lymphoma infiltrating the nerve, occurs both
in isolation as primary neurolymphomatosis (PNL), or secondary to systemic or
central nervous system (CNS) disease [2—4]. As a secondary phenomenon, it can
present at initial lymphoma diagnosis, during the course of disease, or during
relapse; as a primary condition, it is exceedingly rare [5]. It is typically due to non-
Hodgkin’s lymphoma, most commonly diffuse large B-cell lymphoma (DLBCL),
but T-cell lymphomas are also reported [6, 7].

NL is a rare disease which can affect cranial nerves, spinal nerve roots, brachial
and lumbosacral plexus, and peripheral nerves. The median age at onset is about
50 years, and the disease has male predominance [3, 8, 9]. A few cases of PNL have
been reported affecting focal individual peripheral nerves, nerve roots, or both [4, 6,
9-12], with the sciatic nerve involvement being the most common [10-12]. Our
case represents PNL with painful unilateral lower limb involvement caused by poly-
radiculoneuropathy, which is very rare. The patient had unilateral multiple lesions
involving the right S1 root, sciatic nerve, common peroneal nerve, superficial pero-
neal nerve, and tibial nerve.

Due to the lack of systemic and CNS involvement, early diagnosis of PNL can be
quite challenging, which requires a high clinical suspicion and adequate evaluation
to avoid delay [4]. Comprehensive evaluation of patients is essential to achieve early
diagnosis of PNL as seen in our patient. NCS/EMG is helpful to localize the
lesion(s) [3, 13]. Neuroimaging study with MRI is useful to further localize and
evaluate the lesion(s) and to target a lesion for biopsy. Whole body PET scan is
more sensitive than MRI for staging the disease [3, 5, 9, 13—15]. MRI in PLN usu-
ally shows enhancing lesions in the affected nerves and nerve roots. But MRI
enhancing nerve and root lesion(s) can also be seen in other malignancies such as
nerve sheath tumors, inflammatory diseases such as inflammatory demyelinating
polyradiculoneuropathy or sarcoid radiculoneuropathy, and infectious neuritis and
radiculitis [16]. Blood tests and CSF study are important in the initial evaluation to
address the differential diagnosis. CSF cytology may show lymphoma cells but the
sensitivity is low [2, 9]. Therefore, successful nerve or nerve root lesion biopsy is
often needed and is the gold standard for the diagnosis of PNL. In the present case,
the definitive diagnosis was made by the superficial peroneal nerve lesion biopsy.

Histologically, tumor cells can infiltrate in an annular fashion just beneath the
perineurium, can extend from the sub-perineurium into the endoneurial space, or can
diffusely, confluently infiltrate the endoneurium [7]. Foci of demyelination devoid of
macrophage infiltrates can occur in the region of NL, but without direct apposition
of tumor cells to the demyelinated axons [7]. Distal to tumor, Wallerian degeneration
of axons with macrophage infiltrates can be seen. As NL often has a proximal distri-
bution, it is important to recognize that “false negative” biopsies with degenerative
features may occur, thus, radiographic localization of lesions prior to biopsy is rec-
ommended [17]. In one recent review, histology with immunohistochemistry for
lymphocyte markers was sufficient to make the diagnosis of NL on nerve biopsy in
only 40% of cases; with the use of multiplex PCR to detect lymphoma gene rear-
rangements in the nerve tissue, close to 90% could be ascertained [18].
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The pathogenesis of PNL is currently unclear. There is a high rate of extranodal
primary presentations in a variety of organ systems in DLBCL. Gene expression
profiling has identified two distinct forms of DLBCL, germinal centre B-like
DLBCL and activated B-like DLBCL. Germinal centre B-like DLBCL cells resem-
ble germinal centre cells in the lymph node and express CD10 and Bcl-6, while
activated B-like DLBCL cells look like activated peripheral blood cells and express
Bcl-2 [19]. Since the DLBCL cells in the NL lesion of our patient expressed Bcl-2
but not CD10, they appeared originated from peripheral blood. But the primary site
of the extranodal generation of the lymphoma and how the activated circulating B
cells preferentially home to and infiltrate the local peripheral nerves and nerve roots
remain unclear. It may involve systemic tumor cells crossing the blood-nerve barrier
mediated through aberrant NCAM expression on lymphocytes homing to CD56 in
the nerve [4].

There is no standard treatment for NL. It is usually treated with chemotherapy
alone or in combination with radiotherapy. Systemic chemotherapy is critical if
multiple sites are involved. Radiotherapy is added if a focal lesion is prominent.
High-dose intravenous methotrexate (MTX)-based poly-chemotherapy is the pre-
ferred treatment with encouraging results [3, 4]. Adding rituximab appears benefi-
cial [10, 20]. The prognosis of NL is generally poor [2, 3, 9], but PNL appears to
have a more favorable prognosis [9] with a median survival of 24 months in a small
series treated with high-dose MTX-based poly-chemotherapy [3]. Our patient
underwent chemotherapy with the R-MPV regimen (rituximab, methotrexate, pro-
carbazine, and vincristine). She also received radiation therapy to her right distal leg
for the lymphoma mass lesion in the right superficial peroneal nerve. She responded
very well to the treatment with complete resolution of the PET scan lesions and
marked improvement of her sensorimotor deficits.

Pearls

Clinical Pearls

1. NL is a rare disease which can affect cranial nerves, spinal nerve roots,
brachial or lumbosacral plexus, and peripheral nerves.

2. Early diagnosis of PNL can be challenging due to a broad spectrum of
clinical presentation and the lack of CNS or systemic involvement at the
time of evaluation.

3. Comprehensive evaluation including NCS/EMG, MRI with contrast,
whole body PET scan, and nerve lesion biopsy is essential to achieve the
early diagnosis of PNL.

4. In PNL, MRI usually shows enhancing lesion(s), CSF study may show
lymphoma cells but it is insensitive, and nerve lesion biopsy is often
needed for the diagnosis.
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5. The current preferred treatment of PNL includes systemic chemotherapy
using high-dose intravenous MTX-based poly-chemotherapy and radio-
therapy for focal lesions. Adding rituximab can be beneficial.

6. A good treatment response can be obtained by aggressive chemotherapy
using the R-MPV (rituximab, methotrexate, procarbazine, and vincris-
tine) regimen coupled with radiation treatments starting at a relatively
early stage.

Pathology Pearls

1. Nerve lesion biopsy is the gold standard for the diagnosis of PNL.

2. PNL is typically due to non-Hodgkin’s lymphoma, most commonly dif-
fuse large B-cell lymphoma (DLBCL). The diagnostic finding of nerve
lesion biopsy is the invasion by CD20+ lymphoma cells.
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Chapter 38 )
A 68-Year-Old Man with Progressive
Lower Limb Numbness and Weakness
and Urinary Incontinence

Check for
updates

Lan Zhou, Susan Morgello, and Susan C. Shin

History

A 68-year-old Asian American man developed numbness in the left leg, mostly
involving the left toes, and intermittent low back pain 6 months prior to the presen-
tation. The symptoms worsened in the last 3—4 weeks with slowly progressive
numbness and weakness of both lower extremities which caused difficulty with
ambulation requiring a cane. He also had had urinary incontinence and bowel con-
stipation for 2-3 weeks. Initial workup by his primary care physician with lumbar
spine and hip X-rays was unremarkable. His symptoms did not improve with phys-
ical therapy, acupuncture, Gabapentin, or epidural injections. He acutely lost the
ability to walk when he was trying to go for spine magnetic resonance imaging
(MRI), and he was brought to the emergency room. He had a past medical history
of pre-diabetes, asthma, and gout. His medications included Gabapentin,
Allopurinol, and Monteleukast. Family history was non-contributory. He denied
any smoking or alcohol drinking history. He denied any fevers, malaise or skin
rashes but did note unintentional 20-pound weight loss.
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Physical Examination

General examination was unremarkable. Neurological examination showed normal
mental status and cranial nerve functions. Motor examination showed normal tone
and bulk, but weakness was detected in the right hip flexors and bilateral knee flex-
ors (MRC 4/5). There were patchy reduction of pinprick sensation in the distal
lower extremities, reduced vibratory sensation in the toes and ankles, and impaired
proprioception of the right toes and foot. Pinprick sensation was intact in the
perineum, and anal sphincter tone was normal. Deep tendon reflexes were absent at
the ankles, and 2+ elsewhere. Toes were equivocal. Gait was broad based and ataxic.

Investigations

The patient was admitted to the neurology service. His brain MRI with and with-
out contrast showed an incidental small, chronic appearing, right subdural hema-
toma. Whole spine MRI without contrast was unrevealing. Extensive laboratory
workup including CBC, comprehensive metabolic panel, B12, serum immuno-
fixation, paraneoplastic antibody panel, copper level, rapid plasma reagin (RPR),
Lyme serology, and HIV serology were all unremarkable. Comprehensive rheu-
matologic markers did not yield any positive values other than a weakly positive
ANA 1:160 and elevated sedimentation rate 62 mm/hr. Cerebrospinal fluid (CSF)
studies revealed mild lymphocytic pleocytosis with white blood cells 12/UL (nor-
mal: 0-5/UL) and elevated protein 173 mg/dL (normal:15.0-45.0) but normal
glucose 80 mg/dL. CSF Gram stain, cryptococcal antigen, and Lyme, EBV, CMV,
and VZV antibodies were all negative. CSF cytology was negative. Computed
tomography (CT) of chest, abdomen, and pelvis revealed a few bilateral subcenti-
meter pulmonary nodules, several small renal cysts, and a mildly enhancing focal
soft tissue density lesion in the spleen measuring 2.5 x 2.4 cm that showed a
higher density than simple fluid but not hypervascular. The etiology of the lesion
was indeterminate without a known history of malignancy. Nerve conduction
studies (NCS) and electromyography (EMG) revealed a polyradiculopathy affect-
ing the right L3-S1 myotomes and the left L5-S1 myotomes, sparing the thoracic
and cervical spinal segments. NCS/EMG also showed a mild, distal, sensorimotor
axonal polyneuropathy.

The patient’s leg weakness and numbness continued to progress after the admis-
sion. A repeat lumbosacral spine MRI with gadolinium revealed diffuse enhance-
ment of the cauda equina. An autoimmune or neoplastic etiology was considered,
given the negative infection workup. He was empirically treated with IV steroids
with transient improvement. His symptoms then progressively worsened despite
oral Prednisone and intravenous immunoglobulin (IVIG) treatment. Over the course
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of 6 weeks, he became flaccid paraplegic. He also developed anasarca, pleural effu-
sion, hypoxia, hyponatremia, leukocytopenia, anemia, mildly impaired liver
function, metabolic encephalopathy, and left distal leg deep venous thrombosis.
Bone marrow biopsy was non-diagnostic. A combine left superficial peroneal nerve
and peroneus brevis muscle biopsy was performed.

Nerve and Muscle Biopsy Findings

Both nerve and muscle biopsy specimens (Fig. 38.1) showed scattered blood vessels
containing markedly atypical cells in their lumens with large nuclei and prominent
nucleoli. Immunohistochemical stains showed that these cells were reactive for
CD79a, CD20, CDS, and Bcl-2, but not CD10, CD30, CD3, BCL-1, CD4, CD8, or
CDG68. In situ hybridization for EBV EBER RNA was negative. The findings are
consistent with intravascular large B-cell lymphoma. The nerve biopsy also showed

Fig. 38.1 (a), Intravascular lymphoma in an endomyseal blood vessel (arrow). Tumor cells dis-
tend the vascular lumen, have large nuclei and prominent nucleoli; these features are typical of a
large cell B-cell lymphoma (high power photomicrograph of hematoxylin and eosin stain). (b and
¢), Lymphoma cells in endomyseal blood vessels expressing pan-B cell markers CD20 (b, arrows)
and CD79a (c, arrows) (high power photomicrographs of immunohistochemical stains with diami-
nobenzidene chromogen and hematoxylin counterstain). (d), Lymphoma cells in perineurial and
epineurial medium- and small-caliber blood vessels (arrows), expressing pan-B cell marker CD20
(low power photomicrograph of immunohistochemical stain with diaminobenzidene chromogen
and hematoxylin counterstain). (e), There is no evidence of neuritis or vasculitis in the peripheral
nerve; this fascicle displays mild depopulation of myelinated axons (one micron-thick, toluidene
blue-stained section of plastic-embedded peripheral nerve). (f), In the skeletal muscle, acute dener-
vation of myofibers is demonstrated by diffuse, dark reactivity for esterase (arrows). Many of these
fibers are atrophic and angulated (frozen section histochemistry for non-specific esterase)
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mild depopulation of myelinated axons and occasional degenerating nerve fibers.
The muscle biopsy also showed numerous esterase-positive denervated fibers, rare
necrotic fibers undergoing myophagocytosis, and scattered regenerating fibers.

Final Diagnosis

Intravascular Large B-cell Lymphoma

Patient Follow-up

The patient underwent chemotherapy for the lymphoma. He received R-CHOP
(rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone) and meth-
otrexate (MTX) with marked improvement. He was discharged to subacute rehab
after 3 months of hospitalization. After another 3 months, he was discharged home.
He was disease-free with negative whole body fludeoxyglucose-positron emission
tomography (FDG-PET) scan. He had mild residual bilateral hip flexor and knee
extensor weakness. He still had sensory ataxia and needed a walker for ambulation.

Discussion

Intravascular large B-cell lymphoma (IVLBCL) is a rare form of lymphoma with an
incidence of 0.095 cases/1,000,000 according to a population-based study in the
United States [1]. It is characterized by almost exclusive growth of lymphoma cells
within the lumens of blood vessels [2]. Almost all blood vessels can be involved [3].
The most commonly affected sites include central nervous system, skin, and hemato-
poietic system [4—6]. There are three variants according to the clinical features: clas-
sical variant, cutaneous variant, and hemophagocytic syndrome-associated variant
[2, 7]. The classical variant has a wide spectrum of clinical presentation depending
on the organ involvement. The median age is 70 years with no sex prevalence. Patients
may present with systemic symptoms and organ-specific symptoms. The most com-
mon systemic symptom is fever of unknown origin. Weight loss without fever is
present in 10% of patients. The cutaneous variant predominantly manifests skin
lesions, and it is more frequently seen in Western Countries. The hemophagocytic
syndrome-associated variant predominantly manifests bone marrow abnormalities
and hepatosplenomegaly with rapid onset and progression; it is mostly seen in Asians.

Neurological symptoms are present in 35% of IVLBCL patients, which include
encephalopathy, aphasia, visual loss, vertigo, sensorimotor deficits, seizures, and
others. Central nervous system (CNS) is much more frequently affected than periph-
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eral nervous system (PNS). CNS involvement is present in about 25% of patients
with IVLBCL at the time of diagnosis [8]. Neurologically, our patient had PNS
involvement and presented with progressive cauda equina syndrome with gadolin-
ium enhancement of cauda equine nerve roots but no MRI abnormalities in the
spinal cord or brain, which is very rare [9, 10].

Tissue biopsy is essential for the diagnosis of IVLBCL, as no discrete tumor
masses can be appreciated on radiographic studies, blood and CSF usually do not
show malignant lymphocytes, symptoms are non-specific, and cutaneous lesions,
when present, display a variety of gross morphologies [7]. As IVLBCL is aggres-
sive, rare, and lacks a characteristic clinical presentation, it has been stated that
diagnosis is often made at autopsy; however, recent studies reveal antemortem
ascertainment in up to 80% of patients [11]. Muscle, skin and nerve biopsies con-
stitute important diagnostic modalities; even in the absence of macroscopic
lesions, skin biopsies may achieve upwards of 75% sensitivity for definitive diag-
nosis [12]. The peripheral tissue biopsy is less invasive than brain or internal organ
biopsy.

Histologically, tumor cells reflect the morphology of large B-cell lymphoma,
with large nuclei, prominent nucleoli, and scant cytoplasm. The cells often crowd
and distend the lumens of small caliber blood vessels; importantly, they do not
invade the vascular wall, and there is no evidence of an angiodestructive process
(as might be seen with lymphomatoid granulomatosis, infection, or vasculitis) [7].
The aggregation of tumor cells within vascular lumens is thought to reflect expres-
sion of cell surface molecules promoting endothelial adhesion; the lack of tumor
cell infiltration into parenchymal structures is thought to reflect an absence of cell
surface molecules enabling vascular extravasation, such as the bl integrin CD29
[11]. When vascular lumens are distended by monomorphous tumor cells, IVLBCL
can be easily recognized on routine light microscopy, but when admixed with other
blood elements, care must be taken to distinguish atypical tumor morphology from
benign but immature circulating blood elements. Immunohistochemical analysis
of lymphocyte markers is therefore a critical part of the diagnostic work-up. The
vast majority of IVLBCL express pan B cell markers such as CD79a and CD20;
MUMI/IRF4, Bcl-2, and CD19 are also extremely frequent; but there is known
variation in immunophenotypes, with some tumors displaying germinal center
(20%) and others non-germinal center (80%) surface marker patterns [7]. Through
immunohistochemical analysis, rare T cell intravascular lymphomas have been
recognized [11].

Due to the rarity of IVLBCL, there have been no prospective therapy trials for
the disease. Since IVLBCL is a rapidly progressive disseminated disease except for
the cutaneous variant, it requires aggressive treatment. The R-CHOP regimen has
been shown to achieve an 88% complete remission rate, a 91% overall response
rate, and a 60% two year survival rate [13—15]. Our patient also responded very well
to this regimen. MTX is recommended to use for CNS prophylaxis and treatment in
IVLBCL patients given its better CNS bioavailability [3]. The outcomes depend
largely on the early diagnosis and treatment of the disease.
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Pearls

Clinical Pearls

1. Intravascular large B-cell lymphoma is a rare and mostly systemic disease
which frequently involves CNS.

2. PNS involvement is uncommon and can present with rapidly progressive
cauda equine syndrome.

3. MRI with contrast is useful to evaluate the nervous system involvement;
CSF study usually shows lymphocytic pleocytosis, elevated protein level,
and negative cytology.

4. Intravascular large B-cell lymphoma is difficult to diagnose based solely
on the clinical presentation, routine laboratory tests, and imagine studies.
Tissue biopsy is essential for the diagnosis.

5. R-CHOP regimen is used for treating intravascular large B-cell lymphoma.
MTX may be added for CNS prophylaxis and treatment.

6. Clinical outcomes depend largely on the early diagnosis and treatment.

Pathology Pearls

1. Nerve and muscle biopsies can play an important role in diagnosing intra-
vascular large B-cell lymphoma.

2. The diagnostic finding is the aggregation of lymphoma cells within vascu-
lar lumens. These cells have large nuclei, prominent nucleoli, and scant
cytoplasm, express pan B cell markers such as CD20 and CD79a, and fre-
quently express MUM1/IRF4, Bcl-2, and CD19.
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Chapter 39 )
A 53-Year-Old Woman with Pain, Burning,
Tingling, and Numbness in the Distal
Limbs

Check for
updates

Lan Zhou

History

A 53-year-old African American woman presented to our clinic with pain, burning,
tingling, and numbness in the distal limbs. She first noticed burning pain and tin-
gling (pins and needles) sensation in the feet about 5 years prior to the presentation.
She then developed numbness in the toes, which gradually progressed to involve
the entire feet and distal legs. The burning and tingling sensation also progressed
to involve the distal legs and fingers. The symptoms were initially intermittent and
then became constant, worse with prolonged standing or walking and also worse
at night, which affected her sleep. She also reported intermittent sharp pain in the
feet and distal legs, and coldness in the feet. She denied weakness. She did have
mild chronic low back pain which was non-radiating. She denied dry mouth, dry
eyes, palpitations, orthostatic dizziness, bowel constipation, urinary retention, or
sweating abnormalities. She saw a neurologist 2 years prior, who did nerve con-
duction study (NCS) and electromyography (EMG) which was unrevealing. She
had been taking Gabapentin with an initial dose of 300 mg three times a day and
then increased to 600 mg three times a day with limited benefit. She had type 2
diabetes mellitus diagnosed 6 years prior. Her glycemic control was suboptimal.
She also had a past medical history of hypertension and hypothyroidism. She took
Glucophage, Lisinopril, and levothyroxine in addition to Gabapentin. Her family
history was positive for diabetes mellitus and hypertension. She did not drink alco-
hol, smoke cigarettes, or abuse illicit drugs.
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Physical Examination

Her general examination was significant for skin dark-red discoloration and cold-
ness in the feet and distal legs. Neurological examination showed normal mental
status, cranial nerve functions, motor strength, coordination, and gait. Pinprick sen-
sation was reduced from toes to knees and from fingers to mid-forearms with a dis-
tal-to-proximal gradient. Vibratory sensation and joint position sense were normal.
Romberg sign was absent. Deep tendon reflexes were normal except for reduced
ankle jerks. Toes were downgoing bilaterally.

Investigations

NCS/EMG was repeated, which was normal. Blood tests revealed a high level of
HbAI1C at 8.6%. ANA, ENA, TSH, free T4, B12, folate, serum and urine immu-
nofixation, and lipid panel were all unremarkable. Skin biopsy of the left lower
limb with intraepidermal nerve fiber density (IENFD) evaluation was performed for
diagnostic evaluation.

Skin Biopsy Findings

3-mm punch skin punch biopsy showed absent intraepidermal nerve fibers (IENF)
at the distal leg and distal thigh, and a reduced IENFD at the proximal thigh (4.3
fibers/mm; normal: >8) (Fig. 39.1). The findings are consistent with a severe,
length-dependent, small fiber sensory neuropathy.

Final Diagnosis
Severe length-dependent small fiber sensory neuropathy associated with diabetes
mellitus

Patient Follow-up

The patient had been followed in our clinic for 2 years. Her diabetes treatment
regimen was adjusted by her endocrinologist with a significant improvement of the
glycemic control. Her last HbA1C level was 6.9%. She also underwent diet con-
trol, weight control, and regular exercise. The dose of Gabapentin was gradually
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Fig. 39.1 PGP9.5 immunostaining of skin biopsy sections show absent intraepidermal nerve
fibers at the left distal leg (a) and distal thigh (b). A few intraepidermal nerve fibers are seen at the
left proximal thigh (¢, arrows)
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increased to 1200 mg three times a day. She also took Tramadol 50 mg twice a day
as needed. Her pain, burning, and tingling sensation were largely controlled. Her
numbness was stabilized with no further progression.

Discussion

Small fiber neuropathy (SFN) is a common neuromuscular disorder which pre-
dominantly affects small myelinated AS and unmyelinated C fibers. According to
a Dutch study, the minimum prevalence of SFN is 52.95 per 100,000 population
[1]. SEN can affect small somatic sensory fibers which control the perception of
pinprick and thermal stimuli, or small autonomic C fibers which control cardiac
muscle contractility, blood vessel constriction and dilatation, gastrointestinal and
genitourinary motilities, and the functions of lacrimal gland, salivary gland and
sweat gland, among others [2].

Patients with small somatic sensory fiber involvement commonly present with
pain, burning, tingling, and/or numbness [3] as seen in our patient. They may also
report squeeze sensation, coldness, or itchy skin in the affected areas [4, 5]. The
symptoms are usually worse at night. The paresthesias frequently cause intoler-
ance to bed sheet or socks. Unlike the pain caused by musculoskeletal or joint
diseases, which is mostly dull ache, the pain caused by SFN is typically sharp
and described as burning, pins and needles, stabbing, lancinating, and electric
shock-like sensation. Examination often shows allodynia (non-painful stimuli per-
ceived as painful), hyperalgesias (painful stimuli perceived as more painful than
expected), and/or reduced pinprick and thermal sensation in the affected areas.
Examination can also be unrevealing. Motor strength, proprioception, and deep
tendon reflexes are usually preserved in pure SFN, because these modalities are
the functions of large nerve fibers. However, impaired vibratory sensation at the
toes and reduced ankle jerks may be detected in elderly patients with SFN, as these
findings are not uncommon in elderly people without neuropathy. SFN is mostly
length-dependent, with the most distal sites affected the first and the most. All the
small sensory nerve fibers derive from dorsal root ganglions along the spine. So,
the most distal sites are the toes and feet. The common initial symptoms in patients
with a length-dependent small fiber neuropathy (LD-SFN) are burning feet and
numb toes as reported by our patient. The sensory symptoms then gradually prog-
ress to involve distal legs, fingers, and hands, showing a stocking-glove pattern
with a distal-to-proximal gradient [2]. Our patient had typical symptoms and signs
of a length-dependent SFN.

When autonomic fibers are affected, patients may develop autonomic symptoms
including dry eyes, dry mouth, palpitations, orthostatic dizziness, bowel constipa-
tion, urinary retention, sexual dysfunction, sweating abnormalities, and skin dis-
coloration. Patients may develop reduced sweating in the feet (distal anhidrosis)
due to the impaired sudomotor autonomic function, and increased sweating in the
trunk or face (compensatory proximal hyperhidrosis) to maintain thermoregulation.
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Examination may detect coldness and skin white, red or purple discoloration in the
feet and distal legs due to dysregulation of vasomotor autonomic functions [2, 3, 6]
as seen in our patient. So, our patient also had autonomic involvement. Autonomic
symptoms are present in nearly half of the patients with SFN in one study popula-
tion [1]. The involvement of autonomic fibers is frequently seen in SFN associated
with amyloidosis, diabetes mellitus, sarcoidosis, and Sjogren syndrome. In rare
occasions, patients with SFN may present with prominent dysautonomia with lim-
ited or no somatic sensory fiber involvement [6].

Skin biopsy with IENDF evaluation is the gold standard diagnostic test for
SEN, as routine NCS/EMG, a valuable test for evaluating large fiber neuropathy,
is typically normal in SFN and cannot confirm or exclude SFN. However, NCS/
EMG should be done first when evaluating SFN to rule out a large fiber polyneu-
ropathy and bilateral S1 radiculopathies which can also cause paresthesia in the
feet, although these patients often have low back pain shooting towards the feet.
The diagnosis of distal SEN is based on the clinical symptoms, examination find-
ings, and diagnostic test findings. The graded diagnostic criteria developed by the
NeuroDiab expert panel [7] can be used for all forms of SFN regardless of etiology
[7-9]. The possible SFN is define as the presence of length-dependent symptoms
and/or signs of small fiber damage. The probable SFN is defined as the presence
of length-dependent symptoms and signs of small fiber damage, and normal sural
nerve conduction study. The definitive SFN is defined as the presence of length-
dependent symptoms and signs of small fiber damage, normal sural nerve conduc-
tion study, and reduced intraepidermal nerve fiber density (IENFD) at the ankle
and/or abnormal quantitative sensory testing (QST) thermal thresholds in the foot
[7]. Based on the diagnostic criteria, our patient had definitive distal SEN. It was
quite severe as all three biopsy sites showed small fiber depopulation with a distal-
to-proximal gradient. It is worth noting that quantitative sudomotor axon reflex test
(QSART) and cardiovascular autonomic testing may also be ordered to evaluate
autonomic functions in SFN patients if autonomic symptoms are present. Adding
QSART has been shown to increase the diagnostic sensitivity for SEN [10, 11].

SEN can be associated with many medical conditions, including diabetes mel-
litus, prediabetes, metabolic syndrome, connective tissue diseases, sarcoidosis,
B12 deficiency, monoclonal gammopathy, thyroid dysfunction, HIV and hepatitis
C infections, sodium channelopathy, and paraneoplastic syndrome, among others
[2, 8, 12—15]. The associated conditions can be identified in about half of the cases
[12, 13, 16]. The frequencies of the individual associated conditions vary depending
on the geographic location, ethnicity, and environmental factors. Overall, glucose
dysmetabolism, including diabetes and prediabetes, is the most common. The most
sensitive test for detecting diabetes and prediabetes is 2-hour oral glucose tolerance
test [17]. In our study of patients with skin biopsy-confirmed pure SFN, includ-
ing 175 patients with LD-SFN and 63 patients with non-length-dependent small
fiber neuropathy (NLD-SFN), glucose dysmetabolism was present in 37.7% of the
LD-SFN cases and 15.9% of the NLD-SFN cases [13]. Our case represents diabetic
LD-SFN. It has been shown that a rapid improvement of glycemic control in dia-
betic patients by insulin or oral hypoglycemic medications can also induce painful
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SEN which is acute [18, 19]. It usually occurs when HbA1C level is reduced by 2
or more percentage points over a 3-month period of time. The pain is severe and
refractory to treatment, but it spontaneously improves after 12—24 months [18, 19].

When evaluating a patient with SFN, a battery of blood and urine tests should be
ordered to search for the associated conditions even a known associated condition
is present. A recent study showed that additional associated conditions were identi-
fied in 26.7% of SFN patients who had known associated conditions prior to the
neuropathy etiology evaluation [12]. The tests may include CBC, comprehensive
metabolic panel, 2-hour oral glucose tolerance test (OGTT), lipid panel, ESR, TSH,
free T4, ANA, ENA, serum and urine immunofixation, and B12 level. If there is a
history of gastrointestinal symptoms or gluten intolerance, gliadin antibody, tissue
transglutaminase antibodies, and small bowel biopsy may be pursued to evaluate
for celiac sprue. HIV or HCV serology should be ordered if the risk factors are
present. If there is a significant family history, further genetic testing should be
considered. Lip biopsy or bone marrow biopsy should be considered if clinical sus-
picion for Sjogren’s syndrome, seronegative sicca syndrome or amyloidosis is high.
Because of the low sensitivity and specificity of a serum ACE level, if sarcoidosis
is suspected clinically, additional confirmatory testing, such as a chest CT, should
be ordered [20].

Management of SEN consists of identifying and treating underlying causes, con-
trolling neuropathic pain, and modifying lifestyle. Etiology-specific treatment is
the key to prevent or slow down SFN progression. As glucose dysmetabolism is the
most common associated condition of SFN and individual components of the meta-
bolic syndrome are potential risk factors for SFN [21-23], a tight glycemic control
and lifestyle modification with diet control, weight control, and regular exercise are
of paramount importance in patients with these conditions. Impaired glucose toler-
ance (IGT) neuropathy may represent the earliest stage of diabetic neuropathy, and
the neuropathy at this stage may be potentially reversible with lifestyle intervention
and IGT improvement [24]. Lifestyle modification has also been shown to improve
painful neuropathy symptoms in overweight patients with diabetes [25]. The SFN
progression was also halted in our patient after improving glycemic control and
modifying lifestyle.

SEN is often painful, especially when associated with amyloidosis, diabetes
mellitus, HIV infection, sarcoidosis, and sodium channelopathy [6, 26]. Although
SFN is mostly non-debilitating as motor strength and proprioception are preserved,
it often negatively impacts the quality of life both physically and mentally due to
the annoying neuropathic pain and autonomic symptoms [27]. Diabetic periph-
eral neuropathy has become a significant economic burden to the healthcare in
the United States [28]. Pain control is crucial in the treatment of SEN. The recom-
mended first-line medications include tricyclic antidepressants, serotonin norepi-
nephrine reuptake inhibitors (SNRIs), anticonvulsants Pregabalin and Gabapentin,
and topical anesthetics if the pain is localized [29-34]. Tramadol, a semisynthetic
opioid analgesic, is a second-line choice. These medications can be used as mono-
therapy or polytherapy. Combining medications with different mechanisms, such
as Gabapentin with Nortriptyline, can be more effective than monotherapy [35].



39 A 53-Year-Old Woman with Pain, Burning, Tingling, and Numbness in the Distal... 371

Combining Pregabalin or Gabapentin with Tramadol can also improve pain con-
trol if Pregabalin or Gabapentin alone is inadequate. Chronic use of opioids for
noncancer-related neuropathy is not recommended due to the high rates of addic-
tion and overdose and the worse functional outcomes [36]. Non-pharmacological
management includes transcutaneous electrical nerve stimulation (TENS), heat,
ice, and massage of painful areas. The efficacy of alternative therapies, including
meditation, yoga, and acupuncture, needs to be studied.

The overall clinical progression of idiopathic SEN or diabetic SEN with a good
glycemic control is usually slow as seen in our patient. However, most SFN patients
require chronic pain management. In one study that followed 124 SNF patients,
only 13% showed evidence of large fiber involvement over a period of 2 years [16].
None went on to develop Charcot joints, foot ulcers, weakness, or sensory ataxia as
often seen in patients with longstanding or severe large fiber neuropathy. Another
longitudinal study of patients with idiopathic SNF and SFN associated diabetes and
prediabetes showed that after a mean follow up for 2-3 years, there was no change
in Neuropathy Impairment Score of the Lower Limb (NIS-LL), but the IENFD at
all three biopsy sites, including the distal leg, distal thigh, and proximal thigh, were
reduced [37]. A longitudinal study with a follow up duration longer than 2-3 years
is needed to further address the long-term prognosis of SFN.

Pearls

Clinical Pearls

1. Common SEN symptoms include pain, burning, tingling, and numbness.
The initial symptoms are often burning feet and numb toes.

2. Common SEN signs include allodynia, hyperesthesia, reduced pinprick
sensation, and skin white, red, or purple discoloration in the affected
area.

3. SEN is mostly length-dependent with symptoms and signs in a stocking-
glove pattern with a distal-to-proximal gradient.

4. SEN can affect autonomic C fibers, causing dry mouth, dry eyes, ortho-
static intolerance, bowel constipation, urinary retention, sexual dysfunc-
tion, sweating abnormalities, and skin discoloration.

5. SEN can be associated with many medical conditions, with glucose dys-
metabolism being the most common. The associated conditions can be
identified in about half of the SFN cases, and glucose dysmetabolism in
over 1/3 of LD-SEN cases.

6. Skin biopsy with IENFD evaluation is the gold standard diagnostic test for
SEN. QSART and cardiovascular autonomic testing are valuable in evalu-
ating autonomic symptoms.

7. The management of SFN consists of identifying and treating underlying
associated conditions, controlling pain, and modifying lifestyle.
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Pathology Pearls

1. Skin biopsy in LD-SEN typically shows reduced IENFD at the biopsy sites
with a distal-to-proximal gradient. While mild cases show reduced IENFD
only at the distal leg, severe cases often show additional involvement of the
proximal biopsy sites.
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Chapter 40

A 40-Year-Old Woman with Patchy Painful
Paresthesia

Check for
updates

Lan Zhou

History

A 40-year-old Caucasian woman presented to our clinic with painful paresthesias.
She first developed sharp pain over her chest about 1 year prior to her presentation,
and the symptom was severe and intermittent with no obvious triggers. She under-
went a thorough cardiac evaluation which was unrevealing. She then developed
intermittent burning and tingling sensation in the limbs which were patchy and
migrating. Sometimes, these symptoms involved her face. She also reported mild
numbness in the feet and legs. She reported episodes of orthostatic dizziness and
palpitations. She admitted to difficulty sweating in her feet even in the hot summer
but no excessive sweating. She did not notice skin discoloration. She admitted to
dry mouth and bowel constipation but no dry eyes or urinary disturbance. She went
to a neurologist several months prior, who did nerve conduction study (NCS) and
electromyography (EMG) which was reportedly normal. She had been taking
Gabapentin 1200 mg three times a day and Tramadol 50 mg two to four times a day
for pain control with a partial response. She had sarcoidosis diagnosed 15 months
prior by a mediastinal lymph node biopsy which showed non-necrotizing granulo-
matous lymphadenitis. At that time, she also had diffuse joint pain and blurry vision.
She was treated with oral Prednisone initially 60 mg daily which gradually tapered
to 20 mg daily. She also took Methotrexate 10 mg weekly. Her respiratory symp-
toms, joint pain, and blurry vision significantly improved but not the painful pares-
thesias or orthostatic intolerance. Her family history was positive for diabetes
mellitus and hyperlipidemia. She did not drink alcohol, smoke cigarettes, or abuse
illicit drugs.
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Physical Examination

Her general examination was significant for orthostatic intolerance with tachycar-
dia. Neurological examination showed normal mental status, cranial nerve func-
tions, motor strength, coordination, and gait. There was patchy reduction of pinprick
sensation in her limbs and trunk. Vibratory sensation and joint position sense were
intact. Deep tendon reflexes were normal. Toes were downgoing bilaterally.

Investigations

ANA, ENA, 2-hour oral glucose tolerance test, TSH, free T4, B12, folate, serum
and urine immunofixation, and lipid panel were all unremarkable. Quantitative
sudomotor axon reflex test (QSART) showed reduced sweat production in the foot
and forearm. Cardiovasular autonomic testing showed diffuse autonomic impair-
ment. PET scan of the heart did not show evidence of cardiac sarcoidosis. Brain and
spine MRIs were unremarkable. Skin biopsy of the left lower limb with intraepider-
mal nerve fiber density (IENFD) evaluation was performed.

Skin Biopsy Findings

3-mm punch skin punch biopsy showed reduced intraepidermal nerve fiber densi-
ties (IENFD) at the distal leg (3.8 fibers/mm; normal: >5.7), distal thigh (4.3 fibers/
mm; normal: >7), and proximal thigh (3.1 fibers/mm; normal: >8) with no distal-
to-proximal gradient (Fig. 40.1). The findings are consistent with a non-length-
dependent small fiber neuropathy.

Final Diagnosis

Non-length-dependent small fiber neuropathy associated with systemic sarcoidosis

Patient Follow-up

The patient was started on intravenous immunoglobulin (IVIG) infusion 2 grams/kg
followed by 1 gram/kg every 1 month. The painful paresthesias and orthostatic
intolerance markedly improved within 2 months, and she could function better.
Prednisone was tapered off in 6 months. She continued to take Gabapentin 900 mg
three times a day and Tramadol 50 mg twice a day as needed.
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Fig. 40.1 PGP9.5 immunostaining of skin biopsy sections shows reduced intraepidermal nerve
fiber densities at the left distal leg (a), distal thigh (b) and proximal thigh (¢) with no distal-to-
proximal gradient

Discussion

Small fiber neuropathy (SFN) is a common neuromuscular disorder which predomi-
nantly affects small myelinated Ad and unmyelinated C fibers. Small fibers mediate
sensory and autonomic functions [1]. Patients with small somatic sensory fiber
involvement commonly present with pain, burning, tingling, and/or numbness.
When autonomic fibers are affected, patients may develop autonomic symptoms
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including dry eyes, dry mouth, palpitations, orthostatic dizziness, bowel constipa-
tion, urinary retention, sexual dysfunction, sweating abnormalities, and skin discol-
oration [1-3]. Autonomic symptoms are present in nearly half of the patients with
SEN in one study population [4]. Our patient also has SFN with both somatic and
autonomic involvement, which is frequently seen in association with amyloidosis,
diabetes mellitus, sarcoidosis, and Sjogren’s syndrome. The SFN in our patient is
associated with sarcoidosis.

SEN is mostly length-dependent (LD-SFN) with symptoms and signs in a stock-
ing-glove pattern with a distal-to-proximal gradient [1]. Non-length-dependent SFN
(NLD-SFEN) is relatively rare, accounting for 20-25% of cases of pure SEN [5, 6].
The sensory symptoms and signs in NLD-SFN are usually patchy, asymmetrical,
migrating or diffuse, which often involve trunk and face in addition to limbs [6].
There is no distal-to-proximal gradient of the sensory symptoms or signs in the
affected limbs. The sensory symptoms and signs in our patient are typical for NLD-
SEN. Chest pain is relatively common in SFN associated with sarcoidosis as seen in
our patient. Many of these patients undergo cardiac evaluation due to the concern of
cardiac ischemia, and the cardiac work-up is usually unrevealing as the symptom is
caused by SFN. The symptoms of NLD-SFN are frequently suspected to be psycho-
genic as NLD-SFN is less well recognized than LD-SFN. By comparing 63 patients
who had pure NLD-SFN with 175 patients who had pure LD-SFN, we found that
the age at onset (Mean + SD years) was younger in NLD-SFN (45.5 + 13.1) than in
LD-SEN (55.1 = 11.4; p <0.001), more women were affected in NLD-SFN (73.0%)
than in LD-SFN (48.0%; p < 0.001), and the neuropathy was more likely to be asso-
ciation with immune-mediated conditions in NLD-SFN (14.3%) than in LD-SFN
(3.4%; p = 0.012) [6]. The increased association of NLD-SFN with immune-medi-
ated conditions such as sarcoidosis and Sjogren’s syndrome has also been reported
by other studies [7-10].

Skin biopsy with IENDF evaluation is the gold standard diagnostic test for SEN,
as routine NCS/EMG, a valuable test for evaluating large fiber neuropathy, is typi-
cally normal in SFN and cannot confirm or exclude SFN. Skin biopsy in NLD-SFN
typically shows reduced IENFD with no distal-to-proximal gradient and with a high
distal leg:proximal thigh IENFD ratio as compared with that in LD-SFN [6, 11].
The skin biopsy findings in our patient are typical for NLD-SFN. QSART and car-
diovascular autonomic testing are valuable in evaluating autonomic Symptoms
when present. Combining these tests can increase the diagnostic yield [9, 12].

Our patient had systemic sarcoidosis before developing the SFN symptoms. We
still ordered a battery of blood tests to search for other possible associated condi-
tions. It has been shown that additional conditions can be identified in over 25% of
SFEN patients with known underlying associated conditions prior to the neuropathy
etiology evaluation [13]. Therefore, a thorough evaluation of associated conditions
should be done in every patient with SFN. Treating the underlying associated condi-
tions is the key to prevent or slow down SEN progression. It can also improve SFN
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symptoms [3, 9, 10]. Our patient did not have an associated condition other than
sarcoidosis. She had sarcoidosis-associated NLD-SFN.

SEN symptoms have been reported in up to 40% of patients with sarcoidosis
[14]. A retrospective study of 115 patients with sarcoidosis-associated SFN without
other causes showed that 63% were women and mean age at onset was 46 years.
Over 50% of these patients presented with NLD-SFN affecting both somatic sen-
sory and autonomic small fibers. Combining skin biopsy and QSART increased the
diagnostic yield. The development of SEN in sarcoidosis is felt to be mediated by
inflammatory cytokines rather than granulomatous inflammation [15]. The non-
lesion skin biopsy for diagnosing SFN usually shows reduced IENFD in a non-
length-dependent pattern but not granulomas.

Unlike other forms of neurosarcoidosis, sarcoidosis-associated SFN symptoms
respond poorly to steroids or immunosuppressants such as methotrexate, but they
may respond very well to IVIG and/or anti-TNF therapy infliximab [9, 10, 16, 17].
In a large cohort of sarcoidosis-associated SFN [9], 75.8% of patients responded to
IVIG, 66.7% responded to infliximab, and 71.4% responded to IVIG and inflix-
imab. The mechanism underlying this is not entirely clear. Large prospective con-
trolled studies are needed to further determine the therapeutic effects of IVIG and
infliximab to direct the long-term management.

Pearls

Clinical Pearls

1. NLD-SEN accounts for 20-25% of cases of pure SEN.

2. NLD-SFEN is more common in women, presents at a younger age, and is
more likely to be associated with immune-mediated conditions than
LD-SEN.

3. NLD-SFN usually manifests diffuse, patchy, or migrating painful pares-
thesias and autonomic symptoms. Examination often shows reduced
pinprick or temperature sensation with no distal-to-proximal gradient.

4. The important diagnostic tests for NLD-SFN include skin biopsy with
IENFD evaluation, QSART, and cardiovascular autonomic testing.

5. NLD-SEN warrants diligent search for immune-mediated associated
conditions such as sarcoidosis and Sjogren’s syndrome, as treating these
underlying conditions may improve the neuropathy symptoms and halt the
disease progression.

6. Sarcoidosis-associated SFN symptoms usually do not respond to steroids
or immunosuppressants such as methotrexate, but may respond very well
to IVIG and/or infliximab.
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Pathology Pearls

1. Skin biopsy in NLD-SEN typically shows reduced IENFD at the biopsy
sites with no distal-to-proximal gradient.

2. Over 50% sarcoidosis-associated SFN are NLD-SFN. The development of
sarcoidosis-associated SFN is most likely mediated by inflammatory cyto-
kines not granulomatous inflammation. Non-lesion skin biopsy for diag-
nosing SEN in this setting shows reduced IENFD but not granulomas.
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Chapter 41
A 39-Year-Old Woman with Intermittent

Bilateral Foot and Leg Pain since
Childhood

Ryan Castoro, Jun Li, and Lan Zhou

History

A 39-year-old woman presented for evaluation of intermittent bilateral foot and leg
pain since childhood. She described the pain as deep aching and it was rated at
6-7/10. In childhood she would have pain daily, but lately had pain approximately
two times per week. The pain usually lasted between 15-30 minutes with a rapid
onset. Exacerbating factors included weather changes and physical exertion.
Relieving factors were rest and non-steroidal anti-inflammatory drugs (NSAIDs).
There was no radiation of the pain, associated erythema or weakness. She denied
dry eyes, dry mouth, orthostatic dizziness, bowel constipation, and difficulty sweat-
ing. Prior to this visit the patient had been followed by rheumatology for possible
fibromyalgia. Her past medical history was unremarkable except for the episodic
pain. She did not smoke cigarettes or drink alcohol. Her family history was notable
for five other family members with similar complaints. They all experienced a simi-
lar early onset, recurrent, and deep aching type of pain mainly in the feet and distal
legs, including joints. The pain could occur as frequently as 1-2 times per day.
Three of the four affected family members reported relief with NSAIDs.
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Physical Examination

General examination was unremarkable. Her neurologic examination showed nor-
mal mental status, cranial nerve functions, and muscle strength. Her sensation was
intact to light touch, pinprick, vibration, and joint position. Her deep tendon reflexes
were normal in the upper and lower extremities. Her gait was normal, without
appreciable imbalance. All affected and unaffected family members had similar
physical examination findings.

Investigations

Her initial rheumatologic workup was positive for a mildly elevated erythrocyte
sedimentation rate 32 mm/hr. (0-20 mm/hr), mildly low free T4 0.46 ng/dL (0.61—
1.76 ng/dL) and mild anemia with hemoglobin 10.2 gm/dL (11.8-16.0 gm/dL); her
laboratory testing was normal for creatinine kinase, free T3, thyroid stimulating
hormone, uric acid, vitamin B12 and D. Nerve conduction studies revealed no evi-
dence for a large fiber peripheral neuropathy. Skin biopsy was done to evaluate for
possible small fiber sensory neuropathy.

Skin Biopsy Findings

Skin biopsy (Fig. 41.1) showed normal intraepidermal nerve fiber densities (IENFD)
at the distal leg, distal thigh, and proximal thigh, with no abnormal morphological
changes in the nerve fibers. Thus, there was no evidence to suggest a small fiber
sensory neuropathy.

Investigation After Obtaining the Skin Biopsy Diagnosis

Given the history of presentation and a positive family history, the diagnosis of
familial episodic pain syndrome (FEPS) was considered. Targeted exome sequenc-
ing for common genes associated with FEPS revealed a heterozygous Arg225Cys
mutation in the SCN//A gene. The same mutation was found in the 5 affected fam-
ily members but not the 2 unaffected family members. The inheritance pattern is
autosomal dominant.

Final Diagnosis

Familial episodic pain syndrome caused by the SCN//A Arg225Cys mutation
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Fig. 41.1 PGP9.5 immunostaining of skin biopsy specimens shows rich innervation of epidermis
with normal intraepidermal nerve fiber morphology at the distal leg (DL), distal thigh (DT), and
proximal thigh (PT)
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Patient Follow-up

The patient had been followed in the clinic for 2 years. She noted partial relief with
NSAIDs and was transitioned to Gabapentin. However, she did not get any symp-
tom relief with Gabapentin and switched back to NSAIDs with addition of
Acetaminophen which had provided improved relief. She continued to experience
pain approximately twice per week, but the intensity was significantly reduced.

Discussion

Human channelopathic pain syndromes have been increasingly recognized by treating
neurologists, and the genotype and phenotype spectrums have been continuously
expanding [1]. The syndromes can be caused by mutations and abnormal functions of
multiple ion channels expressed by nociceptors, including transient receptor potential
channel (TRPA1) [2] and voltage-gated sodium channels (Nav1.7-Nav1.9) [3]. Nav1.7,
Navl.8, and Nav1.9 are a-subunit isoforms of the voltage-gated sodium channels that
are preferentially expressed in small-diameter dorsal root ganglion (DRG) neurons,
trigeminal neurons, and their small peripheral nerve axons [4—7]. Nav1.7, Nav1.8, and
Nav1.9 are encoded by the SCN9A, SCNI0A, and SCN11A genes, respectively.
Gain-of-function mutations of the SCN9A gene have been reported to cause
primary erythromelagia [8], paroxysmal extreme pain disorder (PEPD) (previ-
ously familial rectal pain syndrome) with episodic perirectal, periorbital and peri-
mandibular deep burning pain [9, 10], and painful small fiber neuropathy [11].
Loss-of-function mutations of the SCN9A gene can cause congenital channelopa-
thy-associated insensitivity to pain (CIP) [12]. In a study of 28 patients with skin
biopsy-confirmed idiopathic small fiber neuropathy, 8 were found to carry muta-
tions in the SCN9A gene with resultant Nav1.7 hyperactivity and DRG hyperexcit-
ability [11]. In a study of 104 patients with predominant painful small fiber
neuropathy without SCN9A gene mutations, 9 were found to have gain-of-function
mutations in the SCNI0A gene [13]. Gain-of-function mutations in the SCN1/A
gene have also been reported and linked to painful small fiber neuropathy [14, 15],
familial episodic pain syndrome (FEPS) [16—-18], and congenital inability to feel
pain with self-mutilation [19]. In a study of 345 patients with painful neuropathy
without SCN9A or SCN10A gene mutations, 12 had SCN/1IA gene mutations [14].
Familial episodic pain syndromes caused by different mutations in different genes
can have different clinical presentations. The FEPS caused by the N855S TRPA1
mutation manifests episodic debilitating upper body pain with normal exam and nor-
mal intraepidermal nerve fiber densities in the affected areas [2]. Patients with PEPD
caused by the SCN9A mutations have early onset autonomic symptoms and episodic
excruciating deep burning pain in the rectal, ocular, or jaw areas [10]. The FEPS
caused by a mutation in the SCNI0A gene manifests episodic intense burning pain
with reduced intraepidermal nerve fiber densities [13]. The FEPS caused by the
SCNI1IA Arg225Cys mutation as seen in our patient and her affected family mem-
bers mainly presents with episodes of deep aching pain in the feet and distal legs with
normal exam and normal intraepdiermal nerve fiber densities [18]. The reason for the
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different areas of involvement, different qualities of pain, and different changes in
intraepidermal nerve fibers in these FEPS is unclear, as all these mutations are found
to cause DRG hyperexcitability [2, 13, 17]. It could be due to the potential differ-
ences in regional involvement of small-diameter DRG neurons and selective impair-
ment of terminal nerve endings by different mutations. While some mutations with
resultant DRG dysfunction cause neurite degeneration due to calcium toxicity, ener-
getic stress, and reactive oxygen species production [20], the others may not.

The neuropathic pain associated with small fiber neuropathy is usually sharp,
described as burning, tingling, stabbing, lancinating, or electric shock-like. Dull ach-
ing pain often suggests musculoskeletal or joint abnormalities, such as arthritis. The
pain in fibromyalgia is also mostly deep aching. Our case illustrates that while SCN9A-
11A mutations are well known to cause small fiber neuropathy with neuropathic pain
and intraepidermal nerve fiber degeneration, some mutations, like SCNI/A
Arg225Cys, may not cause neuropathic pain or intraepidermal nerve fiber degenera-
tion, but cause dull nociceptive pain in distal lower extremities, including joints, which
can mimic fibromyalgia. Normal skin biopsy in a patient with pain does not exclude
the possibility of a sodium channelopathy, especially when there is a positive family
history of the pain disorder. Obtaining a specific genetic diagnosis and understanding
pathogenic mechanisms of individual mutations will help develop targeted therapies
[3, 21]. It is intriguing that the deep aching pain caused by the SCN//A Arg225Cys
mutation responds relatively well to NSAIDs [17, 18] but not Gabapentin [18]. The
finding suggests an inflammatory component to the pain in this setting.

Pearls

1. Mutations in the TRPA1 ion channel and Nav1.7—-1.9 sodium channels can
cause various pain syndromes, including paroxysmal extreme pain disor-
der (familial rectal pain syndrome), primary erythromelagia, painful small
fiber neuropathy, and familial episodic pain syndromes.

2. Some pain syndromes associated with channelopathies do not have
intraepidermal nerve fiber degeneration. Therefore, normal skin biopsy
does not exclude the diagnosis.

3. Nav1l.7-1.9 sodium channel gene (SCN9A-11A) mutations should be con-
sidered in patients with early-onset painful small fiber neuropathy, espe-
cially in the presence of a positive family history and absence of other
neuropathy etiologies.

4. Patients with episodic pain and a family history of similar symptom should
be considered for genetic testing of the genes commonly involved in famil-
ial episodic pain syndrome.

5. Familial episodic pain syndrome caused by the SCN//A Arg225Cys muta-
tion manifests dull aching pain rather than sharp neuropathic pain in distal
lower extremities including joints, which mimics fibromyalgia. The pain
responds relatively well to NSAIDs and Acetaminophen but not Gabapentin,
which suggests an inflammatory component to the pain. The mutation does
not cause detectable intraepidermal nerve fiber degeneration.
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A 35-Year-Old Man with Pain
and Numbness in the Left Lateral Thigh

Check for
updates

Lan Zhou

History

A 35-year-old Caucasian man presented with pain and numbness in the left lateral
thigh and both heels for 6 months. He also reported intermittent low back pain,
occasionally shooting towards the bilateral gluteal areas and posterior thighs. He
admitted to 60 pounds of weight gain over a period of 2 years. He denied weakness.
He denied dry mouth, dry eyes, palpitations, orthostatic dizziness, bowel constipa-
tion, or sweating abnormalities. He had a past medical history of asthma. He used
albuterol inhaler as needed. Family history was significant for diabetes mellitus. He
did not smoke cigarettes, drink alcohol, or abuse illicit drugs.

Physical Examination

The patient was markedly obese with body mass index (BMI) 41.3 kg/m?. His gen-
eral examination was otherwise unremarkable. His mental status, cranial nerve
functions, motor strength, coordination, and gait were all normal. Pinprick sensa-
tion was reduced in the left lateral thigh and both feet. Vibratory sensation, proprio-
ception, and deep tendon reflexes were preserved. There was no spine tenderness.
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Investigations

Nerve conduction study (NCS) showed absent lateral femoral cutaneous nerve
(LFCN) conduction responses bilaterally but normal sural sensory responses.
Needle electromyography (EMG) of selected left distal leg and thigh muscles was
normal. Lumbosacral spine MRI showed mild disc bulge at L5/S1. Blood tests
revealed borderline diabetes mellitus with HbA1C level 6.1%. ANA, TSH, free T4,
B12, and serum immunofixation were unremarkable. Skin biopsy with intraepider-
mal nerve fiber density (IENFD) evaluation was performed for further evaluation.

Skin Biopsy Findings

3-mm punch skin biopsies showed absent intracpidermal nerve fibers at the left
proximal thigh and a normal IENFD at the right proximal thigh (9.3 fibers/mm)
(Fig. 42.1). It also showed a borderline reduced IENFD at the left distal leg (4.9
fibers/mm).

Final Diagnosis

1. Left lateral femoral cutaneous neuropathy (meralgia paresthetica)
2. Distal small fiber sensory neuropathy

Fig. 42.1 PGP9.5 immunostaining shows normal cutaneous innervation with many intraepider-
mal nerve fibers (arrows) present at the unaffected right proximal thigh (a), but no intraepidermal
nerve fibers are seen at the symptomatic left proximal thigh (b)
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Patient Follow-up

The patient underwent diet control and regular exercise. He also took Gabapentin
for pain control. He intentionally lost 40 pounds over 1 year with improvement of
his sensory symptoms.

Discussion

Meralgia paresthetica is a focal neuropathy which is caused by compression of the
LECN at the level of the anterior-superior iliac spine or inguinal ligament. The dis-
ease can be associated with obesity, diabetes mellitus, wearing tight low cut trou-
sers, and strenuous walking and cycling, among others [1-4]. Patients with meralgia
paresthetica commonly present with pain, burning, tingling, and/or numbness in the
lateral or anterolateral thigh [5], which can mimic upper lumbar radiculopathy [6,
7]. A reliable and sensitive diagnostic test is needed not only to confirm the diagno-
sis but also to distinguish it from lumbar radiculopathy. LFCN NCS is often techni-
cally challenging due to the high anatomical variability of the nerve and the obesity
of patients [1, 4, 8, 9] as seen in our case. Although the symptoms were unilateral in
our patient, NCS showed absent LFCN conduction responses bilaterally; therefore,
it was non-diagnostic. Using ultrasound-guide surface electrode placement may
greatly improve the sensitivity of the test, but it is still suboptimal in evaluating
markedly obese patients as the response is difficult to obtain and the interside vari-
ability is high [10]. Imaging studies, including ultrasound and magnetic resounance
neurography (MRN), may be useful [11-14], but further confirmatory studies are
needed and MRN is not widely available.

LFCN arises from the L2 and L3 nerve roots. The nerve specimens derived from
neurectomy of patients with chronic meralgia paresthetica showed selective loss of
large myelinated fibers with varying degree of intraneural and epineural inflamma-
tion [15]. A functional study also suggested small fiber involvement as warm and
heat pain sensation thresholds were increased and contact heat-evoked potentials
(CHEPs) were reduced in the affected side of 14 patients with meralgia paresthetica
as compared with unaffected side and 14 normal controls [16]. Along with the
prominent small sensory fiber symptoms and signs in the affected areas of meralgia
paresthetica, we studied the diagnostic utility of skin biopsy in this condition, and
we found that meralgia paresthetica was indeed associated with focal loss of
intraepidermal nerve fibers at the lateral proximal thigh [17]. Therefore, skin biopsy
with IENFD evaluation is useful in the diagnosis of this disease. Similar to NCS,
skin biopsy can differentiate sensory neuropathy from sensory radiculopathy, as
IENFD can be affected by sensory neuropathy but should not be affected by pregan-
glionic root lesions.
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Meralgia paresthetica affects anterolateral proximal thigh, and the normal
IENFD has been established at the proximal thigh by most cutaneous nerve
laboratories. When evaluating meralgia paresthetica, we biopsy bilateral proximal
thighs to make a side-to-side comparison and to correlate the IENFD reduction with
the side of symptoms and signs. We also biopsy the distal leg to rule out a more
generalized peripheral neuropathy as the cause of reduced IENFD at the affected
thigh. Our patient did have a distal small fiber neuropathy, which was most likely
due to the prediabetes. But the absent IENF at the affected proximal thigh is out of
proportion to the borderline reduced IENFD at the distal leg. The absent IENF at the
proximal thigh is felt to be due to the meralgia paresthetica rather than related to the
distal SFN, and it is unlikely to represent a non-length-dependent SFN given his
clinical presentation. The meralgia paresthetica in our patient is mainly caused by
the obesity. Prediabetes may also contribute. The key management is weight reduc-
tion by lifestyle modification. Pain control is also important. The symptoms of our
patient, both pain and numbness, have improved after 1 year of lifestyle modifica-
tion with reduction of 40 pounds of body weight.

Skin biopsy has been shown useful for assessing focal neuropathies with small
fiber degeneration, which include complex regional pain syndrome and diabetic
truncal neuropathy in addition to meralgia paresethetica [17-19]. If no normative
values are established at the affected sites, the contralateral unaffected sites should
also be biopsied for comparison.

Pearls

Clinical Pearls

1. Meralgia paresthetica, a focal neuropathy caused by compression of the
lateral femoral cutaneous nerve, is commonly associated with obesity, dia-
betes mellitus, wearing tight low cut trousers, and strenuous walking and
cycling.

2. Patients with meralgia paresthetica commonly present with pain, burning,
tingling, and/or numbness in the lateral or anterolateral thigh, which can
mimic upper lumbar radiculopathy.

3. LFCN NCS is often technically challenging and non-diagnostic due to the
high anatomical variability of the nerve and the obesity of patients.

4. Skin biopsy is useful in assessing meralgia paresthetica and differentiating
it from upper lumbar radiculopathy.

5. The management of meralgia paresthetica is to control the underlying
causes and to treat the neuropathic pain.
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Pathology Pearls

1. Meralgia paresthetic is associated with small fiber degeneration in the
affected lateral proximal thigh.

2. When evaluating meralgia paresthetica, bilateral proximal thighs should
be biopsied for side-to-side comparison. The distal leg should also be biop-
sied to rule out a more generalized peripheral neuropathy being the cause
of the reduced IENFD at the affected thigh.
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Blister technique, 76

C

Calciphylaxis
clinical manifestations, 231
clinical pearls, 232
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management, 231
muscle biopsy findings, 230
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patient follow-up, 231
patient history, 229
physical examination, 229
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clinical manifestations, 271, 272
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patient history, 269
physical examination, 269
with proximal lower limb weakness, 271
Cerebrospinal fluid (CSF) study, 336
Chronic active inflammatory myopathy, 111
Chronic active myopathy, 258
Chronic demyelination, 60
Chronic progressive external ophthalmoplegia
(CPEO), 188
Chronic vascular damage/repair, 54
Class I major histocompatibility complex
(MHC1), 122
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Complete blood count (CBC), 312, 336
Compound muscle action potential (CMAP)
amplitudes, 336
Comprehensive metabolic panel (CMP), 320
Congenital fiber type disproportion (CFTD)
cardiac involvement, 286
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diagnosis, 285
differential diagnosis, 285
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history, 283
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metabolic work-up and genetic testing, 286
muscle biopsy, 284, 285
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patient follow-up, 285
peripheral neuromuscular disorder, 286
pertinent negatives, 285
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repetitive nerve stimulation, 286
RYR]I mutation, 287
treatment, 287
type I and II fibers, 286
Congenital myasthenic syndrome (CMS), 277
Congenital myopathies, 277-279
Connective tissue changes, 38, 39
Contraction artifact, 45
Core myopathy
anterior horn cell disorders, 291
central cores span, 292, 294
chronic course, 291
clinical pearls, 295
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diagnosis, 291
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exon-skipping strategy, 295
facial weakness, 291
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next generation sequencing, 292
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patient presentation, 294
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respiratory and feeding, 291
RYRI mutations, 292, 293
RYRI-RM, 292, 293
serum creatinine kinase, 291, 292, 294
structural abnormalities, 292
supportive management, 295
COX-deficient fibers, 189
CPT II deficiency, 179
Creatine kinase (CK), 312
Crush artifacts, 69
Crystal violet stain, 69
Cutaneous autonomic nerve fiber evaluation,
83-85
Cytochrome c¢ oxidase (COX)-deficient
fibers, 225
Cytoplasmic ANCA (c-ANCA), 139
Cytoplasmic body myopathies, 34

D
Danon disease, 301
Degenerating myofibers, 26
Demyelination, 60, 61
Dermatomyositis, 41, 102
Drying artifact, 42
Duchene muscular dystrophy (DMD), 154
clinical features, 260
clinical pearls, 261
clinical presentation, 260
differential diagnosis, 260
“dystrophic” changes, 260
dystrophin gene, 259
THC panel, 260
laboratory investigations, 258
management, 260
muscle biopsy findings, 258-260
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pathology pearls, 261

patient follow-up, 258, 259

patient history, 257

physical examination, 257, 260
Dystrophin, 259

E
Elastin (Verhoeff-van Gieson/VVG) stain, 69
Electromyography (EMG), 320
Electron microscopic (EM) examination, 23,
24,332
Emery-Dreifuss muscular dystrophy, 154
Endomysial fibrosis, 38
Endomysial lymphocytic inflammation, 206
Endomysial lymphoid infiltrates, 39
Endoneurial perivascular inflammation, 55
Enlarged nuclei, 28
Enzyme histochemical stains (frozen sections)
acid phosphatase stain, 14
alkaline phosphatase stain, 14
cytochrome c oxidase, 16
myoadenylate deaminase stain, 19
myosin adenosine triphosphatase activity,
12-14
nicotinamide adenine dinucleotide-
tetrazolium reductase stain,
16-18
nonspecific esterase stain, 14
phosphofructokinase, 19
succinate dehydrogenase stain, 16
Enzyme replacement therapy (ERT), 199, 300
Epithelial membrane antigen (EMA), 70-71
Erythema nodosum leprosum (ENL), 347
Erythrocyte sedimentation rate (ESR), 312
Extractable nuclear antigen (ENA) panel, 330

F
Facioscapulohumeral muscular dystrophy, 154
Familial episodic pain syndrome (FEPS)
clinical pearls, 385
clinical presentations, 384
diagnosis, 382
DRG dysfunction, 385
gain-of-function mutations, 384
genotype and phenotype spectrums, 384
history, 381
investigations, 382
Nav1.7, Nav1.8, and Nav1.9, 384
neuropathic pain, 385
patient follow-up, 384
physical examination, 382
SCN11A Arg225Cys mutation, 384
skin biopsy, 382, 383
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Fast twitch fibers, 9
Fibrinoid necrosis, 53
Fite stain, 69
Formalin artifact, 43

G
Giant axonal neuropathy (GAN)
acquired GAN, 332
autonomic neuropathy, 332
clinical pearls, 333
conduction blocks, 331
diagnosis, 331
EM examination, 332
hereditary GAN, 332
history, 329
intermediate neurofilaments aggregation, 332
laboratory evaluation, 330
left sural nerve biopsy, 330, 331
N-hexane, 331-333
paresthesias and dysesthesias, 331
pathology pearls, 333
patient follow-up, 331
physical examination, 330
polyneuropathy, 332
prognosis, 332
sensory symptoms, 331
Glutaric acidemia type II, see Multiple
acyl-CoA deficiency
Glycogen storage disease type V, see McArdle
disease
Glycogen storage myopathy, 169, 298
Glycogenosis type 11, see Late-onset Pompe
disease
Gomori’s trichrome stain, 9, 10, 69, 70
Granulomatous inflammation, 41
Granulomatous myositis, 132
associated with medical conditions, 133
association with systemic sarcoidosis, 133
clinical features, 134
clinical pearls, 135
disease manifestation, 133
laboratory investigations, 132—134
muscle biopsy findings, 132, 134
pathology pearls, 135
patient follow-up, 133
patient history, 131
physical examination, 131
symptomatic muscle involvement, 133
Guillian Barré syndrome (GBS), 337

H

Hansen'’s disease, see Leprosy

Hematoxylin and eosin (H&E) stain,
9, 10, 338
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laboratory investigations, 222
management, 225
muscle biopsy findings, 224, 225
occurrence, 224
pathology pearls, 226
patient follow-up, 223
patient history, 221
physical examination, 222
risk factors, 224
scattered severely atrophic fibers, 222, 223

I
Ice crystal artifact, 44
Idiopathic inflammatory myopathies (IIM)
antisynthetase syndrome (see
Antisynthetase syndrome)
classification, 100
IENDF evaluation, 369, 378
Immune-mediated necrotizing myopathy
(IMNM)
anti-HMGCR myopathy, 124, 125
anti-SRP myopathy, 124, 125
associated with anti-SRP autoantibody,
123,125
autoantibody-negative (seronegative)
IMNM, 124, 125
class I major histocompatibility
complex, 122
extra-muscular manifestations, 124
laboratory investigations, 122
left biceps muscle biopsy, 122
management, 125
pathology pearls, 128
patient follow-up, 124
patient history, 121
physical examination, 122
Immunohistochemical (IHC) stains, 70
Immunohistochemical assays, 78
Immunohistochemical staining, 20, 21, 23
Impaired glucose tolerance (IGT), 370
Inclusion body myositis IBM), 12, 125, 225
Increased epineurial vessel density, 54
Individually scattered endoneurial
inflammation, 55
Infiltrating lymphocytes, 39
Inflammatory infiltrates, 39, 40
Inflammatory myopathy, 98, 121, 225
Injury neuromas, 56, 57
Internalized nuclei, 29
Interstitial fibrosis, 38
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Intraepidermal nerve fiber density (IENFD)
evaluation, 79-82, 392
Intraepidermal nerve fiber morphology
evaluation, 82, 83
Intra-familial phenotypic heterogeneity, 237
Intranuclear inclusions, 28
Intravascular large B-cell lymphoma
(IVLBCL)
aggressive treatment, 361
classical variant, 360
clinical pearls, 362
cutaneous variant, 360
diagnosis, 360
hemophagocytic syndrome-associated
variant, 360
history, 357
immunohistochemical analysis, 361
investigations, 358, 359
lack of tumor cell, 361
large B-cell lymphoma, 361
nerve and muscle biopsy specimens, 359, 360
neurological symptoms, 360, 361
outcomes, 361
pathology pearls, 362
patient follow-up, 360
physical examination, 358
population-based study, 360
tissue biopsy, 361
vascular lumens, 361

J

Jordan’s anomaly, 180

K

Kennedy’s disease
age at onset, 246
chronic axonal neuropathy, 247
chronic myopathic changes, 247
clinical pearls, 248
clinical trials, 248
diagnosis, 247
disease progression, 247
family history, 243
future therapy development, 248
laboratory investigations, 244-247
management, 248
medical history, 243
muscle and nerve biopsy findings, 244, 245
mutant androgen receptor protein, 247
mutant polyglutamine androgen

receptor, 248

pathogenic mechanism, 248
pathology pearls, 249
patient follow-up, 246
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physical examination, 244

with progressive limb weakness and
slurred speech, 243

symptoms, 246

L
Laminin alpha 2 chain gene (LAMA2), 266
Larger, irregular proteinaceous aggregates, 35
Late-onset Pompe disease (LOPD)
acid phosphatase-positive globular
inclusion, 199
clinical pearls, 200
diagnosis, 198, 199
estimated frequency, 198
laboratory investigations, 196, 197
limb-girdle weakness, 198
mild chronic active vacuolar myopathy,
196, 197
muscle biopsy, 198, 199
pathology pearls, 200
patient follow-up, 198
patient history, 195, 196
physical examination, 196
recombinant human acid alpha-
glucosidase, 199
reveglucosidase alfa, 200
Lateral femoral cutaneous nerve
(LFCN), 390, 391
Left biceps muscle biopsy, 122
Leg weakness, see Lipid storage myopathies
Length-dependent small fiber neuropathy
(LD-SEN), 368, 378
Leprosy
borderline leprosy, 346
clinical pearls, 348
diagnosis, 345
disease manifestations, 346
ENL, 347
history, 343
investigations, 344
leonine facies, 346
lepromatous cases, 347
multibacillary disease, 346
Mycobacterium leprae, 346
nerve and skin biopsy, 344, 345
neuritic leprosy, 347
pathology pearls, 348
patient follow-up, 345, 346
perineurial inflammation, 347
physical examination, 343
prognosis, 347
sweat glands and hair follicles, 347
symmetric polyneuropathy, 346
treatment, 347
tuberculoid cases, 347
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LGMD 2L (anoctamin-5 deficiency), 12
Limb girdle muscular dystrophy type 2A
(LGMD2A)
calpain-3, 154
characteristic features, 153
clinical pearls, 155
clinical subtypes, 153
diagnosis, 153, 154
differential diagnosis, 154
dystrophic changes, 154
functional assay, 155
genetic counseling, 155
immunoblot analysis, 155
incidence, 153
laboratory investigations, 152-154
mild chronic active myopathy, 152
muscle biopsy findings, 154
passive range of motion, 155
pathology pearls, 156
patient follow-up, 153
patient history, 151
physical examination, 151
physical therapy and orthotic
intervention, 155
prevalence, 153
respiratory complication, 154
Lipid storage myopathies (LSM)
with carnitine deficiency, 178
clinical pearls, 182
clinical presentations, 179
diagnostic evaluation, 181, 182
Jordan’s anomaly, 180
laboratory investigation, 176
MADD, 180, 181
multiple small sarcoplasmic
vacuoles, 176, 177
muscle biopsy, 178, 181
NLSD-I, 179, 180
NLSD-M, 179, 180
pathology pearls, 183
patient follow-up, 178
patient history, 175
PCD, 180
physical examination, 176
recurrent rhabdomyolysis, 179
triacylglycerol catabolism, 178
vacuolar myopathy, 176
Lipin-1 deficiency, 179
Lobulated (or trabecular) fibers, 31

Lou Gehrig’s disease, see Amyotrophic lateral

sclerosis
Luse bodies, 68
Lysosomal activity, 35
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M
Macrophage mediated demyelination, 65
Macrophages, 39
Macrophagic myofascitis (MMF)
aluminum containing vaccines, 254
cardinal feature, 255
clinical pearls, 255
diagnosis, 255
differential diagnosis, 255
laboratory investigation, 252
lymphocytic inflammation, 254
macrophage aggregation, 254
MHC class 1 immunostaining, 254
Morin stain reactivity, 254
muscle biopsy findings, 252
pathology pearls, 255
patient follow-up, 252
patient history, 251
physical examination, 251
quadriceps muscle biopsy, 253
Malignant hyperthermia (MH), 293
Masson’s trichrome, 69
McArdle disease
aerobic training, 171
clinical pearls, 172
cycle and walking test, 170
diagnosis, 170
dietary modifications, 172
early age at onset, 170
exercise, 172
forearm non-ischemic test, 170
laboratory investigation, 168, 169
muscle pathology, 170, 173
myophosphorylase activity, 169, 170
patient follow-up, 169
patient history, 167
patient management, 171
physical examination, 168
prevalence, 169
PYGM gene test, 170
symptoms, 170
vacuolar myopathy, 168
McArdle disease patient history, 167
Meralgia paresthetica
anterior-superior iliac spine/inguinal
ligament, 391
clinical pearls, 392
diagnosis, 390
history, 389
IENFD, 392
imaging studies, 391
investigations, 390
LFCN, 391
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pathology pearls, 393
patient follow-up, 391
physical examination, 389
skin biopsies, 390
small fiber degeneration, 392
Merosin (laminin a2-chain) deficient
congenital muscular dystrophy
(MDCI1A)
clinical pearls, 267
immunostaining panel, 266
initial workup, 266
laboratory investigations, 264, 265
laminin alpha 2 chain gene, 266
management, 267
muscle biopsy findings, 264, 265
muscle pathology, 266
pathology pearls, 267
patient follow-up, 266
patient history, 263
physical examination, 264
Metabolic myopathy, 169, 170, 172
Methotrexate (MTX)-based
poly-chemotherapy, 354
3,4-Methyl-enedioxy-methamphetamine
(MDMA), 91
Mild chronic active vacuolar
myopathy, 196, 197
Mild toxic myopathy induced by statin
age of onset, 216
clinical features, 217
clinical manifestation, 216
clinical pearls, 218
diagnosis, 216
disease characterization, 215
drugs, 215
HMGCR inhibitors, 215
laboratory investigations, 214, 216, 217
muscle biopsy, 216, 217
muscle symptoms, 215
outcomes, 217
pathology pearls, 219
patient follow-up, 215, 217
patient history, 213
patient management, 218
physical examination, 214
risk factors, 215
scattered polygonal atrophic fibers, 214
Mitochondrial myopathy
blepharoplasty, 192
clinical pearls, 192
clinical presentation, 188
COX-deficient fibers, 189
CPEO, 188
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diagnostic evaluation, 189
genetic counseling, 190
heteroplasmy, 188
laboratory investigation, 186
muscle biopsy findings, 186,
189, 190
neurological syndromes, 188
OXPHOS system (respiratory
chain), 188
paracrystalline inclusions, 190
pathological features, 189, 193
patient follow-up, 187
patient history, 185
patient management, 190
physical examination, 185
ragged blue fibers, 189
ragged red fibers, 187, 189
supplementation, 192
TWINKLE deficiency, 191
3-mm punch biopsy, 76-78
Modified Grocott’s methenamine silver (GMS)
stain, 69
Moth-eaten change, 31
Multiminicores, 31, 32
Multiple acyl-CoA deficiency (MADD),
180, 181
Multiple small sarcoplasmic vacuoles,
176, 177
Muscle biopsy, 94
Muscle pain and fatigue, see Mild toxic
myopathy induced by statin
Muscular dystrophies, 125
Mutant polyglutamine androgen
receptor, 248
Mycobacterial fasciitis and myositis
clinical pearls, 148
diagnosis, 146
laboratory investigations, 146
muscle biopsy findings, 146
pathology pearls, 148
patient follow-up, 147
patient history, 145
physical examination, 145
Myelin basic protein, 70
Myelin ovoids, 60, 63
Myelinated axons, 62
Myeloid debris, 114
Myoadenylate deaminase (MAD)
stain, 19
Myofiber atrophy, 25-27
Myofiber hypertrophy, 25
Myofiber nuclei, 28, 30
Myofiber splitting, 28-30
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Myofibrillar disarray, 28, 30-33
Myofibrillar myopathy
age of symptom onset, 207
causes, 207
central cores and multi-minicores, 208
chronic myopathies, 208
clinical pearls, 210
cytoplasmic bodies, 208
defining feature, 208
differential diagnosis, 207
EMG, 207
granulofilamentous material, 208
intermyofibrillar architecture, 207
laboratory investigations, 204
lobulated fibers, 208
muscle biopsy findings, 205-207
mutations, 206, 207
pathology pearls, 210
patient follow-up, 206
patient history, 203, 204
patient management, 208
physical examination, 204
proein aggregation, 208
target/targetoid fibers, 208
Myopathy, 278
Myophagocytosis, 29
Myophosphorylase, 19
Myotonic dystrophy, 28
in adults, 161
cardiac evaluation, 163
clinical manifestation, 162
clinical myotonia, 162
clinical pearls, 164
diagnosis, 161
genetic counseling, 163
laboratory investigations, 160, 161
myotonic dystrophy type 1, 162
myotonic dystrophy type 2, 162
pathogenic mechanism, 163
pathology pearls, 164
patient follow-up, 161
patient history, 159
periodic slit-lamp exam, 163
physical examination, 159, 160
quadriceps muscle biopsy, 160-162
triceps muscle biopsy, 162, 163
Myotonic dystrophy type 1 (DM1), 162

N

Naked axons, 65

Necrotizing autoimmune myopathy (NAM),
see Immune-mediated necrotizing
myopathy

Needle myopathy, 94

Nemaline bodies, 34
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Nemaline myopathy (NM)
ACTAI or MYPN mutations, 279
causes, 279
childhood-onset NM, 279
classification, 278
clinical and histological spectrum, 279
clinical pearls, 280
differential diagnosis, 277
features, 278
follow-up, 277
generation sequencing, 280
Gomori trichrome stain, 278
history, 275
investigations, 276
muscle biopsy, 276, 277, 279
neurophysiological studies, 279
pathology pearls, 280
physical examination, 275, 276
proximal lower limb weakness, 277
treatment, 280
type I fiber predominance, 278
Neoplasms, 56
Nerve conduction study (NCS), 276,
284, 320, 365
Neural cell adhesion molecule (NCAM), 70
Neurofilament protein (NFP), 70
Neurolipid storage disease with myopathy
(NLSD-M), 179, 180
Neurolymphomatosis (NL), 353
Neuromuscular junction (NMJ)
disorder, 277, 285
Neuropathy Impairment Score in the Lower
Limb (NIS-LL), 83
Neutral lipid storage disease with ichthyosis
(NLSD-I), 179, 180
Neutrophilic infiltrates, 41
Nicotinamide adenine dinucleotide-
tetrazolium reductase (NADH-TR)
stain, 16, 18
Non-caseating granulomatous
myositis, 132
Non-enzymatic stains (frozen sections)
Congo red stain, 11, 12
Gomori trichrome stain, 9, 10
hematoxylin and eosin (H&E) stain, 9, 10
Oil Red O stain, 10, 11
periodic acid-schiff (PAS) stains, 10, 11
Non-length-dependent small fiber neuropathy
(NLD-SEN), 378
Non-lysosomal vacuoles, 38
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Oculopharyngeal muscular dystrophy
(OPMD), 114, 115

Oil Red O stain, 10, 11
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Onion bulb, 65
Optimal cutting temperature (OCT), 5
OXPHOS system (respiratory chain), 188

P
Paracrystalline (parking lot) inclusions, 189
Perifascicular atrophy, 98
Perimysial capillary abnormalities, 102
Perineurial calcifications, 56, 57
Perineuritis
chronic polyneuropathy, 339
clinical pearls, 340, 341
combined sural nerve, 339
diagnosis, 339
differential diagnosis, 339
gastrocnemius muscle biopsy, 339
history, 335, 336
inflammation, 340
investigations, 336, 337
leprosy neuritis, 340
mild sensory symptoms, 339
nerve and muscle biopsy, 337, 338
neurotoxin exposure, 340
painful paresthesia, 339
pathology pearls, 341
patient follow-up, 339
physical examination, 336
sensorimotor axonal
polyneuropathy, 339
sensory polyneuropathy, 339
sural nerve biopsy, 340
treatment response, 340
vasculitis changes, 340
Perinuclear ANCA (p-ANCA), 139
Periodic acid Schiff (PAS) stains, 69
Peripheral nerve biopsy
Congo red stain, 58
distal sensory nerves, 50
electron microscopy
axonal degeneration and regeneration,
63, 64
EM findings and artifacts, 65, 68, 69
features of demyelination, 65, 66
hematoxylin and eosin
acute necrotizing vasculitis, 53
chronic vascular damage/repair, 54
endoneurial perivascular
inflammation, 55
neoplasms, 56
perineurium pathology, 55
immunohistochemical stains, 70
indications, 49
special stains and utilities, 69
specimen processing procedure, 50
superficial peroneal nerve, 50

superficial radial nerve biopsy, 50

sural nerve, 50

teased fiber analysis, 69

toluidine blue stained plastic sections,
58-63

Peripheral nervous system involvement, 140

Perivascular cuffing, 53
PGP9.5 stains axons, 70
Phosphofructokinase (PFK), 19
Pilomotor nerve fiber density (PNFD), 84
Plasmapheresis (PLEX), 314
Polyglucosan bodies, 65, 67
Pompe disease
acid maltase deficiency, 300
clinical setting, 300
clinical pearls, 301
diagnosis, 300
differential diagnosis, 300
enzyme deficiency, 300
GAA deficiency, 300
history, 297
incidence of, 300
initial diagnostic evaluation, 300
investigations, 298
lysosomal vacuolar myopathies, 301
mild denervation changes, 301
muscle biopsy, 298, 299
pathology pearls, 301, 302
patient follow-up, 300
physical examination, 298
respiratory muscle involvement, 300
treatment, 301
vacuolar changes, 301
Prader-Willi syndrome, 286
Primary carnitine deficiency
(PCD), 180
Primary neurolymphomatosis (PNL)
chemotherapy, 354
clinical pearls, 354, 355
diagnosis, 351
endoneurium, 353
history, 349
investigations, 350, 351
lymphocyte markers, 353
median age, 353
multiple lesions, 353
nerve lesion biopsy, 351, 352
nerve root lesion biopsy, 353
neuroimaging study, 353
non-Hodgkin’s lymphoma, 353
pathogenesis, 354
pathology pearls, 355
patient follow-up, 351
physical examination, 350
secondary phenomenon, 353
systemic and CNS involvement, 353
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Proximal myotonic myopathy (PROMM), see

Myotonic dystrophy type 2 (DM2)
Pseudo-onion bulb, 64

Q

Quantitative sudomotor axon reflex testing
(QSART), 84, 85

R
Radiculoneuropathies, 271
Ragged red change, 33
Ragged red fibers (RRF), 187, 189
Recombinant human acid alpha-glucosidase
(thGAA), 199
Red rimmed vacuoles, 114
Regenerating cluster, 63
Regenerating myofibers, 27
Reich Pi granules, 68
Renaut bodies, 67
Rhabdomyolysis
acute toxicity, 93
causes, 93, 95
definition, 93
etiology, 93
history, 91
laboratory investigations, 92
MDMA, 93
muscle biopsy, 92-95
myopathy, 94
patient follow-up, 93
physical examination, 91
Right gastrocnemius muscle biopsy, 92
Rimmed sarcoplasmic vacuoles, 36
Ring fibers, 33
Ryanodine receptor (RYR1) gene, 285
RYRI related myopathies (RYR1-RM),
292,293

S
$100, 70
Sarcoid perineuritis, 55, 56
Sarcoid peripheral neuropathy, 55
Sarcoidosis, 134
Sarcoplasmic abnormalities
abnormal sarcoplasmic inclusions, 33-35
patterns of myofibrillar disarray, 28-33
sarcoplasmic vacuoles, 35-37
Sarcoplasmic vacuoles, 35-37
Sarcoplasmic whorling, 30
Schmidt-Lanterman incisures, 68

Index

Skeletal muscle biopsy evaluation

acquisition, 3
artifacts, 43—45
cellular infiltrates, 3941
connective tissue changes, 37, 38
electron microscopy, 23, 24
enzyme histochemical stains (frozen
sections)
acid phosphatase stain, 14
alkaline phosphatase stain, 14
cytochrome c oxidase, 16—18
myosin adenosine triphosphatase
(ATPase) activity, 12—-14
nicotinamide adenine dinucleotide-
tetrazolium reductase
stain, 16
nonspecific esterase stain, 14
phosphofructokinase, 19
succinate dehydrogenase stain, 16
freezing, 6, 7
immunohistochemical staining, 20-23
initial processing, 5
morphological abnormalities, 5
morphology, 7
muscle fiber degeneration, necrosis and
regeneration, 28, 29
myofiber atrophy, 25-27
myofiber hypertrophy, 27
myofiber nuclei, 28, 30
non-enzymatic staining of fixed skeletal
muscle (paraffin sections), 19, 20
non-enzymatic stains (frozen sections)
Congo red stain, 10, 11
Gomori trichrome stain, 9, 10
hematoxylin and eosin stain, 9, 10
Oil Red O stain, 10, 11
periodic acid-schiff stains, 10, 11
orientation, 5, 6
sarcoplasmic abnormalities
abnormal sarcoplasmic inclusions,
33-35
patterns of myofibrillar disarray, 28-32
sarcoplasmic vacuoles, 35-38
sectioning, 7
unfixed and fixed tissue, 5
vascular changes, 41-43

Skin biopsy

blister technique, 76

diagnostic cutaneous nerve laboratories, 78
3-mm punch biopsy, 76-78

specimen processing, 78, 79

Slow twitch fibers, 8
Small cutaneous nerve fiber, 76



Index

cutaneous autonomic nerve fiber
evaluation, 8385
evaluation, 85
intraepidermal nerve fiber density
evaluation, 79-82
intraepidermal nerve fiber morphology
evaluation, 82, 83
Small fiber neuropathy (SFN)
associated with diseases, 75
autonomic C fibers, 75
autonomic fibers, 368, 369
autonomic symptoms, 378
blood and urine tests, 370
clinical pearls, 371, 379
clinical progression, 371
diabetic peripheral neuropathy, 370
diagnosis, 366, 376
electromyography, 76
history, 365, 375
IENDF evaluation, 369, 378
IENFD evaluation, 76
impaired vibratory sensation, 368
investigations, 366, 376
LD-SEN, 378
longitudinal study, 371
management of, 370
medical conditions, 369, 370
motor strength and proprioception, 370
nerve conduction study, 76
NLD-SEN, 378
non-pharmacological management, 371
paresthesias, 368
pathology pearls, 372, 380
patient follow-up, 376
patiient follow-up, 366, 368
physical examination, 366, 376
Pregabalin/Gabapentin, 370
prevalence, 75, 368
skin punch biopsy, 366, 367, 376, 377
small fibers, 377
small sensory fibers, 75
somatic and autonomic involvement, 378
somatic sensory fibers, 368
symptoms, 368, 379
systemic sarcoidosis, 378
therapeutic effects, 379
Small interfering RNAs (siRNAs), 325
Small-sized blood vessels, 139
SMNI gene, 305, 306
SMN?2 gene, 306
Smooth muscle antigen (SMA) stains, 70
Spheroid bodies, 34
Spinal muscular atrophy (SMA)
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Chacot-Marrie-Tooth disease, 307
clinical pearls, 307
congenital myopathies, 307
diagnosis, 304
gene transfer therapy, 307
history, 303
investigations, 304
muscle biopsy, 304-306
Nusinersen (Spinraza™), 307
pathology pearls, 307
patient follow-up, 304, 305
physical examination, 304
SMNI gene, 305, 306
SMN?2 gene, 306
types, 306
Spinal muscular atrophy with respiratory
distress type 1 (SMARDI), 306
Spinobulbar muscular atrophy, see Kennedy’s
disease
Sporadic inclusion body myositis (sIBM)
anti-NT5C1A autoantibody, 113
characteristic features, 114
chronic active inflammatory myopathy, 111
clinical pearls, 116
diagnosis, 112, 114
diagnostic criteria, 112
effective therapy, 116
laboratory investigation, 110
muscle biopsy, 113-115
oculopharyngeal muscular dystrophy, 114,
115
pathology pearls, 117
patient follow-up, 112
patient history, 109
physical examination, 110
polymyositis with mitochondria
abnormality, 114
prevalence, 112
red rimmed vacuoles, 114
symptoms, 112, 113
Stacked Schwann cell processes, 64—65
Steroid myopathy, 225
Subperineurial edema, 62
Subsarcolemmal vacuoles or blebs, 170, 173
Succinate dehydrogenase (SDH) stain, 16
Superficial radial nerve biopsy, 50
Survival motor neuron (SMN) gene, 304
Systemic lupus erythematosus (SLE), 312

T
Target/targetoid change, 29, 31
Teased fiber analysis, 69
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Thickening of vascular basal laminae, 41
Transmural inflammation, 138, 139
Transmural inflammation accompanied by
karyorrhexis debris
(leukocytoclasia), 53
Transthyretin (TTR) amyloidosis
amyloid deposition, 324
ASO, 325
ATTRVal30Met mutation, 323
autonomic dysfunction, 323
clinical pearls, 325, 326
clinical presentation, 323
diagnosis, 321, 324
gastrointestinal side effects, 325
hATTR amyloidosis, 324
hereditary and acquired amyloidosis, 323
history, 319, 320
investigations, 320, 321
limb girdle muscular dystrophy/
polymyositis, 324
mean survival, 324
muscle and nerve biopsy, 321, 322
NCS/EMG finding, 324
neurologic deterioration, 325
neuropathic hATTR amyloidosis, 323
pathology pearls, 326
patient follow-up, 321, 322
physical examination, 320
retinol binding protein, 323
siRNA, 325
small myelinated and unmyelinated
axons, 323
therapies, 325
thyroid hormone, 323
transverse carpal ligament, 323
V1221 mutation, 323
Tubular aggregates, 34
Tubuloreticular inclusions, 41, 106
TWINKLE (mitochondrial DNA helicase)
deficiency, 191
Type 1 myofibers, 8
Type 2 myofibers, 8, 25
Type II glycogen storage disease, see Pompe
disease

U
Uncompacted myelin, 65

Index

v
Vacuolar myopathy, 168, 176
Vascular changes, 41-43
Vasculitic neuropathy
axonal loss, 314
characteristic pathological
abnormalities, 315
clinical pearls, 316
clinical presentation, 314
diagnosis, 314
fibrinoid necrosis, 315
history, 311
immunosuppression, 315, 316
investigations, 312
ischemic nerve damage, 314
laboratory findings, 315
muscle and nerve biopsy, 313
pathology pearls, 316
patient follow-up, 314
peripheral nervous system, 314
peroneal nerve, 314
physical examination, 312
superficial peroneal nerve, 315
symmetric length-dependent
neuropathy, 314
transmural inflammation, 315
Vasculitis, 41
Vasculopathy, 101
Vesicular degeneration
of myelin, 65
Vessel wall inflammation, 54

w

Wallerian degeneration, 63

Widely spaced myelin (WSM), 65
Wolff-Parkinson-White syndrome, 198
World Health Organization, 346

X
X-linked myopathy with excessive autophagy
(XMEA), 301

VA
Zinger finger protein 9 gene
(ZNF9), 163
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