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KEY POINTS

� Limb-girdle muscular dystrophies (LGMDs) are genetic muscle diseases with onset after
birth of progressive weakness and muscle atrophy predominantly affecting the hips,
shoulders, and proximal extremity muscles.

� As a group, the LGMDs are the fourth most common genetic muscle condition, with a min-
imum prevalence of approximately 1 in 20,000.

� LGMDs stem from protein defects throughout the muscle fiber, including the nucleus,
sarcoplasm, sarcomere, sarcolemma, and extracellular matrix.

� The most prevalent LGMD subtypes derive from defects in the following proteins in mus-
cle: calpain, dysferlin, the sarcoglycans, fukutin-related protein, anoctamin 5, and lamins
A and C.
INTRODUCTION

Themost common presentation of muscle disease involves weakness in the hip girdle,
thighs, shoulder girdle, and proximal arms. Many acquired and genetic muscle disor-
ders present with this limb-girdle pattern (see the article by Barohn elsewhere in this
issue). Of the 3 most common muscular dystrophies, the dystrophinopathies (see the
article by Flanigan elsewhere in this issue) also have this proximal predominant limb-
girdle pattern, whereas facioscapulohumeral muscular dystrophy (FSHD) (see the
article by Statland and Tawil elsewhere in this issue) and myotonic dystrophy (see
the article by Thornton elsewhere in this issue) have relatively unique phenotypes.
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Definition

The LGMDs are genetic muscle diseases with onset after birth of progressive weakness andmus-
cle atrophy predominantly affecting the hips, shoulders, and proximal extremity muscles.
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LGMDsarenamedbasedon a consensus nomenclature,1,2 whichdivides LGMDby in-
heritance pattern into autosomal dominant (LGMD1) and autosomal recessive (LGMD2)
subtypes. Overlaid on this division is an alphabetical lettering system that delineates
the order of discovery of the chromosomal locus for each LGMD (LGMD1Awasmapped
prior to LGMD1Band so forth). Twenty-seven geneticmuscle diseases are currently clas-
sified as LGMDs (Table 1) and the differential diagnosis for the LGMDs is broad. LGMDs
derive from protein defects from all locations throughout the muscle fiber, including
the nucleus, sarcoplasm, sarcomere, sarcolemma, and extracellular matrix (Fig. 1).
LGMD differential diagnosis

� Dystrophinopathies

� Bethlem myopathy

� X-linked Emery-Dreifuss muscular dystrophy (EDMD)

� Myofibrillar myopathies

� Metabolic myopathies

� Inclusion body myopathies

� Pompe disease

� FSHD (facial sparing)
This article discusses the diagnostic features of the 6 most prevalent LGMD sub-
types: LGMD2A (calpain), LGMD2B (dysferlin), LGMD2C–F (a-, b-, g-, and d-sarcogly-
cans), LGMD2I (fukutin-related protein), LGMD2L (anoctamin 5), and LGMD1B (lamin
A/C) (Fig. 2).3

LGMD2A—CALPAIN

LGMD2A, due to mutations in the calpain 3 gene, CAPN3, is the most common LGMD
subtype in nearly all population studies to date, ranging from 15% to 40% of cases.4

Mutations in CAPN3 have also been reported in hyperCKemia and in children and
adults with eosinophilic myositis.5,6 Calpain is a muscle-specific calcium-activated
neutral protease that binds to titin and is likely important for muscle regeneration dur-
ing sarcomere remodeling.7–9

Clinical

Onset of weakness varies widely in reported cases (ie, 2–53 years) but most often be-
gins in later childhood or young adulthood, with 75% of cases having onset prior to
20 years of age.10 Hyperlordosis and a waddling gait are common. Proximal lower ex-
tremity muscles are weaker than shoulder girdle muscles from the outset. Hip extensor,
knee flexor, and hip adductor muscles often display disproportionately severe weak-
ness.11 Facial muscles may be weak in early-onset and severe disease but oculomotor
and velopharyngeal muscles are uniformly spared. Respiratory and cardiac dysfunction
is essentially nonexistent, although asymptomatic reductions in forced vital capacity
may occur 20 years into the course.12 Abdominal laxity and scapular winging are com-
mon. Hip, knee, and elbow contractures develop after loss of ambulation. The disease



Table 1
The limb-girdle muscular dystrophies

LGMD Gene Protein Usual Age at Onset (y) Creatine Kinase Level

1A MYOT Myotilin 20–40 NL–15�
1B LMNA Lamin A/C 5–25 NL–20�
1C CAV3 Caveolin 3 5–25 2�–30�
1D DNAJB6 DNAJB6 protein 30–50 NL–5�
1E DES Desmin 15–50 NL–4�
1F TNPO3 Transportin 3 10–40 NL–15�
1G Unknown Unknown 30–47 NL

1H Unknown Unknown 16–50 NL–10�
2A CAPN3 Calpain 3 5–25 NL–60�
2B DYSF Dysferlin 10–30 2�–160�
2C–F SGCG, A, B, D g-, a-, b-, d-sarcoglycan 3–20 5�–120�
2G TCAP Telethonin 2–15 2�–25�
2H TRIM32 TRIM32 5–30 NL–20�
2I FKRP Fukutin-related protein 1–40 5�–50�
2J TTN Titin 5–20 NL–5�
2K POMT1 POMT1 <5 5�–40�
2L ANO5 Anoctamin 5 20–50 NL–160�
2M FKTN Fukutin <5 5�–30�
2N POMT2 POMT2 <2 15�–30�
2O POMGnT1 POMGnT1 12 10�–50�
2P DAG1 a-Dystroglycan 3 10�–20�
2Q PLEC1 Plectin <5 20�–30�
2R DES Desmin 1–25 NL–2�
2S TRAPPC11 TRAPPC11 5–10 2�–30�

Abbreviation: NL, normal.
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progresses steadily with most patients no longer ambulatory 2 decades into their
disease. Later onset of disease follows a milder course. Cases of LGMD2A have
been confused with FSHD due to the prominent scapular winging, abdominal laxity,
and occasional facial involvement.13
LGMD2A: Key diagnostic features

� Most common LGMD

� 75% onset 5–20 years of age

� Hip extensor, hip adductor, and knee flexor weakness

� Scapular winging

� Calf hypertrophy

� Abdominal laxity

� Achilles contractures

� Rare facial involvement

� Creatine kinase (CK) level 5 500–20,000 U/L

� Lobulated fibers on biopsy

� Diagnosis via genetic testing



Fig. 1. Schematic diagram illustrating a muscle fiber and the associated LGMD proteins. DG, dystroglycan; SG, sarcoglycan.
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Fig. 2. Relative prevalence of the LGMD subtypes in the United States. This graph portrays
the relative prevalence of LGMD subtypes. The data were derived from a US cohort with 488
genetically confirmed cases.3 (Only the genes for these LGMDs were evaluated in this study,
which was conducted prior to the discovery of ANO5, the gene for LGMD2L—anoctamin 5).
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Laboratory

Evaluation reveals serum CK levels elevated 20-fold in typical patients with a range of
2 to 110 times the upper limit of normal.14 Needle EMG yields abnormalities compat-
ible with a myopathy. Although useful in documenting involvement of muscle in LGMD,
muscle imaging (CT and MRI) is not reliable or accurate in discriminating one LGMD
subtype from another.15 Although rarely needed for diagnosis, muscle biopsy reveals
variation in fiber size, internal nuclei, increased endomysial connective tissue, and
necrotic and regenerating fibers, without inflammatory cells. Lobulated fibers can be
seen in more than half of muscle biopsies (Fig. 3).16
Fig. 3. Muscle biopsy with lobulated fibers from a patient with LGMD2A—calpainopathy.
(NADH, original magnification 400�).
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Diagnosis

Genetic testing is the diagnostic procedure of choice. Hundreds of mutations in
CAPN3 have been delineated with no apparent hot spots.17,18 Complicating matters
is that in approximately one-fifth of cases with a typical phenotype and absent
calpain-3 on Western blot, only a single mutation of CAPN3 is found. For this reason,
many laboratories also test for deletions and duplications in this situation.

Treatment

No disease-specific treatment is available for calpainopathies. One 11-year-old girl
with LGMD2A, however, presented with concurrent eosinophilic myositis and
improved on immunosuppressive medications.19
Case 1

A 22-year-old young man presented with weakness. His motor development was equivalent to
peers as a youth. At 13 years of age, he noted an awkward running style. Although his lower
extremity weakness progressed, he continued to play basketball through high school. He was
not as quick in his junior and senior years but was still used at the end of games for his incred-
ible 3-point accuracy. At approximately his 19th birthday, proximal upper extremity weakness
developed. Currently, he has trouble getting his arms over his head and must pull on a banister
ascending stairs. He has always had large calves. There are no oculobulbar, respiratory, or car-
diac symptoms. He has never had episodes of dark urine.

On examination, he had no facial weakness. There was marked bilateral scapular winging, very
large calves, mild bilateral ankle contractures, and strength as follows—Medical Research
Council (MRC) scale: upper extremities normal except shoulder abductors 5 3_ and elbow
flexors 5 4; and in the lower extremities strength was hip flexors 5 41, hip extensors 5 2, hip ab-
ductors 5 5, hip abductors 5 0, knee extensors 5 5, and knee flexors 5 4_.

His CK level was 16,483 U/L. His nerve conduction study/electromyography (EMG) revealed a
mostly nonirritable myopathy. His muscle biopsy when 15 years old revealed dystrophic fea-
tures and 30% lobulated fibers. Genetic testing revealed 2 disease-associated mutations in
CAPN3: n.245C>T; p.Pro82Leu and n.1465C>T; p.Arg489Trp.

This real-life case reveals all the key diagnostic features in LGMD2A.
LGMD2B—DYSFERLIN

LGMD2B is one phenotype associated with mutations in DYSF, the gene for dysfer-
lin.20 Dysferlin plays an important role in membrane trafficking, fusion, and,
most notably, membrane repair.21 Adeno-associated virus–mediated transfer of a
mini-dysferlin or up-regulation of fetal myoferlin, however, correct this resealing func-
tion in a membrane laser wounding assay but do not rescue the histology in vivo. Thus,
the pathogenesis of dysferlinopathies does not seem to be due exclusively to impaired
membrane repair.22 Dysferlin deficiency also reduces release of chemotactic cyto-
kines resulting in an attenuated regeneration response.23 Dysferlin additionally plays
roles in myoblast differentiation and T-tubule system development.24,25

Clinical

LGMD2B is likely the second most prevalent subtype and responsible for 5% to 35%
of cases.26 Dysferlinopathies can present with numerous, often overlapping pheno-
types: LGMD2B with proximal weakness, Miyoshi myopathy with distal weakness of
calf muscles, early involvement of the anterior compartment muscles of the lower
legs, a proximodistal pattern, biceps atrophy with deltoid hypertrophy, combination
calf and deltoid hypertrophy, rigid spine syndrome, a pseudometabolic presentation,



The Limb-Girdle Muscular Dystrophies 735
and asymptomatic hyperCKemia.27–31 Heterozygous gene carriers may develop mild
weakness later in life. In LGMD2B, onset generally occurs between 15 and 30 years of
age, although congenital cases and symptomatic onset in the 70s have been re-
ported.32,33 Patients develop normally in cognitive and motor spheres, and some pa-
tients are actually gifted athletically when young.30,31 Weakness begins in the legs in
nearly all cases, the initial site of involvement determining the nomenclature. LGMD2B
patients often show mild distal leg weakness and may have difficulty standing on their
toes early in disease. Weakness progresses slowly over 10 to 20 years to wheelchair
use in many. Occasional patients, however, report precipitous onset and progression
with rapid loss of ambulation over 1 to 2 years, especially linked to pregnancy.31 Upper
limb weakness develops after onset of gait difficulties, but scapular winging is not a
feature of this disorder. Cardiac or respiratory compromise in LGMD2B is uncommon,
occurs late in life, and usually remains clinically silent.34,35
LGMD2B: Key diagnostic features

� Onset 15–35 years of age

� Legs affected first

� Some distal leg weakness in many

� Athletic prowess when young

� No facial weakness or dysphagia

� No clinical respiratory involvement

� No clinical cardiac involvement

� CK 5 1000–40,000 U/L

� Inflammation on biopsy in approximately 40%

� Diagnosis via genetic testing
Laboratory

Serum CK levels may be substantially elevated, as great as 200-times normal. EMG
frequently shows small, brief motor units with early recruitment, although long-
duration polyphasic motor units with decreased recruitment often pop up in weak
calf muscles. Muscle biopsies may reveal dystrophic features, vacuoles (a minor
feature),36 amyloid deposition (only with certain mutations and not in most cases),37

and, importantly, endomysial and perivascular inflammatory infiltrates in more than
50% of biopsies in some series (mostly CD41 cells and macrophages).38,39 This
inflammation has been thought a secondary reaction to degeneration but has led to
misdiagnosis of dysferlinopathies as treatment refractory polymyositis.40

Diagnosis

Immunostaining of muscle biopsies and protein-based monocyte assays are available
for diagnosis. These modalities do not, however, detect all cases with DYSF muta-
tions, and dysferlin deficiency can occur in other muscle disorders. Thus, genetic
testing is the most appropriate and accurate methodology for diagnosis of
LGMD2B.41

Treatment

Although there may often be inflammation on the muscle biopsy in dysferlinopathies,
treatment with deflazacort (1) was associated with significant steroid side effects, (2)



Wicklund & Kissel736
did not improve strength, and (3) perhaps worsened disease progression.42 Genetic-
based therapies are in phase 2 clinical trials.
Case 2

A 21-year-old young woman presented with weakness. Her motor development was normal as
a child. In elementary school, she was actually faster and stronger than the other children. At
15 years of age, she noted that when she ran, she “just could not go.” In high school softball,
she could hit the ball very far but was slow running the bases. Over the ensuing 6 years, her leg
weakness slowly progressed. Since at least age 16 years, she recalls she could not stand on her
tiptoes. Her arms remain strong, and there are no oculobulbar, respiratory, or cardiac symp-
toms. She has never had cramps or episodes of dark urine.

On examination, she had diminished calf bulk but no facial weakness and no scapular winging.
Her neck and upper extremity strength was normal. In her lower extremities, she had the
following (MRC scale): hip flexors 5 41, hip extensors 5 41, hip abductors 5 41, hip adduc-
tors 5 41, knee extensors 5 4�, knee flexors 5 41, ankle dorsiflexors 5 5, ankle eversion 5

41, ankle inversion 5 41, and ankle plantar flexors 5 4�. She had normal sensation and a
mild Trendelenburg gait.

Her CK levels were 12,962 U/L, 8663 U/L, and 5575 U/L when checked on 3 successive years. Elec-
trodiagnostic testing was not performed. A muscle biopsy showed mildly dystrophic features
with diminished (but not absent) dysferlin immunostaining. Genetic testing revealed homozy-
gous, known pathogenic, missense mutations in DYSF (c.5429G>A; p.Arg1810Lys).

This real-life case reveals many key diagnostic features in LGMD2B.
LGMD2C–F—a-, b-, g-, AND d-SARCOGLYCANS

Four sarcoglycans (g, a, b, and d) form a heterotetrameric complex spanning the
sarcolemma in association with sarcospan, dystrophin, and the dystroglycans (see
Fig. 1). This dystrophin-glycoprotein complex (DGC) provides amechanical bridge be-
tween the extracellular basement membrane, the cytoskeleton, and the intracellular
contractile mechanism of muscle fibers.43 Additionally, the DGC facilitates cell
signaling and trafficking in concert with neuronal nitric oxide synthase, dystrobrevin,
and caveolin-3.44 Muscular dystrophies due to mutations in the different sarcoglycan
subunits yield similar clinical and laboratory characteristics. g-Sarcoglycan was the
first sarcoglycan gene locus discovered and is thus labeled LGMD2C. LGMD2D,
-2E, and -2F correspond to a-, b-, and d-sarcoglycan deficiencies, respectively.

Clinical

LGMD, due to mutations in one of the four sarcoglycans, comprise 10–20% of LGMD
cases.4,45 Onset is predominantly in childhood, most often between 5 and 10 years of
age (range 1–30 years). Weakness starts in the pelvic girdle with decremental shoulder
girdle strength a few years later. Proximal limb extensors (quadriceps and triceps bra-
chii) are comparatively spared versus flexors (biceps brachii and hamstrings). Common
examination features include calf hypertrophy, scapular winging, macroglossia, and
lumbar hyperlordosis. Many patients are wheelchair dependent within 10 years.46–48

Most patients’ disease course mirrors a severe, Duchenne-like progression. Milder
caseswith slower progression and somewith only exercise intolerance,myoglobinuria,
or minimal muscle weakness dot the literature.49–51 Additionally, a case of eosinophilic
myositis was recently revealed to be due to mutations of g-sarcoglycan.52 As in
Duchenne dystrophy, cardiac and respiratory dysfunction frequently afflicts patients.
Symptomatic respiratory dysfunction along with arrhythmogenic, dilated, or hypertro-
phic cardiomyopathies are detected in one-third of patients 10 years into disease.53,54



LGMD2C–F: Key diagnostic features

� Usual onset 5–15 years of age

� Proximal leg weakness

� Scapular winging

� Calf hypertrophy

� Lumbar lordosis

� Cardiorespiratory dysfunction common 10–20 years into illness

� CK 5 500–20,000 U/L

� Muscle biopsy usually has decreased immunostaining for all 4 sarcoglycans.

� Diagnosis via genetic testing
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Laboratory

Serum CK values range from 5 to 120 times normal. Muscle biopsies show variability in
fiber size, central nuclei, degenerating and regenerating fibers, and increased connec-
tive tissue, most often with normal immunostaining for dystrophin. Abnormal staining for
all 4 skeletal muscle sarcoglycans occurs with mutations in any one particular sarcogly-
can, and the staining pattern cannot be used to predict the genotype.55 Cases exist of
isolated immunostaining abnormalities for a single sarcoglycan (with preservation of
staining for the other 3 sarcoglycans) in both g-sarcoglycan56 and a-sarcoglycan,57

and in those cases the mutation analysis reflects the immunostaining pattern. Immuno-
staining and Western blot analysis for dystrophin may occasionally be simultaneously
reduced in sarcoglycanopathies and tend to portend a more severe phenotype.58

Diagnosis

Muscle biopsy with immunostaining is often performed first, followed by genetic
testing. Genetic testing is commercially available for the 4 sarcoglycan genes.
Case 3

A 12-year-old girl from Brazil presented in a wheelchair. She sat at 7 months and walked at
13 months. At 4 years of age, she preferred to be carried in the grocery store. At 6 years of
age, she began to fall, had to pull on a banister to climb stairs, and could no longer run. By
10 years of age, she used a wheelchair fulltime.

On examination, there was mild, symmetric, bilateral scapular winging. Her calves were dispro-
portionately large compared with her thighs. There was mild neck flexor weakness. Upper ex-
tremity strength was MRC grade 4 proximally. Lower extremity strength was 2 to 3 at the hips,
4� in the knee flexors and extensors, 4 in the ankle dorsiflexors, and 5 in the ankle plantar
flexors. She had normal sensation.

Her CK levels were 17,006 U/L at age 6 years, 7993 U/L at age 10 years, and 4122 U/L at age
12 years. Her ECG demonstratedmild prolongation of the P–R interval. EMG revealedmild mus-
cle membrane instability in most muscles along with small, myopathic motor units with early
recruitment. A muscle biopsy showed a moderate to severe dystrophic pattern with diminished
(but not absent) immunostaining for all g-, a-, b-, and d-sarcoglycans and for the N-terminal,
rod, and C-terminal domains of dystrophin. Genetic testing revealed 2 heterozygous,
disease-associated, missense mutations in the gene for a-sarcoglycan, SGCA and c.229C>T;
p.Arg77Cys and c.850C>T; p.Arg284Cys.

This real-life case reveals many key diagnostic features in LGMD2D.
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Treatment

Treatment requires attention to cardiac, respiratory, and orthopedic complications. A
phase 1 human trial of gene therapy involved injection of a-sarcoglycan DNA via an
adeno-associated virus vector into the extensor digitorum brevis muscle of 3 patients.
This rescued treated muscles, demonstrating robust a-sarcoglycan gene expression
at the sarcolemma of 57% to 69% of muscle fibers.59 Further trials of this approach
are in progress.

LGMD2I—FUKUTIN-RELATED PROTEIN

Expressed throughout human tissues, with highest levels in skeletal and cardiac mus-
cle, fukutin-related protein (FKRP) demonstrates sequence similarities to a family of
proteins involved in modifying cell surface glycoproteins and glycolipids. Mutations
in FKRP are responsible for several phenotypes, including a congenital muscular dys-
trophy (MDC1C), milder patients with later-onset (LGMD2I), recurrent myoglobinuria,
asymptomatic hyperCKemia, and isolated dilated cardiomyopathy.60–64

Clinical

Onset occurs over a broad range, from 1 to 50 years, but on average in the
second decade of life. In Northern European neuromuscular centers, LGMD2I repre-
sents one of the most common LGMDs, constituting 20% to 40% of patients.65,66 The
prevalence in Southern Europe, however, is only approximately 5% and only 10% to
15% in North America.3,67,68 Prominent respiratory and cardiac dysfunction may arise
early in the clinical course andmay not correlate with skeletal muscle involvement.69,70

Strength may stabilize for years in patients, then progress once again. Often, patients
walk well past the fourth decade. Initial pelvifemoral weakness subsequently spreads
to the distal lower extremities and proximal upper extremities. Calf hypertrophy and
lumbar lordosis are nearly universally present, sometimes leading to a misdiagnosis
of Becker muscular dystrophy. Scapular winging, macroglossia, cognitive dysfunc-
tion, and MRI abnormalities are found in some cases.71,72
LGMD2I: Key diagnostic features

� Usual onset 10–20 years of age

� Proximal leg weakness

� Calf hypertrophy

� Lumbar lordosis

� Scapular winging

� Macroglossia

� Cardiorespiratory dysfunction

� 20%–30% May require bilevel positive airway pressure (BiPAP).

� CK 5 500–20,000 U/L

� Muscle biopsy with decreased staining for a-dystroglycan

� Diagnosis via genetic testing
Laboratory

Serum CK ranges from 3 to 50 times normal but is nearly always more than 10 times
the upper limit of normal. Myoglobinuria is common in patients with very high CK
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levels.62 Echocardiography often reveals a dilated cardiomyopathy.70 Forced vital ca-
pacity is reduced on pulmonary function testing in 30% to 50% of patients, and 20%
to 30% of patients require BiPAP or ventilator support.65,66 MRI of the pelvis and thigh
often reveal disproportionate signal change (reflecting fibrosis and fatty infiltration) in
the iliopsoas and thigh adductor muscles.73 Muscle biopsies reveal dystrophic fea-
tures (variability in fiber size, internal nuclei, degeneration, and regeneration with fatty
and fibrous replacement) without distinctive features, such as rimmed vacuoles, inclu-
sions, or inflammation.

Diagnosis

Biopsies reveal reduced or absent immunostaining for glycosylated a-dystroglycan.
Confirmatory genetic testing is commercially available. There is a common mutation in
the fukutin-related protein—FKRP 826C>A. Approximately two-thirds of patients are ho-
mozygous for this mutation, and these patients tend to have a milder clinical course.

Treatment

Of utmost importance in LGMD2I, monitoring of respiratory and cardiac function
should take place in alternate years in asymptomatic patients and more frequently
for those with previous testing abnormalities. Respiratory support with noninvasive
ventilation and early treatment of cardiac dysfunction with medications, pacemakers,
defibrillators, and transplantation improve quality of life.
Case 4

A 16-year-old young man from the north of England ran more slowly than other children since
primary school. Lately, he has noted greater difficulties navigating stairs and arising from chairs
and the floor. In his work at a pizza shop, he has trouble lifting pizzas out of the top ovens. At
school, he has an individualized educational plan for mild learning difficulties.

On examination, there was no scapular winging, but he had large calves (Fig. 4). He had grade 4
strength proximally in his arms and legs, could not ascend steps 2 at a time, and was unable to
run. On arising from a squat, he had a modified Gower sign.

His CK levels were 5683 U/L and 6084 U/L; his ECG, pulmonary function tests, and echocardio-
gramwere normal; and his muscle biopsy showed amoderate to severe dystrophic pattern with
absent immunostaining for glycosylated a-dystroglycan. Genetic testing revealed homozygous
FKRP 826C>A mutations.

A 13-year-old, “asymptomatic” brother was not athletic. This brother’s CK level was 9386 U/L,
and he also harbored homozygous FKRP 826C>A mutations.

This real-life case reveals key diagnostic features in LGMD2I.
LGMD2L—ANOCTAMIN 5

LGMD2L due to mutations in ANO5, the gene for anoctamin 5, is a common LGMD
subtype in Northern European populations, ranging from 15% to 40% of cases.74

Its prevalence in the United States has not been determined. Anoctamin 5 is a putative
calcium-activated chloride channel, but its exact function is not yet known. Dominant
mutations in ANO5 can cause gnathodiaphyseal dysplasia.75 Recessive mutations
may lead to either LGMD2L or to a distal myopathy with predominant calf involvement,
similar to Miyoshi myopathy.76

Clinical

Weakness in LGMD2L usually begins in adulthood between 20 and 50 years of age.76

The pattern of weakness in LGMD2L was initially described as involving quadriceps



Fig. 4. A 16-year-old boy with LGMD2I and large calves.
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and biceps atrophy.77 Asymmetries were common. More recently, the phenotypic
spectrum of ANO5-related genetic muscle disease has significantly expanded to
include not only proximal upper and lower extremity weakness (limb-girdle pattern)
but also a distal myopathy (Miyoshi-like with calf atrophy), proximal lower extremity
weakness alone, proximal upper extremity weakness alone, proximodistal lower ex-
tremity weakness, isolated calf hypertrophy, and asymptomatic hyperCKemia.78 Exer-
cise intolerance and myalgias are common.79 One-quarter of patients may require
wheelchair use 10 to 20 years into disease. Cardiac and pulmonary involvement, how-
ever, has not been reported.
LGMD2L: Key diagnostic features

� Usual onset 20–50 years of age

� Proximal leg weakness

� Asymmetric weakness

� Early inability to stand on toes

� No cardiac or respiratory involvement

� CK 5 2000–7000 U/L

� Muscle biopsy may have amyloid staining

� Diagnosis via genetic testing
Laboratory

CK levels tend to be elevated 10 to 40 times the upper limit of normal. On MRI of the
lower limbs, the gracilis, sartorius, short head of the biceps femoris and tibialis anterior
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muscles tend to be spared.80 Progression of muscle degeneration may be seen over a
3- to 7-year span on serial MRIs. Muscle biopsies reveal dystrophic features. Occa-
sionally, Congo red staining may reveal amyloid deposits in the intramuscular blood
vessel walls and within the interstitium.79

Diagnosis

Commercial genetic testing is available and is the only means to diagnose the
condition.

Treatment

Supportive interventions, such as physical therapy, braces, and ambulatory aids, are
the modalities available for this newly discovered entity. Gene-based interventions
may be forthcoming in the future.
Case 5

A 45-year-old gentleman of Northern European heritage presented due to subjective weakness
and hyperCKemia. He has noted a reduction in the size of his thighs over the past 1 to 2 years
and only very occasionally has had difficulty arising from a kneeling position over the past year.
A former heavy drinker, his aspartate aminotransferase and alanine aminotransferase were in
the 400 range 5 years ago but remained elevated even after cessation of alcohol.

On examination, there was no scapular winging and no calf hypertrophy or atrophy. There was
prominent quadriceps atrophy bilaterally, however. Facial, neck, and extremity strength was
graded MRC grade 5 throughout.

His CK levels were 3753 U/L and 4684 U/L on repeat. ECG, stress test, echocardiogram, Holter
monitor, and spirometry were normal. EMG revealed an irritable myopathy. He has 3 quadri-
ceps muscle biopsies, each spaced a year apart. The first was normal, and the second showed
minimal nonspecific changes. The third was dystrophic with marked variability in fiber size,
copious fibers with internal nuclei, and endomysial fibrosis. There was no inflammation and
a battery of immunostains for muscular dystrophies was negative. Genetic testing revealed ho-
mozygous mutations in ANO5 (c.172C>T; p.Arg58Trp).

One year after diagnosis, his right leg was definitely weaker than his left, he was having more
difficulty ascending and descending stairs, he was unable to arise from a squat, and he had a
sensation his calves were constantly tight or stiff.

This real-life case reveals many key diagnostic features in LGMD2L.
LGMD1B—LAMIN A/C

Mutations in LMNA, the gene for lamins A and C, cause an array of human disease with
numerous phenotypes. Five have skeletal muscle involvement. Nonskeletal muscle
disorders include familial partial lipodystrophy, the Dunnigan-type (FPLD)81; auto-
somal recessive, axonal, peripheral polyneuropathy (Charcot-Marie-Tooth disease
type 2A [AR-CMT2])82; autosomal dominant, axonal, peripheral polyneuropathy (Char-
cot-Marie-Tooth disease type 2 [AD-CMT2]) with or without leukonychia83; mandibu-
loacral dysplasia84; premature aging (Hutchinson-Gilford progeria syndrome)85; an
isolated dilated cardiomyopathy86; heart-hand syndrome of the Slovenian type87; a
fatal, infantile, restrictive dermopathy88; and the metabolic syndrome.89 The syn-
dromes with predominant skeletal muscle involvement include LGMD1B,90 autosomal
dominant91 and recessive92 EDMD (AD-EDMD), congenital muscular dystrophy,93 and
autosomal dominant dilated cardiomyopathy with atrioventricular block (CMD1A),86

which on occasion also has clinically evident skeletal muscle weakness. The skeletal
muscle phenotypes are overlapping syndromes exhibiting greater or lesser degrees of
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muscle weakness, joint contractures, and cardiac dysfunction. Nonpenetrance from
generation to generation is not uncommon for the various laminopathy phenotypes.94

LGMD1B makes up 5% to 10% of cases LGMD.
LGMD1B: Key diagnostic features

� Usual onset 2–25 years of age

� Variable penetrance generation to generation

� Limb-girdle or humeroperoneal pattern of weakness

� Joint contractures common

� Cardiac involvement by the second or third decade

� CK 5 200–2000 U/L

� Diagnosis via genetic testing
Clinical

Onset may occur in the first decade and even as a congenital syndrome but can begin
in the 20s, 30s, or 40s.95 The pattern of weakness and atrophy tends to be humeroper-
oneal (biceps and below the knees) or limb girdle (proximal legs and arms). Calf hyper-
trophy and scapular winging occur infrequently. Joint contractures, although often
subtle, are almost always present and can be helpful in suggesting the diagnosis,
with elbow and neck flexors more so affected than ankle, knee, hip, and wrist joints.
Although skeletal muscle weakness manifests from birth through the fourth decade,
cardiac disease relatively uniformly begins in the second and third decades, indepen-
dent of skeletal muscle involvement.96 Cardiac manifestations include early dysrhyth-
mias and conduction block. Dilated cardiomyopathy comes later in the course.
Arrhythmias requiring pacemaker placement affect nearly all patients by the 20s,
whereas progressive heart failure responds to cardiac transplantation.

Laboratory

CK values range up to 10-times normal. Needle EMG reveals myopathic motor units
whereas nerve conduction studies remain normal. Muscle biopsies disclose variability
in fiber size, increased internal nuclei, fiber splitting, and mild to moderate connective
tissue replacement and fatty infiltration. Electron microscopy reveals abnormal distri-
bution of heterochromatin in the nuclei of muscle fibers and satellite cells.97,98

Diagnosis

Muscle is not readily stained for lamin A/C; thus, DNA analysis is preferred for defin-
itive diagnosis. Gene sequencing is commercially available from several sources.

Treatment

Currently, treatment remains supportive. Physical therapy enhances functional
independence by augmenting range of motion and minimizing contractures. Moni-
toring cardiac involvement with cardiology consultations, ECGs, echocardiography,
and Holter monitors can be lifesaving. For symptomatic patients, cardiac pace-
makers, defibrillators, and transplantation should be considered early in the clinical
course.



Case 6

A 28-year-old woman presented due to worsening weakness. She was never able to run or
jump. She never could fully straighten her elbows. As a cheerleader, she was always repri-
manded to straighten her elbows, and she could not. She currently works as a school bus driver
and is having greater difficulties getting onto the bus. She states she walks just like her father,
paternal aunt, and paternal grandmother. Her 6-year-old daughter cannot keep up with other
children when running. The patient has had occasional palpitations.

On examination, there were 20� elbow flexor contractures. There was no scapular winging. Her
strength was full except as follows (MRC scale): neck flexors 4, shoulder abductors 41, elbow
flexors 4�, elbow extensors 41, hip flexors 4, hip extensors 3, hip abductors 4, hip abductors
4�, knee extensors 41, and knee flexors 4. She had a mild Trendelenburg gait.

With testing, her CK level was 349 U/L. ECG was normal, but a Holter monitor revealed 5- to 40-
second runs of a supraventricular tachycardia. EMG revealed a nonirritable myopathy. Genetic
testing revealed the following mutation in LMNA: c.652A>C; p.Thr219Pro. This same mutation
was found in her affected paternal aunt and her 6-year-old daughter.

This real-life case reveals many key diagnostic features in LGMD1B.
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SUMMARY

When evaluating both men and women with limb-girdle weakness and a presumed ge-
netic cause, clinicians should initially exclude dystrophinopathies and Pompe disease.
For the LGMDs, there are 3 general diagnostic strategies. (1) Phenotype driven—if the
clinical features, family history, examination, and creatine kinase level all point to a
distinct diagnosis, many clinicians go directly to targeted genetic testing of a particular
gene. Computer-based, smart algorithms are available to help guide to the most likely
LGMD diagnosis (Jain Foundation Automated LGMDDiagnostic Assistant).99 This tool
is fairly adept at delineating the correct diagnosis in LGMDs with a common presen-
tation. (2) Biopsy driven—if the phenotype approach does not yield an answer, or if the
precise clinical diagnosis is unclear, muscle biopsy with immunostaining for a panel of
muscular dystrophies is a reasonable next step. The results of the muscle biopsy can
then direct further genetic testing. (3) Genetic testing driven—finally, if the first 2 stra-
tegies do not prove fruitful, genetic testing via gene panels or exome/genome
sequencing is now available. Panels with 12, 50, or 163 muscle genes are available.
The advantage of gene panels is they cast a broad net. The disadvantage is that often
the results return with variants of unknown significance. Additionally, many of these
panels only sequence genes and thus miss deletions, duplications, repeat sequences,
and intronic mutations. The optimal strategy often depends on the comfort of the clini-
cian, resources available, and insurance authorizations and may benefit from input
from a geneticist or genetic counselor. As the technology improves and costs are
reduced, direct genetic testing will probably assume a more prominent role in diag-
nosing LGMDs.
Using these strategies, a genetic diagnosis can bemade in more than 60% of LGMD

patients. The clinical features point to a correct diagnosis in approximately half the
cases. Obtaining a precise genetic diagnosis in LGMD is important in defining
the long-term prognosis, delineating other organ system involvement, clarifying
the pattern of inheritance, avoiding unnecessary treatments (eg, immunosuppressants
for dystrophies with inflammation on the biopsy), and providing proactive manage-
ment of disease (eg, physical and occupational therapy, pacemaker-defibrillators for
arrhythmias, and noninvasive positive airway pressure for ventilatory failure).
As a group, the LGMDs are the fourth most common genetic muscle condition, with

a minimum prevalence of 3 to 5 per 100,000 (or approximately 1 in 20,000). This article
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highlights key features of what are widely thought the most common LGMDs. As
knowledge of the genetic basis and pathophysiology of the LGMDs expands, the
hopes of patients and families for effective treatments for these conditions may
become a reality.
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78. Penttilä S, Palmio J, Suominen T, et al. Eight new mutations and the expanding
phenotype variability in muscular dystrophy caused by ANO5. Neurology 2012;
78:897–903.

79. Milone M, Liewluck T, Winder T, et al. Amyloidosis and exercise intolerance in
ANO5 muscular dystrophy. Neuromuscul Disord 2012;22:13–5.

80. Sarkozy A, Deschauer M, Carlier RY, et al. Muscle MRI findings in limb girdle
muscular dystrophy type 2L. Neuromuscul Disord 2012;22:S122–9.

81. Cao H, Hegele RA. Nuclear lamin A/C R482Qmutation in Canadian kindreds with
Dunnigan-type familial partial lipodystrophy. Hum Mol Genet 2000;9:109–12.

82. De Sandre-Giovannoli A, Chaouch M, Kozlov S, et al. Homozygous defects in
LMNA, encoding lamin A/C nuclear envelop proteins, cause autosomal reces-
sive axonal neuropathy in human (Charcot-Marie-Tooth disorder type 2) and
mouse. Am J Hum Genet 2002;70:726–36.

83. Goizet C, Ben Yaou R, Demay L, et al. A new mutation of the lamin A/C gene
leading to autosomal dominant axonal neuropathy, muscular dystrophy, cardiac
disease, and leukonychia. J Med Genet 2004;41:e29.

84. Novelli G, Muchir A, Sangiuolo F, et al. Mandibuloacral dysplasia is caused by a
mutation in LMNA-encoding lamin A/C. Am J Hum Genet 2002;71:426–31.

85. Csoka AB, Cao H, Sammak PJ, et al. Novel lamin A/C gene (LMNA) mutations in
atypical progeroid syndromes. J Med Genet 2004;41:304–8.

86. Fatkin D, MacRae C, Sasaki T, et al. Missense mutations in the rod domain of the
lamin A/C gene as causes of dilated cardiomyopathy and conduction-system
disease. N Engl J Med 1999;341:1715–24.

87. Renou L, Stora S, Ben Yaou R, et al. Heart-hand syndrome of Slovenian type: a
new kind of laminopathy. J Med Genet 2008;45:666–71.

88. Navarro CL, De Sandre-Giovannoli A, Bernard R, et al. Lamin A and ZMPSTE24
(FACE-1) defects cause nuclear disorganization and identify restrictive dermop-
athy as a lethal neonatal laminopathy. Hum Mol Genet 2004;13:2493–503.

89. Decaudain A, Vantyghem MC, Guerci B, et al. New metabolic phenotypes in
laminopathies: LMNA mutations in patients with severe metabolic syndrome.
J Clin Endocrinol Metab 2007;92:4835–44.

90. Muchir A, Bonne G, van der Kooi AJ, et al. Identification of mutations in the gene
encoding lamins A/C in autosomal dominant limb girdle muscular dystrophy with
atrioventricular conduction disturbances (LGMD1B). Hum Mol Genet 2000;9:
1453–9.

91. Bonne G, Di Barletta MR, Varnous S, et al. Mutations in the gene encoding lamin
A/C cause autosomal dominant Emery-Dreifuss muscular dystrophy. Nat Genet
1999;21:285–8.

92. Di Barletta MR, Ricci E, Galluzi G, et al. Different mutations in the LMNA gene
cause autosomal dominant and recessive Emery-Dreifuss muscular dystrophy.
Am J Hum Genet 2000;66:1407–12.
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