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Myopathies present a wide range of clinical symptoms that affect the skeletal muscles, including weakness,
fatigue, and pain. While acquired myopathies receive significant attention due to the availability of treatment
options, it is important to note that some inherited myopathies can also be effectively managed. These
myopathies can be classified based on their underlying causes, such as infectious agents, autoimmune
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muscle cells, skeletal muscle channel dysfunctions, prolonged ICU stay, and inherited conditions such as
Duchenne muscular dystrophy. In this review, we initially present a clinical approach to neuromuscular

weakness diseases and subsequently place specific emphasis on myopathies, particularly to those that have treatment

options available.

© 2024 Genevieve C. Uy. Published by Progress in Neurobiology

1. Introduction

Neuromuscular disorders (NMD), characterized by muscle weakness,
are classified within the lower motor neuron syndrome (LMN) [1]. These
disorders can be categorized based on the specific level affected,
including the motor neuron (neuronopathies), nerve root/plexus
(radiculoplexus neuropathies), individual peripheral nerves (focal/multi-
focal/diffuse  polyneuropathies), neuromuscular junction (NMJ
disorders), and muscle (myopathies). Myopathies encompass a broad
spectrum of disorders that primarily affect the skeletal muscles, leading
to weakness, fatigue and pain. These conditions can be either acquired
or inherited, with varying etiologies and clinical presentations.
Myopathies can arise from diverse factors, including infectious agents,
autoimmune processes, metabolic abnormalities, genetic mutations and
other underlying systemic diseases. Understanding the underlying
mechanisms and classifying myopathies based on their etiology is
crucial for accurate diagnosis and appropriate management.

In this review, we will provide an overview of myopathies, highlighting
their diverse clinical manifestations and categorization by etiology. We
will explore the different types of myopathies, ranging from infectious
and autoimmune myopathies to metabolic disorders, channelopathies
and genetic conditions like Duchenne muscular dystrophy. By delving
into the various aspects of myopathies, we aim to shed light on the
complexities of these disorders and emphasize the importance of
targeted approaches for their diagnosis, treatment, and ongoing
management. Myopathies present a significant burden on individuals
affected by these conditions, as well as on healthcare systems worldwide.
Advances in research and medical interventions have enabled improved
understanding, diagnosis, and therapeutic options for some myopathies.
However, challenges remain in identifying and effectively treating
certain types of myopathies, particularly those with genetic origins.
Therefore, ongoing research and multidisciplinary efforts are essential to
further unravel the complexities of myopathies and develop innovative
strategies to enhance patient care and quality of life.

In the following sections, we will explore the different categories of
myopathies, discuss their etiologies, clinical features, and available
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treatment options. We aim to provide a comprehensive overview that
will serve as avaluable resource for healthcare professionals, researchers
and individuals affected by myopathy.

2. Diagnostic Clues for Neuromuscular Diseases

2.1. Clinical History

When taking a history in the context of neurologic disciplines, it is
important to consider specific aspects. Paying close attention to the onset
of symptoms is crucial, such as whether they occurred acutely, or if the
limb weakness is symmetrical. Additionally, tracking the appearance of
new symptoms over time, and identifying any precipitating factors or
activities that have been limited are important. It is essential to assess
whether the course of the condition is chronic and progressive or if it
exhibits a diurnal pattern and is related to fatigue and exercise
intolerance. Gathering information about past or co-morbid illnesses,
along with a comprehensive medication list, is necessary. Understanding
the patient’s baseline function is also valuable. A caveat is that patients
may have been suffering from NMD for a long time that their disabilities
lead to negative or difficult attitudes toward the disease. Obtaining a 3-
generation family history of NMD through a genogram is ideal for
determining autosomal dominance, consanguinity in reference to
autosomal recessive inheritance, as well as identifying the x-linked
disorders. However, challenges may arise in determining family history,
including situations where family members have passed away at an early
age, families with only one child, adoption scenarios, variations within
the same family, and milder forms of the disease that may manifest.

2.2. General Physical Examination

The presence of cardiomyopathies and arrhythmias often point to
inherited myopathies such as dystrophinopathies, limb-girdle muscular
dystrophies (LGMD), myotonic dystrophies and Andersen—Tawil
syndrome. Metabolic glycogen (GSD) and lipid storage myopathies may
present with hepatosplenomegaly. Inherited neuropathies may present
with skeletal deformities like pes cavus and kyphoscoliosis. Deafness,
retinitis pigmentosa and short stature allude to mitochondriopathies.
Joint laxity with or without contracture indicate collagenopathies like
Ullrich congenital muscular dystrophy. Skin rashes and ‘mechanic’s
hands’ point to immune-mediated disorders, like dermatomyositis, while
skin pigmentation points to POEMS (polyneuropathy, organomegaly,
endocrinopathy/edema, M-proteinemia and skin changes) [2], adrenal
failure or B12 deficiency. Palm and sole hyperkeratosis are noted in toxic
neuropathies, (e.g., arsenic toxicity, and their nails show Mee’s lines).
Autonomic neuropathy is considered in cases with hair loss in distal
limbs, as are cold feet and hands.

TABLE 1: Summary of neurologic examination for NMDs.

2.3. Neurologic Examination

Clinical evaluation can provide valuable clues in assessing muscle
weakness. Some key observations include asking the patient to stand
erect and walk normally to observe for ataxia such as sensory ataxia in
Romberg’s test. Assessing the ability to walk on heels and toes helps
evaluate distal-dominant weakness, while the patient’s ability to rise
from a chair or ground, and lift arms overhead provide insight into
proximal-dominant weakness. Weakness of the knees results in
hyperextension and the genu recurvatum and high steppage gait point to
foot drop, whether symmetric or asymmetric. Exaggerated lordosis and
protuberant abdomen can point to truncal muscle weakness, while a
waddling gait may indicate gluteal weakness. Axial muscle involvement
is indicated by the presence of an abnormal posture, rigid spine or
contractures, a dropped head, bent spine (camptocormia) and atrophy in
the paraspinal muscles [3].

Scapular winging from atrophy can be elicited by asking patient to
outstretch both upper limbs and to rest both palms on the wall. Neck
muscle weakness, especially in flexion, can be a useful test, along with
manual muscle examination focusing on specific proximal and distal
joint movers. Facial weakness, characterized by drooping or lagging of
facial expression and mimic movements, jaw bite and deviation, tongue
at rest (for atrophy and fasciculations) and protrusion (for deviation).
Specific eye movement impairment (ptosis/iweak eye movements
[EOM]), including eye closure observed in sleep) are helpful clues.
Muscle hypertrophy which is best seen in gastrocnemius, hip, shoulder
and elbow movers, for preferential muscle group/myotomal atrophy, and
for abnormal movements like fasciculations (brief scattered twitches at
irregular intervals; usually seen in chest, shoulder, upper back, proximal
limbs and tongue), myokymia (muscle quivering, undulating and slower
contraction of muscle strips), and rippling muscles (provoked by
mechanical stimuli and stretch). Deep tendon reflexes (DTRs), assessed
with a reflex hammer are important for evaluating reflex symmetry and
ruling out upper motor neuron signs. In addition to grip myotonia, a
reflex hammer is also used to elicit percussion myotonia by tapping the
thenar eminence and finding delayed relaxation. Basic sensory
examination will assist in eliminating neuropathic disorders.

Table 1 presents the summary of the neurologic examination for NMDs.
Table 2 presents an algorithm that can serve as a guide in the localization
of the lesion when confronted with a patient with muscle weakness. The
foremost clinical approach is to ensure that weakness is not attributable
to central or associated long tracts (i.e., with UMN signs) like spasticity;
or with bradykinesia and rigidity (i.e., in Parkinsonism); or with
cerebellar ataxia. If the clinical manifestations cannot be explained by
the aforementioned levels, a functional neurological disorder (FND)
should be considered.

-Assess standing posture and walking for ataxia
-Evaluate distal-dominant weakness by walking on heels and toes

-Test ability to rise from a chair or ground, and lift arms overhead for proximal-dominant weakness
-Look for hyperextension and genu recuvatum indicating weakness of the knee

-Check for high steppage gait suggesting foot drop

-Examine for exaggerated lordosis, protuberant abdomen, and waddling gait
-Look for abnormal posture, rigid spine, contractures, dropped head, paraspinal muscle atrophy indicating axial muscle involve ment
-Assess scapular winging by asking the patient to outstretch both upper limbs
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-Test neck muscle weakness, facial weakness, and eye movement impairments

-Look for muscle hypertrophy, myotonic movements, fasciculations, myokymia and rippling muscles
-Assess deep tendon reflexes and look for grip myotonia and percussion myotonia

-Perform basic sensory examination to rule out neuropathic disorders

TABLE 2: Flow chart of approach to muscle weakness in NMDs

Muscle weakness?

-YES (but NO UMN signs, Parkinsonism and Ataxia)

-YES (but NO local bone, joint and tendon pains)

-YES (but NOT feigned as in Functional Neurological Disorder)

>Assess STEP-1: History, physical/systemic and neurologic examinations

I. Is there SENSORY involvement?

A. YES, With sensory involvement (Deficits/Neuropathic pain) [80]

1. Neuronopathy: Herpes Zoster, B6 toxicity, Paraneoplastic syndrome

2. Neuropathy: Asymmetric Peripheral (Radiculopathy, Plexopathy, neuropathy [Hansen’s, Vasculitic, compressive/trauma, diabetic, Bell’s palsy,
Sarcoidosis); vs Symmetric Peripheral (Metabolic [diabetic, uremic], Infectious [Lyme’s, HIV, COVID19], Post-infectious/vaccinal/Autoimmune
[GBS/CIDP, COVID19 vaccine [81]], Paraproteinemic [2] , Paraneoplastic [82], Toxic [drugs, heavy metal] and Hereditary [CMT, Amyloidosis,
Fabry’s])

B. NO sensory involvement

1. Neuronopathy: Symmetric (SMAS); vs Asymmetric/Segmental (Poliomyelitis, Hirayama Disease; and MND [ALS if w/ UMNs])

2. Neuropathy: MMN [83]

3.NMJ: MG, CMS, LEMS, BTX (Botulism)

4. Myopathy: Proximal-dominant (Muscular dystrophies, Limb-girdle Syndromes (LGMD), Congenital myopathies, Muscle Channelopathies,
Inflammatory [infectious, autoimmune], Toxic [drugs], and Metabolic myopathies [84] [Hypokalemia, Thyroid, Glycogen and Lipid Storage]); vs Distal-
dominant (Distal Myopathies, Myotonic dystrophy, IBM)

>Assess STEP-2: Pattern Recognition

11. Is there FACIAL Muscle Weakness?-YES

1. Neuronopathy: Kennedy’s Disease [83]

2. Neuropathy: Asymmetric (Bell’s Palsy, Diabetic [85], Sarcoidosis [86], Hemifacial spasm); vs Symmetric (GBS, CIDP)
3. NMJ: MG, CMS

4. Myopathy: FSHD, Myotonic dystrophy, Central Core disease, Mitochondrial disease

I11. Is there OCULAR and/or PHARYNGEAL Muscle Weakness?-YES

1. Neuronopathy: ALS, Kennedy’s Disease

2. Neuropathy: GBS (Miller-Fisher and Pharyngeal-Cervical-Brachial variants), CIDP, Diphtheric neuropathy

3. NMJ Dis: MG, CMS, LEMS, BTX

4. Myopathy: Inflammatory myopathy (autoimmune; Pharyngeal), Myotonic dystrophy (Ocular), Centronuclear myopathy (Ocular), OPMD, OPDM,
Thyroid (ocular) and Mitochondrial disease

V. Is there PARASPINAL Muscle Weakness? -YES

1.Neuronopathy: ALS

2.Neuropathy: Diabetic cervical/lumbosacral radiculoplexus neuropathy [87]
3.NMJ: MG

4.Myopathy: Calpainopathy, Dysferlinopathy, FSHD, LGMD, MD 1, IBM [3]

>Assess STEP-3:1s Weakness related to Fatigue and Exercise
V. Is Weakness EPISODIC and FATIGUE-RELATED?-YES

1. NMJ Dis: MG, CMS, LEMS, BTX
2. Myopathy: Hypokalemic Periodic Paralysis, Thyrotoxic Periodic Paralysis, Andersen-Tawil syndrome, Glycogen storage diseases

V1. Is there MYALGIA and/or Exercise-induced CRAMPS?-YES
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1. Neuronopathy: ALS, Kennedy’s Disease, Post-polio syndrome

2. Neuropathy: Radiculopathy, Diabetic and Uremic neuropathies, CMT, Isaac’s disease

3. NMJ: BTX

4. Myopathy: Rhabdomyolysis, Inflammatory myopathy (autoimmune), Myotonic dystrophy, Muscle Channelopathies, Toxic (drugs), Metabolic
(Thyroid, Glycogen and Lipid Storages dis) and Mitochondrial diseases

VII. Is there Clinical MYOTONIA (Grip/Percussion)?-YES

1. Neuropathy: Isaac’s syndrome (grip myotonia)

2. Myopathy: Myotonic Dystrophy and Muscle Channelopathies (Grip & Percussion)
ALS: Amyotrophic Lateral Sclerosis; BTX: Botulism; CMS: Congenital Myasthenic Syndrome; CMT: Charcot-Marie tooth disease; FSHD:
Facioscapulohumeral Myotonic Dystrophy; GBS/CIDP: Guillain Barre Syndrome/ Chronic Inflammatory Demyelinating Polyneuropathy; IBM: Inclusion
Body Myositis; LEMS: Lambert-Eaton Myasthenic Syndrome; LGMD: Limb Girdle Muscular Dystrophy; MD: Myotonic Dystrophy; MND: Motor Neuron
Disease; NMJ: Neuromuscular Junction; MG: Myasthenia Gravis; OPMD: Oculopharyngeal Muscular Dystrophy; OPDM: Oculopharyngodistal Myopathy;
SMA: Spinal Muscular Atrophy; UMN: Upper Motor Neuron

3. Classification of Myopathies cases of slowly progressive conditions, significant muscle atrophy, or
individuals receiving corticosteroid therapy [4, 5].
Myopathies encompass a diverse range of conditions characterized by

abnormalities in the structure or function of skeletal muscle and can be Other muscle-associated enzymes, although non-specific, can be helpful
classified as acquired or hereditary. Table 1 provides a comprehensive in patients with a suspected myopathy, including aspartate
guide to distinguishing myopathy from other neuromuscular disorders aminotransferase, alanine aminotransferase, lactate dehydrogenase, and
(NMDs). While acquired and acute myopathies are prioritized due to the aldolase [5, 6]. Although a myopathic electrodiagnosis may be
availability of treatment options, it is important to recognize that certain established by showing electromyographic (EMG) brief, low amplitude
inherited myopathies can also be effectively treated. These treatable polyphasic potentials, early recruitment and whether or not coupled with
myopathies can be classified based on their etiology, including irritative potentials, this diagnostic test specificity is low. Nowadays,
infectious myopathies, granulomatous myopathies, autoimmune muscle imaging techniques such as ultrasound and magnetic resonance
myopathies, metabolic myopathies, skeletal channel myopathies, and imaging (MRI) play a valuable role in the evaluation and differentiation
Duchenne muscular dystrophy (DMD). The initial laboratory assessment of myopathies [7, 8]. An algorithmic classification of treatable
of patients suspected of having myopathy often includes measuring the myopathies and recommended diagnostic work up is made in (Figure 1).
creatine kinase (CK) level. However, it is important to note that a normal Not to be missed treatable myopathies are periodic paralysis,
CK level does not exclude the presence of myopathy, particularly in rhabdomyolysis and those that occur in the intensive care.
[ Muscle weakness, Elevated CK, myoglobinuria ]
e ) (EE ) (e ] (o) (G ) (o ) (25

[ Infectious ] [ Autoimmune ] [Drug induced M Channelopathies J [ Metabolic ] [ ICU acquired J

Hereditary

myopathy myositis myopathy myopathy weakness myopathy
~Ischemic forearm exercise te N
+  Workup for +  Serology (myositis + EMG-NCV * EMGNCV o e !« EMG-NCV *+ Muscle imaging
infection specific antigens) = Genetic testing «  EMG-NCV +  Genetic testing
+  Muscle imaging *  Muscle imaging *  Genetic testing *  Muscle biopsy
Genetic testing
*  Muscle biopsy
FIGURE 1: Classification of treatable myopathies and work-up.
3.1 Acquired Myopathies bacteria and fungi [9]. This present review will only delve into the most

common causative organisms, certainly not encompassing several other
causes of infectious myositis found to date. The clinical course of
myositis can vary, presenting as acute, subacute or chronic, and may be
accompanied by systemic manifestations like fever, rash and thrombosis.
In bacterial myositis, hematogenous spread and direct invasion like
trauma, surgery, exposure to contaminated soil play important roles in

3.1.1. Infectious Myositis
Myositis refers to the inflammation of muscle tissue, and although

muscles are generally resistant to infection, there is a wide range of
organisms that can cause this condition, including viruses, parasites,
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the development of the condition. Immunosuppression also increases
susceptibility to certain bacterial and fungal organisms. Initially, these
infections may affect specific muscles, then may spread to other areas,
if the microbial load is overwhelming. In the case of viral myositis,
generalized muscle weakness and fatigue are more commonly observed,
and since the COVID-19 pandemic, there have been reports of acute and
post-infectious muscle involvement [10]. The diagnosis of myositis
relies not only on the clinical presentation and possibly imaging studies
but also on confirmation through serologic tests and cultures, as
identifying the underlying pathogen is crucial for appropriate treatment
selection.

3.1.1.1. Viruses

Viruses cause infectious myositis, through mechanisms such as direct
cytopathic effect, immune complex formation, and immune
dysregulation [11]. Muscle damage primarily occurs due to direct
myotoxic effects. Due to their trophic property towards immature muscle
cells, viral myositis is more commonly observed in children [12].
Symptoms include myalgia, symmetric weakness, and rhabdomyolysis,
often preceding a gastrointestinal or respiratory infection influenza A,
influenza B, coxsackievirus, Epstein-Barr virus are common culprits.
Notably, since the onset of COVID-19 pandemic, reports have emerged
regarding myositis associated with SARS-Cov-2 infection. Factors
contributing to weakness and fatigue in these cases include prolonged
hospitalization, malnutrition, disuse and hypoxemia [9, 13]. Perhaps a
direct invasion of muscle tissue by the virus, coupled with adaptive
immune response mediated by the angiotensin-converting enzyme
ACE2 receptor, triggers myositis in COVID-19 patients [13, 14].

Recent literature indicates that rhabdomyolysis has been observed in
both adult and pediatric individuals infected with COVID-19 [15]. This
pathogenesis is linked to myotoxic cytokines including C-X-C motif
chemokine 10, interferon gamma, interleukin 1 beta (IL-1f), IL-6, IL-8,
IL-17, and tumor necrosis factor alpha [13]. Cases of myositis following
COVID-19 vaccination have also been reported and associated with anti-
Jol antibody [16]. Furthermore, muscle weakness and fatigue persist in
50-60% of patients even six months after the initial infection [14].
Elevated CK levels in conjunction with muscle weakness are typically
present. Notably, patients with severe COVID-19 infection admitted to
the intensive care unit exhibited a 30% reduction in the cross-sectional
area of the rectus femoris, with a decreased thickness of the quadriceps
muscle after 10 days [17]. While antiviral therapies such as ritonavir,
nirmatrelvir, remdisivir, and molnupiravir, as well as vaccines, are
available to combat and prevent COVID-19, when it comes to managing
COVID-19 myopathy, prioritizing physical therapy and early
rehabilitation remain essential [15].

Endemic chronic retroviral infections such as human T-lymphotrophic
virus, type 1 (HTLV-1), have been implicated in myositis. Studies of
muscle biopsy specimens, have revealed HTLV-1 in CD4+ cells rather
than macrophages, indicating that the majority of HTLV-1-containing
CD4+ cells are lymphocytes rather than macrophages [18]. Treatment
approaches for HTLV-1 infections, including myositis, lack systematic
studies and consists of a range of medications such as steroids,
interferon, danazol, high-dose vitamin C, azathioprine and antivirals
commonly used in human immunodeficiency virus (HIV) infection (e.g.

Progress in Neurobiology doi: 10.60124/j.PNEURO.2024.10.01

lamivudine and zidovudine, the latter of which can induce mitochondrial
toxicity leading to myopathy). Myopathy, infiltrative lesions and
rhabdomyolysis can also manifest in individuals with HIV infection.
Prompt recognition and initiation of treatment yield a favorable
prognosis for HIV-associated myositis.

3.1.1.2. Bacterial Infections

Bacterial infections of the muscle typically occur through direct invasion
from trauma and hematogenous spread. Staphylococcus aureus is the
main cause of pyomyositis [11], characterized by localized pain,
tenderness of the affected muscle, fever and potential abscess formation.
If untreated, pyomyositis can lead to complications such as
osteomyelitis, endocarditis and sepsis. Notably, typical findings in soft
tissue infections like lymphadenitis and focal erythema, are absent in
pyomyositis. Diffuse muscle involvement occurs in 10-20% of cases
[11]. Some strains of Staphylococcus aureus produce exotoxins that
cause toxic shock syndrome, believed to be due to T-cell activation and
cytokine release. Infections caused by Group A B-hemolytic
streptococcus, though less common are more severe, leading to
necrotizing fasciitis and streptococcal toxic shock syndrome. These
infections are often opportunistic and more prevalent among individuals
with diabetes and those with compromised immune systems.
Polymicrobial infections are also common in cases of vascular
insufficiency and penetrating wounds. Gram stain and aerobic/anaerobic
cultures should be performed immediately to guide antibiotic therapy.
Penicillins, cephalosporins, and vancomycin with the addition of
gentamicin and clindamycin should be initiated even without culture
results. In cases where necessary, surgical drainage of pus should be
performed alongside intravenous antibiotic treatment.

3.1.1.3. Parasitic Myositis

Parasitic myositis [19] should be suspected in patients presenting with
muscle aches, a history of travel to endemic areas, and ingestion of
undercooked meat. Common causes include Taenia solium, Trichinella
species and Toxoplasma gondii. Symptoms include weakness, swelling
and myalgia, along with elevated CK, eosinophilia, erythrocyte
sedimentation rate and C-reactive protein. Diagnosis can be confirmed
through muscle biopsy and serologic tests. Taenia solium, or pork
tapeworm, is acquired from ingesting Taenia solium eggs from
undercooked pork and can cause not only cause gastroenteritis but also
the dissemination of larvae via the bloodstream, leading to cysticercosis.
Neurocysticercosis can occur when the larvae reach the central nervous
system and is one of the most common causes of adult-onset seizures
[20]. In one population study in rural Ecuador by Brutto et al., [21],
individuals with neurocysticercosis were six times more prone to
develop adult-onset epilepsy than those without the disease [21].
Trichinella larvae cause chronic infections in the muscle. Trichinosis
also occurs with ingestion of encysted larvae from undercooked boar,
pork or dog meat, forming a capsule inside the muscle, leading to
repeated regeneration, degeneration and necrosis. Serologic tests are
done with anti-trichinella IgG antibodies. Protozoal toxoplasmosis from
Toxoplasma gondii cysts can be acquired from consuming food
contaminated with oocysts from cat feces and may infect the muscles.
Immunocompromised individuals with low CD4 counts are particularly
susceptible to Toxoplasma gondii infection. Treatment of the muscle
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involvement include specific medications such as praziquantel,
albendazole, and mebendazole for helminthic infections and
pyrimethamine, sulfadiazine, atovaquone for protozoal infections. In
some cases, surgical removal of the lesion may be necessary.

3.1.1.4. Fungal Myositis

Fungal myositis is most commonly seen in with immunocompromised
patients [11]. It typically affects a single muscle or group of muscles due
to abscess formation. The clinical presentation resembles bacterial
myopathies. Candida is the most frequent cause of fungal myositis [9].
Risk  factors include wuse of broad-spectrum antibiotics,
immunosuppressive drugs, and severe neutropenia, leading to diffuse
muscle tenderness accompanied by rash and fever. Histologic
examination reveals budding yeast and pseudohyphae. Cryptococcus
myositis is uncommon and is found in diabetic and
immunocompromised patients presenting with a disseminated
cryptococcal disease. Histoplasmosis rarely causes myositis after
inhalation of dimorphic fungi post-dissemination to the lungs.
Therapeutic anti-fungal regimens include amphotericin B and triazoles
(fluconazole, itraconazole, voriconazole, ravuconazole) administered
orally or parenterally. Echinocandins may be used such as caspofungin,
micafungin, as are the antimetabolites like flucytosine.

3.1.1.5. Granulomatous Myositis

Granulomatous myositis is a rare disease characterized by presence of
non-caseating granulomatous inflammation in the skeletal muscle. It can
occur spontaneously or be associated with inflammatory conditions such
as sarcoidosis, primarily affecting females in their fifth decade. Common
symptoms include dysphagia and bilateral and symmetric muscular
weakness, often proximal in nature [22]. In this review we discuss
sarcoid myopathy which is the most common cause of granulomatous
myositis.

Sarcoidosis is a multisystem disorder characterized by noncaseating
granulomas in various organs. Musculoskeletal involvement is less
common, and when present, it typically accompanies other organ
involvement. The pathogenesis of sarcoidosis is not well understood, but
it is characterized by the accumulation of T lymphocytes, mononuclear
phagocytes, and noncaseating granulomas [23]. Chronic myopathy, the
most common form of sarcoid myopathy, presents with progressive

TABLE 3: Autoantibodies in autoimmune myositis.

symmetric proximal muscle weakness. The other forms include acute
sarcoid myositis, characterized by diffuse muscle swelling and nodular
myopathy which present with single or multiple, bilateral, tender
nodules, usually found on the lower limbs. Nodules vary in size and are
palpable, painful and is not associated with muscle weakness. Diagnosis
includes elevated total CK, myopathic EMG, and ultrasound and MRI
findings, and muscle biopsy showing granulomatous infiltration.
Treatment of sarcoid myopathy involves the use of glucocorticoids
(prednisone), hydroxychloroquine, and immunosuppressive agents
(methotrexate, azathioprine or tumor necrosis factor inhibitors).
Glucocorticoids are tapered over one year, and immunosuppressive
medications are continued for two to three years. Prognosis depends on
the early management of the myopathies; however, these are not
expected to be fatal. A chronic myopathy may lead to long term
functional decline due to muscle atrophy [23].

3.1.2. Autoimmune Myositis

Autoimmune myositis represents a large and diverse group of treatable
myopathies. The recent classification of these conditions incorporates
clinical and pathological, and immunologic markers. Currently,
autoimmune myositis is categorized into several subtypes, including
dermatomyositis, inclusion body myositis (IBM), immune-mediated
necrotizing myopathy (IMNM), antisynthetase syndrome (ASS) and
overlap myositis [24-26]. The clinical presentation often involves
proximal muscle weakness, such as difficulty climbing stairs or raising
both arms, accompanied by dermatologic and pulmonary manifestations.
However, in IBM, asymmetric weakness of long finger flexors, as well
as anterior thigh muscles is typical. While muscle biopsy provides
valuable pathologic information, the testing for autoantibodies (i.e.,
myositis-specific and myositis-associated antibodies) has become
increasingly important in differentiating between these diseases (Table
3). Genetic studies have been conducted to identify risk factors and
dysregulated gene expression in autoimmune myositis, aiming to
understand the disease's underlying mechanisms. Genome-wide
association studies (GWAS) have confirmed the human leukocyte
(HLA) region as strongly associated with autoimmune myositis, with
different associations observed among clinical subgroups [27]. Rare
genetic variation, such as mitochondrial DNA variation and somatic
mutations, have been found to contribute to disease susceptibility in
specific autoimmune myositis subtypes and these mutations are thought
to contribute to the pathogenesis of the disease [27].

Dermatomyositis

Anti-nuclear matrix protein (NXP 2)

Subcutaneous calcinosis and typical skin lesions of dermatomyositis, common in
children

Anti-transcription intermediary factor 1 Y (TIF1-Y)

Increased risk of malignancy (Breast, lung, gastric, colorectal, thymus, ovary) and
typical skin lesions of dermatomyositis

Anti-melanoma differentiation associated gene 5 (MDA 5)

Atypical skin lesions, rapidly progressive interstitial lung disease, CADM

Anti-complex nucleosome remodeling histone deacetylase (Mi-2)

Typical skin lesion of dermatomyositis. Clinical course is benign

Anti-small ubiquitin- like modified activating enzyme (SAE)

Associated with typical skin lesions of dermatomyositis with mild myopathy

Immune mediated necrotizing myopathy

Anti-HMGCR Associated with statin intake but may be seen in statin-naive patients especially in
Asian countries, better response to immunosuppression
Anti-SRP Associated with more severe muscle weakness, poor treatment response
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|

Inclusion body myositis

Anti cystosolic 5’ nucleotidase 1A

’ Weakness in finger flexors and knee extensors

Antisynthetase syndrome

Anti-Jo1 (Antihistidyl)
Anti-PL 7 (Antithreonyl)
Anti-PL 12 (Antialanyl)

Anti-OJ (Antiisoleucyl)

Anti-KS (Antiasparaginyl)
Anti-Zo (phenylalanyl)
Anti-Ha (Antityrosyl).

Associated with fever, ILD, arthritis, Raynaud’s phenomenon and mechanic’s
Anti-EJ  (Antiglycyl) hand

Typical skin lesion of dermatomyositis: Periorbital edema, heliotrope rash, Gottron’s sign, V-sign, shawl sign

Atypical rash: mechanic’s hands, palmar papules, ulceration of the fingers
CADM: clinically amyopathic dermatomyositis

ILD: Interstitial lung disease

*15-30% Prevalence in myositis [28].

3.1.2.1. Dermatomyositis (DM)

Dermatomyositis (DM) can occur in both children or adults and is
characterized by a gradual onset of proximal muscle weakness and
distinct cutaneous manifestations. These include periorbital edema,
heliotrope rash, Gottron’s sign, V-sign and Shaw| sign. The pathogenesis
of the disease involves a range of intrinsic and extrinsic factors,
encompassing genetic, environmental, as well as immune and non-
immune-mediated factors [29]. Genetic predisposition plays a
significant role in the development of DM. Genotyping studies have
shown associations between variations in the major histocompatibility
complex (MHC) and DM susceptibility [29, 30]. Specifically, certain
HLA alleles have been correlated with the production of autoantibodies
in both adults and children. Epigenetic modifications include histone
modification, DNA methylation and microRNA activity [30]. There is
also genetic overlap with autoimmune disorders [27]. In the study made
by Miller et al., they evaluated 269 SNPs associated with rheumatoid
arthritis, systemic lupus erythematosus (SLE), type 1 diabetes mellitus,
Crohn's disease, thyroid disease, gluten-sensitive enteropathy, or
multiple sclerosis. Three genes (PLCL1, BLK, and CCL21) showed
significant associations with DM, despite not being previously
associated with the condition [30].

Recent clinicopathologic subtypes include clinically amyopathic
dermatomyositis (CADM), where classic DM skin lesions are present
without muscle involvement, dermatomyositis sine dermatitis, which
exhibits clinical and pathologic evidence of DM but lacks skin lesions
and juvenile dermatomyositis (JDM) in individuals under 18 years of age
[24]. Total CK levels are commonly elevated, and can increase up to 50
times in active disease [31]. The myositis-specific antibodies (MSA)
such as anti-Mi2, anti-SAE, anti-MDADS, anti-TIF1, and anti-NXP2 are
specific for DM [32]. These various circulating antibodies, each carrying
its own diagnostic implications (Table 3). For instance, anti-Mi2
antibodies are linked to classic DM, while anti-TIF1 antibodies are
strongly associated with underlying malignancy. Anti-MDADS antibodies
indicate an increased risk of rapidly progressive interstitial lung disease
(RP-ILD). Anti-NXP-2 antibodies are associated with calcinosis and
severe myopathy, especially in juvenile DM. Anti-SAE antibodies are
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found in a subset of DM patients with severe cutaneous involvement and
minimal myopathy [32]. The key histopathological feature of DM
observed on muscle biopsy is perifascicular atrophy according to
Dalakas et al. [31].

Although highly specific, its sensitivity remains around 25-50% [33].
The cellular infiltrate consists primarily of perivascular macrophages, B
cells, CD4 cells, and plasmacytoid dendritic cells. The activation and
accumulation of complement proteins lead to the destruction of
endomysial capillaries and in muscle ischemia which can be observed
with membrane attack complex (MAC) deposition on the sarcolemma.
Sarcoplasmic expression of myxovirus resistance protein A (MxA) is
specifically observed in all types of DM, indicating the crucial
involvement of type | interferons in its pathogenesis [34]. MxA serves
as a sensitive diagnostic marker, with a sensitivity and specificity of 71%
and 98% respectively, surpassing the significance of perifascicular
atrophy [36]. In the study made Uhura et al. [35], sarcoplasmic MxA
expression is seen in both juvenile and adult DM, suggesting its value as
a diagnostic marker regardless of age. MRI of the muscle often reveal
fascial edema [24, 36]. The prognosis of patients with DM is generally
good, with a reported 70%-93% survival rate at 5 years. However, the
presence of poor prognostic features such as malignancy or lung
involvement can decrease this rate [36].

3.1.2.2. Immune-Mediated Necrotizing Myopathy (IMNM)

Immune-mediated necrotizing myopathy (IMNM) is a distinct subtype
of autoimmune myositis characterized by severe proximal weakness,
myofiber necrosis with minimal inflammatory cell infiltrate on muscle
biopsy, and limited extra-muscular involvement. To date, there are two
distinct autoantibodies found in patients with IMNM. One targets 3-
hydroxy-3-methylglutaryl-CoAreductase (HMGCR), while the other
targets signal-recognition peptide (SRP) [37]. Anti-HMGCR is
associated with statin exposure [38, 39]. Studies conducted on
predominantly caucasian populations have shown a higher occurrence of
statin exposure in anti-HMGCR+ immune-mediated necrotizing
myopathy (IMNM) compared to Asian cohorts [40]. While IMNM is
commonly observed in individuals aged 30 to 70 years, it can also affect
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pediatric patients [41]. The pathogenesis of IMNM is multifactorial,
involving immune responses triggered by factors such as statin therapy,
viral infections, or cancer [38, 39, 42]. Although the precise mechanisms
remain unclear, specific genetic associations, such as the HLA-
DRB1*11:01 allele in adult patients with anti-HMGCR autoantibodies,
have been identified. ILD and cardiac complications, particularly in
individuals with anti-SRP antibody, have also been reported. Treatment
focuses on addressing the underlying cause, such as statin withdrawal,
or managing co-existing malignancies. There is good response to
multiple-agent, long-term immunosuppressive therapies starting at high
dose corticosteroids, as well as intravenous gamma globulins (IVIG) and
rituximab, among others. It is said that IMNM is the most severe
idiopathic inflammatory myopathy when it comes to muscle damage,
and frequent relapses, such that chronicity could be expected [42].

3.1.2.3. Inclusion Body Myositis (IBM)

Inclusion body myositis (IBM) is a slowly progressive muscle disease
primarily affecting older men patients aged 45 years and above. It
presents with asymmetric muscle weakness, with distal muscles being
more affected than the proximal ones. Commonly involved muscles
include knee extensors and long finger flexors, and early muscle atrophy
is observed. Facial weakness and dysphagia may occasionally occur.
Muscle biopsy may reveal rimmed vacuoles, but additional markers such
as TDP-43, p62 and valosin containing protein (VCP) positivity indicate
ongoing degeneration. Lymphocytic infiltration around non-necrotic
muscle fibers is typically present. IBM is considered to be an
autoimmune and degenerative disease. The HLA locus is said to be the
strongest risk alleles in the development of IBM. Its locus contains genes
that encode MHC class | and 11. The presence of endomysial infiltration
with plasma cells and CD8+ T lymphocytes as well as MHC | expressing
fibres indicate an autoimmune mechanism. A highly diagnostic
biomarker for this myopathy is when antibodies that are targeting cN-1A
or cytosolic 5’-nucleotidase 1A are detected in the blood [24, 33].

Also implicated is mitochondrial DNA variation characterized by
mitochondrial pathology, including large mtDNA deletions and
duplications, reduced mtDNA copy number, and somatic coding single
nucleotide variants. These findings suggest an accelerated mitochondrial
muscle aging process in sporadic IBM, possibly related to chronic
inflammation [27]. A study found that TOMMA40 or very long poly-T
repeat allele of the mitochondrial protein translocase of outer
mitochondrial membrane 40 intronic polymorphism had an IBM disease
onset much later in life [43]. Unlike other immune-mediated myositis,
IBM is considered a neurodegenerative disorder, one reason why steroid
treatment will not help.

3.1.2.4. Antisynthetase Syndrome (ASS)

Antisynthetase syndrome (ASS) is a rare idiopathic inflammatory
myopathy characterized by myositis, symmetrical arthritis and ILD
along with serum autoantibodies to aminoacy|-transfer RNA synthetases
(anti-ARS). It predominantly affects females, with highly variable
features, including arthralgia, raynaud phenomenon, heliotropic rash,
distal esophageal dysmotility and mechanic's hands. ASS is more
frequent in females, with a female to male ratio approximately 7:3, and
a mean age of 4815 years at disease onset. It has a prevalence estimate
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of 1/25,000-33,000 worldwide, provided by the premise that about a
quarter of all idiopathic inflammatory myopathy patients may have ASS
[44]. Currently, it is thought that the pathogenesis starts with a genetic
predisposition, then with the lung involvement triggered by
environmental factors as tobacco exposure, airborne contaminants, and
infections [45]. The non-specific tissue damage activates the innate
immune system that leads to the release of immunogenic neo-antigens.
There would be activation of the adaptive immune system with the
production of anti-ARS antibodies, and the spread of the immune
response to targeted tissues such as the muscle, joint, skin. Anti-
synthetase antibodies (ARS) target cytoplasmic aminoacyl-tRNA
synthetases, which are responsible for the ATP-dependent process of
attaching a single amino acid to its corresponding tRNA, thus facilitating
accurate protein synthesis. The antibodies include anti-Jo-1 (histidyl-
tRNA synthetase), anti-PL-7 (threonyl), antiPL-12 (alanyl), anti-EJ
(glycyl), anti-OJ (isoleucyl), anti-KS (asparaginyl), anti-Zo
(phenylalanyl) and anti-Ha (tyrosyl) [44].

At the start of the disease, respiratory symptoms (shortness of breath,
coughing, dysphagia) are found in 40-60% of patients [46], which may
be acute or progressive. Some patients develop clinically overt myositis
while others have hypomyopathic or even amyopathic forms. At onset,
20-70% of patients have muscle weakness of the proximal and axial
muscles, and many have myalgia and muscle stiffness, similar to the
milder presentations of other idiopathic inflammatory myopathies. ASS
is a chronic disease which requires long-term treatment, and with a
guarded prognosis [47].

3.1.2.5. Overlap Myositis (OM)

Overlap myositis (OM) is a type of myositis characterized by weakness
in the arms and legs, elevated muscle enzymes (such as CK) and an
association with other collagen disorders like sjogren syndrome,
systemic sclerosis, or systemic lupus erythematosus (SLE). Therefore,
treatment is more geared toward these collagen disorders. The
histological characteristics of OM involve perifascicular necrosis and the
binding of MHC class | and class Il antibodies to the sarcolemma in
specific areas of the skeletal muscle [26]. It is unclear if the
myopathology of OM is specific to a particular disease or if it categorizes
any of the major subsets of myositis. However, there have been cases
where overlap syndrome showed features of antisynthetase syndrome, as
evidenced by the presence of autoantibodies against multiple transfer-
RNA components [48].

3.1.2.6. Treatment for Autoimmune Myositis

Clinical experience taught us that the mainstays of treatment in
autoimmune myositis include corticosteroids (e.g., intravenous pulse
methylprednisolone, oral prednisone in sequence, alongside bone and
peptic ulcer protection), methotrexate and  steroid-sparing
immunosuppressive agents (e.g., azathioprine, mycophenolate, etc) [49].
In view of adverse events (including steroid-induced myopathy and
“disfiguring” Cushing’s effect) in long term use needed, oral
pednisolone may be taken together with azathioprine for at least three
months, thenceforth, the former be slowly tapered for about three months
prior to discontinuation. The steroid sparing drug shall be deemed to be
the maintenance drug thereafter. There could be patients requiring
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steroids and in such a situation, it could be administered every other day
together with the daily steroid-sparing agent. If the patient does not
respond to these medications or experiences severe extramuscular
symptoms, second-line agents such as cyclosporine and tacrolimus may
be used [50].

In some settings, IVIG /subcutaneous gamma globulin, may also be
applied. Cyclophosphamide, often in combination with other
immunomodulatory agents like rituximab and IVIG, is reserved for
severe cases or systemic organ involvement [50].

Various biological agents have been studied in myositis, including
abatacept and janus kinase (JAK) inhibitors like tofacitinib, ruxolitinib,
and baricitinib. Abatacept, which blocks the interaction between
antigen-presenting cells and T-lymphocytes, has shown beneficial
effects in refractory DM and polymyositis (PM). JAK inhibitors have
also demonstrated efficacy in myositis patients, with tofacitinib showing
positive results in disease activity and skin manifestations. Ongoing
trials are evaluating the effectiveness of baricitinib [51]. Genomic
variations can also influence the response to medications commonly
used in the treatment of autoimmune myositis. For example, variations
in the gene encoding the enzyme thiopurine methyltransferase (TPMT)
can impact the metabolism of medications like azathioprine, potentially
leading to differences in drug efficacy and toxicity. Genetic testing for
TPMT variants can help guide individualized treatment decisions [50].

Purportedly a neurodegenerative condition too, IBM resists
immunosuppressive therapy, though a number of regimens have been
tried. Glucocorticoids, biologicals, and disease-modifying antirheumatic
drugs (DMARDs) have not shown significant improvement. The use of
IVIg in IBM remains a subject of debate, as controlled trials have shown
mixed results. Sirolimus, an mTOR inhibitor, has shown promise in IBM
treatment by decreasing T-effector cell proliferation, preserving T-
regulatory cells, and inducing autophagy.

Exercise and physical therapy will be a complementary care. The red
flag in the management of autoimmune myositis is the co-morbid
malignancy, perhaps even as a paraneoplastic syndrome. Astute clinical
assessment is required and screening for a malignancy from elsewhere
(e.g. positron emission tomography-computerized scan [PET-CT scan])
may be key for early detection and management. In the absence of a
malignancy elsewhere, a surveillance stance be the way for at least 5
years. Treatment for myositis should be tailored to the individual's
disease activity and regularly monitored using appropriate scales,
questionnaires, and muscle force testing. Moderate physical training is
an important part of the treatment and has been shown to improve muscle
weakness. In cases of extramuscular manifestations, interdisciplinary
care involving neurologists, rheumatologists, dermatologists,
pathologists, pulmonologists, and physical therapists is crucial for
optimal patient management.

3.1.3. Metabolic Myopathies
Metabolic myopathies encompass a group of distinct disorders that
impact various cellular energy metabolism due to deficiencies in a

transport protein or enzymes [52]. The overall minimum incidence of
metabolic diseases in children born in British Columbia is approximately
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40 cases per 100,000 live births [53]. The surveyed data from thus study
[53] is limited to specific metabolic disease groups. Around 24 children
per 100,000 births (about 60% of the surveyed groups) have metabolic
diseases involving amino acids, organic acids, primary lactic acidosis,
galactosemia, or urea cycle disorders. Latest literature suggests the
incidence of GSDs is approximately 1 case per 20000 to 43000 live
births [40].

Cellular energy production relies on glycogen, glucose and free fatty
acids, which play crucial roles in generating adenosine triphosphate
(ATP). Pyruvate, a byproduct of glycogen metabolism, enters the
mitochondria. While the carnitine transporter system facilitates the entry
of long-chain fatty acids into the mitochondria, while short- and
medium-chain fatty acids have unrestricted access. The carnitine
transporter system involves acylcarnitine translocase, and carnitine
palmitoyl transferases | and Il. Once inside the mitochondria, these
substrates undergo metabolism to produce acetyl coenzyme A, a vital
component of ATP synthesis through the Krebs cycle. Any impairment
in these biochemical pathways leads to reduced ATP levels within the
muscles, resulting in weakness, muscle cramps particularly during
exercise, myalgia, exercise intolerance and potentially rhabdomyolysis.

Numerous enzymes in the glycolytic and glycogenolytic pathway have
then been associated with metabolic myopathies. Likewise, defects in
fatty acid oxidation can affect free fatty acid transport or beta oxidation.
While most patients primarily exhibit myopathic symptoms, some may
presentwith predominant central nervous system manifestations, such as
in glutaric aciduria type Il. Mitochondriopathies refer to metabolic
genetic defects that impact the electron transport chain, resulting in
exercise intolerance, with or without rhabdomyolysis or fixed weakness.
Diagnosing these disorders poses a challenge due to common clinical
manifestations like exercise intolerance and myoglobinuria,
necessitating the recognition of distinct features.

Exercise intolerance at the onset suggests a problem in glycogen
metabolism, whereas a defect in fatty acid oxidation affects patients after
prolonged exercise. Defects in glycogen metabolism can vary, with
McArdle disease (glycogen storage type V), being the most common. It
is an autosomal recessive disorder characterized by myophosphorylase
deficiency. Individuals with this disease experience muscle cramps,
fatigue, contractures and myoglobinuria. They are unable to tolerate
static or isometric muscle contractions, as well as dynamic exercises. A
pathognomonic sign of McArdle disease is the “second wind”
phenomenon, where there is significant improvement in exercise
tolerance about 10 minutes into exertional activities involving large
muscle groups such as running. Exertional tachycardia decreases from a
heart rate of 140 beats per minute to 120 beats per minute. This is due to
the lack of glycogen stores in McArdle disease, leading the body to rely
on the use of fatty acids as the main source of energy, which produces
ATP at a slower rate, compared to glycogen. Symptom improvement can
be achieved with sugar intake. Avoidance of activities that can trigger
symptoms and a high carbohydrate diet is recommended [54].

Another important GSD is Pompe’s disease (glycogen storage type I1a),
characterized by glycogen accumulation in the lysosome’s due alpha-
glucosidase enzyme deficiency. This autosomal recessive disorder
predominantly affects the skeletal and cardiac muscles. In the infantile
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form, symptoms include hypotonia, cardiomegaly and respiratory
failure. The adult form is characterized by fixed muscle weakness and
respiratory failure. Muscle biopsy reveals glycogen accumulation,
correlating with the severity of clinical symptoms [55]. Enzyme
replacement therapy with alglucosidase alfa (myozyme) improves
outcomes, as it aids in the absorption and digestion of glycogen. In
August 2021, avalglucosidase alfa was first approved in the United
States for the treatment of late-onset Pompe disease [56].

Carnitine palmitoyltransferase 11 (CPT Il) deficiency is the most
common lipid storage disease [57]. Long-chain fatty acids require
transport across the inner mitochondrial membrane mediated by CPT |
and Il, as well as acylcarnitine translocase, while short and medium
chain fatty acids can freely cross into the mitochondria. This autosomal
recessive disorder typically manifests symptoms from late childhood to
adulthood. Patients experience frequent episodes of myalgias, muscle
stiffness, weakness and myoglobinuria, often triggered by prolonged
fasting or exercise and infection. Patients are asymptomatic between
attacks, as fatty acids are the primary energy source for resting muscles
and prolonged activities, patients manifest their symptoms at the end of
rigorous exercise. Symptoms may also be provoked by stressors such as
fasting, infections, fever and cold exposure. A high carbohydrate diet
improves exercise endurance.

When evaluating metabolic myopathies, the serum total CK may be
slightly elevated, especially in individuals at high risk of

rhabdomyolysis. In phosphofructokinase deficiency, complete blood
count and reticulocyte count may show signs of hemolytic anemia. A
needle EMG may show myotonic discharges in acid maltase deficiency.
Generally, needle EMG may reveal short-duration, low-amplitude motor
unit action potentials. However, EMG readings may be normal in many
metabolic myopathies.

3.1.4. Muscle Channelopathies

Skeletal muscle channel myopathies encompass rare and diverse
conditions by mutations in the genes responsible for ion channels that
enable proper functioning. These include SCN4A (sodium channels),
CLCNL1 (chloride channels), KCNJ2 and KCNJ18 (potassium channels),
as well as CACNALS (calcium channels) [58]. They can be classified into
periodic paralyses (Andersen-Tawil syndrome, hyperkalemic periodic
paralysis, and hypokalemic periodic paralysis) and the non-dystrophic
myotonias (myotonia congenita, sodium channel myotonia, and
paramyotonia congenita). Symptoms can emerge during the first and
second decades or later in life, including during pregnancy [59]. These
myopathies manifest as paroxysmal symptoms ranging from
exaggerated muscle contraction to weakness due to disruptions in muscle
membrane excitability. Overlapping clinical presentations make gene
identification and treatment selection challenging.

FIGURE 2: Becker disease in a 19 year old male with CLCN 1 mutation having enlarged thigh and calf muscles “Herculean” since 9 years of age. The muscle

stiffness reduced with carbamazepine maintenance.

Note: Myotonia with delayed relaxation in grip (upper panel, sequential) and percussion (lower panel, sequential).

3.1.4.1. Nondystrophic Myotonias

Nondystrophic myotonias (NDMs) result from gain-of-function
mutation in the SCN4A gene or loss-of-function mutation in the CLCN1
gene (illustrative case in Figure 2). Generally associated with grip,
percussion, temperature aggravated and electrical myotonias (waxing-
waning, “dive bomber sound” due to delayed muscle relaxation), these
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disorders encompass myotonia congenita (“herculean” muscles;
autosomal dominant [Thomsens] and recessive [Becker] chloride
channelopathies), sodium channel myotonias (includes congenital
myopathy) and paramyotonia congenita (worsens with exercise and cold
temperature; Eulenberg disease). Clinically, these are seen as muscle
stiffness after voluntary contraction or percussion. With a prevalence of
only <1:100,000 people, these disorders usually occur within the first
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two decades of life, and in the absence of progressive muscle wasting.
These may be inherited either in an autosomal dominant or autosomal
recessive manner. Currently, there are no FDA approved treatments, and
that only certain symptomatic management strategies are available such
as addressing triggers, as well as maintaining non-sedentary behavior.
Symptomatic treatments to reduce muscle stiffness in NDM include
carbamazepine,  phenytoin,  mexilitine,  dantrolene,  quinine,
acetazolamide, trimeprazine and retigabine [60].

NDM should not be mistaken for another myotonic disorder in muscle
(also with grip, percussion and electrical myotonias) accompanied by
multi-organ disorders (baldness, cataracts, cardiac disease and insulin
resistance, among others), called myotonic dystrophies (types 1 [distal
dominant weakness plus facial and ocular muscle weakness] and 2
[proximal dominant weakness], with DMPK and CNBP mutations,
respectively). The pseudomyotonias (grip myotonia but not with the
typical percussion myotonia and electrical myotonia) are seen in a nerve
terminal hyperexcitability disorder, Isaac’s disease/neuromyotonia. The
latter is a VGKC channelopathy associated with myokymias
hyporeflexia, hyper-sweating and disabling muscle stiffness. Immune
therapies will be choice treatment for VGKC channelopathies, whether
paraneoplastic and/or associated with dementia (Morvan syndrome).

3.1.4.2. Primary Periodic Paralyses

Primary periodic paralyses encompass disorders caused by mutations in
sodium, potassium, and calcium channel gene mutations. Aberrant
depolarization leads to inactivated sodium channels, resulting in reduced
muscle membrane excitability and episodic generalized or focal
weakness. These disorders, such as hyperkalemic periodic paralysis,
hypokalemic periodic paralysis, and Anderson-Tawil syndrome, are
autosomal dominant. Diagnosis may involve a history of flaccid
paralysis and changes in serum potassium levels. Dichlorphenamide, and
carbonic anhydrase inhibitors/acetazolamide have shown efficacy in
treating primary periodic paralyses [58-60].

3.1.4.3. Secondary Periodic Paralysis

Secondary periodic paralysis occurs due to potassium wasting (related
to factors like high carbohydrate meal, intense exercise, diuretic use,
renal/adrenal disorders, licorice diet) and thyrotoxicosis. Cranial
muscles are typically unaffected, and quadriparesis is often observed in
the morning. Electrophysiologic short and prolonged exercise tests can
aid in differentiating, secondary periodic paralysis and channelopathies.
Appropriate treatment involves correcting electrolyte and hormone
abnormalities by addressing the underlying disorders affecting key
organs like the kidneys, adrenal glands or thyroid glands.

3.1.5. Drug-Induced Myopathies

Drug-induced myopathy refers to the acute or subacute onset of muscle
weakness, myalgia, elevated CK levels, and myoglobinuria following
the use of certain medications at therapeutic doses. Discontinuing the
implicated medication typically resolves the myopathy. Numerous drugs
can induce myopathy, including chloroquine, amiodarone, among
others. These myotoxic substances may affect muscle organelles (e.g.
myofibrillar proteins), may induce systemic effects (e.g. malabsorption
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or electrolyte imbalances) and may induce an inflammatory response
[61].

Statin use is one of the most common causes of drug-induced myopathy.
Statins are cholesterol-lowering drugs that inhibits
hydroxymethylglutaryl-CoA (HMG-CoA) reductase. They are
commonly prescribed for dyslipidemia, diabetes mellitus, stroke,
hypertension and coronary artery disease. Skeletal muscle adverse
effects are said to occur in 5-10% of patients [62]. Statin-associated
muscle symptoms (SAMS) manifest as muscle tenderness, cramps,
weakness and significantly elevated CK level (up to 10 times the upper
limit of the normal), and in some cases rhabdomyolysis. Statins are
known to affect the sarcoplasmic reticulum and mitochondria of type 11
muscle fibers. These fibers have less fat content compared to type |
fibers, making them more susceptible to damage caused by reduced
cholesterol availability for membrane production and biosynthesis.
Statins also induce an immunologic reaction by altering the regulatory
expression of T cells and B cells, leading to autoantibody production.
The highest incidence of statin-induced myopathy is with simvastatin,
while rosuvastatin and fluvastatin have the lowest. Symptoms are
typically reversible upon discontinuation of statin therapy [62].

Colchicine intake in patients with gout, particularly those with renal
insufficiency or concomitant use of nephrotoxic drugs like cyclosporine,
can cause myopathy. Symptoms include proximal muscle weakness,
elevated CK level, areflexia and sometimes sensory symptoms.
Colchicine interferes with microtubule growth, and long-term use can
lead to vacuolar myopathy with accumulation of autophagic vacuoles
and lysosomes, as well as axonal neuropathy. Symptoms typically
resolve within 4 to 6 weeks after discontinuing the medication.

Steroid-induced myopathic weakness is another adverse effect seen with
chronic administration of prednisone or dexamethasone. Patients
experience bilateral quadriceps weakness, and while the weakness is
generally mild and may spare the neck flexor muscles, it can worsen pre-
existing weaknesses especially in cancer patients. CK level and EMG
findings are usually normal which is why it is not considered a true
myopathy. On muscle biopsy there is only atrophy of type Il fibers [31].
Lowering the dose may reverse the myopathic weakness. A clinical
syndrome marked by myalgia, eosinophilia and scleroderma-like skin
manifestations have been associated with L-tryptophan use. The
syndrome mimics eosinophilic fasciomyositis (Shulman’s syndrome),
the latter being responsive to immunosuppressive therapy.

There should be awareness too that cancer treatment with immune
checkpoint inhibitors (e.g. pembrolizumab, nivolumab, etc.) may elicit
immune-mediated myopathy (and even myasthenia), and muscle
biopsies may show necrosis and mitochondrial abnormalities.

3.1.6. Intensive Care (ICU) Acquired Weakness

The clinical definition of intensive care unit-acquired weakness
(ICUAW) is a noted weakness in critically ill patients and where the only
etiologically plausible cause is the critical illness itself, and upon which
weakness may persist long after discharge from ICU. Sepsis
syndrome/or shock, multiple organ failure, metabolic variables like
hyperglycemia, and duration of mechanical ventilation (MV) are among
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the risk factors for ICUAW. Attributable to weakness are impaired
muscle contractility, muscle wasting, neuropathy, and pathways related
to ubiquitin proteasome system and dysregulated autophagy which are
associated with muscle protein degradation. Moreover, a preferential
loss of myosin, is a distinct feature [63].

By nosology, ICUAW include critical illness polyneuropathy (CIP),
critical illness myopathy (CIM), and an overlap syndrome, critical illness
polyneuromyopathy (CIPNM). Versus CIP, the diagnostic criteria for
CIM include: Presence of critical illness; Limb weakness or difficulty
weaning from MV (non-neuromuscular causes excluded); compound
muscle action potentials (CMAP) less than 80% lower limit of normal in
at least two nerves without conduction block; CMAP duration increased
on nerve or direct muscle stimulation; sensory nerve action potentials are
greater than 80% of lower limb of normal; needle EMG shows
myopathic potentials with early or normal recruitment in
awake/collaborative patients; absence of abnormal response to repetitive
nerve stimulation; and muscle biopsy with evidence of myopathy (e.g.
myosin loss or muscle necrosis). Current management strategies include:
achievement of euglycemia (intensive insulin therapy has been shown to
have a protective effect); early mobilization (has positive functional
outcomes); functional electrical stimulation (robust studies still desired);
and nutritional intervention (promote muscle protein synthesis in
relation to immobility) [64].

3.1.7. Rhabdomyolysis

Rhabdomyolysis is an urgent care acute myopathy with high morbidity
and mortality, if not attended to. The causes include direct muscle
trauma, status epilepticus, initiation/high dose use of medications (e.g.
statins, anticonvulsants, anti-psychotic agents), toxins, infections (e.g.
Weil's disease), muscle ischemia, metabolic/electrolyte disorders,
exertion or prolonged bed rest, genetic disorders and temperature-
induced states (e.g. neuroleptic malignant syndrome [NMS] and
malignant hyperthermia [MH]). The triad of rhabdomyolysis constitute
myalgia, weakness and myoglobinuria. An elevated total CK level is
considered the sensitive test for muscle injury—induced rhabdomyolysis.

The foremost treatment aim in suspected rhabdomyolysis is care to avoid
acute kidney injury. Fluid management is crucial in preventing prerenal
azotemia, given the risk of muscle compartment fluid accumulation and
the complication of hypovolemia. Thus, 1.5 L/h rate of aggressive
hydration is suggested, while cognizant of cardiac overload. As an
option, consider a 500 mL/h saline solution to be alternated every hour
with 500 mL/ of 5% glucose solution with 50 mmol of sodium
bicarbonate for each subsequent 2-3 L of solution. Also important in
management is urine alkalization for renal protection against the
nephrotoxicity from myoglobinuria and hyperuricosuria. Therefore, one
should achieve a urinary output goal of 200 mL/h, urine pH >6.5, and
plasma pH <7.5. The other management strategies include reversal of
inappropriate arteriolar vasodilation through arteriolar restoration of
contractility in injured muscles (i.e. mainly correction of acidosis and
hyperkalemia). Likewise, mobilizing intramuscular edema will protect
integrity of muscles and decompress muscle compartments [65]. In a
center retrospective study of surgical anesthesia among cases with
dystrophinopathy, they found no cases of rhabdomyolysis upon
application of total intravenous anesthesia and no evidence for or against
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volatile anesthetic usage in this patient population. It is to be emphasized
that no anesthetic agent is risk free. Non-triggering anesthetics,
barbiturates, benzodiazepines, propofol, ketamine, and fasting have
resulted to rhabdomyolysis in certain cases, including use of
succinylcholine for muscle relaxation [66].

3.2 Inherited Myopathies

Certain inherited myopathies are currently undergoing various phase
treatment trials focusing on genetic and inflammatory approaches.
Among them, Duchenne muscular dystrophy (DMD) and Becker
muscular dystrophy (BMD) are the most common and extensively
studied early- onset muscular dystrophies. DMD is a severe, and
progressive neuromuscular disease caused by mutations in the
dystrophin gene [67]. It follows an X-linked recessive inheritance
pattern, making it rare in females, with an incidence of approximately 1
in 3500 to 5000 live male births [68]. BMD, on the other hand, is also
caused by the DMD gene mutation but allows for residual expression of
dystrophin protein, resulting in milder symptoms compared to DMD [69,
70].

Dystrophin plays a crucial role in maintain the structural integrity and
contractility of myofibers, as well as regulating calcium levels, and
protecting against oxidative stress. Loss of dystrophin leads to myocyte
necrosis [69, 70]. Additionally, dystrophin contributes to the stability of
the plasma membrane in myofibers. The primary manifestation of DMD
is muscle weakness, predominantly affecting the proximal muscles of
the lower extremities. As the disease progresses, weakness becomes
more generalized. While developmental milestones may be achieved
normally in the early years of life, there may be delays in attaining these
milestones, as well as growth rate impairment and muscle tone
abnormalities during infancy. Most patients typically experience
difficulties in ambulation, running, climbing the stairs, and frequent
falling during the first 2-3 years of life, although late onset
manifestations may occur (in the third or fourth decade of life).
Pseudohypertrophy of the calves and wasting of the thigh muscles are
classic early features of DMD. Other manifestations include waddling
gait, frequent fractures due to falls, joint contractures, pharyngeal muscle
weakness leading to aspiration and hypernasality, sphincter muscle
weakness causing urine and stool incontinence, and cardiac involvement
resulting in heart failure.

Training exercises may be beneficial in DMD but again the evidence
remains uncertain. This needs further research to know whether these
training exercises promote functioning and improve health-related
quality of life [70]. There is also no concrete evidence regarding the use
of assistive devices but there are some studies in orthopedic assistive
devices that can help the patient with DMD. However, genetic
counselling be important as will respiratory and nutritional care. While
several potential medications or drugs are now being studied, prolonged
use of oral steroids (with bone protection) have been there in use, and
alluded to, in regional expert consensus [71]. Gene therapy, as discussed
herein under, involving the insertion of a dystrophin gene through a
vector, has proven effective in animals but not humans. Ataluren, which
is under a clinical study, is a molecule that binds with ribosomes and
may allow the insertion of an amino acid in the premature termination
codon, and producing a dystrophin that is smaller but functional [72].
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The most common complications of this disease include those of
decreased muscle function, spinal deformities, cardiovascular and
respiratory compromise, and affected bone health. Therefore, it is
important to note that a multidisciplinary approach must be undertaken
to optimize the living conditions of patients suffering from this
condition. Much importance must be given to identifying and targeting
possible aspects that may be improved through either medical,
technological, or engineering interventions [73]. Studies have shown
that although DMD is a progressive disease, life expectancy rates have
improved with advances in technology and medical treatment [74].

Therapeutic approaches for DMD aim to restore partially functional
muscle dystrophin through three main strategies: gene delivery using
viral vectors, stop codon read-through, and converting out-of-frame
mutations to in-frame mutations (exon skipping) [75]. First is gene
delivery using viral vectors: viral vectors, particularly adeno-associated
virus (AAV), areused to deliver modified smaller versions of dystrophin
called micro-dystrophins. These semi-functional proteins are about one-
third the size of normal dystrophin. Preclinical studies in animal models
have shown functional benefits, and early clinical trials have
demonstrated high-level expression of micro-dystrophin in DMD patient
muscles. Stop codon read-through: Approximately 10-15% of DMD
cases have mutations that introduce premature stop codons, leading to
truncated and non-functional dystrophin. Stop codon read-through
drugs, such as ataluren, aim to enable the ribosome to insert an amino
acid at the premature stop codon, potentially restoring dystrophin
production. Clinical trials have shown variable improvements in walking
ability, but drug-responsive increases in dystrophin have not been
consistently demonstrated [76].

Exon skipping aims to convert out-of-frame mutations to in-frame
mutations by blocking the inclusion of specific exons in the dystrophin
pre-mRNA using oligonucleotide drugs. This process allows for the
production of a partially functional dystrophin protein. Different
oligonucleotide chemistries, such as 2'-O-methyl phosphorothioate
(20MePS) and phosphorodiamidate morpholino oligomer (PMO), have
been studied. PMOs have shown higher potency in driving exon skipping
and have been delivered systemically, resulting in notable dystrophin
rescue in preclinical and clinical studies [76]. These are antisense
oligonucleotides (ASO) that are approved for DMD patients given
intravenously once a week.

Eteplirsen is an ASO designed for exon 51 skipping and was the first
ASO to receive accelerated marketing authorization from the FDA for
the treatment of DMD. The recommended dose of eteplirsen is 30 mg/kg
administered once weekly as an intravenous (IV) infusion [68].
Golodirsen is used for exon 53 skipping. In a long-term safety and
efficacy study of golodirsen in France, Italy and United Kingdom, a dose
of 30 mg/kghveek, is well-tolerated in DMD patients. Adverse events
(AEs) were generally mild, nonserious, and unrelated to golodirsen [77].
A phase 3, placebo-controlled, double-blind study (NCT02500381) is
currently underway.

Viltolarsen is another ASO used for exon 53 skipping. The data were
obtained from a long-term extension study and compared to a historical
control group from the duchenne natural history study (DNHS), matched
based on factors such as age, corticosteroid treatment, ambulatory
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ability, and geographic location [78]. The findings indicate that
viltolarsen's effect on motor function was maintained over the 2-year
period and support its safety profile, which was consistent with the
observations from the 24-week phase 2 trial and suggests that viltolarsen
maintains clinically relevant motor function over a 2-year period and has
a similar safety profile. It highlights the emerging long-term data on
FDA-approved DMD therapies and their effects on functional outcomes.

Casimersen is an ASO developed for exon 45 skipping. In a phase 1/2
study, casimersen, a drug used for exon 45 skipping in patients with
duchenne muscular dystrophy (DMD), was found to be well tolerated.
The reported treatment-emergent adverse events (TEAES) were minimal
and mostly mild, nonserious, and unrelated to casimersen. The observed
adverse events were consistent with conditions commonly seen in
children or as complications of DMD itself. No specific safety concerns
related to casimersen, such as leukopenia, neutropenia, hepatotoxicity,
severe skin reactions, infusion-site reactions, renal events, or cardiac
events, were identified [79].

Exon skipping drugs restores the reading frame to allow DMD patients
to make BMD-like residual dystrophin protein. It offers the possibility
to restore the levels of residual functional dystrophin and can slow
disease progression however it cannot restore muscle that was already
lost. Renal function should be monitored in these patients because of the
nephrotoxic side effect ASO. Overall, these therapeutic approaches hold
promise for treating DMD by either delivering modified dystrophin
genes, promoting read-through of premature stop codons, or modifying
RNA splicing through exon skipping. Further research and clinical trials
are needed to optimize these strategies and determine their long-term
efficacy and safety in DMD patients.

4. Summary Statement and Conclusion

Myopathies are a diverse group of muscle disorders that can be acquired
or inherited, leading to muscle weakness, impaired mobility, and other
associated symptoms. These conditions can be challenging to diagnose
and manage due to their varied etiologies and clinical presentations.
Genetic myopathies, such as DMD and BMD, result from mutations in
specific genes and often present in childhood. These conditions are
characterized by progressive muscle degeneration and are currently the
focus of extensive research and therapeutic development. Emerging
treatments, such as gene therapy and exon skipping techniques, offer
promising avenues to slow disease progression and improve the quality
of life for affected individuals.

Acquired myopathies can arise from various factors, including
medication use, critical illness, immune mechanisms, or metabolic
disturbances. Drug-induced myopathies, often associated with
medications like statins or steroids, can be resolved by discontinuing the
offending drugs. On the other hand, critical illness myopathies, such as
those occurring in intensive care unit (ICU) settings, require
comprehensive management addressing the underlying condition,
optimizing metabolic parameters, and providing supportive care. In
managing myopathies, a multidisciplinary approach is crucial. This
approach enables comprehensive evaluation, accurate diagnosis, and
tailored treatment plans for individuals with myopathies (Table 4).
While significant progress has been made in understanding myopathies
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and developing ftreatment strategies, further research is needed to
advance our knowledge and improve therapeutic options. Continued
efforts in genetic research, drug development, and supportive care

TABLE 4: Summary of myopathies with recommended treatment

strategies can potentially lead to more effective treatments and better
outcomes for individuals affected by myopathies.

Myopathy

Recommended treatment

Viral myositis

HTLV-1 myositis
HIV-associated myositis
COVID-19 myopathy

Supportive care, antiviral therapy, vaccination

-Steroids, interferon, danazol, high-dose vitamin C, antivirals
-Antiretroviral therapy, immune modulators

Bacterial myositis

Penicillins, cephalosporins, vancomycin, gentamicin, clindamycin, surgical drainage of pus

Parasitic myositis

Praziquantel, albendazole, pyrimethamine, sulfadiazine

Fungal myositis

Surgical debridement, amphotericin B, triazoles, echinocandins, flucytosine

Autoimmune myositis
Dermatomyositis
Antisynthetase syndrome

Immune mediated necrotizing myopathy
Overlap myositis
Inclusion body myositis

Corticosteroids, immunosuppressive drugs, 1VIG, physical therapy,
Rituximab and newer targeted therapies (e.g. Abatacept, Janus kinase inhibitors)

-Supportive care, physical therapy, IVIG trial

Metabolic Myopathy

-Enzyme replacement therapy, avoidance of triggers

Muscle channelopathies

-Symptomatic treatments to reduce muscle stiffness in NDM include Carbamazepine,
Phenytoin, Mexilitine, Dantrolene, Quinine, Acetazolamide, Trimeprazine and Retigabine

Drug-induced myopathies

-Discontinuation of drug, supportive care

ICU acquired weakness

-Intensive insulin treatment, supportive care and early rehabilitation

Rhabdomyolysis

-Fluid management, urine alkalization, correction of acidosis and hyperkalemia,
decompression of muscle compartments

Duchenne muscular dystrophy
Becker muscular dystrophy

-Prolonged use of steroids, gene therapy, stop codon read-through, exon skipping therapy
(Eteplirsen, Golodirsen, Viltolarsen, Casimersen)

In conclusion, the field of myopathies is evolving, especially with
advancements in diagnosis and patient care. Clinicians are made aware
that there are potentially treatable myopathies, in which care ranges from
targeted infectious agent medications, immune modulation treatments
and gene therapies, to symptomatic care strategies, whether
pharmacologic or non-pharmacologic. Rehabilitation and multi-
disciplinary care also figure in the over-all management of patients
suffering from myopathies.
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