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The diagnosis of inherited neuromuscular disorders is challenging due to their genetic and phenotypic variability. Traditionally, neurophysiology and histopathology were primarily used in the initial diagnostic approach to these conditions. Sanger sequencing for molecular diagnosis was less frequently utilized as its application was a time-consuming and cost-intensive process. The advent and accessibility of next-generation sequencing (NGS) has revolutionized the evaluation process of genetically heterogenous neuromuscular disorders. Current NGS diagnostic testing approaches include gene panels, whole exome sequencing (WES), and whole genome sequencing (WGS). Gene panels are often the most widely used, being more accessible due to availability and affordability. In this mini-review, we describe the benefits and risks of clinical genetic testing. We also discuss the utility, benefits, challenges, and limitations of using gene panels in the evaluation of neuromuscular disorders.
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Introduction

Neuromuscular disorders consist of a genetically and phenotypically heterogenous group of diseases, disrupting any component of the neuroaxis of the peripheral nervous system. These disrupted components can be skeletal muscle, neuromuscular junction, or nerves. The causes can be genetic (single gene disorder, polygenic disorder), nongenetic (infective, autoimmune, autoinflammatory), or yet to be identified.

Prior to the availability of genetic testing, neurophysiology and histopathology were the go-to primary investigations. The advent of single gene testing in the 1990s (Sanger sequencing) allowed for better diagnostic capabilities, but it was fraught with issues. It was costly, not widely available, laborious, and had a long turnaround time. As such, clinicians tended to test one gene at a time. They often had to fret over the test sequence of the candidate genes; this was especially challenging for neuromuscular disorders because of their genotypic and phenotypic heterogeneity.

This problem was alleviated with the discovery of next-generation sequencing (NGS). NGS is a high-throughput method that allows for the evaluation of many genes in a single reaction, resulting in a faster turnaround time, better diagnostic yield, and lower cost than Sanger sequencing (1). NGS and other advances have led to the discovery of many disease genes for neuromuscular disorders (2, 3), hence allowing for advancement in achieving a diagnosis and understanding the pathogenesis, paving the way for personalized medicine and the development of targeted gene therapies for previously incurable diseases (4).

There are currently >600 single gene disorders that are known to cause neuromuscular diseases (3). Historical surveys suggested an approximate prevalence of 33/100,000 for inherited neuromuscular disorders (5, 6), but with the increasing rate of genetic diagnosis, the prevalence rates have increased to around 160/100,000 population, being almost on par with Parkinson's Disease (100–300/100,000 population) (7).

Nowadays, the clinician has the opportunity to utilize various forms of clinical genetic tests e.g., gene panels, whole exome sequencing (WES), and whole genome sequencing (WGS) (8). Gene panels are often the most widely used, being both clinically available, widely available, and more affordable. In this mini-review, we describe the benefits and risks of clinical genetic testing. We also discuss the utility, benefits, challenges, and limitations of using medical-grade gene panels in the evaluation of neuromuscular disorders.



Benefits of genetic testing

Genetic testing can be done using a medical-grade test, a research-grade test, a direct-to-consumer test (DTC), etc., In this review, the term “genetic testing” is used to refer to using medical grade tests. Medical-grade genetic tests are tests done in certified laboratories, hence ensuring minimal standards in quality control and quality assurance.

There are many benefits to genetic testing. Genetic testing in neuromuscular disorders allows for more patients to achieve a definitive molecular diagnosis. A diagnosis gives the patient closure, as well as access to better information on the condition, prognosis, progression, treatment, and risk of transmission/recurrence.

The use of genetic testing as a first-line test shortens the diagnostic odyssey and minimizes diagnostic delays. Patients can also avoid unnecessary and/or invasive investigations, such as muscle or nerve biopsies (9–12). When Haskell et al. reviewed undiagnosed neuromuscular patients who had undergone investigations prior to targeted exome sequencing, they found that nearly 40% of the procedures, including muscle biopsy, were not helpful with pinpointing a molecular diagnosis in the patients (13). These benefits of early genetic testing have positive impacts on the patient's psychological well-being (14–16). They also result in cost-savings (17).

A molecular diagnosis allows for more appropriate surveillance. For example, patients who are diagnosed with a Limb-Girdle Muscular Dystrophy (LGMD) subtype known to be associated with cardiac complications, they will benefit from pre-symptomatic cardiac screening and treatment (18). Patients diagnosed with LGMD subtypes that are not associated with cardiac complications can do without additional cardiac appointments and cardiac tests.

A molecular diagnosis allows for more appropriate treatment. For example, patients with certain forms of spinal muscular atrophy (SMA) can access SMA therapeutics, where earlier diagnosis and earlier treatment leads to a better outcome (19–21). In congenital myasthenic syndromes, knowing the gene and the variant can help the physician select the more effective pharmacotherapy and avoid medications that are harmful or ineffective (22). In many forms of muscular dystrophies, patients with a molecular diagnosis can avoid unnecessary, and potentially harmful, empiric treatments such as immunosuppression (18).

A molecular diagnosis allows for better access to clinical trials and emerging treatment modalities. Currently, the eligibility criteria for many clinical trials and FDA-approved personalized therapies require the information of the individual's molecular diagnosis. With accelerating targeted drug development for genetic causes of amyotrophic lateral sclerosis (ALS), early genetic testing is now recommended for all ALS patients to ensure access to therapeutic intervention (23, 24).

Knowledge of the causative variant and its mode of inheritance enables family planning, predictive testing of at-risk family members, and carrier testing of family members. Another potential benefit of earlier diagnosis is better natural history studies, especially for some of the disorders that do not have the classic clinical phenotype. For more information, the reader can read the consensus statement by the American Association of Neuromuscular and Electrodiagnostic Medicine (AANEM) on the utility of genetic testing in neuromuscular disorders (25).



Risks of genetic testing

There are risks and limitations to genetic testing. To the patient, these risks include cost, anxiety, stress, depression, guilt, as well as adverse effects on insurance, employment, and other family member's health and insurance. For the clinician, inappropriate testing, inappropriate test interpretation, inappropriate follow-up action by the clinician can result in harm to patient, as well as potential risks for patient complaints, medicolegal actions, and increased cost to the health care system. Hence, first, do no harm. If in doubt, the clinician should consider referring the patient to the appropriately trained personnel (eg. neurogeneticist, clinical geneticist) to help them with genetic testing.



Determining if a genetic test is indicated

The clinician is faced with the challenge of deciding whether to pursue a genetic test vs. doing other laboratory tests to evaluate for nongenetic causes. In most situations, the clinician is considering whether to use a genetic test for diagnostic purposes i.e, the patient has symptoms, and the clinician is trying to find the cause. Genetic testing is also sometimes used for predictive testing or carrier testing purposes.

Some common neuromuscular phenotypes that may trigger genetic testing by the physician include:

• Myopathic phenotypes (eg. congenital dystrophies, muscular dystrophies, congenital myopathies, metabolic myopathies, mitochondrial myopathies, myotonic dystrophies, periodic paralyzes, distal myopathy, limb-girdle muscular dystrophy)

• Isolated persistent/recurrent high creatine kinase (CK)

• Abnormal neuromuscular junction transmission phenotypes (eg. congenital myasthenic syndromes)

• Neuropathic or motor neuronopathy phenotypes (eg. Charcot–Marie–Tooth Disease, hereditary neuropathy of pressure palsy, spinal muscular atrophies, amyotrophic lateral sclerosis)

• Upper motor neuron phenotypes (eg. hereditary spastic paraplegias)

• Associated with Syndromic/Multisystemic involvement (i.e., involving more than 1 organ system)

° eg. dysmorphism

° eg. neurological system: encephalopathy, global developmental delay, intellectual disability, epilepsy

° eg. growth: growth failure, overgrowth syndrome

° eg. renal/urological tract: malformations, chronic kidney disease

° eg. digestive/liver involvement

Of these, certain phenotypic characteristics are more likely to be associated with a single gene disorder. These include:

• Positive family history or consanguinity (11, 26, 27).

• Younger age of onset (11, 26, 28–30).

• Abnormal investigations associated with a myopathic phenotype [eg. abnormal Magnetic Resonance Imaging (MRI) findings of the muscle, abnormal electromyogram findings, and abnormal muscle histopathology (30)].

The clinician needs to bear in mind that a phenotypic diagnosis can sometimes be wrong. For example, Anti-HMGCR myopathy can mimic LGMD (31), while Charcot–Marie–Tooth disease can be misdiagnosed as chronic inflammatory demyelinating neuropathy (17).

The clinician should also know when diagnostic genetic testing is not indicated. For example, gene testing should not be used for the diagnosis of ALS (27), which should instead be based on clinical criteria (32). This is due to the complex and not fully characterized contribution of genetics to the development of ALS (27). One of the reasons genetic testing can be done in ALS is for the purpose of identifying the causative variant for predictive testing in other family members. Hence, genetic testing is complex because the clinical indications (diagnostic, predictive, carrier testing) can also influence whether genetic testing is warranted or not.

If the clinician wants to choose a genetic test, it is usually a choice between specific variant testing, common variant(s) testing, single gene testing, gene panel, WES, or WGS. This is one of the hardest decisions for a clinician to make as it requires domain knowledge about multiple areas including test methodologies and the genetics of the condition. A gene panel, though cheaper and faster, may not always be the best first-line test. Just because genetic testing is more widely available does not mean every practitioner should send genetic testing. The first rule of medicine applies—only order when you have the clinical expertise, and when you know how to interpret the results. Otherwise, discussion and collaboration with the relevant specialists is the wisest choice.



What is a gene panel

The human being has a nuclear genome and a mitochondrial genome. The nuclear genome refers to the double-stranded helical DNA found inside the nucleus of the cell. It is predicted to contain about 20,000–30,000 genes packaged into 46 chromosomes. The mitochondrial genome (mtDNA) refers to the circular DNA found inside the mitochondria of a cell (not in the nucleus). It has about 37 genes (33).

The term whole genome is used usually to refer to both the nuclear genome and the mitochondrial genome. However, when used in the context of “whole genome sequencing”, some labs use it to mean only the nuclear genome and not the mitochondrial genome, whereas other labs will use that term to encompass both genomes. This arises because different test methodologies are usually needed to study these two genomes.

The term whole exome is used to refer to all the exons that, when transcribed, remain within the mature RNA. The exome consists of 1–2% of the genome. Whole exome sequencing usually only involves the nuclear genome. It is predicted to contain ~85% of the variants detectable by whole genome sequencing (34).

A gene panel is a laboratory test that contains >1 gene, and the genes included in the panel were selected by the lab based on what the lab deemed relevant to a particular phenotype. Eg. myopathy gene panel, muscular dystrophy gene panel, and inherited neuropathy gene panel. A gene panel is hence usually testing for a subset of the exome and a subset of the genome.

For a similar phenotype, the contents of a gene panel can vary between different laboratories. For many years, there was limited international consensus or guidelines on what genes should be included in the phenotype-related gene lists (35). This resulted in wide differences between labs. In recent years, the ClinGen consortium has put forward recommendations to try to enhance utility (https://clinicalgenome.org/). This has reduced the variability, but differences remain. Eg. In lab A, their muscular dystrophy panel consists of 56 genes. In lab B, their muscular dystrophy panel consists of 60 genes. Some labs do not allow the ordering health care worker to customize their panels while others do, such as by adding in genes or removing genes.

Gene panels vary in size depending on the phenotype tested (ranging from a small number to a large number of genes). For example, the spinal muscular atrophy panel consists of 2 genes, whereas a comprehensive neuromuscular panel may consist of up to 230 genes or more. Some labs price their gene panels at one price regardless of the size, while others price their gene panels according to their sizes.

There are also other terminologies used interchangeably to describe gene panels. Some will use “focused” gene panel, “targeted” gene panel, or “multi-gene” panel; these terms in essence all relate to a test that consists of a set of genes that are simultaneously tested. Some will use focused, narrow, or small to describe gene panels that contain a small number of genes. Some will use large, broad, or comprehensive to describe gene panels that contain many genes. There is no standardized definition of what constitutes these terms; they are purely arbitrary.

The predominant technology used in gene panels is next-generation sequencing (NGS). NGS is a massively parallel sequencing technology that allows for high throughput, scalability, and speedy testing. Some gene panels solely use NGS, whereas other gene panels use NGS plus other methods to fill in the gaps inherent to NGS methodology. Some gene panels involve NGS and analysis of the included genes only, whereas others are exome-based tests where NGS of the exome is completed but a subset gene analysis is done and reported as a gene panel.



Benefits of using gene panels

There are many benefits of using gene panels.

NGS-based gene panels are less costly than traditional Sanger sequencing. They are also less costly than WES and WGS.

Gene panels can simultaneously assess multiple genes associated with a phenotype (36, 37). This allows for faster diagnosis compared to sequential Sanger sequencing of genes (8). Gene panels can also study genes that could not previously be effectively tested e.g., very large genes relevant to muscle diseases, such as TTN, NEB, RYR1, and DMD (38).

Gene panels are generally designed to ensure good coverage of the genes i.e., all regions of interest are well tested. Gene panels may have additional measures put in place to help pick up changes missed by the NGS platform eg. they may have been supplemented by other methods to enable the detection of large deletions or duplications, repeat expansion disorders, repeat contraction disorders, or mosaicism (39–43).

The use of gene panels allows for diagnosis when there is a limited skill in genotype–phenotype correlation, for example, access to gene panel testing can allow for diagnosis when there is a lack of specialist clinicians who are able to discern candidate genes and formulate a gene test set based on proband phenotype (44, 45).

The use of large gene panels may also lead to unexpected findings that broaden the phenotypic spectrum associated with specific genes, furthering knowledge into the heterogeneity of neuromuscular diseases (11, 44).

In comparison to WES or WGS, gene panel testing has a lower risk of obtaining uncertain, secondary, or incidental findings that may not be related to the presentation triggering the genetic testing (46).

All these benefits make gene panels a reasonable first-tier approach in the genetic screening of patients with neuromuscular disorders (41, 47–51), providing more individuals with neuromuscular disorders with the opportunity to attain a molecular diagnosis.



Disadvantages of a gene panel

Gene panels cover some genes but not all genes in the human being. So, if the gene is not on the panel that gene is not evaluated. This has implications on how one interprets a negative result (i.e. is this a true negative or a false negative result). This is discussed in the later sections of this review.

Pure NGS-based gene panels are not able to evaluate certain parts of the human genome eg. repeats, highly homologous regions, and regions of high and low GC content (37). Common neuromuscular repeat expansion disorders not detectable via NGS include myotonic dystrophy 1 and 2, facioscapulohumeral muscular dystrophy 1 (FSHD1), oculopharyngeal muscular dystrophy (OPMD), oculopharyngodistal myopathies (52), and C9orf72-related amyotrophic lateral sclerosis. When ordering a gene panel, it is thus essential to check if the gene panel included the appropriate methodology to cover these special conditions. For example, in some laboratories, if their gene panel for the ALS phenotype is only NGS-based, C9orf72 for hexanucleotide repeat expansion will not be performed. If you chose that gene panel, you would need to separately order the C9orf72 repeat expansion assay. On the other hand, other laboratories may have an ALS gene panel that by default is already a combination of an NGS-based test and a C9orf72 hexanucleotide repeat expansion assay.

Pure NGS-based gene panels have variable sensitivity for detecting copy number variations (CNVs). CNVs are structural changes of the genome, in which a certain genomic sequence is present at a different copy number compared with the reference genome. CNVs can range from being as small as 50 base pairs to being very large (53). CNV analysis is important when testing for conditions such as SMA, PMP22-related Charcot Marie Tooth, and female dystrophinopathy carriers (54, 55). Other techniques such as multiplex ligation-dependent probe amplification (MLPA), quantitative polymerase chain reaction, and cytogenetic genomic hybridization (CGH) arrays are needed to evaluate CNV. Some gene panels automatically include these other techniques, but some do not.

Deep intronic variants and large structural variants such as big inversions and translocations may be missed by NGS-based gene panels. Deep intronic variants or structural variants account for about 2% of the Duchenne Muscular Dystrophy (DMD) patient population (56). Muscle RNA sequencing analysis for transcription studies may be required to detect the molecular mechanism in such patients (57).

NGS-based gene panels cannot detect epigenetic phenomena. Epigenetic phenomena are non-DNA changes that affect gene function such as methylation that changes the protein coating of a gene. Transcription analysis, which is the study of the way genes are transcribed to synthesize functional RNA species or protein products, may be required to detect such changes. For example, the discovery of epigenetic changes helped us understand the role of recessive RYR1 variants in congenital myopathy (58).

When a mitochondrial disorder is suspected, concurrent testing of both mtDNA and nuclear mitochondrial genes is usually recommended to prevent diagnostic delays. Many gene panels only cover genes in the nuclear genome; they do not evaluate the mitochondrial genome; and vice versa. It is also important to note that some laboratories offering whole exome or whole genome tests may not automatically cover the mitochondrial genome either. Testing should ideally be done using the affected tissues (eg. muscle in mitochondrial myopathies instead of blood) for a higher yield due to heteroplasmy (59–61), though in practice, it is logistically easier to use blood samples.

Gene panels can be outdated if they are not routinely updated. It may be technically easier to update the curated gene list in a WES/WGS-based test than periodically designing a new gene panel, which may also aid in future data reassessment. Gene panels usually have a fixed turnaround time. Most labs do not have a stat or expedited turnaround time for panels. On the other hand, WES and WGS frequently have stat and expedited turnaround time (usually at additional cost).



When to choose a gene panel

There is no perfect genetic test. When choosing a genetic test, the clinician must first consider whether they have the competence to make that decision. If they are not competent in how to choose a genetic test or how to interpret the results, the clinician and their patient would benefit from a referral to the appropriate specialist (e.g., a neurogeneticist, a clinical geneticist).

If the family's variant is already known, single targeted variant testing may be the most appropriate test. In diseases where the phenotype is easy to recognize and is known to be due mostly to one variant, single targeted variant testing may be more efficient and cost-effective than multigene testing. For example, most patients with demyelinating Charcot–Marie–Tooth disease have a PMP22 copy number variant. It may be more cost-effective to start with a PMP22 duplication test rather than a multigene panel (46). This PMP22 duplication test has the highest yield in patients with a definite neuropathy subtype as defined by electrodiagnostic data and who are also evaluated by specialized neuropathy clinics (44).

In situations where there is a known high prevalence of founder variants among well-studied ethnic groups (37, 62), testing for a set of common variants may be the most appropriate. If the disease has minimal locus heterogeneity, single gene testing may be more suited than a gene panel (63).

For most patients, however, the above situations do not apply. Even with a well-defined phenotype (eg. neuropathic, myopathic, hereditary spastic paraplegias), the patient is usually the first affected in the family, and the gene list associated with that phenotype is usually long. In such individuals, the diagnostic yield of gene panels is good, therefore, making gene panels suitable as the first-tier approach (13, 28). This gene panel-first strategy has recently been shown to be cost-effective (10, 64). If the gene panels are not informative, the second tier test is WES/WGS (65). This approach, however, may evolve with time as cost and accuracy of WES improves.



When not to use a gene panel

In clinical practice, challenges in phenotyping may lead to difficulty in choosing the appropriate gene panel. Phenotypic characterization can be difficult due to variable disease penetrance and expressivity (66), or due to early, evolving, or atypical presentations (28). It is also often difficult to characterize the mode of inheritance in small families or when there is no family history (67).

When a patient has dual pathology eg. neuromyopathies causing distal weakness, the choice of gene panels for testing can be complicated (30, 68, 69). Diseases with poorer genotype–phenotype correlation may have a lower diagnostic yield with gene panels. Phenotypes that are multisystemic or atypical have a lower diagnostic yield with gene panels (30, 44). WES may, therefore, be more helpful in such patients (13, 70, 71).

WES that includes the mitochondrial genome has been described to potentially have a diagnostic edge over targeted gene sequencing. Though traditionally WES had less depth of coverage than gene panels, WES can now detect >98% of pathogenic mutations identified on targeted NGS gene panels (72). Furthermore, many laboratories now sequence WES at comparable depths to gene panels. WES also has the added benefits of future data reassessment (73), trio-sequencing for better yield and variant clarification (74), availability of upgrading to a faster turnaround time, and enables novel gene discovery. With declining cost, WES may be an increasingly attractive alternative to gene panels since gene panels can become outdated quickly.

Other than WES, WGS is also an alternative to gene panels. WGS can identify deep intronic variants, large structural variants, and better assess some coding regions than WES (75) offering an increased diagnostic yield over WES (76). For example, WGS when used in previously genetically undiagnosed dystrophinopathies has identified deep intronic or complex structural variants (77, 78). WGS is currently not as widely available as WES. High costs and complexity of data analysis and variant interpretation also currently limit its usage.

Not all diseases can be solved by genetic testing. Polygenic diseases such as chronic axonal polyneuropathies have reduced diagnostic yield on gene panel testing (11). They may also have a low yield with WES/WGS.



How to choose a good quality gene panel

Here are some tips on how to choose a good-quality gene panel.

  i Use an accredited lab and one that has expertise in the area that you are interested in. Accredited labs are likely to have well-designed diagnostic gene panels that meet the technical standards of the American College of Medical Genetics and Genomics (ACMG) (37). Their gene panels are more likely to be optimized for clinical sensitivity by including all genes associated with a disorder as well as genes associated with disorders with overlapping phenotypes which constitute the differential diagnoses.

 ii Look at the content of the panel and check if it contains the genes that you are most interested in. Genes may also need to be included to cover the possibility of variable expression and atypical phenotypes (63).

For example, when testing for causes of rhabdomyolysis and exercise intolerance, the gene panel may need to include genes associated with metabolic myopathies (glycogen-storage disorders, fatty acid metabolic disorders, and mitochondrial respiratory chain disorders) (79), as well as genes not typically considered to cause a metabolic myopathy but which can result in similar clinical features, such as dystrophies (80), RYR1 (81), or channelopathies (82).

A myopathy panel could also include genes relating to congenital myasthenic syndromes as they can mimic myopathy, such as DOK7 (83). A distal myopathy panel may also want to include traditional LGMD genes CAPN3 and CAV3 as these can also result in a distal myopathy phenotype (84).

When testing a patient who has an LGMD phenotype, apart from the usual LGMD genes, the panel should also include genes that cause metabolic myopathies that may present with a fixed LGMD phenotype such as acid alpha-glucosidase deficiency, CPT2 deficiency, and McArdle disease (83, 85).

iii With the advent of targeted therapies available for specific genetic diseases, it is also important to ensure that the selected gene panel contains treatable disease genes with phenotypic similarity. Eg. in a patient with muscle weakness, genes for Pompe Disease, Congenital Myasthenic Syndrome (52), and Spinal Muscular Atrophy (86) should be included to avoid missing a potentially treatable disease.

iv Check the methodology used and see if it will cover the molecular mechanism that you are interested in. Eg., Are repeat analysis or copy number variant analysis important considerations? Some gene panels include auxiliary assays for genes or regions that cannot be fully assessed by the NGS technology of a gene panel (11, 40–43, 63, 87), while others do not. You can often find this information in the section where the lab states its methods and its diagnostic limitations of the panel (37).

 v Choose a gene panel that includes an alternative method for confirmation/validation of the variant identified. False-positive results in NGS techniques can occur, though this is rare especially if a lab uses an alternative method to confirm the presence of the variant (88). You can often find this information in the section where the lab states its methods.

vi For tests that are similar, look at their price point, check whether they are covered by the patient's insurance provider, and look also at the turnaround time of the tests. These factors may influence your choice of the laboratory and test.

With gene panel testing, there may also be ongoing and evolving technical considerations that require close collaboration and regular discussion with the geneticists.



Diagnostic yields of gene panels

Overall, diagnostic yields depend on the characteristics of the study cohort (eg. size of cohort, levels of consanguinity, age of onset, extent of prior investigations and specialist work-up, and heterogeneity of phenotypes), as well as the strategies employed in the usage of the gene panel (eg. when to use, testing methodology, size, and composition of gene panel).

In the studies using comprehensive gene panels for undifferentiated categories of neuromuscular disorders, the yield has ranged from 12.9 to 48.8% (13, 28, 41, 43).

For muscle disorders, diagnostic yield can range from 13 to 79% depending on the selected study cohort and gene panel testing techniques (10, 12, 13, 30, 84, 87, 89). For well-defined myopathies, a narrower gene panel may have comparable diagnostic yields as a broader gene panel (13). For more complex or nonspecific muscle phenotypes, the diagnostic yield is lower (85). However, a recent study using a gene panel showed a positive diagnostic yield of 50% in patients with pauci- or asymptomatic hyperCKemia (90).

For neuropathies, gene panels have been reported to have a positive diagnostic yield of 6%−46% in inherited neuropathies (11, 26, 44, 91–95). For well-defined neuropathic phenotypes, a narrower gene panel may have comparable diagnostic yields as a broader gene panel (13). Hereditary spastic paraplegias have a reported diagnostic yield of more than 20% for NGS approaches (96–102). Demyelinating neuropathies have better yield compared to axonal or mixed neuropathies, even after PMP22 deletion or duplications have been excluded (11, 26). However, for unexplained axonal polyneuropathy, even in those with a family history, the yield of gene panels was much lower; 7% in patients with family history and 2% in those without (103).

For ALS, Shepheard et al. found that prospective genetic screening of 100 patients diagnosed with ALS using an ALS gene panel led to clinically actionable results in ~21% of patients, and a further ~21% of patients were found to have a variant of unknown significance (VUS) (104).

Patients with more complex phenotypes or phenotypic overlap, benefit more from broader or more comprehensive gene panels than with small gene panels (13, 28, 29, 43, 47, 64, 105). Krenn et al. reported a diagnostic yield of 34.7% with comprehensive gene panels (up to 344 genes) as compared to 22.2% with small gene panels (417 genes) (105). Integrating SMA analyses into a multigene neuromuscular disorders panel improved diagnostic yield (29, 86, 106).



Diagnostic yield of gene panels compared to sequential single-gene testing or WES

In general, targeted gene panel analysis has a higher diagnostic yield when compared to sequential single gene testing. There is a 3-fold increase in diagnostic yield for neuromuscular diseases (41). There is a 6- to 10-fold increase in diagnostic yield for rarer genetic subtypes of Charcot–Marie–Tooth disease (26). The use of gene panels for familial ALS patients resulted in the detection of potentially pathogenic variants in 45.5% of patients compared to 23.8% when Sanger sequencing was used (107).

Comprehensive neuromuscular gene panels have been reported to have comparable or slightly lower diagnostic yield than WES (10, 11, 41, 46, 72, 105, 108–111). Narrower gene panels, however, may not perform as well as WES and may incur more accumulative cost in the long run for the patient (28, 47).



Pretest genetic counseling and written consent is usually required

For many germline tests, written consent is required. This written consent is usually taken after appropriate pretest genetic counseling (see section 15).



Challenges with interpreting the results of a panel

Most lab reports come with interpretations of the results. Some are well written and complete; others are not so well written and may leave out important information. Decoding/interpretation of genetic test results can be challenging. Even though it is written in English, the jargon and nomenclature used require understanding and fluency. For those who want to learn more, ClinGen has some useful resources https://www.clinicalgenome.org/tools/educational-resources/materials/introduction-to-variants-and-nomenclature/.

Prior to 2015, there were no widely accepted guidelines on how to classify variants. As such, there was discordance in variant classifications between labs and inaccurate variant calling. In 2015, the American College of Medical Genetics and Genomics (ACMG) and the Association for Molecular Pathology (AMP) introduced guidelines to help standardize this process. These guidelines, however, were not formulated for calling copy number variants or for somatic/cancer variant calling. Other guidelines were subsequently formulated to cover these areas.

The ACMG-AMP's guidelines for variant classification is the one that neurologists will most likely encounter. This guideline categorizes a germline genetic variant as a pathogenic, likely pathogenic, variant of uncertain significance, likely benign, or benign (112). A simplified definition list is shown below:

• Pathogenic: the variant is known to be disease-causing

• Likely pathogenic: there is greater than 90% certainty that a variant is disease-causing

• Variant of uncertain significance (VUS): variant's effect on health or disease is uncertain

• Likely benign: there is greater than 90% certainty that the variant is not disease-causing

• Benign: the variant is not disease-causing

Most genetic testing reports will provide the ACMG-AMP criteria used to reach that variant's classification (eg. prevalence in disease, population frequency, bioinformatic prediction of the variant's effect). Concordance of interpretation of variants across different laboratories has been reported to be at only 71% (113). There is some subjectivity to the ACMG-AMP guidelines, and hence laboratory geneticists can apply the guidelines differently. Some variants may be misclassified (114).

Reclassification of the variant can occur. This tends to happen over time as more knowledge is gained. Variants can be upclassified or downclassified. For example, some variants initially classified as pathogenic or likely pathogenic have been downclassified in some cohorts of patients with LGMD (115) and dysferlinopathy (116). Some labs take on the responsibility to periodically review past patients and send updated reports to the ordering doctor when there is a reclassification. Others do not and leave the responsibility of reviewing the variant classification with the patient's doctor.

Discerning the applicability of genetic test results to the patient requires expertise in genomics not only on the part of the laboratory geneticist but also from the clinician (117). Mistakes that have occurred include:

• Not understanding the difference between heterozygote, compound heterozygote, homozygote, and hemizygote, resulting in wrong interpretation and wrong treatment of patients;

• Not understanding what it means when the lab says they do not know if two variants detected are in cis or trans, and wrongly assuming that the patient is a compound heterozygote;

• Not understanding the difference between a silent carrier and a presymptomatic individual;

• Misinterpreting the implications of a variant of uncertain significance;

• Assuming that a negative report is a true negative without consideration for the possibility of false negative results or residual risk;

• Assuming that a polymorphism is always benign;

• Assuming that a rare variant must cause disease;

• Attributing a variant to a disease because of outdated information found in old publications and not realizing that the variant has been reclassified as benign.

Do consider communicating with the testing laboratory for clarifications if there are doubts, questions, or difficulties in interpreting the reports. Consider a referral to the appropriate specialist (eg., a neurogeneticist, a clinical geneticist) if additional assistance is required in assessing the applicability of the genetic test result to the patient and if this was not already previously done.


Challenges interpreting a positive report (pathogenic variant and a likely pathogenic variant)

Many labs will use the term “positive” report when a pathogenic or likely pathogenic variant has been identified. In addition to looking at the variant classification, a positive report must also be interpreted in the context of the zygosity of the variant, the phase of the variant, the inheritance pattern of the disorder, the molecular mechanism of the disease, and the patient's phenotype.

Zygosity can be

• Heterozygous: the gene comes in a pair; at that position in the DNA sequence, there is one normal variant, and the other variant is different from the reference sequence.

• Homozygous: the gene comes in a pair; at that position in the DNA sequence, the pair of variants are identical to each other but different from the reference sequence.

• Hemizygous: this gene is on the X chromosome; this term is used to describe a male patient who only has one copy of that gene, and at that position in the DNA sequence the variant is different from the reference sequence.

It is also important to consider the mechanism of the disease when interpreting results. In an autosomal dominant condition, a pathogenic or likely pathogenic variant is usually sufficient to cause disease. However, this is not always the case. For example, SMCHD1 is included in some dystrophy panels. Pathogenic variants in this gene by itself are not sufficient to result in FSHD. In FSHD1, contraction of the repeat by itself is insufficient to result in FSHD; the repeat contraction needs to occur on a permissive allele.

In a recessive condition, if the patient is homozygous for a likely pathogenic or pathogenic variant, this is in keeping with the disease mechanism. However, one should never assume that the parents are carriers. Parental testing is still needed to prove that they are carriers (as the second variant can rarely arise from spontaneous mutation or due to uniparental isodisomy).

For recessive conditions, you may sometimes come across this phrase “there were two variants identified but we are not able to determine the phase of the variants”. Or, you might see this phrase “there were two variants identified but we are not able to determine if the variants are in cis or in trans”. “Phase” refers to the physical relationship between the variants. In current-day NGS, the DNA sequencing output comes in short reads (segments), which are then assembled into a long read out using bioinformatics. Thus, when we see in the same gene two variants that are physically far apart from each other, we are not able to determine whether the variants are on the same chromosome (in cis) or on different chromosomes (in trans). This makes a difference in the way we ascertain if the variants are sufficient to cause disease, especially in recessive conditions. The phase is usually ascertained by doing variant testing in the parents, or sometimes, long-read DNA sequencing of the patient is used. If the two variants are on two different chromosomes, and the gene involved is a recessive disorder, then it is in keeping with the mechanism of the disease. If the two variants are on the same chromosome, then we have not identified the second variant as a recessive disorder. Some of the possible reasons why the second variant could not be found include (1) there really is no second variant i.e., the patient is only a carrier for a recessive disorder; (2) the second variant is present but could not be identified by this test's methodology. There are ways to further sort this out. This is complex and best discussed with the lab, clinical neurogeneticist, or a clinical geneticist.

In a female who has one likely pathogenic or pathogenic variant for an X-linked recessive condition, X inactivation pattern may affect the expression of the disease in her. X-inactivation patterns are usually not studied by gene panels.

Lastly, the clinician must determine if the patient's phenotype fits the gene identified. If it does not, please have a conversation with the lab reporting the test and/or a clinical expert.

Even with a positive result, the result may not always allow a prediction of disease course, penetrance, or expressivity (118).



Challenges interpreting a variant of uncertain significance

Variants may be classified as uncertain if there is limited evidence available to predict their likely impact on gene function and disease. Additional tests may be required to clarify their clinical significance. This can include familial segregation, reverse deep phenotyping (119), neurophysiology, histopathology with immunostaining, Western blot for possible affected proteins, and neuroimaging such as muscle MRI to look for characteristic patterns of muscle involvement (119, 120).

When considering all genetic conditions, over time, there is a ~75% chance that a VUS is downgraded, and a ~25% chance that a VUS is upgraded (121). In one study on neuromuscular patients, reanalysis of probands with inconclusive results on WES revealed new diagnoses in 15.5% (122). The speed at which knowledge is updated is unfortunately limited by the ability for international collaboration and publication of data (123). Hence, periodic reevaluation of the VUS is imperative as variants get reclassified over time due to improving knowledge.

Reevaluation of a VUS requires skills and knowledge in genomics, in the use of databases, in the use of bioinformatics tools, as well as in how to rationalize conflicting data. These are highly complex areas where the novice is likely to make mistakes. The question then is whose job is it to reevaluate the VUS? Some labs have taken on that responsibility. They will periodically reevaluate the patients with VUS and will issue updated reports when there is reclassification. The onus is then left to the ordering doctor to recontact and inform the patient. This leaves the question as to whether the clinician has a duty of care to recontact and update the patient. Other labs do not take on the responsibility of reevaluation. We are then left with the question as to whether the ordering physician or the current physician has the responsibility to reevaluate the VUS. What if the physician does not have that expertise? In this situation, it may be best to contact the lab and ask for a reevaluation of the VUS. To deal with all the above complexities, a multidisciplinary team consisting of the neurologist, geneticist, pathologist, radiologist, and genetic counselor may be required (124).

If a VUS remains a VUS, the doctor needs to know what they can or cannot do based on those results. This is important as it has implications on patient and their family.



Challenges interpreting a negative test report

What does a negative test report mean? It could mean

• The patient truly does not have a genetic cause (true negative)

• The cause has not yet been identified (false negative)

• The causative gene was not included in the test (false negative)

• The causative variant could not be detected by the test methodology (false negative)

• The causative variant could not be detected in the tissue used (eg., blood for mitochondrial depletion studies)

Hence, when there is a negative result, the doctor needs to consider the possibility of a false negative result and the possibility of residual risk.

If a genetic cause is still suspected in the event of a negative gene panel, several approaches can be taken. Additional tests that evaluate regions not well covered by the gene panel can be undertaken, such as Sanger fill-in, CNV analysis, and repeat analysis. Other approaches include WES, WGS, or other more complex testing, which are beyond the scope of this review (57, 125, 126).




Complexities of genetic counseling

The complexity of genetic testing necessitates that there is appropriate pretest genetic counseling to ensure that the patient makes a thorough and informed decision about proceeding or not proceeding with genetic testing. This requires sufficient time and training. The points that are usually covered include:

• The aim of genetic testing

• The potential benefits

• The potential risks

• What the test options are, what each test can do and what it does not do

• What the alternatives are to genetic tests

• The option of not testing and its implications

• The costs and turnaround time

• The potential results and their implications eg. Any potential change in current management, any potential future management

• The potential effect on insurance, psychological state, and impact on family

• The risk of incidental findings

The complexity of a test result also necessitates the need for appropriate posttest genetic counseling. This is to enhance patient understanding, minimize misunderstanding, and to help the patient cope with the outcome. The points that are usually covered include:

• The results of the genetic test and the interpretation of these results;

• The implications of the test results to the patient and his/her family;

• Where the patient is found to have a condition or genetic variant/change, the treatment and management options of the condition or genetic variant/change, and their potential outcomes;

• Any psychological, social, and ethical issues or concerns;

• Where relevant, the consideration for testing of family members' carrier status and/or variant status for confirmation of the patient's condition;

• Where relevant, to cover other complicated matters such as the risk of transmission and family planning.



Conclusion

The accelerated discovery of targeted therapies and treatment options for genetic neuromuscular disorders has made their diagnosis imperative for individualized precision medicine. Gene panels are suitable for the simultaneous analysis of multiple genes in the genetically heterogenous group of neuromuscular diseases, reducing diagnostic delay and cost. Most gene panels are NGS based. Techniques such as repeat analysis, Sanger fill-in, and CNV analysis further enhance the high depth of coverage of gene panels. The optimal usage of gene panels, however, depends on the ordering clinician's clinical expertise in determining the proband's phenotype, understanding the benefits and limitations of a gene panel, and selecting an appropriate gene panel as part of a personalized diagnostic process. Expertise in the interpretation and clinical correlation of genetic test results is also necessary. The most complete and accurate interpretation of the results of the gene panel is best achieved with the help of a multidisciplinary team. As cost declines for WES, WGS, and transcriptome studies, these may become more widely used. In the meantime, gene panels generally remain as the first-tier, most readily available tool in delivering individualized precision medicine to neuromuscular patients. The complex nature of genetic testing can make clinician feel out of their league. If so, collaboration and discussion with relevant experts who can help you with the genetic testing while you continue exercising your expertise in managing the patient is recommended.



Author contributions

KN wrote the first draft of the manuscript. DG, H-LC, and AC wrote sections of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



Acknowledgments

We acknowledge the patients and their families, as well as our colleagues, for allowing us to learn from them and for their daily effort.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Abbreviations

NGS, Next-generation sequencing; WES, Whole exome sequencing; WGS, Whole genome sequencing; AANEM, American Association of Neuromuscular and Electrodiagnostic Medicine; SMA, Spinal muscular atrophy; LGMD, Limb girdle muscular dystrophy; ALS, Amyotrophic lateral sclerosis; MRI, Magnetic resonance imaging; CK, Creatine kinase; CNVs, Copy number variations; FSHD, Facioscapulohumeral muscular dystrophy; OPMD, Oculopharyngeal muscular dystrophy; MLPA, Multiplex ligation-dependent probe amplification; CGH, Cytogenetic genomic hybridization; DMD, Duchenne muscular dystrophy; mtDNA, Mitochondrial DNA; ACMG, American College of Medical Genetics and Genomics; VUS, Variant of unknown significance; AMP, Association for Molecular Pathology.



References

 1. Thompson R, Spendiff S, Roos A, Bourque PR, Warman Chardon J, Kirschner J, et al. Advances in the diagnosis of inherited neuromuscular diseases and implications for therapy development. Lancet Neurol. (2020) 19:522–32. doi: 10.1016/S1474-4422(20)30028-4

 2. Chae JH, Vasta V, Cho A, Lim BC, Zhang Q, Eun SH, et al. Utility of next generation sequencing in genetic diagnosis of early onset neuromuscular disorders. J Med Genet. (2015) 52:208–16. doi: 10.1136/jmedgenet-2014-102819

 3. Cohen E, Bonne G, Rivier F, Hamroun D. The 2022 version of the gene table of neuromuscular disorders (nuclear genome). Neuromuscul Disord. (2021) 31:1313–57. doi: 10.1016/j.nmd.2021.11.004

 4. Goutman SA, Callaghan BC, Feldman E, A. 2020 centenary perspective on neuromuscular disorders. J Neurol Neurosurg Psychiatry. (2020) 91:791. doi: 10.1136/jnnp-2020-324327

 5. Emery AEH. Population frequencies of inherited neuromuscular diseases—A world survey. Neuromuscul Disord. (1991) 1:19–29. doi: 10.1016/0960-8966(91)90039-U

 6. Hughes MI, Hicks EM, Nevin NC, Patterson VH. The prevalence of inherited neuromuscular disease in Northern Ireland. Neuromuscul Disord. (1996) 6:69–73. doi: 10.1016/0960-8966(94)00017-4

 7. Deenen JC, Horlings CG, Verschuuren JJ, Verbeek AL, van Engelen BG. The epidemiology of neuromuscular disorders: a comprehensive overview of the literature. J Neuromuscul Dis. (2015) 2:73–85. doi: 10.3233/JND-140045

 8. Lek M, MacArthur D. The challenge of next generation sequencing in the context of neuromuscular diseases. J Neuromuscul Dis. (2014) 1:135–49. doi: 10.3233/JND-140032

 9. Córdoba M, Rodriguez-Quiroga SA, Vega PA, Salinas V, Perez-Maturo J, Amartino H, et al. Whole exome sequencing in neurogenetic odysseys: An effective, cost- and time-saving diagnostic approach. PLoS ONE. (2018) 13:e0191228. doi: 10.1371/journal.pone.0191228

 10. Schofield D, Alam K, Douglas L, Shrestha R, MacArthur DG, Davis M, et al. Cost-effectiveness of massively parallel sequencing for diagnosis of paediatric muscle diseases. NPJ Genom Med. (2017) 2:4. doi: 10.1038/s41525-017-0006-7

 11. Wang W, Wang C, Dawson DB, Thorland EC, Lundquist PA, Eckloff BW, et al. Target-enrichment sequencing and copy number evaluation in inherited polyneuropathy. Neurology. (2016) 86:1762–71. doi: 10.1212/WNL.0000000000002659

 12. Evilä A, Arumilli M, Udd B, Hackman P. Targeted next-generation sequencing assay for detection of mutations in primary myopathies. Neuromuscul Disord. (2016) 26:7–15. doi: 10.1016/j.nmd.2015.10.003

 13. Haskell GT, Adams MC, Fan Z, Amin K, Guzman Badillo RJ, Zhou L, et al. Diagnostic utility of exome sequencing in the evaluation of neuromuscular disorders. Neurol Genet. (2018) 4:e212. doi: 10.1212/NXG.0000000000000212

 14. ACMG Board of Directors. Clinical utility of genetic and genomic services: a position statement of the American College of Medical Genetics and Genomics. Genet Med. (2015) 17:505–7. doi: 10.1038/gim.2015.41

 15. Burton H. Ending a Diagnostic Odyssey. (2014). Available online at: https://www.phgfoundation.org/blog/ending-a-diagnostic-odyssey (accessed July 1, 2022). 

 16. Carmichael N, Tsipis J, Windmueller G, Mandel L, Estrella E. “Is it going to hurt?”: the impact of the diagnostic odyssey on children and their families. J Genet Couns. (2015) 24:325–35. doi: 10.1007/s10897-014-9773-9

 17. Hauw F, Fargeot G, Adams D, Attarian S, Cauquil C, Chanson JB, et al. Charcot-Marie-Tooth disease misdiagnosed as chronic inflammatory demyelinating polyradiculoneuropathy: an international multicentric retrospective study. Eur J Neurol. (2021) 28:2846–54. doi: 10.1111/ene.14950

 18. Narayanaswami P, Weiss M, Selcen D, David W, Raynor E, Carter G, et al. Evidence-based guideline summary: diagnosis and treatment of limb-girdle and distal dystrophies: report of the guideline development subcommittee of the American Academy of Neurology and the practice issues review panel of the American Association of Neuromuscular & Electrodiagnostic Medicine. Neurology. (2014) 83:1453–63. doi: 10.1212/WNL.0000000000000892

 19. Bharucha-Goebel D, Kaufmann P. Treatment advances in spinal muscular atrophy. Curr Neurol Neurosci Rep. (2017) 17:91. doi: 10.1007/s11910-017-0798-y

 20. Finkel RS, Mercuri E, Darras BT, Connolly AM, Kuntz NL, Kirschner J, et al. Nusinersen versus Sham Control in Infantile-Onset Spinal Muscular Atrophy. N Engl J Med. (2017) 377:1723–32. doi: 10.1056/NEJMoa1702752

 21. Mendell JR, Al-Zaidy S, Shell R, Arnold WD, Rodino-Klapac LR, Prior TW, et al. Single-dose gene-replacement therapy for spinal muscular atrophy. N Engl J Med. (2017) 377:1713–22. doi: 10.1056/NEJMoa1706198

 22. Engel AG, Shen X-M, Selcen D, Sine SM. Congenital myasthenic syndromes: pathogenesis, diagnosis, and treatment. Lancet Neurol. (2015) 14:420–34. doi: 10.1016/S1474-4422(14)70201-7

 23. Müller K, Oh KW, Nordin A, Panthi S, Kim SH, Nordin F, et al. De novo mutations in SOD1 are a cause of ALS. J Neurol Neurosurg Psychiatry. (2022) 93:201–6. doi: 10.1136/jnnp-2021-327520

 24. Salmon K, Kiernan MC, Kim SH, Andersen PM, Chio A, van den Berg LH, et al. The importance of offering early genetic testing in everyone with amyotrophic lateral sclerosis. Brain. (2022) 145:1207–10. doi: 10.1093/brain/awab472

 25. Kassardjian CD, Amato AA, Boon AJ, Childers MK, Klein CJ. The utility of genetic testing in neuromuscular disease: a consensus statement from the AANEM on the clinical utility of genetic testing in diagnosis of neuromuscular disease. Muscle Nerve. (2016) 54:1007–9. doi: 10.1002/mus.25387

 26. Cortese A, Wilcox JE, Polke JM, Poh R, Skorupinska M, Rossor AM, et al. Targeted next-generation sequencing panels in the diagnosis of Charcot-Marie-Tooth disease. Neurology. (2020) 94:e51–61. doi: 10.1212/WNL.0000000000008672

 27. Dharmadasa T, Scaber J, Edmond E, Marsden R, Thompson A, Talbot K, et al. Genetic testing in motor neurone disease. Pract Neurol. (2022) 22:107–16. doi: 10.1136/practneurol-2021-002989

 28. Beecroft SJ, Yau KS, Allcock RJN, Mina K, Gooding R, Faiz F, et al. Targeted gene panel use in 2249 neuromuscular patients: the Australasian referral center experience. Ann Clin Transl Neurol. (2020) 7:353–62. doi: 10.1002/acn3.51002

 29. Karakaya M, Storbeck M, Strathmann EA, Delle Vedove A, Hölker I, Altmueller J, et al. Targeted sequencing with expanded gene profile enables high diagnostic yield in non-5q-spinal muscular atrophies. Hum Mutat. (2018) 39:1284–98. doi: 10.1002/humu.23560

 30. Bugiardini E, Khan AM, Phadke R, Lynch DS, Cortese A, Feng L, et al. Genetic and phenotypic characterisation of inherited myopathies in a tertiary neuromuscular centre. Neuromuscul Disord. (2019) 29:747–57. doi: 10.1016/j.nmd.2019.08.003

 31. Mohassel P, Landon-Cardinal O, Foley AR, Donkervoort S, Pak KS, Wahl C, et al. Anti-HMGCR myopathy may resemble limb-girdle muscular dystrophy. Neurol Neuroimmunol Neuroinflamm. (2018) 6:e523-e. doi: 10.1212/NXI.0000000000000523

 32. Hannaford A, Pavey N, van den Bos M, Geevasinga N, Menon P, Shefner JM, et al. Diagnostic utility of gold coast criteria in amyotrophic lateral sclerosis. Ann Neurol. (2021) 89:979–86. doi: 10.1002/ana.26045

 33. Taylor RW, Turnbull DM. Mitochondrial DNA mutations in human disease. Nat Rev Genet. (2005) 6:389–402. doi: 10.1038/nrg1606

 34. Choi M, Scholl UI Ji W, Liu T, Tikhonova IR, Zumbo P, et al. Genetic diagnosis by whole exome capture and massively parallel DNA sequencing. Proc Natl Acad Sci U S A. (2009) 106:19096–101. doi: 10.1073/pnas.0910672106

 35. Di Resta C, Pipitone GB, Carrera P, Ferrari M. Current scenario of the genetic testing for rare neurological disorders exploiting next generation sequencing. Neural Regen Res. (2021) 16:475–81. doi: 10.4103/1673-5374.293135

 36. Barp A, Mosca L, Sansone VA. Facilitations and Hurdles of Genetic Testing in Neuromuscular Disorders. Diagnostics. (2021) 11:701. doi: 10.3390/diagnostics11040701

 37. Bean LJH, Funke B, Carlston CM, Gannon JL, Kantarci S, Krock BL, et al. Diagnostic gene sequencing panels: from design to report-a technical standard of the American College of Medical Genetics and Genomics (ACMG). Genet Med. (2020) 22:453–61. doi: 10.1038/s41436-019-0666-z

 38. Gonzalez-Quereda L, Rodriguez MJ, Diaz-Manera J, Alonso-Perez J, Gallardo E, Nascimento A, et al. Targeted next-generation sequencing in a large cohort of genetically undiagnosed patients with neuromuscular disorders in Spain. Genes. (2020) 11:539. doi: 10.3390/genes11050539

 39. Savarese M, Di Fruscio G, Mutarelli M, Torella A, Magri F, Santorelli FM, et al. MotorPlex provides accurate variant detection across large muscle genes both in single myopathic patients and in pools of DNA samples. Acta Neuropathol Commun. (2014) 2:1–13. doi: 10.1186/s40478-014-0100-3

 40. Zenagui R, Lacourt D, Pegeot H, Yauy K, Juntas Morales R, Theze C, et al. A reliable targeted next-generation sequencing strategy for diagnosis of myopathies and muscular dystrophies, especially for the giant titin and nebulin genes. J Mol Diagn. (2018) 20:533–49. doi: 10.1016/j.jmoldx.2018.04.001

 41. Ankala A, da Silva C, Gualandi F, Ferlini A, Bean LJ, Collins C, et al. A comprehensive genomic approach for neuromuscular diseases gives a high diagnostic yield. Ann Neurol. (2015) 77:206–14. doi: 10.1002/ana.24303

 42. Wang W, Wu Y, Wang C, Jiao J, Klein CJ. Copy number analysis reveals a novel multiexon deletion of the COLQ gene in congenital myasthenia. Neurol Genet. (2016) 2:e117. doi: 10.1212/NXG.0000000000000117

 43. Winder TL, Tan CA, Klemm S, White H, Westbrook JM, Wang JZ, et al. Clinical utility of multigene analysis in over 25,000 patients with neuromuscular disorders. Neurol Genet. (2020) 6:e412. doi: 10.1212/NXG.0000000000000412

 44. Antoniadi T, Buxton C, Dennis G, Forrester N, Smith D, Lunt P, et al. Application of targeted multi-gene panel testing for the diagnosis of inherited peripheral neuropathy provides a high diagnostic yield with unexpected phenotype-genotype variability. BMC Med Genet. (2015) 16:84. doi: 10.1186/s12881-015-0224-8

 45. Hu X, Li N, Xu Y, Li G, Yu T, Yao RE, et al. Proband-only medical exome sequencing as a cost-effective first-tier genetic diagnostic test for patients without prior molecular tests and clinical diagnosis in a developing country: the China experience. Genet Med. (2018) 20:1045–53. doi: 10.1038/gim.2017.195

 46. Klein CJ, Foroud TM. Neurology individualized medicine: when to use next-generation sequencing panels. Mayo Clin Proc. (2017) 92:292–305. doi: 10.1016/j.mayocp.2016.09.008

 47. Park J, Oh HM, Park HJ, Cho AR, Lee DW, Jang JH, et al. Usefulness of comprehensive targeted multigene panel sequencing for neuromuscular disorders in Korean patients. Mol Genet Genomic Med. (2019) 7:e00947. doi: 10.1002/mgg3.947

 48. Lévesque S, Auray-Blais C, Gravel E, Boutin M, Dempsey-Nunez L, Jacques PE, et al. Diagnosis of late-onset Pompe disease and other muscle disorders by next-generation sequencing. Orphanet J Rare Dis. (2016) 11:8. doi: 10.1186/s13023-016-0390-6

 49. Westra D, Schouten MI, Stunnenberg BC, Kusters B, Saris CGJ, Erasmus CE, et al. Panel-based exome sequencing for neuromuscular disorders as a diagnostic service. J Neuromuscul Dis. (2019) 6:241–58. doi: 10.3233/JND-180376

 50. Kitamura Y, Kondo E, Urano M, Aoki R, Saito K. Target resequencing of neuromuscular disease-related genes using next-generation sequencing for patients with undiagnosed early-onset neuromuscular disorders. J Hum Genet. (2016) 61:931–42. doi: 10.1038/jhg.2016.79

 51. Tian X, Liang W-C, Feng Y, Wang J, Zhang VW, Chou C-H, et al. Expanding genotype/phenotype of neuromuscular diseases by comprehensive target capture/NGS. Neurol Genet. (2015) 1:e14-e. doi: 10.1212/NXG.0000000000000015

 52. Nicolau S, Milone M, Liewluck T. Guidelines for genetic testing of muscle and neuromuscular junction disorders. Muscle Nerve. (2021) 64:255–69. doi: 10.1002/mus.27337

 53. MacDonald JR, Ziman R, Yuen RK, Feuk L, Scherer SW. The Database of Genomic Variants: a curated collection of structural variation in the human genome. Nucleic Acids Res. (2014) 42:D986–92. doi: 10.1093/nar/gkt958

 54. Zhang K, Yang X, Lin G, Han Y, Li J. Molecular genetic testing and diagnosis strategies for dystrophinopathies in the era of next generation sequencing. Clin Chim Acta. (2019) 491:66–73. doi: 10.1016/j.cca.2019.01.014

 55. Okubo M, Minami N, Goto K, Goto Y, Noguchi S, Mitsuhashi S, et al. Genetic diagnosis of Duchenne/Becker muscular dystrophy using next-generation sequencing: validation analysis of DMD mutations. J Hum Genet. (2016) 61:483–9. doi: 10.1038/jhg.2016.7

 56. Wei X, Dai Y, Yu P, Qu N, Lan Z, Hong X, et al. Targeted next-generation sequencing as a comprehensive test for patients with and female carriers of DMD/BMD: a multi-population diagnostic study. Eur J Hum Genet. (2014) 22:110–8. doi: 10.1038/ejhg.2013.82

 57. Gonorazky H, Liang M, Cummings B, Lek M, Micallef J, Hawkins C, et al. RNAseq analysis for the diagnosis of muscular dystrophy. Ann Clin Transl Neurol. (2016) 3:55–60. doi: 10.1002/acn3.267

 58. Rokach O, Sekulic-Jablanovic M, Voermans N, Wilmshurst J, Pillay K, Heytens L, et al. Epigenetic changes as a common trigger of muscle weakness in congenital myopathies. Hum Mol Genet. (2015) 24:4636–47. doi: 10.1093/hmg/ddv195

 59. Parikh S, Goldstein A, Koenig MK, Scaglia F, Enns GM, Saneto R, et al. Diagnosis and management of mitochondrial disease: a consensus statement from the Mitochondrial Medicine Society. Genet Med. (2015) 17:689–701. doi: 10.1038/gim.2014.177

 60. Horváth R, Schoser BG, Müller-Höcker J, Völpel M, Jaksch M, Lochmüller H. Mutations in mtDNA-encoded cytochrome c oxidase subunit genes causing isolated myopathy or severe encephalomyopathy. Neuromuscul Disord. (2005) 15:851–7. doi: 10.1016/j.nmd.2005.09.005

 61. Hardy SA, Blakely EL, Purvis AI, Rocha MC, Ahmed S, Falkous G, et al. Pathogenic mtDNA mutations causing mitochondrial myopathy: the need for muscle biopsy. Neurol Genet. (2016) 2:e82. doi: 10.1212/NXG.0000000000000082

 62. Strauss KA, Puffenberger EG. Genetics, medicine, and the Plain people. Annu Rev Genomics Hum Genet. (2009) 10:513–36. doi: 10.1146/annurev-genom-082908-150040

 63. Xue Y, Ankala A, Wilcox WR, Hegde MR. Solving the molecular diagnostic testing conundrum for Mendelian disorders in the era of next-generation sequencing: single-gene, gene panel, or exome/genome sequencing. Genet Med. (2015) 17:444–51. doi: 10.1038/gim.2014.122

 64. Monies D, Alhindi HN, Almuhaizea MA, Abouelhoda M, Alazami AM, Goljan E, et al. A first-line diagnostic assay for limb-girdle muscular dystrophy and other myopathies. Hum Genomics. (2016) 10:32. doi: 10.1186/s40246-016-0089-8

 65. ACMG Board of Directors. Points to consider in the clinical application of genomic sequencing. Genet Med. (2012) 14:759–61. doi: 10.1038/gim.2012.74

 66. Fogel BL. Genetic and genomic testing for neurologic disease in clinical practice. Handb Clin Neurol. (2018) 147:11–22. doi: 10.1016/B978-0-444-63233-3.00002-6

 67. Efthymiou S, Manole A, Houlden H. Next-generation sequencing in neuromuscular diseases. Curr Opin Neurol. (2016) 29:527–36. doi: 10.1097/WCO.0000000000000374

 68. Komlósi K, Hadzsiev K, Garbes L, Martínez Carrera LA, Pál E, Sigurð*sson JH, et al. Exome sequencing identifies Laing distal myopathy MYH7 mutation in a Roma family previously diagnosed with distal neuronopathy. Neuromuscul Disord. (2014) 24:156–61. doi: 10.1016/j.nmd.2013.10.010

 69. Agrawal PB, Joshi M, Marinakis NS, Schmitz-Abe K, Ciarlini PD, Sargent JC, et al. Expanding the phenotype associated with the NEFL mutation: neuromuscular disease in a family with overlapping myopathic and neurogenic findings. JAMA Neurol. (2014) 71:1413–20. doi: 10.1001/jamaneurol.2014.1432

 70. Babić BoŽović I, Maver A, Leonardis L, Meznaric M, Osredkar D, Peterlin B. Diagnostic yield of exome sequencing in myopathies: experience of a Slovenian tertiary centre. PloS ONE. (2021) 16:e0252953-e. doi: 10.1371/journal.pone.0252953

 71. Tsang MHY, Chiu ATG, Kwong BMH, Liang R, Yu MHC, Yeung KS, et al. Diagnostic value of whole-exome sequencing in Chinese pediatric-onset neuromuscular patients. Mol Genet Genomic Med. (2020) 8:e1205. doi: 10.1002/mgg3.1205

 72. LaDuca H, Farwell KD, Vuong H, Lu H-M, Mu W, Shahmirzadi L, et al. Exome sequencing covers >98% of mutations identified on targeted next generation sequencing panels. PloS ONE. (2017) 12:e0170843-e. doi: 10.1371/journal.pone.0170843

 73. Salfati EL, Spencer EG, Topol SE, Muse ED, Rueda M, Lucas JR, et al. Re-analysis of whole-exome sequencing data uncovers novel diagnostic variants and improves molecular diagnostic yields for sudden death and idiopathic diseases. Genome Med. (2019) 11:83. doi: 10.1186/s13073-019-0702-2

 74. Farwell KD, Shahmirzadi L, El-Khechen D, Powis Z, Chao EC, Tippin Davis B, et al. Enhanced utility of family-centered diagnostic exome sequencing with inheritance model-based analysis: results from 500 unselected families with undiagnosed genetic conditions. Genet Med. (2015) 17:578–86. doi: 10.1038/gim.2014.154

 75. Alfares A, Aloraini T, Subaie LA, Alissa A, Qudsi AA, Alahmad A, et al. Whole-genome sequencing offers additional but limited clinical utility compared with reanalysis of whole-exome sequencing. Genet Med. (2018) 20:1328–33. doi: 10.1038/gim.2018.41

 76. Bertoli-Avella AM, Beetz C, Ameziane N, Rocha ME, Guatibonza P, Pereira C, et al. Successful application of genome sequencing in a diagnostic setting: 1007 index cases from a clinically heterogeneous cohort. Eur J Hum Genet. (2021) 29:141–53. doi: 10.1038/s41431-020-00713-9

 77. Xie Z, Sun C, Zhang S, Liu Y, Yu M, Zheng Y, et al. Long-read whole-genome sequencing for the genetic diagnosis of dystrophinopathies. Ann Clin Transl Neurol. (2020) 7:2041–6. doi: 10.1002/acn3.51201

 78. Gonçalves A, Fortuna A, Ariyurek Y, Oliveira ME, Nadais G, Pinheiro J, et al. Integrating whole-genome sequencing in clinical genetics: a novel disruptive structural rearrangement identified in the dystrophin gene (DMD). Int J Mol Sci. (2021) 23:59. doi: 10.3390/ijms23010059

 79. Olpin SE, Murphy E, Kirk RJ, Taylor RW, Quinlivan R. The investigation and management of metabolic myopathies. J Clin Pathol. (2015) 68:410–7. doi: 10.1136/jclinpath-2014-202808

 80. Lahoria R, Milone M. Rhabdomyolysis featuring muscular dystrophies. J Neurol Sci. (2016) 361:29–33. doi: 10.1016/j.jns.2015.12.013

 81. Witting N, Laforêt P, Voermans NC, Roux-Buisson N, Bompaire F, Rendu J, et al. Phenotype and genotype of muscle ryanodine receptor rhabdomyolysis-myalgia syndrome. Acta Neurol Scand. (2018) 137:452–61. doi: 10.1111/ane.12885

 82. Anandan C, Cipriani MA, Laughlin RS, Niu Z, Milone M. Rhabdomyolysis and fluctuating asymptomatic hyperCKemia associated with CACNA1S variant. Eur J Neurol. (2018) 25:417–9. doi: 10.1111/ene.13528

 83. Ghaoui R, Cooper ST, Lek M, Jones K, Corbett A, Reddel SW, et al. Use of whole-exome sequencing for diagnosis of limb-girdle muscular dystrophy: outcomes and lessons learned. JAMA Neurol. (2015) 72:1424–32. doi: 10.1001/jamaneurol.2015.2274

 84. Sevy A, Cerino M, Gorokhova S, Dionnet E, Mathieu Y, Verschueren A, et al. Improving molecular diagnosis of distal myopathies by targeted next-generation sequencing. J Neurol Neurosurg Psychiatry. (2016) 87:340–2. doi: 10.1136/jnnp-2014-309663

 85. Savarese M, Di Fruscio G, Torella A, Fiorillo C, Magri F, Fanin M, et al. The genetic basis of undiagnosed muscular dystrophies and myopathies: results from 504 patients. Neurology. (2016) 87:71–6. doi: 10.1212/WNL.0000000000002800

 86. Tan CA, Westbrook MJ, Truty R, Kvitek DJ, Kennemer M, Winder TL, et al. Incorporating spinal muscular atrophy analysis by next-generation sequencing into a comprehensive multigene panel for neuromuscular disorders. Genet Test Mol Biomarkers. (2020) 24:616–24. doi: 10.1089/gtmb.2019.0282

 87. Dai Y, Wei X, Zhao Y, Ren H, Lan Z, Yang Y, et al. A comprehensive genetic diagnosis of Chinese muscular dystrophy and congenital myopathy patients by targeted next-generation sequencing. Neuromuscul Disord. (2015) 25:617–24. doi: 10.1016/j.nmd.2015.03.002

 88. Fridman H, Bormans C, Einhorn M, Au D, Bormans A, Porat Y, et al. Performance comparison: exome sequencing as a single test replacing Sanger sequencing. Mol Genet Genomics. (2021) 296:653–63. doi: 10.1007/s00438-021-01772-3

 89. Kuhn M, Gläser D, Joshi PR, Zierz S, Wenninger S, Schoser B, et al. Utility of a next-generation sequencing-based gene panel investigation in German patients with genetically unclassified limb-girdle muscular dystrophy. J Neurol. (2016) 263:743–50. doi: 10.1007/s00415-016-8036-0

 90. Rubegni A, Malandrini A, Dosi C, Astrea G, Baldacci J, Battisti C, et al. Next-generation sequencing approach to hyperCKemia: a 2-year cohort study. Neurol Genet. (2019) 5:e352-e. doi: 10.1212/NXG.0000000000000352

 91. Nam SH, Hong YB, Hyun YS, Nam DE, Kwak G, Hwang SH, et al. Identification of genetic causes of inherited peripheral neuropathies by targeted gene panel sequencing. Mol Cells. (2016) 39:382–8. doi: 10.14348/molcells.2016.2288

 92. Lupo V, García-García F, Sancho P, Tello C, García-Romero M, Villarreal L, et al. Assessment of targeted next-generation sequencing as a tool for the diagnosis of charcot-marie-tooth disease and hereditary motor neuropathy. J Mol Diagn. (2016) 18:225–34. doi: 10.1016/j.jmoldx.2015.10.005

 93. Laššuthová P, Šafka BroŽková D, Krutová M, Neupauerová J, Haberlová J, Mazanec R, et al. Improving diagnosis of inherited peripheral neuropathies through gene panel analysis. Orphanet J Rare Dis. (2016) 11:118. doi: 10.1186/s13023-016-0500-5

 94. Høyer H, Braathen GJ, Busk Ø L, Holla Ø L, Svendsen M, Hilmarsen HT, et al. Genetic diagnosis of Charcot-Marie-Tooth disease in a population by next-generation sequencing. Biomed Res Int. (2014) 2014:210401. doi: 10.1155/2014/210401

 95. Høyer H, Braathen GJ, Busk Ø L, Holla Ø L, Svendsen M, Hilmarsen HT, et al. Corrigendum to “Genetic Diagnosis of Charcot-Marie-Tooth Disease in a Population by Next-Generation Sequencing”. Biomed Res Int. (2015) 2015:314651. doi: 10.1155/2015/314651

 96. D'Amore A, Tessa A, Casali C, Dotti MT, Filla A, Silvestri G, et al. Next generation molecular diagnosis of hereditary spastic paraplegias: an italian cross-sectional study. Front Neurol. (2018) 9:981. doi: 10.3389/fneur.2018.00981

 97. Kara E, Tucci A, Manzoni C, Lynch DS, Elpidorou M, Bettencourt C, et al. Genetic and phenotypic characterization of complex hereditary spastic paraplegia. Brain. (2016) 139:1904–18. doi: 10.1093/brain/aww111

 98. Lynch DS, Koutsis G, Tucci A, Panas M, Baklou M, Breza M, et al. Hereditary spastic paraplegia in Greece: characterisation of a previously unexplored population using next-generation sequencing. Eur J Hum Genet. (2016) 24:857–63. doi: 10.1038/ejhg.2015.200

 99. Schüle R, Wiethoff S, Martus P, Karle KN, Otto S, Klebe S, et al. Hereditary spastic paraplegia: clinicogenetic lessons from 608 patients. Ann Neurol. (2016) 79:646–58. doi: 10.1002/ana.24611

 100. Burguez D, Polese-Bonatto M, Scudeiro LAJ, Björkhem I, Schöls L, Jardim LB, et al. Clinical and molecular characterization of hereditary spastic paraplegias: a next-generation sequencing panel approach. J Neurol Sci. (2017) 383:18–25. doi: 10.1016/j.jns.2017.10.010

 101. Iqbal Z, Rydning SL, Wedding IM, Koht J, Pihlstrøm L, Rengmark AH, et al. Targeted high throughput sequencing in hereditary ataxia and spastic paraplegia. PLoS ONE. (2017) 12:e0174667. doi: 10.1371/journal.pone.0174667

 102. Iqbal Z, Rydning SL, Wedding IM, Koht J, Pihlstrøm L, Rengmark AH, et al. Correction: Targeted high throughput sequencing in hereditary ataxia and spastic paraplegia. PLoS ONE. (2017) 12:e0186571. doi: 10.1371/journal.pone.0186571

 103. Lee DC, Dankwa L, Edmundson C, Cornblath DR, Scherer SS. Yield of next-generation neuropathy gene panels in axonal neuropathies. J Peripher Nerv Syst. (2019) 24:324–9. doi: 10.1111/jns.12356

 104. Shepheard SR, Parker MD, Cooper-Knock J, Verber NS, Tuddenham L, Heath P, et al. Value of systematic genetic screening of patients with amyotrophic lateral sclerosis. J Neurol Neurosurg Psychiatry. (2021) 92:510–8. doi: 10.1136/jnnp-2020-325014

 105. Krenn M, Tomschik M, Rath J, Cetin H, Grisold A, Zulehner G, et al. Genotype-guided diagnostic reassessment after exome sequencing in neuromuscular disorders: experiences with a two-step approach. Eur J Neurol. (2020) 27:51–61. doi: 10.1111/ene.14033

 106. Bowen BM, Truty R, Aradhya S, Bristow SL, Johnson BA, Morales A, et al. SMA identified: clinical and molecular findings from a sponsored testing program for spinal muscular atrophy in more than 2,000 individuals. Front Neurol. (2021) 12:663911. doi: 10.3389/fneur.2021.663911

 107. Lamp M, Origone P, Geroldi A, Verdiani S, Gotta F, Caponnetto C, et al. Twenty years of molecular analyses in amyotrophic lateral sclerosis: genetic landscape of Italian patients. Neurobiol Aging. (2018) 66:179.e5–16. doi: 10.1016/j.neurobiolaging.2018.01.013

 108. Volk AE, Kubisch C. The rapid evolution of molecular genetic diagnostics in neuromuscular diseases. Curr Opin Neurol. (2017) 30:523–8. doi: 10.1097/WCO.0000000000000478

 109. Gorokhova S, Cerino M, Mathieu Y, Courrier S, Desvignes JP, Salgado D, et al. Comparing targeted exome and whole exome approaches for genetic diagnosis of neuromuscular disorders. Appl Transl Genom. (2015) 7:26–31. doi: 10.1016/j.atg.2015.07.006

 110. Waldrop MA, Pastore M, Schrader R, Sites E, Bartholomew D, Tsao CY, et al. Diagnostic utility of whole exome sequencing in the neuromuscular clinic. Neuropediatrics. (2019) 50:96–102. doi: 10.1055/s-0039-1677734

 111. Thuriot F, Gravel E, Buote C, Doyon M, Lapointe E, Marcoux L, et al. Molecular diagnosis of muscular diseases in outpatient clinics: a Canadian perspective. Neurol Genet. (2020) 6:e408. doi: 10.1212/NXG.0000000000000408

 112. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and guidelines for the interpretation of sequence variants: a joint consensus recommendation of the American College of Medical Genetics and Genomics and the Association for Molecular Pathology. Genet Med. (2015) 17:405–24. doi: 10.1038/gim.2015.30

 113. Amendola LM, Jarvik GP, Leo MC, McLaughlin HM, Akkari Y, Amaral MD, et al. Performance of ACMG-AMP variant-interpretation guidelines among nine laboratories in the clinical sequencing exploratory research consortium. Am J Hum Genet. (2016) 98:1067–76.

 114. Shah N, Hou YC Yu HC, Sainger R, Caskey CT, Venter JC, et al. Identification of misclassified clinvar variants via disease population prevalence. Am J Hum Genet. (2018) 102:609–19. doi: 10.1016/j.ajhg.2018.02.019

 115. Di Fruscio G, Garofalo A, Mutarelli M, Savarese M, Nigro V. Are all the previously reported genetic variants in limb girdle muscular dystrophy genes pathogenic? Eur J Hum Genet. (2016) 24:73–7. doi: 10.1038/ejhg.2015.76

 116. Charnay T, Blanck V, Cerino M, Bartoli M, Riccardi F, Bonello-Palot N, et al. Retrospective analysis and reclassification of DYSF variants in a large French series of dysferlinopathy patients. Genet Med. (2021) 23:1574–7. doi: 10.1038/s41436-021-01164-3

 117. Chin HL, Gazzaz N, Huynh S, Handra I, Warnock L, Moller-Hansen A, et al. The clinical variant analysis tool: analyzing the evidence supporting reported genomic variation in clinical practice. Genet Med. (2022) 24:1512–22. doi: 10.1016/j.gim.2022.03.013

 118. Cooper DN, Krawczak M, Polychronakos C, Tyler-Smith C, Kehrer-Sawatzki H. Where genotype is not predictive of phenotype: towards an understanding of the molecular basis of reduced penetrance in human inherited disease. Hum Genet. (2013) 132:1077–130. doi: 10.1007/s00439-013-1331-2

 119. Perrin A, Juntas Morales R, Rivier F, Cances C, Walther-Louvier U, Van Goethem C, et al. The importance of an integrated genotype-phenotype strategy to unravel the molecular bases of titinopathies. Neuromuscul Disord. (2020) 30:877–87. doi: 10.1016/j.nmd.2020.09.032

 120. Juntas Morales R, Perrin A, Solé G, Lacourt D, Pegeot H, Walther-Louvier U, et al. An integrated clinical-biological approach to identify interindividual variability and atypical phenotype-genotype correlations in myopathies: experience on a cohort of 156 families. Genes. (2021) 12:1199. doi: 10.3390/genes12081199

 121. Harrison SM, Rehm HL. Is ‘likely pathogenic’ really 90% likely? Reclassification data in ClinVar. Genome Med. (2019) 11:72. doi: 10.1186/s13073-019-0688-9

 122. Basel-Salmon L, Orenstein N, Markus-Bustani K, Ruhrman-Shahar N, Kilim Y, Magal N, et al. Improved diagnostics by exome sequencing following raw data reevaluation by clinical geneticists involved in the medical care of the individuals tested. Genet Med. (2019) 21:1443–51. doi: 10.1038/s41436-018-0343-7

 123. Boycott KM, Rath A, Chong JX, Hartley T, Alkuraya FS, Baynam G, et al. International cooperation to enable the diagnosis of all rare genetic diseases. Am J Hum Genet. (2017) 100:695–705. doi: 10.1016/j.ajhg.2017.04.003

 124. Lazaridis KN, Schahl KA, Cousin MA, Babovic-Vuksanovic D, Riegert-Johnson DL, Gavrilova RH, et al. Outcome of whole exome sequencing for diagnostic odyssey cases of an individualized medicine clinic: the mayo clinic experience. Mayo Clinic Proceedings. (2016) 91:297–307. doi: 10.1016/j.mayocp.2015.12.018

 125. Cummings BB, Marshall JL, Tukiainen T, Lek M, Donkervoort S, Foley AR, et al. Improving genetic diagnosis in Mendelian disease with transcriptome sequencing. Sci Transl Med. (2017) 9:eaal5209. doi: 10.1126/scitranslmed.aal5209

 126. Logsdon GA, Vollger MR, Eichler EE. Long-read human genome sequencing and its applications. Nat Rev Genet. (2020) 21:597–614. doi: 10.1038/s41576-020-0236-x









OPS/images/crossmark.jpg
(®) Check for updates





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Using gene panels in the diagnosis of neuromuscular disorders: A mini-review



		Introduction



		Benefits of genetic testing



		Risks of genetic testing



		Determining if a genetic test is indicated



		What is a gene panel



		Benefits of using gene panels



		Disadvantages of a gene panel



		When to choose a gene panel



		When not to use a gene panel



		How to choose a good quality gene panel



		Diagnostic yields of gene panels



		Diagnostic yield of gene panels compared to sequential single-gene testing or WES



		Pretest genetic counseling and written consent is usually required



		Challenges with interpreting the results of a panel



		Challenges interpreting a positive report (pathogenic variant and a likely pathogenic variant)



		Challenges interpreting a variant of uncertain significance



		Challenges interpreting a negative test report







		Complexities of genetic counseling



		Conclusion



		Author contributions



		Acknowledgments



		Conflict of interest



		Publisher's note



		Abbreviations



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Neurology

Using gene panels in the
diagnosis of neuromuscular
disorders: A mini-review





OPS/images/logo.jpg
& frontiers | Frontiers in Neurology





