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Simple Summary: This review provides a general overview of neurological genetic disorders that
can emerge in adulthood. The goal is not to present an exhaustive list of adult-onset neurogenetic
disorders, but instead to present a framework to help physicians recognize patterns of neurological
disease that suggest a genetic cause. We discuss broad categories of neurological disease and the
most common genetic etiologies in each category. We review common diagnostic approaches and
pitfalls of current strategies. Whole-exome and whole-genome sequencing are emerging as more
comprehensive tests for genetic disease, but it is still not clear how they should be applied to adult
patients with complex neurological disease. This review highlights the need for more research to
understand the diagnostic utility of genetic testing strategies and for increased collaboration between
neurologists and geneticists.

Abstract: Neurogenetic diseases affect individuals across the lifespan, but accurate diagnosis remains
elusive for many patients. Adults with neurogenetic disorders often undergo a long diagnostic
odyssey, with multiple specialist evaluations and countless investigations without a satisfactory diag-
nostic outcome. Reasons for these diagnostic challenges include: (1) clinical features of neurogenetic
syndromes are diverse and under-recognized, particularly those of adult-onset, (2) neurogenetic
syndromes may manifest with symptoms that span multiple neurological and medical subspecialties,
and (3) a positive family history may not be present or readily apparent. Furthermore, there is a large
gap in the understanding of how to apply genetic diagnostic tools in adult patients, as most of the
published literature focuses on the pediatric population. Despite these challenges, accurate genetic
diagnosis is imperative to provide affected individuals and their families guidance on prognosis,
recurrence risk, and, for an increasing number of disorders, offer targeted treatment. Here, we
provide a framework for recognizing adult neurogenetic syndromes, describe the current diagnostic
approach, and highlight studies using next-generation sequencing in different neurological disease
cohorts. We also discuss diagnostic pitfalls, barriers to achieving a definitive diagnosis, and emerging
technology that may increase the diagnostic yield of testing.

Keywords: neurogenetic disease; whole genome sequencing; whole exome sequencing; complex
neurological disease; adult-onset; genetic analysis; next generation sequencing; personalized medicine

1. Introduction

Patients with neurogenetic diseases can be first seen by the neurology generalist, or in
any neurology subspecialty clinic, as they may embody atypical presentations of acquired
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neurological disease that involve multiple neurological domains. A major challenge in the
diagnosis of neurogenetic disease is a lack of access to neurogenetic clinical expertise for
many patients [1,2]. In addition to clinical barriers to diagnosis of neurogenetic disease, the
costs of genetic testing, particularly whole-exome sequencing (WES) and whole-genome
sequencing (WGS) are often not covered by insurance for adult patients [3-6]. Moreover,
there is phenotypic heterogeneity in these diseases, as mutations in the same gene can cause
distinct clinical syndromes in different individuals. For example, SCN2A mutations that
lead to gain of function or loss of function of the encoded sodium voltage-gated channel
Nav1.2 can manifest as a spectrum of phenotypes, such as seizure disorders [7], intellectual
disability [8], autism spectrum disorder [9], episodic ataxia [10], and schizophrenia [11],
with different phenotypic combinations, including one report of overlap of all phenotypes
in the same individual [12]. As another example, the hexanucleotide (GGGGCC) repeat
expansion in the non-coding region C9orf/2 can cause both frontotemporal dementia
(FTD) and/or amyotrophic lateral sclerosis (ALS) [13,14]. Likewise, genetic allelic or locus
heterogeneity can be appreciated when the same clinical syndrome can result from different
pathological variants in the same gene or different genes. For example, mutations in
TBP (spinocerebellar ataxia type 17, SCA17), ATN1 (dentatorubral-pallidoluysian atrophy;
DRPLA), JPH3 (Huntington disease-like 2; HDL2), C9orf72 (Frontotemporal dementia
and/or Amyotrophic lateral sclerosis; FTD/ALS1), and FXN (Friedreich ataxia) can all
cause Huntington’s disease-like syndromes [15].

Features that should alert the clinician to consider a neurogenetic evaluation include
(1) family history of similarly afflicted individuals, (2) atypical onset of disease, (3) involve-
ment of multiple neurological domains or systemic features, and (4) subacute or chronic,
progressive, and unrelenting course. The presence of consanguinity may also be helpful in
assessing the utility of genetic testing for autosomal recessive (AR) disorders, and some
neurogenetic disorders are found more frequently in certain ethnic groups. However, a lack
of family history does not preclude a neurogenetic diagnosis due to several factors, includ-
ing de novo mutations, repeat expansion disorders or incomplete penetrance of disorders.
Furthermore, multiple family members affected with distinct neurological disorders may
also represent a red flag given that many genes associated with neurological disorders
can present with multiple phenotypes. For example, mutations in VCP can be variably
associated with Charcot-Marie-Tooth disease (CMT), FTD, ALS, and/or inclusion body
myopathy with early-onset Paget disease in different members of the same family [16-18].

In a study of 1411 patients with unexplained adult-onset neurological disorders,
multi-gene panel testing for 7 different categories of neurological disease (ataxia and
spasticity, leukoencephalopathy, movement disorders, neurodegeneration with brain iron
accumulation, paroxysmal episodic disorders, progressive myoclonic epilepsy, and ALS)
revealed a diagnostic yield of 10% [19]. The category with the highest diagnostic yield
was the ataxia and spasticity group, followed by the paroxysmal episodic disorders and
leukoencephalopathy panels [19]. WES, which can capture all exons of all known genes, and
WGS, which analyzes the entire human genome with the potential to detect copy number
variants, non-coding variants, and repeat expansions, are predicted to further increase the
diagnostic yield of adult-onset neurogenetic disorders. Periodic re-analysis of WES and
WGS can further increase the diagnostic yield as new disease-causing genes and variants
are identified [20-22]. Already, WES and WGS have demonstrated increased diagnostic
yield in pediatric neurogenetic conditions [23-25] and likely will demonstrate a higher
yield in adult neurogenetic disorders, though this is yet to be definitively determined.

2. Neurogenetic Syndromes
2.1. Movement Disorders: Parkinson’s Disease, Dystonia, Ataxia, Spastic Paraparesis

Many neurogenetic disorders affect movement beginning in adulthood. The literature
suggests that WES/WGS has a diagnostic yield that is comparable to or higher than targeted
sequencing of relevant genes using gene panels in hereditary movement disorders such as
Parkinson’s disease (PD), dystonia (DYT), and ataxia/spastic paraplegia [26].
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Monogenic PD represents a small fraction of PD cases, but most pathogenic variants are
associated with early-onset PD before 40 years of age. With WES, 11.3% [27] to 14% [28,29]
of patients with early-onset PD can be found to have a pathogenic variant compared with
targeted panels with a yield ranging from 0% [30] to 4.3% [31], with targeted panels yielding
a much lower rate due to the use of gene panels lacking the most updated complement of
PD-associated genes.

Hereditary DYT most often begins in childhood but can emerge in adolescence and
adulthood. In a study examining genetic testing of both pediatric and adult patients with
DYT, 12% of individuals were found to have pathogenic or likely pathogenic variants
identified with WGS, with earlier age of onset, younger age at testing, and a combined DYT
phenotype with other movement disorders more likely to yield a genetic diagnosis [32].

Hereditary ataxias are a heterogeneous and complex group of disorders character-
ized by cerebellar ataxia and oculomotor abnormalities, often leading to gait impairment,
and speech and swallowing difficulties. Additional features of spinocerebellar ataxias
(SCAs) include retinopathy, optic atrophy, peripheral neuropathy, extrapyramidal symp-
toms, epilepsy, and cognitive dysfunction. Ataxic syndromes are a major reservoir for
neurogenetic disease. The prevalence of autosomal dominant (AD) cerebellar ataxias is
estimated to be about 2.7 per 100,000 and 3.3 per 100,000 for AR cerebellar ataxias [33].
Most SCAs have a typical age of onset in adulthood, usually in the third or fourth decade.
The more common SCAs (SCA1, SCA2, SCA3, SCA6, SCA7, SCA17, DRPLA) are classically
caused by CAG trinucleotide repeat expansions. SCA3 (Machado-Joseph disease) is the
most common AD ataxia and Friedreich ataxia is the most frequent AR ataxia [33]. More
recently, intronic repeat expansions in RFC1 (cerebellar ataxia, neuropathy, and vestibular
areflexia syndrome, CANVAS) [34] and FGF14 (SCA27B) [35] have been identified as more
significant causes of adult-onset ataxia than previously appreciated. Fragile X-associated
tremor/ataxia syndrome (FXTAS) is an X-linked late-onset degenerative disorder in Fragile
X disease premutation carriers of a CGG repeat expansion in FMRI.

Hereditary spastic paraplegias (HSP) are a group of disorders characterized by a
gradual worsening of stiffness and spasticity beginning in the legs due to corticospinal
tract degeneration. The prevalence of AD and AR HSP are both about 1.8 per 100,000,
with spastic paraplegia, type 4 (SPG4), and SPG11 being the most common types of AD
and AR HSP, respectively [33]. Estimates of prevalence rates do not include X-linked or
other inherited forms of these conditions and, although rare, potentially underestimate
the prevalence of genetic hereditary ataxias and HSP. Classically, HSP has been divided
into two major categories, the pure (uncomplicated) phenotype of spastic paraplegia alone
or the complex (complicated) phenotype associated with additional neurological and
extra-neurological manifestations such as cognitive impairment, peripheral neuropathy;,
cerebellar signs, and eye signs. While clinically useful, this classification has limited value
in guiding the molecular screening of HSP as the same mutation can lead to both pure and
complex forms of HSP. Moreover, WES and WGS diagnostic approaches have revealed
genetic overlap between HSP and other neurogenetic conditions, more commonly inherited
ataxias, neuropathies, and motor neuron diseases, found to be associated with genes
originally described in HSP patients [36]. In this case, both the site and type of the mutation
might have distinct pathogenic effects on the gene product, which might explain some of
the underlying differences in their clinical presentation.

2.2. Epilepsy and Intellectual Disability

Epilepsy is one of the most common neurological diseases globally, with genetic
factors thought to play a role in a significant number of these patients. In a cross-sectional
study of 2008 adult patients who underwent a multigene epilepsy test, 10.9% received
a diagnostic finding [37]. Genetic epilepsies were identified in adults with child-onset
epilepsy, with the most common variants in SCN1A, KCNT1, and STXBP1, as well as adults
with adult-onset seizures with gene variants in FLNA and LGI1, which are associated with
reduced penetrance and variable expressivity [37].
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For adults presenting with epilepsy of unknown etiology, features that make mono-
genic epilepsy more likely include seizure onset in infancy [37], comorbid intellectual
disability (ID) or developmental delay (DD) [37-39], and pharmacoresistant epilepsy [37].
Genetic testing in an adult cohort of patients with epilepsy revealed pathogenic variants
could be missed in smaller gene panels, particularly in patients with early DD and late
seizure onset [40]. In a large systematic review examining the diagnostic yield of different
genetic testing modalities in all patients with epilepsy, WGS returned the highest yield
(48%) compared to WES (24%), multigene panels (19%), and chromosomal microarray
(9%) [41]. While most genetic epilepsies are associated with generalized seizures, several
genes have been identified as causative of focal epilepsies, such as NPRL2, NPRL3 [42], and
DEPDCS5 [43], genes involved in regulating the mammalian target of rapamycin (mTOR)
pathway, as well as FLNA (focal seizures due to unilateral or bilateral periventricular
nodular heterotopia) and LGI1 (focal seizures with auditory features). Epilepsy can also be
a common manifestation of mitochondrial disease due to mutations in mitochondrial DNA
and nuclear-encoded genes that affect mitochondrial function and maintenance, such as
POLG [44].

2.3. Neuromuscular Disorders

Hereditary neuropathies, comprising CMT, also known as hereditary motor/sensory
neuropathy (HMSN), distal hereditary motor neuropathy (HMN), hereditary sensory and
autonomic neuropathy (HSAN), hereditary neuropathy with liability to pressure palsies
(HNPP), and hereditary brachial plexus neuropathy (HBPN), often become clinically appar-
ent or begin in adulthood. Neuropathies can also present as the initial or prominent feature
in complex neurogenetic diseases such as familial amyloid polyneuropathies, hereditary
ataxias with neuropathy, and complicated HSP. Acquired neuropathy may be superim-
posed on an inherited neuropathy since those with underlying inherited neuropathy are
more susceptible to injury from other causes of nerve injury [45]. Genetic overlap and
phenotypic diversity of hereditary neuropathies are complex, including phenotypic overlap
with axonal CMT, ataxias, distal myopathies, and HSP, making the selection of genes for
testing difficult, but genome-wide sequencing is poised to change the diagnostic approach
for these disorders.

The group of inherited neuropathies collectively known as CMT is the most common
inherited neuromuscular disease, with a prevalence in the general population varying
widely by region and race/ethnicity from 9.4-82 per 100,000 [46]. The classic form of
CMT is characterized by slow and progressive distal weakness, sensory loss, and foot
deformities, particularly pes cavus and hammertoes. Patients with CMT often do not have
sensory or pain symptoms, so clinical presentation, and thus diagnosis, can be delayed
until adulthood.

The classification of CMT, which previously prioritized electrophysiologic categories
of motor nerve conduction velocities (demyelinating = CMT1, axonal = CMT2, dominant
intermediate = DI-CMT), is now evolving to a multi-tiered classification including inheri-
tance pattern, phenotype, and genetic designation [47]. Nerve conduction studies remain
helpful in distinguishing between subtypes of different genetic causes of CMT, non-CMT
inherited neuropathies and acquired chronic neuropathies.

CMT has heterogeneous modes of inheritance and genetic causes, with mutations in
PMP22, GJB1, MPZ, and MFN?2 representing over 90% of genetically defined CMT1 [48].
Peripheral myelin protein 22 is a critical membrane glycoprotein component in compact
myelin, and PMP22 duplication and deletion copy number variants (CNVs) are the most
common cause of inherited demyelinating neuropathy, accounting for approximately 78%
of cases [48]. Furthermore, a CNV on chromosome 17p12 in the intronic region upstream
of PMP22 has also been described as causative for CMT1A [49], likely through regulation
of PMP22 transcript expression [50]. Testing for this region is not included in typical
neuropathy gene panels, and identification of this variant would be missed on WES.
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While PMP22 duplication variants are typically associated with CMT1A, PMP22
deletions, leading to PMP22 haploinsufficiency, are associated with HNPP, characterized
by recurrent, painless, focal sensory motor neuropathies triggered by mechanical stress
on the peripheral nerves. HNPP usually begins in the second or third decade but can
present much later. It is less common than CMT1A with a prevalence estimated at 1-7 per
100,000 [51,52], but prevalence rates could be much higher given milder presentations and
likely under-diagnosis [53].

CMT2, characterized by axonal neuropathy, typically begins later, usually in the
second or third decade of life. X-linked CMT, typically due to G/B1 mutations, can present
with frequent falls in early adulthood with weakness, muscle atrophy, and areflexia, with
females exhibiting later onset. Even in a cohort of unexplained axonal neuropathies in
the middle-aged and elderly, 18.3% of patients had disease-causing variants identified by
WES [54].

As the number of CMT genes corresponding to the different subtypes continues
to expand, the likelihood of identifying a causative genetic variant is increasing. In a
retrospective, single-center study, gene panel testing of 108 patients with CMT identified
17 patients (15.7%) with pathogenic or likely pathogenic variants [55]. In a nationwide
laboratory study in Japan, the combination of microarray, gene panel sequencing, and WES
of 2598 cases identified pathogenic or likely pathogenic variants in 798 patients (30.7%) [56].

Regarding muscle disorders, myotonic dystrophies (DM) are the most common muscu-
lar dystrophies in adults, characterized by progressive muscle weakness, myotonia, cardiac
conduction abnormalities, and non-muscular features that can include cataracts, sleep,
cognitive, behavioral, and gastrointestinal disease. The prevalence of DM is estimated to
be 10 per 100,000, with DM1 estimated to be 4 times more prevalent than DM2 [57]. DM1
and DM2 are both repeat expansion disorders in non-coding regions; DM1 is caused by
CTG repeat expansion in the 3’-untranslated region of DMPK and DM2 is caused by CCTG
repeat expansion in intron 1 of CNBP. Both disorders are inherited as an autosomal domi-
nant trait and show a wide phenotypic variability, mostly related to the meiotic and mitotic
instability in tissues which characterizes related CTG and CCTG pathological expansions.

Other hereditary muscular dystrophies that have a wide age range of muscle weak-
ness onset include dystrophinopathies (Duchenne and Becker muscular dystrophy, allelic
variations due to mutations in DMD), facioscapulohumeral muscular dystrophy (due to
hypomethylation of DUX4 arising from either a combination of D4Z4 contraction with
a permissive haplotype or a mutation in SMCHD]1), and limb-girdle and distal muscular
dystrophies (associated with mutations in multiple genes). Oculopharyngeal muscular
dystrophy (OPMD) is caused by GCN repeat expansion in PABPN1 and presents with
asymmetric ptosis and dysphagia that only manifests in adulthood, usually presenting
in the fourth to sixth decade. Collagen VI-related dystrophies, like Bethlem muscular
dystrophy, are often diagnosed in adulthood.

MNDs, exemplified by ALS, affect an estimated 5 per 100,000 individuals [58], with the
most common genetic etiology, a hexanucleotide repeat expansion in C90rf72, accounting
for 10% of patients with clinical ALS that can also be associated with FTD. Pathogenic
variants in SOD1, FUS, and TARDBP, among many others, can also lead to ALS. Spinal and
bulbar muscular atrophy (also known as Kennedy’s disease) is due to an X-linked recessive
CAG repeat expansion in the AR gene.

Phenotypic classification is helpful but cannot fully predict the genetic basis of neu-
romuscular disorders, as defects in one gene can cause different phenotypes (phenotypic
heterogeneity), and the same phenotype can be caused by pathogenic variants in different
genes (locus/genetic heterogeneity). Inherited diseases of muscle are frequently observed
in neurometabolic and mitochondrial disease, for which they most often present with
exercise-induced weakness and /or muscle pain.
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2.4. Cognitive Neurodegenerative Disease

Although Alzheimer’s disease (ALZ) has a strong genetic component, most patients
with ALZ are thought to have a polygenic mechanism of disease. Approximately 95%
of all ALZ is late-onset (>65 years of age), with about 5% representing early-onset ALZ
(<65 years of age) [59]. While early-onset ALZ is more likely to have a monogenic cause, it
is not synonymous with genetic ALZ. Mendelian AD ALZ (caused by mutations in APP,
PSEN1, or PSEN2) is rare, explaining only 5-10% of early-onset ALZ cases [59].

FTD, characterized by frontotemporal lobar degeneration that affects personality,
behavior, and language has an estimated prevalence of 15-22 per 100,000 [60]. FID is
highly heritable, with 42% of patients with a positive family history of dementia [61]. The
most common genetic cause of FTD is the hexanucleotide (GGGGGCC) repeat expansion in
the non-coding region of the C90rf72 gene, which accounts for up to 12% of familial and 3%
of sporadic FTD and can also be associated with ALS [62]. Mutations in MAPT and GRN
are also commonly found in familial FTD and similarly account for ~3% of sporadic FTD.

The incidence of prion disease is estimated to be about 0.2 per 100,000 annually, with
genetic prion disease related to PRNP mutations accounting for 10% of this number [63].
Genetic prion disease is characterized by 3 clinical syndromes: Genetic Creutzfeldt-
Jakob disease with rapidly progressive dementia; Gerstmann-Straussler-Scheinker disease
with predominantly ataxia, and fatal familial insomnia with dysautonomia and severe
sleep disturbance.

2.5. Leukodystrophies and Other Diseases of White Matter

Inherited disorders affecting cerebral white matter can be hypomyelinating or de-
myelinating, with differences detectable on MR imaging. Symptoms of some forms of
leukodystrophies have onset during infancy or childhood; however, attenuated phenotypes
of such forms may present in adulthood (metachromatic leukodystrophy, Krabbe disease,
Alexander disease), whereas, on the other hand, other forms of inherited leukodystrophies
are typically characterized by an adult-onset (vanishing white matter disease, X-linked
adrenoleukodystrophy) [64]. The most common symptoms include lower extremity weak-
ness, cognitive dysfunction, mood, and behavior changes. Gait ataxia, sensory symptoms
with autonomic dysfunction, as well as extrapyramidal movement disorders and seizures,
can be accompanying features. Extra-neurological symptoms include cataracts, optic
nerve atrophy, endocrine dysfunction, polyneuropathy, hypodontia, cutaneous signs, and
gastrointestinal dysfunction.

The frequency of leukodystrophies is estimated to range from 2-13.3 per 100,000 [65,66].
A diagnostic algorithm proposed by Kohler et al. includes (1) identifying clinical syndromes
or MRI findings suggestive of leukodystrophy, (2) excluding acquired vasculopathies, toxic,
inflammatory, neoplastic, and degenerative causes of white matter disease, (3) acquiring ad-
ditional information such as family history and using pattern recognition of clinical presen-
tation, (4) performing biochemical testing, WES/WGS, and considering brain biopsy [67].
WES may increase the diagnostic yield of suspected adult-onset leukodystrophies from
~50% to 72% [68], arguing for the use of WES as a first-line diagnostic test.

The major differential diagnosis of leukoencephalopathies includes the inherited cere-
bral vasculopathies, such as cerebral autosomal dominant arteriopathy with subcortical
infarcts and leukoencephalopathy (CADASIL), caused by NOTCH3 mutations. A num-
ber of other genetic syndromes of cerebral small vessel disease with variable anatomic
distributions of pathological cerebrovascular (ischemic and hemorrhagic) findings on imag-
ing exist, including cerebral autosomal recessive arteriopathy with subcortical infarcts
and leukoencephalopathy (CARASIL), cathepsin-A-related arteriopathy with strokes and
leukoencephalopathy (CARASAL), COL4Al-related disease, pontine autosomal domi-
nant microangiopathy and leukoencephalopathy (PADMAL), Fabry disease, HTRA1 het-
erozygotes, pseudoxanthoma elasticum, hereditary cerebral hemorrhage with amyloidosis
(HCHWA), and retinal vasculopathy with cerebral leukodystrophy and systemic manifes-
tations (RVFL-S), among others. Clinical clues to monogenic stroke syndromes include
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recurrent stroke, age at onset younger than 50 years old, lack of stroke risk factors, positive
family history, and characteristic neuroimaging findings, most commonly symmetrical
and progressive periventricular and subcortical white matter hyperintensities [69]. Other
neurological features such as cognitive impairment, migraines, and mood disturbances
may accompany cerebrovascular disease in these disorders, and systemic findings such as
skin abnormalities, cardiac disease, diabetes, and kidney disease may help indicate specific
disease categories.

2.6. Neurometabolic Diseases

NMDs are a heterogeneous group of genetic disorders with alterations in cellular
metabolism, often due to enzyme deficiency that causes substrate accumulation leading to
toxic effects, or lack of downstream product synthesis, such as neurotransmitter synthesis
disorders. Due to the mechanism of NMDs, there are often targeted therapies and strate-
gies to reduce the deleterious effects of toxic accumulation and/or supplement deficient
enzymes or substrates that can improve the clinical course of NMDs, making it critical to
identify these diseases as early as possible.

More common NMDs will be mentioned here; for more comprehensive reviews of treat-
able adult-onset NMDs, see [70,71]. Broad categories of NMD that can present in adulthood
include urea cycle disorders (such as ornithine transcarbamylase deficiency), late-onset
forms of lysosomal storage disorders (such as Niemann-Pick disease type C, Fabry disease,
and Pompe disease), peroxisomal disorders (such as X-linked adrenoleukodystrophy),
mineral metabolism disorders (such as Wilson disease), remethylation disorders (such as
disorders of intracellular cobalamin metabolism, the most common of which is cobalamin
C deficiency) and heme synthesis disorders (such as the hepatic porphyrias). Clinical
features of these disorders are variable and can manifest with overlapping phenotypes.
The most common neurological signs in adult patients diagnosed with inherited metabolic
disorders are extrapyramidal/cerebellar signs, cognitive dysfunction, and myelopathy [71].
Peripheral neuropathy, epilepsy, psychosis, myopathy, and optic neuropathy can also be
isolated manifestations of NMD or develop in combination [70,71].

Inherited mitochondrial disorders are a subset of NMD with a prevalence rate in adults
of 20 per 100,000 [72]. Most mitochondrial disorders are attributable to mitochondrial DNA
mutations compared to about 15% of patients with mitochondrial disorders who have
nuclear mitochondrial mutations [72]. Classical mitochondrial syndromes presenting in
adulthood include subacute, painless, and progressive vision loss (as in Leber hereditary op-
tic neuropathy, LHON), stroke-like episodes associated with headache (as in mitochondrial
myopathy, encephalopathy, lactic acidosis, and stroke-like episodes, MELAS), myoclonic
epilepsy (as in myoclonic epilepsy associated with ragged-red fibers MERRF), neuropathy
and ataxia alongside retinal deterioration (as in neuropathy, ataxia, and retinitis pigmen-
tosa, NARP), ophthalmoplegia with cardiomyopathy (as in Kearns-Sayre syndrome, KSS)
and bilateral, symmetric ptosis and ophthalmoplegia (as in chronic progressive external
ophthalmoplegia, CPEO). Mitochondrial myopathies in general manifest with fatiguability,
exercise-induced myalgia, exercise intolerance, and lactic acidemia. Additional features
such as young onset sensorineural hearing loss, optic neuropathy, cerebellar ataxia, sensory
ataxia, peripheral neuropathy, migraine, cognitive impairment, spasticity, and extrapyra-
midal movement disorders can be features of mitochondrial disease, whose presence and
predominance in the phenotype can depend on the underlying mutation.

The time course of NMD can be variable and be acute, episodic, or slowly progressive.
Features include a positive family history, parental consanguinity, a very chronic course,
or atypical features of a common etiology. Additionally, changes in basal metabolism like
systemic illness, exercise, or fasting states can precipitate acute neurological symptoms.
Oftentimes, there is accompanying multi-organ dysfunction associated with these cases,
while additional audiological, ophthalmological, and imaging assessments can be helpful.
Organomegaly (splenomegaly, hepatomegaly) can point to abnormal storage of substrates
or metabolites.
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A proposed diagnostic algorithm for identifying genetic NMD in adults incorporates
clinical symptoms with recognition of specific MR imaging patterns, then expanded pheno-
typic testing with brain and abdominal imaging, EMG/NCS, hearing, and ophthalmological
assessment, followed by targeted biochemical testing [70].

2.7. Episodic Neurologic Syndromes-Paroxysmal Movement Disorders, Episodic Ataxia,
Hemiplegic Migraine

Episodic neurologic syndromes are relatively common and can be challenging to
diagnose. While genetic episodic neurologic syndromes are rare, they may become more
apparent as more genes and mutations are described. Symptoms may also not be recognized
as significant until they have progressed in severity and resulted in chronic or permanent
neurological damage.

Most paroxysmal movement disorders present in childhood, though paroxysmal eye
movements, paroxysmal kinesigenic dyskinesia (PKD), and paroxysmal exercise-induced
dyskinesia (PED) can present in adolescence or early adulthood. PKD is a rare condition
with an estimated prevalence of 0.7 per 100,000 [73] that is characterized by brief (<1 min)
attacks of chorea and/or dystonia triggered by sudden voluntary movements, while PED
attacks are triggered by prolonged exercise and last for minutes to hours. Some genes
that cause paroxysmal disorders are involved in ion channel function, however, not all
paroxysmal disorder-associated genes are directly involved in synaptic transmission (e.g.,
PRRT2, SLC2A1).

Episodic ataxias (EAs) are also rare disorders with an estimated prevalence of less than
1 per 100,000 [74]. The onset of EAs is typically in childhood, though late onset even up to
the fifth or sixth decade has been reported with EA type 2. Attacks of ataxia along with
dysarthria, tremor, diplopia, nystagmus, dystonia, hemiplegia, headache, and tinnitus may
last for a few seconds up to several days. Episodes can be triggered by alcohol, caffeine,
systemic illness, stress, startle, or strong emotions. Over time, a mild progressive cerebellar
ataxia may develop.

Hemiplegic migraine is characterized by attacks of headache with aura symptoms and
unilateral motor weakness lasting up to 72 h. The prevalence of hemiplegic migraine is
estimated to be 10 per 100,000 [75]. Familial hemiplegic migraine is autosomal dominantly
inherited with mutations found in three ion transporter genes, CACNAIA (which has
phenotypic overlap with EA type 2), ATP1A2, and SCN1A.

Rarely, inherited muscle channelopathies like hypokalemic periodic paralysis and
hyperkalemic periodic paralysis can begin with attacks in early adulthood. This heteroge-
neous group of disorders is characterized by episodic attacks of muscle weakness occurring
with variable frequency and lasting for minutes to hours, but sometimes up to days. Some
patients eventually develop a chronic progressive myopathy. Common triggers include low
temperature and emotional stress, with potassium-rich food, post-exercise rest triggering
hyperkalemic periodic paralysis and excessive salt intake, a lack of exercise, and alcohol
consumption precipitate hypokalemic periodic paralysis.

3. Current State and Challenges of Neurogenetic Testing

The most common neurogenetic testing options include chromosomal microarray
(CMA), gene panels, repeat expansion testing, biochemical testing, and WES. An illustra-
tive example of the current approach to neurogenetic testing is shown in Figure 1. The
most common, widely available first-line genetic testing strategies for the diagnosis of
neurogenetic disorders are shown in Table 1.
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WGS (captures all variant types and phenotypes)

Gene panel
\WES |ataxia-associated genes)

Gene panel Repeat expansion panel

|epilepsy-assaciated genes) [common SCA-associated genes)
Headaches,
Selzures/EE ataxia
SCN2A mutation
ASD Treatment-resistant
psychosis/550
-I Biochemical testing I
-| Chramasamal microarray |-
Gene panel WES Gene panel I

(ASD/NDD-associated genes) (neurometabolic disorder genes)

-l FARD repeat expansiontest I

Figure 1. Example of the current state of genetic testing for each phenotype in an adult with complex
neurological phenotypes (case based on [12]). The typical diagnostic odyssey entails multiple genetic
tests before a neurogenetic disorder can be identified and molecularly confirmed. Access to whole-
exome sequencing can often be restricted by insurance/payor coverage policies, limiting testing to gene
panels (dotted line) instead of or prior to WES, as illustrated for ASD. Priority should always be to
identify treatable genetic disorders, as illustrated by pursuing biochemical and gene panel testing for
neurometabolic disorders before other testing for treatment-resistant SSD. Note that WES, in addition to
covering only coding regions in the genome, is unable to capture variant types such as repeat expansions
and large copy number variants, whereas WGS is able to capture all variant types and be analyzed for
all phenotypes. WGS could present a “one-stop shop” test for adult neurogenetic disorders as cost and
feasibility improve. Abbreviations: ASD, autism spectrum disorder; EE, epileptic encephalopathy; NDD,
neurodevelopmental disorder; SCA, spinocerebellar ataxia; SSD, schizophrenia spectrum disorder; WES,
whole-exome sequencing; WGS, whole-genome sequencing.

Table 1. Recommended first-line genetic testing by neurological symptom.

Clinical Presentation FlrSt-Llngg:tZZ;c Testing Distinctive Clinical Features Other Considerations
Parkinsonism Gene panel Early-onset < 40 years old
. Early age of onset, combined
Dystonia Gene panel dystonia phenotype
Repeat Expansion Testing Panel Rule out Huntington disease and
Chorea . e
+/— Sequencing Panel mimics
Repeat expansion should be
Ataxia Repeat Expansion Testing Panel prioritized if pure SCA (most
+/— Sequencing Panel commonly SCA3, FXTAS); if
complex, consider gene panel first
Spastic Paraparesis Gene panel
Seizure onset in infancy, comorbid
. intellectual disability or
Epilepsy Gene panel developmental delay,
pharmacoresistent epilepsy
Distal motor and/or sensory Consider sequence evaluation of
Neuropathy Gene panel neuropathy PMP22 upstream regulatory

elements




Biology 2023, 12, 1459

10 of 19

Table 1. Cont.

Clinical Presentation

First-Line Genetic Testing

Other Considerations
Strategy

Distinctive Clinical Features

CANVAS

Novel repeat motifs identified,

Single gene testing limited availability of testing

Persistent cough

Muscle disorder

If findings strongly suggest a
specific muscular dystrophy (e.g.,
DM, FSHD, OPMD) consider
repeat expansion testing

Gene panel

Motor Neuron Disease

Repeat expansion should be
prioritized, as most common
diagnoses are ALS, SBMA,
Friedreich ataxia

Repeat Expansion Testing Panel

+/— Sequencing Panel Association with FTD

If FID, then prioritize repeat

Dementia Gene panel Early-onset < 65 years old expansion (C9orf72)
Leukodystrophy Gene panel
Recurrent stroke, early-onset < 50
Cerebral ischemia Gene panel years old, lack of typic.al.vasciilar
risk factors, symmetric imaging
findings
Episodic Neurological Syndrome Gene panel

Abbreviations: ALS, amyotrophic lateral sclerosis; CANVAS, cerebellar ataxia with neuropathy and vestibular
areflexia syndrome; DM, myotonic dystrophy; FTD, frontotemporal dementia; FSHD, facioscapulohumeral
muscular dystrophy; FXTAS, fragile X-associated tremor/ataxia syndrome; OPMD, oculopharyngeal muscular
dystrophy; SBMA, spinal bulbar muscular atrophy; SCA, spinocerebellar ataxia.

3.1. Chromosomal Microarray

CMA is a probe-based technology that detects CNVs (deletions and duplications)
across the genome. The American College of Medical Genetics and Genomics (ACMG)
recommends CMA as a first line of testing in determining a genetic cause for unexplained
ID, DD, or autism spectrum disorder, as well as in patients with congenital anomalies [76].
While CMA can be a powerful diagnostic tool when used appropriately, the test is limited
to the detection of large deletions or duplications, and CNVs smaller than 100-200 Kb are
not well-detected. CMA also does not detect point mutations, structural chromosomal
rearrangements, or other variant types.

3.2. Gene Panel Testing

Gene panel testing simultaneously sequences a curated collection of genes that are known
to cause certain diseases or phenotypes. This type of testing is particularly helpful when a
patient’s phenotype(s) or suspected condition is associated with variants in many genes. Gene
panels can be updated as new conditions are described and new genes are linked to specific
phenotypes, but this requires repeat testing over time. Moreover, the genes included in a
panel are not standardized across clinical testing laboratories [77]. This lack of standardization
may lead to missed testing of genes that would have provided a diagnosis, thus extending
the patient’s diagnostic odyssey. The opposite may also happen where genes that are not yet
known to cause the suspected condition are included in the panel and result in inconclusive or
conflicting outcomes. Additionally, the differences in gene panels between laboratories may
cause confusion and uncertainty when choosing a test, especially for non-expert clinicians,
and can lead to differences in standards of patient care.

3.3. Repeat Expansion Testing

Repeat expansion disorders (REDs) have distinguishing clinical features, but a high
index of suspicion is needed to direct testing for repeat expansions. The age of onset
of clinical symptoms is often negatively correlated to the sizes of the repeat expansions
(e.g., SCA17, DRPLA, SCA2, SCA3, OPMD), with lower repeat expansions associated with
disease onset in the 60s and 70s. In addition, lower repeat expansions or intermediate
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alleles may give rise to reduced penetrance for a number of neurodegenerative diseases,
including SCA17 [78], OPMD [79], EXTAS [80], ALS [81], SCA3 [82], and Huntington’s
disease [83]. However, as a highly specialized test, there are limitations to repeat expansion
testing. By targeting specific conditions, RED testing is often done as a single gene test or,
in rarer cases, as a small panel test. For example, diagnosis of DM1 typically requires PCR,
with an additional Southern blot analysis needed to detect larger expansions. Diagnosis of
DM2 often requires PCR repeat-primed assay in addition to these. The detection of repeat
expansions is limited in WES, but REDs could be screened for using bioinformatic methods
for repeat expansions with WGS [84,85].

Testing for certain REDs is significantly limited by the availability of laboratories that
can perform these tests, reducing the accessibility of repeat expansion testing. For example,
Friedreich ataxia (FXN), CANVAS, and SCA27B present unique diagnostic challenges, as
they are most often caused by intronic repeat expansions that require dedicated validation
of assays. The biallelic AAGGG intronic repeat expansion in RFC1 associated with CANVAS
and the deep intronic GAA repeat expansion in FGF14 associated with SCA27B are absent
from most commercial repeat expansion panels for ataxia, despite emerging evidence
demonstrating their prevalence as some of the more common causes of undiagnosed
cerebellar ataxia [86,87] and late-onset cerebellar ataxia [35,88]. RFC1-related disease is also
increasingly being recognized as a cause of idiopathic chronic sensory neuropathy [89,90]
in adults.

3.4. Biochemical Testing

When there is a suspicion for an NMD, biochemical testing often includes serum,
urine, or CSF testing to examine the accumulation or depletion of metabolites in enzy-
matic pathways affected by genetic mutations, or to directly measure levels or activity of
specific enzymes. For example, Gaucher disease, an inherited lysosomal storage disor-
der, can be tested for by measuring levels of the beta-glucosidase enzyme in leukocytes.
Specific tests can screen for various types of metabolic disorders, including lysosomal
or glycogen storage disorders, mitochondrial diseases, peroxisomal disorders, and metal
metabolism disorders, among others. Molecular genetic testing can also be used for di-
agnosing metabolic disorders and determining carrier status and is often done as single
gene tests or panel tests. Molecular testing can offer an expedited route to the diagnosis
of NMDs, but negative molecular testing does not exclude these diagnoses and may still
necessitate specialized biochemical testing. Testing for mitochondrial disorders can be
more complex, as mitochondrial mutations may be confined to certain tissues in the body
(known as heteroplasmy) and may not be detected if an unaffected tissue is tested. For
example, mitochondrial myopathies are often diagnosed by mitochondrial genome analysis
from muscle biopsy of an affected muscle group but may not be diagnosed by testing on a
blood sample or other tissue.

3.5. Whole-Exome Sequencing

WES is the largest, most comprehensive genetic test currently available through
clinical testing. By sequencing all protein-coding regions of DNA, this phenotype-driven
test analyzes thousands of genes in addition to those found on gene panels. This also
provides optional reporting of secondary findings for medically actionable conditions as
defined by ACMG guidelines [91]. The additional coverage can be particularly helpful in
complex cases, as WES is commonly used when first-line genetic testing is inconclusive.
However, as a large-scale test, it is not uncommon for a larger number of identified variants
of uncertain significance that require further clarification of their clinical impacts. This
problem is often remedied by pairing the test with parental or other family member testing
for segregation of the identified variants but is less utilized for adult patients as parental
samples are often not easily available.
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4. The Future of Neurogenetic Testing

Accurate and efficient diagnosis of neurogenetic disorders is required for clinically
relevant precision management of affected patients, including genetically targeted therapies
for an increasing number of Mendelian disorders [92,93] and enabling patients to enroll in
clinical trials relevant to their disease. Standard-of-care genetic testing in most individuals
with complex neurological conditions comprises multiple steps in a lengthy and costly
diagnostic odyssey [94]. Even when covered by insurance, this can delay genetic diagnosis
by years.

Whole-Genome Testing

Although many studies examine the utility and cost-saving potential of WES and WGS
in pediatric patients [23,95-97], particularly those with neurological and psychiatric disorders,
primary literature on the use of WES and WGS in adults is limited [19,95,98-100]. The diagnostic
utility of WES has already shifted the paradigm of genetic testing in pediatric patient
populations, with WES used as a first-tier genetic test in children with certain conditions,
rather than a test of last resort [24,25,101,102]. WGS (approaching 100% of the genome) is
expected to usurp WES (1% of the genome) as the clinical diagnostic methodology of choice
for pediatric patients in the near future [103-106]. Whether the results of pediatric studies
would translate to adult patient populations is unknown. Most undiagnosed adults with
complex neurological disorders present with symptoms beginning in adulthood, pointing
to different genetic mechanisms and diagnoses. WGS enables the analysis of all known
disease-causing genes, as well as the detection of variants missed by WES, such as intergenic
and intronic variants, balanced chromosomal rearrangements, structural variants, copy
number variants, and repeat expansions, the latter particularly relevant for adult-onset
neurogenetic disorders, such as ALS, FXTAS, SCAs, and muscular dystrophies [107]. WGS
could potentially shorten the diagnostic odyssey and save significant testing costs for
many patients by eliminating the need for multiple, separate, and successive genetic tests
with a large cumulative cost; an illustrative example is shown in Figure 1. Additional
information on clinical utility can also be reported from WGS data, including medically
actionable secondary findings [91], pharmacogenomic variants [108], and carrier status for
recessive or X-linked disorders. WGS could potentially offer these opportunities without
additional test costs, ultimately also saving healthcare costs. In a study of 382 patients
with undiagnosed diseases, 98 (25.7%) obtained a genetic diagnosis through WES or WGS,
including 17 through WGS after non-diagnostic WES [109].

5. Barriers to Neurogenetic Testing

Unfortunately, payors have lagged behind in recognizing the importance and impact
of genetic diagnosis, not only for the patient, but also for their family members [6], and
coverage is variable by condition and insurer [110]. Genetic testing remains unaffordable
for most patients when it is not covered, with cost concerns being a strong determinant
of willingness to undergo testing [111-114]. In the United States, insurance payor policies
on reimbursement and coverage of WES and WGS cite evidence for medical necessity and
coverage of WES/WGS in primarily pediatric indications, and lack the same for adult
indications, leading to the exclusion of coverage for most adult patients. In the absence
of reimbursement or coverage for testing, patient willingness to pay depends on factors
beyond clinical utility including personal utility [115]. Personal utility crosses the social,
affective, cognitive, and behavioral domains, which are further delineated into fifteen
elements that encompass outcomes such as mental preparation, value of information, and
change in social support [116,117]. The National Institutes of Health supports developing
and applying patient-reported outcome measures to understand patient perspectives and
experiences to delineate the full impact of genomic testing [115,117-122].

Patients have historically come to genetics services near the end of a diagnostic odyssey,
rather than at the beginning of one [105]. This results in patients who are looking for many
kinds of answers: what condition they have (or what it is not), how this affects their current and



Biology 2023, 12, 1459

13 0of 19

future family members, and how they may need to adapt their identity or psychological well-
being to new information. Important aspects that affect the personal utility of genetic testing
include the type of genetic testing result, the specific indication of a patient and the potential
differential diagnosis, and ultimately whether a patient has a desire for an answer versus the
goal to narrow down the differential or rule out genetic diagnosis. Ultimately, personal utility
highlights important facets of the lived experience of genetic conditions that are integral when
evaluating healthcare outcomes alongside clinical utility and other measures.

While the discussion about the theoretical superiority of WGS over WES has ramped
up over the past several years (e.g., [123]), the translation of the hypothetical advantages of
WGS into reality has led to the recognition of some of the limitations of “traditional” short-
read sequencing and bioinformatic tools available to interpret genomic data. This has led to
the development of superior and complementary technologies and tools to overcome some
of the technical barriers to realizing the promise of WGS, including long-read sequencing
technology, optical genome mapping, multi-omics approaches, and the development of
many new bioinformatic tools to allow for interrogation of CNVs, repeat expansions, and
non-coding regions [84,124-131].

Even with the advent of new genetic diagnostic tools, most patients have limited
access to neurological care [132,133] and/or medical genetics services [2,134,135], and
concentrated expertise in rare diseases limits the scope of expedient and accurate diagnosis
of adult patients with neurogenetic diseases. Collaboration between neurologists and
geneticists is needed to better incorporate clinical and genetic data.

6. Conclusions

There is currently scant data to guide adult patients with suspected neurogenetic dis-
orders and their clinicians in making decisions about which genetic testing strategy would
bring optimal clinical value to them. The rapid expansion of known pathogenic variants
since the advent of WES and WGS has transformed our understanding of neurogenetic
disease and disrupted the existing classification schema of these disorders. Increasingly,
deep clinical phenotyping in combination with algorithmic approaches of standard neuro-
genetic testing is not sufficient to achieve accurate genetic diagnoses. Despite the growing
impact of genetic testing on clinical practice, most physicians are uncomfortable with the
use of medical genetics and genomics, limiting their ability to counsel patients [136-140].
Ongoing collaboration between neurology experts in rare diseases and geneticists is needed
to define future guidelines for the diagnosis of rare neurogenetic diseases. Future studies
are needed to determine whether a traditional, sequential testing strategy or costlier up-
front, but more efficient WES or WGS yields the greatest diagnostic, clinical, and personal
utility for adults with complex neurological phenotypes. Studies of this nature in adult
populations are urgently needed to enable payor policy changes that will ensure equitable,
evidence-based access to the latest genomic technologies for adult patients, as has been
widely implemented for pediatric populations.

Author Contributions: Conceptualization, M.W.W. and ].S.; Literature Review, MW.W,, EM., AG.W.,
C.C.Z. and ] .S.; Writing—Original Draft Preparation, M.W.W., EM., A.G.W.,, C.C.Z. and ].S.; Writing—
Review & Editing, M.\W.W. and ].S.; Funding Acquisition, J.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Biology 2023, 12, 1459 14 of 19

References

1.

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

Delikurt, T.; Williamson, G.R.; Anastasiadou, V.; Skirton, H. A Systematic Review of Factors That Act as Barriers to Patient
Referral to Genetic Services. Eur. |. Hum. Genet. 2015, 23, 739-745. [CrossRef] [PubMed]

Penon-Portmann, M.; Chang, J.; Cheng, M.; Shieh, J.T. Genetics Workforce: Distribution of Genetics Services and Challenges to
Health Care in California. Genet. Med. 2020, 22, 227-231. [CrossRef] [PubMed]

GENE.00052 Whole Genome Sequencing, Whole Exome Sequencing, Gene Panels, and Molecular Profiling Medical Pol-
icy. Available online: https:/ /www.anthem.com/dam/medpolicies/abc/active/policies/mp_pw_e000224.html (accessed on
13 August 2023).

Whole Exome and Whole Genome Sequencing for Non-Cancer Indications Medical Coverage Policy. Available online:
https:/ /static.cigna.com/assets/chcp/pdf/coveragePolicies/medical/mm_0519_coveragepositioncriteria_exome_genome_
sequence.pdf (accessed on 13 August 2023).

Whole Exome and Whole Genome Sequencing UnitedHealthcare ®Commercial and Individual Exchange Medical Policy Whole
Exome and Whole Genome Sequencing. 2023. Available online: https:/ /www.uhcprovider.com/content/dam/provider/docs/
public/policies/comm-medical-drug/whole-exome-and-whole-genome-sequencing.pdf (accessed on 13 August 2023).
Reuter, C.M.; Kohler, J.N.; Bonner, D.; Zastrow, D.; Fernandez, L.; Dries, A.; Marwaha, S.; Davidson, J.; Brokamp, E,;
Herzog, M.; et al. Yield of Whole Exome Sequencing in Undiagnosed Patients Facing Insurance Coverage Barriers to Genetic
Testing. J. Genet. Couns. 2019, 28, 1107-1118. [CrossRef]

Nakamura, K; Kato, M.; Osaka, H.; Yamashita, S.; Nakagawa, E.; Haginoya, K.; Tohyama, J.; Okuda, M.; Wada, T.; Shimakawa, S.; et al.
Clinical Spectrum of SCN2A Mutations Expanding to Ohtahara Syndrome. Neurology 2013, 81, 992-998. [CrossRef]

Wolff, M.; Johannesen, K.M.; Hedrich, U.B.S.; Masnada, S.; Rubboli, G.; Gardella, E.; Lesca, G.; Ville, D.; Milh, M.; Villard, L.; et al.
Genetic and Phenotypic Heterogeneity Suggest Therapeutic Implications in SCN2A-Related Disorders. Brain J. Neurol. 2017, 140,
1316-1336. [CrossRef] [PubMed]

Sanders, S.J.; Murtha, M.T.; Gupta, A.R.; Murdoch, J.D.; Raubeson, M.].; Willsey, A.J.; Ercan-Sencicek, A.G.; DiLullo, N.M.;
Parikshak, N.N.; Stein, J.L.; et al. De Novo Mutations Revealed by Whole-Exome Sequencing Are Strongly Associated with
Autism. Nature 2012, 485, 237-241. [CrossRef]

Schwarz, N.; Hahn, A.; Bast, T.; Miiller, S.; Loffler, H.; Maljevic, S.; Gaily, E.; Prehl, L; Biskup, S.; Joensuu, T.; et al. Mutations
in the Sodium Channel Gene SCN2A Cause Neonatal Epilepsy with Late-Onset Episodic Ataxia. J. Neurol. 2016, 263, 334-343.
[CrossRef]

Carroll, L.S.; Woolf, R.; Ibrahim, Y.; Williams, H.J.; Dwyer, S.; Walters, ].; Kirov, G.; O’'Donovan, M.C.; Owen, M.]. Mutation
Screening of SCN2A in Schizophrenia and Identification of a Novel Loss-of-Function Mutation. Psychiatr. Genet. 2016, 26, 60.
[CrossRef]

Suddaby, J.S.; Silver, J.; So, J. Understanding the Schizophrenia Phenotype in the First Patient with the Full SCN2A Phenotypic
Spectrum. Psychiatr. Genet. 2019, 29, 91-94. [CrossRef]

Morita, M.; Al-Chalabi, A.; Andersen, PM.; Hosler, B.; Sapp, P.; Englund, E.; Mitchell, ].E.; Habgood, ].J.; de Belleroche, J.;
Xi, J.; etal. A Locus on Chromosome 9p Confers Susceptibility to ALS and Frontotemporal Dementia. Neurology 2006, 66, 839-844.
[CrossRef]

Vance, C.; Al-Chalabi, A.; Ruddy, D.; Smith, B.N.; Hu, X.; Sreedharan, J.; Siddique, T.; Schelhaas, H.J.; Kusters, B.; Troost, D.; et al.
Familial Amyotrophic Lateral Sclerosis with Frontotemporal Dementia Is Linked to a Locus on Chromosome 9p13.2-21.3. Brain
2006, 129, 868-876. [CrossRef] [PubMed]

Wild, E.J.; Tabrizi, S.J. Huntington’s Disease Phenocopy Syndromes. Curr. Opin. Neurol. 2007, 20, 681-687. [CrossRef] [PubMed]
Watts, G.D.J.; Wymer, J.; Kovach, M.].; Mehta, S.G.; Mumm, S.; Darvish, D.; Pestronk, A.; Whyte, M.P,; Kimonis, V.E. Inclusion
Body Myopathy Associated with Paget Disease of Bone and Frontotemporal Dementia Is Caused by Mutant Valosin-Containing
Protein. Nat. Genet. 2004, 36, 377-381. [CrossRef] [PubMed]

Al-Obeidi, E.; Al-Tahan, S.; Surampalli, A.; Goyal, N.; Wang, A.; Hermann, A.; Omizo, M.; Smith, C.; Mozaffar, T.; Kimo-
nis, V. Genotype-Phenotype Study in Patients with VCP Valosin-Containing Protein Mutations Associated with Multisystem
Proteinopathy. Clin. Genet. 2018, 93, 119-125. [CrossRef] [PubMed]

Kazamel, M.; Sorenson, E.J.; McEvoy, KM.; Jones, LK., Jr.; Leep-Hunderfund, A.N.; Mauermann, M.L.; Milone, M. Clinical
Spectrum of Valosin Containing Protein (VCP)-Opathy. Muscle Nerve 2016, 54, 94-99. [CrossRef] [PubMed]

Schuermans, N.; Verdin, H.; Ghijsels, J.; Hellemans, M.; Debackere, E.; Bogaert, E.; Symoens, S.; Naesens, L.; Lecomte, E.;
Crosiers, D.; et al. Exome Sequencing and Multigene Panel Testing in 1411 Patients With Adult-Onset Neurologic Disorders.
Neurol. Genet. 2023, 9, €200071. [CrossRef]

Wenger, A.M.; Guturu, H.; Bernstein, ].A.; Bejerano, G. Systematic Reanalysis of Clinical Exome Data Yields Additional Diagnoses:
Implications for Providers. Genet. Med. 2017, 19, 209-214. [CrossRef] [PubMed]

Ewans, L.J.; Schofield, D.; Shrestha, R.; Zhu, Y.; Gayevskiy, V.; Ying, K.; Walsh, C.; Lee, E; Kirk, E.P,; Colley, A.; et al. Whole-Exome
Sequencing Reanalysis at 12 Months Boosts Diagnosis and Is Cost-Effective When Applied Early in Mendelian Disorders. Genet.
Med. 2018, 20, 1564-1574. [CrossRef]

Costain, G.; Jobling, R.; Walker, S.; Reuter, M.S.; Snell, M.; Bowdin, S.; Cohn, R.D.; Dupuis, L.; Hewson, S.; Mercimek-
Andrews, S.; et al. Periodic Reanalysis of Whole-Genome Sequencing Data Enhances the Diagnostic Advantage over Standard
Clinical Genetic Testing. Eur. J. Hum. Genet. EJHG 2018, 26, 740-744. [CrossRef]


https://doi.org/10.1038/ejhg.2014.180
https://www.ncbi.nlm.nih.gov/pubmed/25205405
https://doi.org/10.1038/s41436-019-0628-5
https://www.ncbi.nlm.nih.gov/pubmed/31417191
https://www.anthem.com/dam/medpolicies/abc/active/policies/mp_pw_e000224.html
https://static.cigna.com/assets/chcp/pdf/coveragePolicies/medical/mm_0519_coveragepositioncriteria_exome_genome_sequence.pdf
https://static.cigna.com/assets/chcp/pdf/coveragePolicies/medical/mm_0519_coveragepositioncriteria_exome_genome_sequence.pdf
https://www.uhcprovider.com/content/dam/provider/docs/public/policies/comm-medical-drug/whole-exome-and-whole-genome-sequencing.pdf
https://www.uhcprovider.com/content/dam/provider/docs/public/policies/comm-medical-drug/whole-exome-and-whole-genome-sequencing.pdf
https://doi.org/10.1002/jgc4.1161
https://doi.org/10.1212/WNL.0b013e3182a43e57
https://doi.org/10.1093/brain/awx054
https://www.ncbi.nlm.nih.gov/pubmed/28379373
https://doi.org/10.1038/nature10945
https://doi.org/10.1007/s00415-015-7984-0
https://doi.org/10.1097/YPG.0000000000000110
https://doi.org/10.1097/YPG.0000000000000219
https://doi.org/10.1212/01.wnl.0000200048.53766.b4
https://doi.org/10.1093/brain/awl030
https://www.ncbi.nlm.nih.gov/pubmed/16495328
https://doi.org/10.1097/WCO.0b013e3282f12074
https://www.ncbi.nlm.nih.gov/pubmed/17992089
https://doi.org/10.1038/ng1332
https://www.ncbi.nlm.nih.gov/pubmed/15034582
https://doi.org/10.1111/cge.13095
https://www.ncbi.nlm.nih.gov/pubmed/28692196
https://doi.org/10.1002/mus.24980
https://www.ncbi.nlm.nih.gov/pubmed/26574898
https://doi.org/10.1212/NXG.0000000000200071
https://doi.org/10.1038/gim.2016.88
https://www.ncbi.nlm.nih.gov/pubmed/27441994
https://doi.org/10.1038/gim.2018.39
https://doi.org/10.1038/s41431-018-0114-6

Biology 2023, 12, 1459 15 0f 19

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Savatt, ].M.; Myers, S.M. Genetic Testing in Neurodevelopmental Disorders. Front. Pediatr. 2021, 9, 526779. [CrossRef]
Srivastava, S.; Love-Nichols, J.A.; Dies, K.A.; Ledbetter, D.H.; Martin, C.L.; Chung, W.K; Firth, H.V,; Frazier, T.; Hansen, R.L.;
Prock, L.; et al. Meta-Analysis and Multidisciplinary Consensus Statement: Exome Sequencing Is a First-Tier Clinical Diagnostic
Test for Individuals with Neurodevelopmental Disorders. Genet. Med. 2019, 21, 2413-2421. [CrossRef] [PubMed]

Thevenon, J.; Duffourd, Y.; Masurel-Paulet, A.; Lefebvre, M.; Feillet, F; El Chehadeh-Djebbar, S.; St-Onge, J.; Steinmetz, A.;
Huet, F.; Chouchane, M.; et al. Diagnostic Odyssey in Severe Neurodevelopmental Disorders: Toward Clinical Whole-Exome
Sequencing as a First-Line Diagnostic Test. Clin. Genet. 2016, 89, 700-707. [CrossRef] [PubMed]

Gorcenco, S.; Ilinca, A.; Almasoudi, W.; Kafantari, E.; Lindgren, A.G.; Puschmann, A. New Generation Genetic Testing Entering
the Clinic. Park. Relat. Disord. 2020, 73, 72-84. [CrossRef] [PubMed]

Schormair, B.; Kemlink, D.; Mollenhauer, B.; Fiala, O.; Machetanz, G.; Roth, J.; Berutti, R.; Strom, T.M.; Haslinger, B.;
Trenkwalder, C.; et al. Diagnostic Exome Sequencing in Early-Onset Parkinson’s Disease Confirms VPS13C as a Rare Cause of
Autosomal-Recessive Parkinson’s Disease. Clin. Genet. 2018, 93, 603—-612. [CrossRef]

Gustavsson, E.K.; Trinh, J.; McKenzie, M.; Bortnick, S.; Petersen, M.S.; Farrer, M.].; Aasly, J.O. Genetic Identification in Early Onset
Parkinsonism among Norwegian Patients. Mov. Disord. Clin. Pract. 2017, 4, 499-508. [CrossRef]

Trinh, J.; Lohmann, K.; Baumann, H.; Balck, A.; Borsche, M.; Briiggemann, N.; Dure, L.; Dean, M.; Volkmann, J.; Tunc, S.; et al.
Utility and Implications of Exome Sequencing in Early-Onset Parkinson’s Disease. Mov. Disord. 2019, 34, 133-137. [CrossRef]
Emelyanov, A K,; Usenko, T.S.; Tesson, C.; Senkevich, K.A.; Nikolaev, M. A.; Miliukhina, I.V.; Kopytova, A.E.; Timofeeva, A.A;
Yakimovsky, A.F.; Lesage, S.; et al. Mutation Analysis of Parkinson’s Disease Genes in a Russian Data Set. Neurobiol. Aging 2018,
71,267.€7-267.e10. [CrossRef]

Youn, J.; Lee, C.; Oh, E.; Park, J.; Kim, J.S.; Kim, H.-T.; Cho, ].W,; Park, W.-Y.; Jang, W.; Ki, C.-S. Genetic Variants of PARK Genes in
Korean Patients with Early-Onset Parkinson’s Disease. Neurobiol. Aging 2019, 75, 224.e9-224.e15. [CrossRef]

Kumar, K.R.; Davis, R.L.; Tchan, M.C.; Wali, G.M.; Mahant, N.; Ng, K.; Kotschet, K.; Siow, S.-F,; Gu, J.; Walls, Z.; et al. Whole
Genome Sequencing for the Genetic Diagnosis of Heterogenous Dystonia Phenotypes. Park. Relat. Disord. 2019, 69, 111-118.
[CrossRef]

Ruano, L.; Melo, C,; Silva, M.C.; Coutinho, P. The Global Epidemiology of Hereditary Ataxia and Spastic Paraplegia: A Systematic
Review of Prevalence Studies. Neuroepidemiology 2014, 42, 174-183. [CrossRef]

Davies, K.; Szmulewicz, D.J.; Corben, L.A.; Delatycki, M.; Lockhart, P.J. RFC1-Related Disease: Molecular and Clinical Insights.
Neurol. Genet. 2022, 8, €200016. [CrossRef] [PubMed]

Pellerin, D.; Danzi, M.C.; Wilke, C.; Renaud, M.; Fazal, S.; Dicaire, M.-].; Scriba, C.K.; Ashton, C.; Yanick, C.; Beijer, D.; et al. Deep
Intronic FGF14 GAA Repeat Expansion in Late-Onset Cerebellar Ataxia. N. Engl. ]. Med. 2023, 388, 128-141. [CrossRef] [PubMed]
Tesson, C.; Koht, J.; Stevanin, G. Delving into the Complexity of Hereditary Spastic Paraplegias: How Unexpected Phenotypes
and Inheritance Modes Are Revolutionizing Their Nosology. Hum. Genet. 2015, 134, 511-538. [CrossRef] [PubMed]

McKnight, D.; Bristow, S.L.; Truty, R.M.; Morales, A.; Stetler, M.; Westbrook, M.].; Robinson, K.; Riethmaier, D.; Borlot, E;
Kellogg, M.; et al. Multigene Panel Testing in a Large Cohort of Adults With Epilepsy: Diagnostic Yield and Clinically Actionable
Genetic Findings. Neurol. Genet. 2022, 8, e650. [CrossRef]

Borlot, F.; de Almeida, B.I; Combe, S.L.; Andrade, D.M.; Filloux, EM.; Myers, K.A. Clinical Utility of Multigene Panel Testing in
Adults with Epilepsy and Intellectual Disability. Epilepsia 2019, 60, 1661-1669. [CrossRef]

Johannesen, K.M.; Nikanorova, N.; Marjanovic, D.; Pavbro, A.; Larsen, L.H.G.; Rubboli, G.; Meller, R.S. Utility of Genetic Testing
for Therapeutic Decision-Making in Adults with Epilepsy. Epilepsia 2020, 61, 1234-1239. [CrossRef]

Von Brauchitsch, S.; Haslinger, D.; Lindlar, S.; Thiele, H.; Bernsen, N.; Zahnert, F; Reif, PS.; Balcik, Y., Au, PY.B;
Josephson, C.B.; et al. The Phenotypic and Genotypic Spectrum of Epilepsy and Intellectual Disability in Adults: Impli-
cations for Genetic Testing. Epilepsia Open 2023, 8, 497-508. [CrossRef]

Sheidley, B.R.; Malinowski, J.; Bergner, A.L; Bier, L.; Gloss, D.S.; Mu, W.; Mulhern, M.M.; Partack, E.J.; Poduri, A. Genetic Testing
for the Epilepsies: A Systematic Review. Epilepsia 2022, 63, 375-387. [CrossRef]

Ricos, M.G.; Hodgson, B.L.; Pippucci, T,; Saidin, A.; Ong, Y.S.; Heron, S.E.; Licchetta, L.; Bisulli, F; Bayly, M.A.; Hughes, J.; et al.
Mutations in the Mammalian Target of Rapamycin Pathway Regulators NPRL2 and NPRL3 Cause Focal Epilepsy. Ann. Neurol.
2016, 79, 120-131. [CrossRef]

Dibbens, L.M.; de Vries, B.; Donatello, S.; Heron, S.E.; Hodgson, B.L.; Chintawar, S.; Crompton, D.E.; Hughes, ].N.; Bellows,
S.T.; Klein, K.M.; et al. Mutations in DEPDC5 Cause Familial Focal Epilepsy with Variable Foci. Nat. Genet. 2013, 45, 546-551.
[CrossRef]

Whittaker, R.G.; Devine, H.E.; Gorman, G.S.; Schaefer, A.M.; Horvath, R.; Ng, Y.; Nesbitt, V.; Lax, N.Z.; McFarland, R,;
Cunningham, M.O.; et al. Epilepsy in Adults with Mitochondrial Disease: A Cohort Study. Ann. Neurol. 2015, 78, 949-957.
[CrossRef] [PubMed]

Klein, C.J. Charcot-Marie-Tooth Disease and Other Hereditary Neuropathies. Contin. Lifelong Learn. Neurol. 2020, 26, 1224-1256.
[CrossRef] [PubMed]

Barreto, L.C.L.S.; Oliveira, ES.; Nunes, P.S.; de Franga Costa, LM.P,; Garcez, C.A.; Goes, G.M.; Neves, E.L.A.; de Souza Siqueira
Quintans, J.; de Souza Aratjo, A.A. Epidemiologic Study of Charcot-Marie-Tooth Disease: A Systematic Review. Neuroepidemiology
2016, 46, 157-165. [CrossRef] [PubMed]


https://doi.org/10.3389/fped.2021.526779
https://doi.org/10.1038/s41436-019-0554-6
https://www.ncbi.nlm.nih.gov/pubmed/31182824
https://doi.org/10.1111/cge.12732
https://www.ncbi.nlm.nih.gov/pubmed/26757139
https://doi.org/10.1016/j.parkreldis.2020.02.015
https://www.ncbi.nlm.nih.gov/pubmed/32273229
https://doi.org/10.1111/cge.13124
https://doi.org/10.1002/mdc3.12501
https://doi.org/10.1002/mds.27559
https://doi.org/10.1016/j.neurobiolaging.2018.06.027
https://doi.org/10.1016/j.neurobiolaging.2018.10.030
https://doi.org/10.1016/j.parkreldis.2019.11.004
https://doi.org/10.1159/000358801
https://doi.org/10.1212/NXG.0000000000200016
https://www.ncbi.nlm.nih.gov/pubmed/36046423
https://doi.org/10.1056/NEJMoa2207406
https://www.ncbi.nlm.nih.gov/pubmed/36516086
https://doi.org/10.1007/s00439-015-1536-7
https://www.ncbi.nlm.nih.gov/pubmed/25758904
https://doi.org/10.1212/NXG.0000000000000650
https://doi.org/10.1111/epi.16273
https://doi.org/10.1111/epi.16533
https://doi.org/10.1002/epi4.12719
https://doi.org/10.1111/epi.17141
https://doi.org/10.1002/ana.24547
https://doi.org/10.1038/ng.2599
https://doi.org/10.1002/ana.24525
https://www.ncbi.nlm.nih.gov/pubmed/26381753
https://doi.org/10.1212/CON.0000000000000927
https://www.ncbi.nlm.nih.gov/pubmed/33003000
https://doi.org/10.1159/000443706
https://www.ncbi.nlm.nih.gov/pubmed/26849231

Biology 2023, 12, 1459 16 of 19

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Magy, L.; Mathis, S.; Masson, G.L.; Goizet, C.; Tazir, M.; Vallat, ].-M. Updating the Classification of Inherited Neuropathies:
Results of an International Survey. Neurology 2018, 90, e870-e876. [CrossRef] [PubMed]

DiVincenzo, C.; Elzinga, C.D.; Medeiros, A.C.; Karbassi, I; Jones, ].R.; Evans, M.C.; Braastad, C.D.; Bishop, C.M.; Jaremko, M.;
Wang, Z.; et al. The Allelic Spectrum of Charcot-Marie-Tooth Disease in over 17,000 Individuals with Neuropathy. Mol. Genet.
Genomic Med. 2014, 2, 522-529. [CrossRef]

Weterman, M.A ; van Ruissen, F; de Wissel, M.; Bordewijk, L.; Samijn, ].P; van der Pol, W.L.; Meggouh, F,; Baas, F. Copy Number
Variation Upstream of PMP22 in Charcot-Marie-Tooth Disease. Eur. ]. Hum. Genet. 2010, 18, 421-428. [CrossRef]

Pantera, H.; Moran, ].J.; Hung, H.A.; Pak, E.; Dutra, A.; Svaren, J. Regulation of the Neuropathy-Associated Pmp22 Gene by a
Distal Super-Enhancer. Hum. Mol. Genet. 2018, 27, 2830-2839. [CrossRef]

Foley, C.; Schofield, I.; Eglon, G.; Bailey, G.; Chinnery, PF,; Horvath, R. Charcot-Marie-Tooth Disease in Northern England. J.
Neurol. Neurosurg. Psychiatry 2012, 83, 572-573. [CrossRef]

Lefter, S.; Hardiman, O.; Ryan, A.M. A Population-Based Epidemiologic Study of Adult Neuromuscular Disease in the Republic
of Ireland. Neurology 2017, 88, 304-313. [CrossRef]

Park, J.E.; Noh, S.-].; Oh, M.; Cho, D.-Y;; Kim, S.Y.; Ki, C.-S. Frequency of Hereditary Neuropathy with Liability to Pressure Palsies
(HNPP) Due to 17p11.2 Deletion in a Korean Newborn Population. Orphanet ]. Rare Dis. 2018, 13, 40. [CrossRef]

Senderek, J.; Lassuthova, P.; Kabziriska, D.; Abreu, L.; Baets, J.; Beetz, C.; Braathen, G.J.; Brenner, D.; Dalton, J.; Dankwa, L.; et al.
The Genetic Landscape of Axonal Neuropathies in the Middle-Aged and Elderly: Focus on MME. Neurology 2020, 95, e3163—-e3179.
[CrossRef]

Felice, K.J.; Whitaker, C.H.; Khorasanizadeh, S. Diagnostic Yield of Advanced Genetic Testing in Patients with Hereditary
Neuropathies: A Retrospective Single-Site Study. Muscle Nerve 2021, 64, 454-461. [CrossRef]

Higuchi, Y.; Takashima, H. Clinical Genetics of Charcot-Marie-Tooth Disease. J. Hum. Genet. 2023, 68, 199-214. [CrossRef]
Liao, Q.; Zhang, Y.; He, J.; Huang, K. Global Prevalence of Myotonic Dystrophy: An Updated Systematic Review and Meta-
Analysis. Neuroepidemiology 2022, 56, 163-173. [CrossRef] [PubMed]

Chio, A.; Logroscino, G.; Traynor, B.J.; Collins, ].; Simeone, J.C.; Goldstein, L.A.; White, L.A. Global Epidemiology of Amyotrophic
Lateral Sclerosis: A Systematic Review of the Published Literature. Neuroepidemiology 2013, 41, 118-130. [CrossRef] [PubMed]
Van Cauwenberghe, C.; Van Broeckhoven, C.; Sleegers, K. The Genetic Landscape of Alzheimer Disease: Clinical Implications
and Perspectives. Genet. Med. 2016, 18, 421-430. [CrossRef] [PubMed]

Onyike, C.U.; Diehl-Schmid, J. The Epidemiology of Frontotemporal Dementia. Int. Rev. Psychiatry 2013, 25, 130-137. [CrossRef]
Rohrer, ].D.; Guerreiro, R.; Vandrovcova, J.; Uphill, J.; Reiman, D.; Beck, J.; Isaacs, A.M.; Authier, A.; Ferrari, R.; Fox, N.C.; et al.
The Heritability and Genetics of Frontotemporal Lobar Degeneration. Neurology 2009, 73, 1451-1456. [CrossRef] [PubMed]
DeJesus-Hernandez, M.; Mackenzie, I.R.; Boeve, B.E.; Boxer, A.L.; Baker, M.; Rutherford, N.].; Nicholson, A.M.; Finch, N.A.;
Gilmer, H.F,; Adamson, J.; et al. Expanded GGGGCC Hexanucleotide Repeat in Non-Coding Region of COORF72 Causes
Chromosome 9p-Linked Frontotemporal Dementia and Amyotrophic Lateral Sclerosis. Neuron 2011, 72, 245-256. [CrossRef]
[PubMed]

Ladogana, A.; Puopolo, M.; Croes, E.A.; Budka, H.; Jarius, C.; Collins, S.; Klug, G.M.; Sutcliffe, T.; Giulivi, A.; Alperovitch, A.; et al.
Mortality from Creutzfeldt-Jakob Disease and Related Disorders in Europe, Australia, and Canada. Neurology 2005, 64, 1586-1591.
[CrossRef]

Ayrignac, X.; Carra-Dalliere, C.; Menjot de Champfleur, N.; Denier, C.; Aubourg, P.; Bellesme, C.; Castelnovo, G.; Pelletier, J.;
Audoin, B.; Kaphan, E.; et al. Adult-Onset Genetic Leukoencephalopathies: A MRI Pattern-Based Approach in a Comprehensive
Study of 154 Patients. Brain J. Neurol. 2015, 138, 284-292. [CrossRef]

Bonkowsky, J.L.; Nelson, C.; Kingston, J.L.; Filloux, EM.; Mundorff, M.B.; Srivastava, R. The Burden of Inherited Leukodystrophies
in Children. Neurology 2010, 75, 718-725. [CrossRef] [PubMed]

Heim, P.; Claussen, M.; Hoffmann, B.; Conzelmann, E.; Gértner, J.; Harzer, K.; Hunneman, D.H.; Kéhler, W.; Kurlemann, G.;
Kohlschiitter, A. Leukodystrophy Incidence in Germany. Am. J. Med. Genet. 1997, 71, 475-478. [CrossRef]

Kohler, W.; Curiel, J.; Vanderver, A. Adulthood Leukodystrophies. Nat. Rev. Neurol. 2018, 14, 94-105. [CrossRef] [PubMed]
Vanderver, A.; Simons, C.; Helman, G.; Crawford, J.; Wolf, N.I; Bernard, G.; Pizzino, A.; Schmidt, J.L.; Takanohashi, A.; Miller,
D.; et al. Whole Exome Sequencing in Patients with White Matter Abnormalities. Ann. Neurol. 2016, 79, 1031-1037. [CrossRef]
[PubMed]

Manini, A.; Pantoni, L. Genetic Causes of Cerebral Small Vessel Diseases: A Practical Guide for Neurologists. Neurology 2023, 100,
766-783. [CrossRef]

Fernandez-Eulate, G.; Carreau, C.; Benoist, J.-F.; Lamari, F.; Rucheton, B.; Shor, N.; Nadjar, Y. Diagnostic Approach in Adult-Onset
Neurometabolic Diseases. J. Neurol. Neurosurg. Psychiatry 2022, 93, 413-421. [CrossRef]

Ferreira, E.A.; Buijs, M.].N.; Wijngaard, R.; Daams, ].G.; Datema, M.R.; Engelen, M.; van Karnebeek, C.D.M.; Oud, M.M,; Vaz, EM.;
Wamelink, M.M.C; et al. Inherited Metabolic Disorders in Adults: Systematic Review on Patient Characteristics and Diagnostic
Yield of Broad Sequencing Techniques (Exome and Genome Sequencing). Front. Neurol. 2023, 14, 1206106. [CrossRef]

Gorman, G.S.; Schaefer, AM.; Ng, Y.; Gomez, N.; Blakely, E.L.; Alston, C.L.; Feeney, C.; Horvath, R.; Yu-Wai-Man, P;
Chinnery, PF; et al. Prevalence of Nuclear and Mitochondrial DNA Mutations Related to Adult Mitochondrial Disease. Ann.
Neurol. 2015, 77, 753-759. [CrossRef]


https://doi.org/10.1212/WNL.0000000000005074
https://www.ncbi.nlm.nih.gov/pubmed/29429969
https://doi.org/10.1002/mgg3.106
https://doi.org/10.1038/ejhg.2009.186
https://doi.org/10.1093/hmg/ddy191
https://doi.org/10.1136/jnnp-2011-300285
https://doi.org/10.1212/WNL.0000000000003504
https://doi.org/10.1186/s13023-018-0779-5
https://doi.org/10.1212/WNL.0000000000011132
https://doi.org/10.1002/mus.27368
https://doi.org/10.1038/s10038-022-01031-2
https://doi.org/10.1159/000524734
https://www.ncbi.nlm.nih.gov/pubmed/35483324
https://doi.org/10.1159/000351153
https://www.ncbi.nlm.nih.gov/pubmed/23860588
https://doi.org/10.1038/gim.2015.117
https://www.ncbi.nlm.nih.gov/pubmed/26312828
https://doi.org/10.3109/09540261.2013.776523
https://doi.org/10.1212/WNL.0b013e3181bf997a
https://www.ncbi.nlm.nih.gov/pubmed/19884572
https://doi.org/10.1016/j.neuron.2011.09.011
https://www.ncbi.nlm.nih.gov/pubmed/21944778
https://doi.org/10.1212/01.WNL.0000160117.56690.B2
https://doi.org/10.1093/brain/awu353
https://doi.org/10.1212/WNL.0b013e3181eee46b
https://www.ncbi.nlm.nih.gov/pubmed/20660364
https://doi.org/10.1002/(SICI)1096-8628(19970905)71:4%3C475::AID-AJMG20%3E3.0.CO;2-C
https://doi.org/10.1038/nrneurol.2017.175
https://www.ncbi.nlm.nih.gov/pubmed/29302065
https://doi.org/10.1002/ana.24650
https://www.ncbi.nlm.nih.gov/pubmed/27159321
https://doi.org/10.1212/WNL.0000000000201720
https://doi.org/10.1136/jnnp-2021-328045
https://doi.org/10.3389/fneur.2023.1206106
https://doi.org/10.1002/ana.24362

Biology 2023, 12, 1459 17 of 19

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Van Rootselaar, A.-F.; van Westrum, S.S.; Tijssen, M.a.].; Velis, D.N. The Paroxysmal Dyskinesias. Pract. Neurol. 2009, 9, 102-109.
[CrossRef]

Jen, J.C.; Graves, T.D.; Hess, E.J.; Hanna, M.G.; Griggs, R.C.; Baloh, R.W. The CINCH investigators. Primary Episodic Ataxias:
Diagnosis, Pathogenesis and Treatment. Brain 2007, 130, 2484-2493. [CrossRef] [PubMed]

Thomsen, L.L.; Eriksen, M.K.; Romer, S.E; Andersen, I.; Ostergaard, E.; Keiding, N.; Olesen, ].; Russell, M. An Epidemiological
Survey of Hemiplegic Migraine. Cephalalgia 2002, 22, 361-375. [CrossRef]

Shao, L.; Akkari, Y.; Cooley, L.D.; Miller, D.T.; Seifert, B.A.; Wolff, D.J.; Mikhail, FM. ACMG Laboratory Quality Assurance
Committee. Chromosomal Microarray Analysis, Including Constitutional and Neoplastic Disease Applications, 2021 Revision:
A Technical Standard of the American College of Medical Genetics and Genomics (ACMG). Genet. Med. 2021, 23, 1818-1829.
[CrossRef] [PubMed]

Bean, L.; Funke, B.; Carlston, C.M.; Gannon, J.L.; Kantarci, S.; Krock, B.L.; Zhang, S.; Bayrak-Toydemir, P. 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, 453-461. [CrossRef] [PubMed]

Oda, M.; Maruyama, H.; Komure, O.; Morino, H.; Terasawa, H.; Izumi, Y.; Imamura, T.; Yasuda, M.; Ichikawa, K.; Ogawa, M.; et al.
Possible Reduced Penetrance of Expansion of 44 to 47 CAG/CAA Repeats in the TATA-Binding Protein Gene in Spinocerebellar
Ataxia Type 17. Arch. Neurol. 2004, 61, 209-212. [CrossRef]

Richard, P; Trollet, C.; Gidaro, T.; Demay, L.; Brochier, G.; Malfatti, E.; Tom, EM.; Fardeau, M.; Lafor, P.; Romero, N.; et al. PABPN1
(GCN)11 as a Dominant Allele in Oculopharyngeal Muscular Dystrophy—Consequences in Clinical Diagnosis and Genetic
Counselling. J. Neuromuscul. Dis. 2015, 2, 175-180. [CrossRef]

Willemsen, R.; Levenga, J.; Oostra, B.A. CGG Repeat in the FMR1 Gene: Size Matters. Clin. Genet. 2011, 80, 214-225. [CrossRef]

Murphy, N.A.; Arthur, K.C,; Tienari, PJ.; Houlden, H.; Chio, A.; Traynor, B.J. Age-Related Penetrance of the C9orf72 Repeat
Expansion. Sci. Rep. 2017, 7, 2116. [CrossRef]

Bettencourt, C.; Lima, M. Machado-Joseph Disease: From First Descriptions to New Perspectives. Orphanet ]. Rare Dis. 2011, 6, 35.
[CrossRef]

Maat-Kievit, A.; Losekoot, M.; Berg, H.V.D.B.-V.D.; Ommen, G.-].V.; Niermeijer, M.; Breuning, M.; Tibben, A. New Problems
in Testing for Huntington’s Disease: The Issue of Intermediate and Reduced Penetrance Alleles. |. Med. Genet. 2001, 38, el12.
[CrossRef]

Dolzhenko, E.; Bennett, M.E,; Richmond, P.A ; Trost, B.; Chen, S.; Van Vugt, ].]. EA.; Nguyen, C.; Narzisi, G.; Gainullin, V.G.;
Gross, A.M,; et al. ExpansionHunter Denovo: A Computational Method for Locating Known and Novel Repeat Expansions in
Short-Read Sequencing Data. Genome Biol. 2020, 21, 102. [CrossRef] [PubMed]

Rafehi, H.; Green, C.; Bozaoglu, K.; Gillies, G.; Delatycki, M.B.; Lockhart, P.J.; Scheffer, I.E.; Bahlo, M. Unexpected Diagnosis
of Myotonic Dystrophy Type 2 Repeat Expansion by Genome Sequencing. Eur. J. Hum. Genet. 2023, 31, 122-124. [CrossRef]
[PubMed]

Cortese, A.; Simone, R.; Sullivan, R.; Vandrovcova, J.; Tariq, H.; Yau, W.Y.; Humphrey, J.; Jaunmuktane, Z.; Sivakumar, P;
Polke, J.; et al. Biallelic Expansion of an Intronic Repeat in RFC1 Is a Common Cause of Late-Onset Ataxia. Nat. Genet. 2019, 51,
649-658. [CrossRef] [PubMed]

Syriani, D.A.; Wong, D.; Andani, S.; Gusmao, C.M.D.; Mao, Y.; Sanyoura, M.; Glotzer, G.; Lockhart, PJ.; Hassin-Baer, S.;
Khurana, V,; et al. Prevalence of RFC1-Mediated Spinocerebellar Ataxia in a North American Ataxia Cohort. Neurol. Genet. 2020,
6, €440. [CrossRef] [PubMed]

Rafehi, H.; Read, J.; Szmulewicz, D.J.; Davies, K.C.; Snell, P; Fearnley, L.G.; Scott, L.; Thomsen, M.; Gillies, G.; Pope, K,; et al. An
Intronic GAA Repeat Expansion in FGF14 Causes the Autosomal-Dominant Adult-Onset Ataxia SCA50/ ATX-FGF14. Am. ].
Hum. Genet. 2023, 110, 105-119. [CrossRef] [PubMed]

Curro, R.; Salvalaggio, A.; Tozza, S.; Gemelli, C.; Dominik, N.; Galassi Deforie, V.; Magrinelli, F.; Castellani, F.; Vegezzi, E.;
Businaro, P.; et al. RFC1 Expansions Are a Common Cause of Idiopathic Sensory Neuropathy. Brain 2021, 144, 1542-1550.
[CrossRef] [PubMed]

Tagliapietra, M.; Cardellini, D.; Ferrarini, M.; Testi, S.; Ferrari, S.; Monaco, S.; Cavallaro, T.; Fabrizi, G.M. RFC1 AAGGG Repeat
Expansion Masquerading as Chronic Idiopathic Axonal Polyneuropathy. J. Neurol. 2021, 268, 4280-4290. [CrossRef]

Miller, D.T; Lee, K.; Abul-Husn, N.S.; Amendola, L.M.; Brothers, K.; Chung, W.K.; Gollob, M.H.; Gordon, A.S.; Harrison, S.M.;
Hershberger, R.E.; et al. ACMG SF v3.2 List for Reporting of Secondary Findings in Clinical Exome and Genome Sequencing: A
Policy Statement of the American College of Medical Genetics and Genomics (ACMG). Genet. Med. 2023, 25, 100866. [CrossRef]
Anguela, X.M.; High, K.A. Entering the Modern Era of Gene Therapy. Annu. Rev. Med. 2019, 70, 273-288. [CrossRef]

Xie, Y.-X.; Lv, W.-Q.; Chen, Y.-K,; Hong, S.; Yao, X.-P.; Chen, W.-].; Zhao, M. Advances in Gene Therapy for Neurogenetic Diseases:
A Brief Review. |. Mol. Med. 2022, 100, 385-394. [CrossRef]

Hayeems, R.Z.; Dimmock, D.; Bick, D.; Belmont, J.W.; Green, R.C.; Lanpher, B.; Jobanputra, V.; Mendoza, R.; Kulkarni, S.;
Grove, MLE,; et al. Clinical Utility of Genomic Sequencing: A Measurement Toolkit. NP] Genomic Med. 2020, 5, 56. [CrossRef]
[PubMed]

Chung, C.C.Y;; Hue, S.PY.;; Ng, N.Y.T,; Doong, PH.L.; Chu, A.T.W.; Chung, B.H.Y. Meta-Analysis of the Diagnostic and Clinical
Utility of Exome and Genome Sequencing in Pediatric and Adult Patients with Rare Diseases across Diverse Populations. Genet.
Med. 2023, 25,100896. [CrossRef] [PubMed]


https://doi.org/10.1136/jnnp.2009.172213
https://doi.org/10.1093/brain/awm126
https://www.ncbi.nlm.nih.gov/pubmed/17575281
https://doi.org/10.1046/j.1468-2982.2002.00371.x
https://doi.org/10.1038/s41436-021-01214-w
https://www.ncbi.nlm.nih.gov/pubmed/34131312
https://doi.org/10.1038/s41436-019-0666-z
https://www.ncbi.nlm.nih.gov/pubmed/31732716
https://doi.org/10.1001/archneur.61.2.209
https://doi.org/10.3233/JND-140060
https://doi.org/10.1111/j.1399-0004.2011.01723.x
https://doi.org/10.1038/s41598-017-02364-1
https://doi.org/10.1186/1750-1172-6-35
https://doi.org/10.1136/jmg.38.4.e12
https://doi.org/10.1186/s13059-020-02017-z
https://www.ncbi.nlm.nih.gov/pubmed/32345345
https://doi.org/10.1038/s41431-022-01166-y
https://www.ncbi.nlm.nih.gov/pubmed/35945246
https://doi.org/10.1038/s41588-019-0372-4
https://www.ncbi.nlm.nih.gov/pubmed/30926972
https://doi.org/10.1212/NXG.0000000000000440
https://www.ncbi.nlm.nih.gov/pubmed/32582864
https://doi.org/10.1016/j.ajhg.2022.11.015
https://www.ncbi.nlm.nih.gov/pubmed/36493768
https://doi.org/10.1093/brain/awab072
https://www.ncbi.nlm.nih.gov/pubmed/33969391
https://doi.org/10.1007/s00415-021-10552-3
https://doi.org/10.1016/j.gim.2023.100866
https://doi.org/10.1146/annurev-med-012017-043332
https://doi.org/10.1007/s00109-021-02167-y
https://doi.org/10.1038/s41525-020-00164-7
https://www.ncbi.nlm.nih.gov/pubmed/33319814
https://doi.org/10.1016/j.gim.2023.100896
https://www.ncbi.nlm.nih.gov/pubmed/37191093

Biology 2023, 12, 1459 18 of 19

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Schwarze, K.; Buchanan, J.; Taylor, ].C.; Wordsworth, S. Are Whole-Exome and Whole-Genome Sequencing Approaches Cost-
Effective? A Systematic Review of the Literature. Genet. Med. 2018, 20, 1122-1130. [CrossRef] [PubMed]

Smith, H.S.; Swint, ].M.; Lalani, S.R.; Yamal, ].M.; de Oliveira Otto, M.C.; Castellanos, S.; Taylor, A.; Lee, B.H.; Russell, H.V.
Clinical Application of Genome and Exome Sequencing as a Diagnostic Tool for Pediatric Patients: A Scoping Review of the
Literature. Genet. Med. 2019, 21, 3-16. [CrossRef]

Alix, T.; Chéry, C.; Josse, T.; Bronowicki, J.-P,; Feillet, F; Guéant-Rodriguez, R.-M.; Namour, F; Guéant, J.-L.; Oussalah, A.
Predictors of the Utility of Clinical Exome Sequencing as a First-Tier Genetic Test in Patients with Mendelian Phenotypes: Results
from a Referral Center Study on 603 Consecutive Cases. Hum. Genomics 2023, 17, 5. [CrossRef]

Shickh, S.; Gutierrez Salazar, M.; Zakoor, K.-R.; Lazaro, C.; Gu, J.; Goltz, J.; Kleinman, D.; Noor, A.; Khalouei, S.; Mighton, C.; et al.
Exome and Genome Sequencing in Adults with Undiagnosed Disease: A Prospective Cohort Study. J. Med. Genet. 2021, 58,
275-283. [CrossRef]

Shickh, S.; Mighton, C.; Uleryk, E.; Pechlivanoglou, P.; Bombard, Y. The Clinical Utility of Exome and Genome Sequencing across
Clinical Indications: A Systematic Review. Hum. Genet. 2021, 140, 1403-1416. [CrossRef]

Manickam, K.; McClain, M.R.; Demmer, L.A.; Biswas, S.; Kearney, H.M.; Malinowski, J.; Massingham, L.J.; Miller, D.; Yu, TW.,;
Hisama, EM.; et al. Exome and Genome Sequencing for Pediatric Patients with Congenital Anomalies or Intellectual Disability:
An Evidence-Based Clinical Guideline of the American College of Medical Genetics and Genomics (ACMG). Genet. Med. 2021, 23,
2029-2037. [CrossRef]

Stark, Z.; Tan, T.Y.; Chong, B.; Brett, G.R.; Yap, P; Walsh, M.; Yeung, A.; Peters, H.; Mordaunt, D.; Cowie, S.; et al. A Prospective
Evaluation of Whole-Exome Sequencing as a First-Tier Molecular Test in Infants with Suspected Monogenic Disorders. Genet.
Med. 2016, 18, 1090-1096. [CrossRef]

Khromykh, A.; Solomon, B.D. The Benefits of Whole-Genome Sequencing Now and in the Future. Mol. Syndromol. 2015, 6,
108-109. [CrossRef]

Lionel, A.C.; Costain, G.; Monfared, N.; Walker, S.; Reuter, M.S.; Hosseini, S.M.; Thiruvahindrapuram, B.; Merico, D.; Jobling, R.;
Nalpathamkalam, T.; et al. Improved Diagnostic Yield Compared with Targeted Gene Sequencing Panels Suggests a Role for
Whole-Genome Sequencing as a First-Tier Genetic Test. Genet. Med. 2018, 20, 435-443. [CrossRef] [PubMed]

Stavropoulos, D.J.; Merico, D.; Jobling, R.; Bowdin, S.; Monfared, N.; Thiruvahindrapuram, B.; Nalpathamkalam, T.; Pellecchia,
G.; Yuen, RK.C.; Szego, M.].; et al. Whole-Genome Sequencing Expands Diagnostic Utility and Improves Clinical Management in
Paediatric Medicine. NPJ Genomic Med. 2016, 1, 15012. [CrossRef] [PubMed]

Wu, B,; Kang, W.; Wang, Y.; Zhuang, D.; Chen, L.; Li, L.; Su, Y,; Pan, X.; Wei, Q.; Tang, Z.; et al. Application of Full-Spectrum Rapid
Clinical Genome Sequencing Improves Diagnostic Rate and Clinical Outcomes in Critically Ill Infants in the China Neonatal
Genomes Project®. Crit. Care Med. 2021, 49, 1674. [CrossRef] [PubMed]

Dolzhenko, E.; van Vugt, ].J.EA.; Shaw, R.].; Bekritsky, M.A.; Van Blitterswijk, M.; Narzisi, G.; Ajay, S.S.; Rajan, V.; Lajoie, B.R,;
Johnson, N.H.; et al. Detection of Long Repeat Expansions from PCR-Free Whole-Genome Sequence Data. Genome Res. 2017, 27,
1895-1903. [CrossRef]

Chen, X.; Shen, E; Gonzaludo, N.; Malhotra, A.; Rogert, C.; Taft, R.]J.; Bentley, D.R.; Eberle, M.A. Cyrius: Accurate CYP2D6
Genotyping Using Whole-Genome Sequencing Data. Pharmacogenom. |. 2021, 21, 251-261. [CrossRef]

Splinter, K.; Adams, D.R.; Bacino, C.A.; Bellen, H.J.; Bernstein, J.A.; Cheatle-Jarvela, A.M.; Eng, C.M.; Esteves, C.; Gahl, W.A;
Hamid, R.; et al. Effect of Genetic Diagnosis on Patients with Previously Undiagnosed Disease. N. Engl. J. Med. 2018, 379,
2131-2139. [CrossRef] [PubMed]

Trosman, J.R.; Weldon, C.B.; Douglas, M.P.; Kurian, A.W.; Kelley, R.K.; Deverka, P.A.; Phillips, K.A. Payer Coverage for Hereditary
Cancer Panels: Barriers, Opportunities, and Implications for the Precision Medicine Initiative. [INCCN ]. Natl. Compr. Cancer Netw.
2017, 15, 219-228. [CrossRef]

Fogleman, A J.; Zahnd, W.E,; Lipka, A.E.; Malhi, R.S.; Ganai, S.; Delfino, K.R.; Jenkins, W.D. Knowledge, Attitudes, and Perceived
Barriers towards Genetic Testing across Three Rural Illinois Communities. J. Community Genet. 2019, 10, 417-423. [CrossRef]
Gidding, S.S.; Sheldon, A.; Neben, C.L.; Williams, H.E.; Law, S.; Zhou, A.Y.; Wilemon, K.; Ahmed, C.D.; Kindt, I. Patient
Acceptance of Genetic Testing for Familial Hypercholesterolemia in the CASCADE FH Registry. . Clin. Lipidol. 2020, 14, 218-223.
[CrossRef]

Grant, P; Langlois, S.; Lynd, L.D.; Austin, ].C.; Elliott, A.M. Out-of-pocket and Private Pay in Clinical Genetic Testing: A Scoping
Review. Clin. Genet. 2021, 100, 504-521. [CrossRef]

Steffen, L.E.; Du, R,; Gammon, A.; Mandelblatt, J.S.; Kohlmann, W.K; Lee, ].H.; Buys, S.S.; Stroup, A.M.; Campo, R.A,;
Flores, K.G.; et al. Genetic Testing in a Population-Based Sample of Breast and Ovarian Cancer Survivors from the REACH
Randomized Trial: Cost Barriers and Moderators of Counseling Mode. Cancer Epidemiol. Biomark. Prev. 2017, 26, 1772-1780.
[CrossRef] [PubMed]

Regier, D.; Friedman, J.; Makela, N.; Ryan, M.; Marra, C. Valuing the Benefit of Diagnostic Testing for Genetic Causes of Idiopathic
Developmental Disability: Willingness to Pay from Families of Affected Children. Clin. Genet. 2009, 75, 514-521. [CrossRef]
[PubMed]

Kohler, J.N.; Turbitt, E.; Lewis, K.L.; Wilfond, B.S.; Jamal, L.; Peay, H.L.; Biesecker, L.G.; Biesecker, B.B. Defining Personal Utility
in Genomics: A Delphi Study. Clin. Genet. 2017, 92, 290-297. [CrossRef]


https://doi.org/10.1038/gim.2017.247
https://www.ncbi.nlm.nih.gov/pubmed/29446766
https://doi.org/10.1038/s41436-018-0024-6
https://doi.org/10.1186/s40246-023-00455-x
https://doi.org/10.1136/jmedgenet-2020-106936
https://doi.org/10.1007/s00439-021-02331-x
https://doi.org/10.1038/s41436-021-01242-6
https://doi.org/10.1038/gim.2016.1
https://doi.org/10.1159/000438732
https://doi.org/10.1038/gim.2017.119
https://www.ncbi.nlm.nih.gov/pubmed/28771251
https://doi.org/10.1038/npjgenmed.2015.12
https://www.ncbi.nlm.nih.gov/pubmed/28567303
https://doi.org/10.1097/CCM.0000000000005052
https://www.ncbi.nlm.nih.gov/pubmed/33935161
https://doi.org/10.1101/gr.225672.117
https://doi.org/10.1038/s41397-020-00205-5
https://doi.org/10.1056/NEJMoa1714458
https://www.ncbi.nlm.nih.gov/pubmed/30304647
https://doi.org/10.6004/jnccn.2017.0022
https://doi.org/10.1007/s12687-019-00407-w
https://doi.org/10.1016/j.jacl.2020.02.001
https://doi.org/10.1111/cge.14006
https://doi.org/10.1158/1055-9965.EPI-17-0389
https://www.ncbi.nlm.nih.gov/pubmed/28971986
https://doi.org/10.1111/j.1399-0004.2009.01193.x
https://www.ncbi.nlm.nih.gov/pubmed/19508416
https://doi.org/10.1111/cge.12998

Biology 2023, 12, 1459 19 of 19

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Kohler, J.N.; Turbitt, E.; Biesecker, B.B. Personal Utility in Genomic Testing: A Systematic Literature Review. Eur. |. Hum. Genet.
2017, 25, 662-668. [CrossRef] [PubMed]

Foster, M.W.; Mulvihill, J.J.; Sharp, R.R. Evaluating the Utility of Personal Genomic Information. Genet. Med. 2009, 11, 570-574.
[CrossRef] [PubMed]

Grosse, S.D.; Wordsworth, S.; Payne, K. Economic Methods for Valuing the Outcomes of Genetic Testing: Beyond Cost-
Effectiveness Analysis. Genet. Med. 2008, 10, 648-654. [CrossRef]

Grosse, S.D.; McBride, C.M.; Evans, J.P.; Khoury, M.]. Personal Utility and Genomic Information: Look before You Leap. Genet.
Med. 2009, 11, 575-576. [CrossRef]

Smith, H.S.; Morain, S.R.; Robinson, J.O.; Canfield, I.; Malek, J.; Rubanovich, C.K.; Bloss, C.S.; Ackerman, S.L.; Biesecker, B.;
Brothers, K.B.; et al. Perceived Utility of Genomic Sequencing: Qualitative Analysis and Synthesis of a Conceptual Model to
Inform Patient-Centered Instrument Development. Patient Patient-Centered Outcomes Res. 2021, 15, 317-328. [CrossRef]

Snyder, C.; Brundage, M.; Rivera, YM.; Wu, A.W. A PRO-Cision Medicine Methods Toolkit to Address the Challenges of
Personalizing Cancer Care Using Patient-Reported Outcomes: Introduction to the Supplement. Med. Care 2019, 57, S1. [CrossRef]
Meienberg, ].; Bruggmann, R.; Oexle, K.; Matyas, G. Clinical Sequencing: Is WGS the Better WES? Hum. Genet. 2016, 135, 359-362.
[CrossRef]

Abyzov, A.; Urban, A.E.; Snyder, M.; Gerstein, M. CNVnator: An Approach to Discover, Genotype, and Characterize Typical and
Atypical CNVs from Family and Population Genome Sequencing. Genome Res. 2011, 21, 974-984. [CrossRef] [PubMed]

Colin, E.; Duffourd, Y.; Chevarin, M.; Tisserant, E.; Verdez, S.; Paccaud, J.; Bruel, A.-L.; Tran Mau-Them, F.; Denommé-Pichon,
A.-S.; Thevenon, |.; et al. Stepwise Use of Genomics and Transcriptomics Technologies Increases Diagnostic Yield in Mendelian
Disorders. Front. Cell Dev. Biol. 2023, 11, 1021920. [CrossRef] [PubMed]

Cummings, B.B.; Marshall, J.L.; Tukiainen, T.; Lek, M.; Donkervoort, S.; Foley, A.R.; Bolduc, V.; Waddell, L.B.; Sandaradura, S.A;
O’Grady, G.L.; et al. Improving Genetic Diagnosis in Mendelian Disease with Transcriptome Sequencing. Sci. Transl. Med. 2017,
9, eaal5209. [CrossRef]

Gonorazky, H.D.; Naumenko, S.; Ramani, A K.; Nelakuditi, V.; Mashouri, P.; Wang, P.; Kao, D.; Ohri, K,; Viththiyapaskaran, S.;
Tarnopolsky, M.A ; et al. Expanding the Boundaries of RNA Sequencing as a Diagnostic Tool for Rare Mendelian Disease. Am. J.
Hum. Genet. 2019, 104, 1007. [CrossRef]

Kadlubowska, M.K.; Schrauwen, I. Methods to Improve Molecular Diagnosis in Genomic Cold Cases in Pediatric Neurology.
Genes 2022, 13, 333. [CrossRef] [PubMed]

Lappalainen, T.; Scott, A.J.; Brandt, M.; Hall, LM. Genomic Analysis in the Age of Human Genome Sequencing. Cell 2019, 177,
70-84. [CrossRef]

Lee, H.; Huang, A.Y.; Wang, L.-K.; Yoon, A.J.; Renteria, G.; Eskin, A.; Signer, R.H.; Dorrani, N.; Nieves-Rodriguez, S.; Wan, J.; et al.
Diagnostic Utility of Transcriptome Sequencing for Rare Mendelian Diseases. Genet. Med. 2020, 22, 490-499. [CrossRef] [PubMed]
Wang, C.; Li, ]. A Deep Learning Framework Identifies Pathogenic Noncoding Somatic Mutations from Personal Prostate Cancer
Genomes. Cancer Res. 2021, 80, 4644-4654. [CrossRef]

Freeman, W.D.; Vatz, K.A; Griggs, R.C.; Pedley, T. The Workforce Task Force Report: Clinical Implications for Neurology.
Neurology 2013, 81, 479-486. [CrossRef]

Lin, C.C; Hill, C.E.; Kerber, K.A ; Burke, J.F; Skolarus, L.E.; Esper, G.J.; de Havenon, A.; De Lott, L.B.; Callaghan, B.C. Patient
Travel Distance to Neurologist Visits. Neurology 2023, 101, e1807—e1820. [CrossRef]

Maiese, D.R.; Keehn, A.; Lyon, M.; Flannery, D.; Watson, M. Working Groups of the National Coordinating Center for Seven
Regional Genetics Service Collaboratives. Current Conditions in Medical Genetics Practice. Genet. Med. 2019, 21, 1874-1877.
[CrossRef] [PubMed]

Jenkins, B.D.; Fischer, C.G.; Polito, C.A.; Maiese, D.R.; Keehn, A.S.; Lyon, M.; Edick, M.J.; Taylor, M.R.G.; Andersson, H.C.;
Bodurtha, J.N.; et al. The 2019 US Medical Genetics Workforce: A Focus on Clinical Genetics. Genet. Med. 2021, 23, 1458-1464.
[CrossRef] [PubMed]

French, E.L.; Kader, L.; Young, E.E.; Fontes, ].D. Physician Perception of the Importance of Medical Genetics and Genomics in
Medical Education and Clinical Practice. Med. Educ. Online 2023, 28, 2143920. [CrossRef] [PubMed]

Hamilton, J.G.; Abdiwahab, E.; Edwards, H.M.; Fang, M.-L.; Jdayani, A.; Breslau, E.S. Primary Care Providers” Cancer Genetic
Testing-Related Knowledge, Attitudes, and Communication Behaviors: A Systematic Review and Research Agenda. J. Gen. Intern.
Med. 2017, 32, 315-324. [CrossRef]

Helman, G.; Bonkowsky, J.L.; Vanderver, A. Neurologist Comfort in the Use of Next-Generation Sequencing Diagnostics: Current
State and Future Prospects. JAMA Neurol. 2016, 73, 621-622. [CrossRef]

Hull, L.E.; Lynch, K.G.; Oslin, D.W. VA Primary Care and Mental Health Providers” Comfort with Genetic Testing: Survey Results
from the PRIME Care Study. J. Gen. Intern. Med. 2019, 34, 799-801. [CrossRef]

Macklin, S.K.; Jackson, J.L.; Atwal, P.S.; Hines, S.L. Physician Interpretation of Variants of Uncertain Significance. Fam. Cancer
2019, 18, 121-126. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/ejhg.2017.10
https://www.ncbi.nlm.nih.gov/pubmed/28295040
https://doi.org/10.1097/GIM.0b013e3181a2743e
https://www.ncbi.nlm.nih.gov/pubmed/19478683
https://doi.org/10.1097/GIM.0b013e3181837217
https://doi.org/10.1097/GIM.0b013e3181af0a80
https://doi.org/10.1007/s40271-021-00558-4
https://doi.org/10.1097/MLR.0000000000001089
https://doi.org/10.1007/s00439-015-1631-9
https://doi.org/10.1101/gr.114876.110
https://www.ncbi.nlm.nih.gov/pubmed/21324876
https://doi.org/10.3389/fcell.2023.1021920
https://www.ncbi.nlm.nih.gov/pubmed/36926521
https://doi.org/10.1126/scitranslmed.aal5209
https://doi.org/10.1016/j.ajhg.2019.04.004
https://doi.org/10.3390/genes13020333
https://www.ncbi.nlm.nih.gov/pubmed/35205378
https://doi.org/10.1016/j.cell.2019.02.032
https://doi.org/10.1038/s41436-019-0672-1
https://www.ncbi.nlm.nih.gov/pubmed/31607746
https://doi.org/10.1158/0008-5472.CAN-20-1791
https://doi.org/10.1212/WNL.0b013e31829d8783
https://doi.org/10.1212/WNL.0000000000207810
https://doi.org/10.1038/s41436-018-0417-6
https://www.ncbi.nlm.nih.gov/pubmed/30686822
https://doi.org/10.1038/s41436-021-01162-5
https://www.ncbi.nlm.nih.gov/pubmed/33941882
https://doi.org/10.1080/10872981.2022.2143920
https://www.ncbi.nlm.nih.gov/pubmed/36345884
https://doi.org/10.1007/s11606-016-3943-4
https://doi.org/10.1001/jamaneurol.2016.0168
https://doi.org/10.1007/s11606-018-4776-0
https://doi.org/10.1007/s10689-018-0086-2

	Introduction 
	Neurogenetic Syndromes 
	Movement Disorders: Parkinson’s Disease, Dystonia, Ataxia, Spastic Paraparesis 
	Epilepsy and Intellectual Disability 
	Neuromuscular Disorders 
	Cognitive Neurodegenerative Disease 
	Leukodystrophies and Other Diseases of White Matter 
	Neurometabolic Diseases 
	Episodic Neurologic Syndromes-Paroxysmal Movement Disorders, Episodic Ataxia, Hemiplegic Migraine 

	Current State and Challenges of Neurogenetic Testing 
	Chromosomal Microarray 
	Gene Panel Testing 
	Repeat Expansion Testing 
	Biochemical Testing 
	Whole-Exome Sequencing 

	The Future of Neurogenetic Testing 
	Barriers to Neurogenetic Testing 
	Conclusions 
	References



