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Abstract: During the first decade of the 21st century, the landscape of epilepsy 
genetics started to take shape with the discovery of many new genes linked to 
epilepsy. These genetic discoveries advanced our understanding of the molecular 
and cellular pathways involved in epilepsy. Over the following ten years, the avail-
ability of clinical genetic testing along with rapidly growing knowledge of epilepsy 
genetics transformed patient care; most profoundly affecting management of 
childhood-onset epilepsies. This new genomic era offers great opportunities for 
the advancement of health outcomes and epilepsy research. It has also created 
new demands and challenges for physicians practicing in this rapidly evolving 
field, which requires specialized expertise in order to provide best care for patients 

Epilepsy Genetics: Advancements 
in the Field and Impact on 
Clinical Practice
Senyene E. Hunter1 • Elizabeth Jalazo2 • Thomas R. Felton3 • 
Erin L. Heinzen4 • Yael Shiloh-Malawsky1

1Department of Neurology, University of North Carolina at Chapel Hill, North Carolina, 
USA; 2Department of Pediatrics, University of North Carolina at Chapel Hill, North 
Carolina, USA; 3McLendon Clinical Laboratories, UNC Health, North Carolina, USA, 
4UNC Eshelman School of Pharmacy, University of North Carolina at Chapel Hill, North 
Carolina, USA 

Author for correspondence: Yael Shiloh-Malawsky, Department of Neurology, University 
of North Carolina at Chapel Hill, North Carolina, USA. E-mail: yaelm@neurology.unc.edu

Cite this chapter as: Hunter SE, Jalazo E, Felton TR, Heinzen EL, Shiloh-Malawsky Y. 
Epilepsy Genetics: Advancements in the Field and Impact on Clinical Practice. In: 
Czuczwar SJ, editor. Epilepsy. Brisbane (AU): Exon Publications. Online first 2022 Feb 25.

Doi: https://doi.org/10.36255/exon-publications-epilepsy-genetics

3

https://doi.org/10.36255/exon-publications-epilepsy
https://creativecommons.org/licenses/by-nc/4.0/�
https://creativecommons.org/licenses/by-nc/4.0/�
mailto:yaelm@neurology.unc.edu
https://doi.org/10.36255/exon-publications-epilepsy-genetics


Hunter SE et al.26

and their families. This chapter reviews epilepsy genetics advancements and its 
impact on clinical practice. 

Keywords: childhood epilepsy; clinical impact; epidemiology of epilepsy; epilepsy 
genes; genetics of epilepsy 

INTRODUCTION

Advancements in epilepsy genetics over the past 20 years have revolutionized the 
diagnosis and management of epilepsy, as well as some basic concepts of our 
understanding. This progress may have had the greatest impact on individuals 
with childhood-onset epilepsy. In this chapter, we provide an overview of the 
current knowledge of epilepsy genetics and its impact on clinical practice. We 
describe the epidemiology of genetic epilepsies, review the progress made in sci-
entific methods and technology which allowed for the current widespread use of 
genetic testing in clinical practice, and provide a brief report of some upcoming 
methods and genetic tools currently used in research and likely to come to the 
clinical domain in the coming years. We then describe how genetic insights have 
transformed some of the basic concepts of epilepsy in children and examine the 
implications and impact of molecular diagnosis on patient care. Lastly, we review 
recommendations regarding metabolic and genetic evaluation of early onset epi-
lepsy, discuss some of the complexities and challenges that clinicians face in the 
evaluation and interpretation of genetic tests, and suggest a clinical practice model 
to best apply the expanding scientific knowledge of epilepsy genetics in clinical 
practice. 

OVERVIEW 

Historically, over 75% of all epilepsies were described as idiopathic, only in 25% 
or less a specific cause was known, such as congenital lesion, neoplasm, birth 
anoxia, infection, trauma, or stroke. Subsequently, hereditability studies revealed 
a role for genetic factors in epilepsies (1). With the genomic era and advances in 
genetic technology, the genetic etiology of several epilepsies became clear (2–7). 
Genomic sequencing technologies facilitated the discovery of over 100 genes 
involved in epilepsy and an expanding number of genetic causes have been recog-
nized in epilepsies that were previously considered to be idiopathic epilepsies 
(2, 3, 5). Additionally, epilepsies previously thought to solely be caused by 
acquired conditions––such as perinatal stroke, infection, inborn errors of metabo-
lism, and structural/cortical malformations––are now known to have genetic 
contributions (8).

Genetic epilepsies comprise a group of clinically heterogenous disorders. 
These disorders can be further sub-grouped into specific epilepsy syndromes 
based on age of onset, seizure type, EEG background, associated clinical pheno-
types (including severity of developmental delay and presence of dysmorphic 
features) (9). For example, gene mutations may selectively cause epilepsy 
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(e.g., SCN1A mutations cause epilepsies with febrile seizures plus), may be associ-
ated with epileptic encephalopathies (e.g., SCN1A variants are also responsible for 
70–80% of cases of Dravet syndrome), or may be causative of brain malforma-
tions and epilepsy (e.g., mutations in TSC1 and TSC2 genes cause tuberous 
sclerosis). Individually, each disorder classified as a genetic epilepsy is rare. Yet 
providing a molecular diagnosis may have important implications as many genetic 
epilepsies are potentially treatable. Thus, identifying the underlying genetic disor-
der can help direct pharmacotherapy, specialized diets, or surgery. 

It should be noted that the associated phenotype of a genetic variant may differ 
for the same gene. For example, as discussed above, mutations in SCN1A are 
responsible for 70–80% of the cases of the developmental epileptic encephalopa-
thy, Dravet syndrome. In contrast, SCN1A variants are also associated with the 
milder phenotype genetic epilepsy with febrile seizures plus. Although genes may 
be known to be associated with epilepsies, their specific pathogenic role and the 
associated phenotype may differ according to multiple factors including the pre-
cise gene mutation. Furthermore, different genes from non-overlapping pathways 
may result in common phenotypes. For instance, SCN1B, GABRG2, HCN1 and 
SCN8A are reported to be associated with the Dravet syndrome. A specific genetic 
epilepsy or epileptic syndrome may have several different genetic causes.

The genetic variations seen in genetic epilepsies are also heterogeneous. The 
changes in the human genome that contribute to epilepsy vary and include mono-
genic variants such as SCN1A and KCNQ2-related epilepsies. Copy number 
variants and other structural variants, such as 15q11-q13 duplication syndrome 
(10, 11), have also been identified as genetic rearrangements that impact genes 
affecting epilepsies. Additionally, polygenic and complex variants as well as epi-
genetic mechanisms have a reported role in genetic epilepsies (12, 13). Despite 
recent rapid progress during the genomic era, there is much to be learned about 
the role of epigenetics, structural variants, and multigenic causality in human 
epilepsy and there is an ongoing need for continued discovery of novel patho-
genic genes in genetic epilepsies (14, 15). 

EPIDEMIOLOGY 

The estimated lifetime prevalence of epilepsy is 7.60 per 1000 individuals (16) 
and approximately 50–65 million individuals are affected worldwide (16, 17). 
Epilepsy has a bimodal age distribution, with the highest incidences (>60 per 
100,000) found in those less than 5 years and over age 65 years of age (18, 19). 
In the United States, over 470,000 children have epilepsy (19). In a recent multi-
center study of pediatric epilepsies in Scotland, the overall estimated annual 
incidence of single-gene epilepsies was 1 per 2120 live births (47.2/100,000) (7). 
The adjusted incidence of childhood-onset epilepsies in children under 3 years of 
age in Scotland was 239 per 100,000 live births (20). The proportions of mono-
genic, polygenic, and complex epilepsies remain unknown. 

In children, the age of onset of seizures or developmental delay onset signifi-
cantly correlates with the genetic etiology. Children with onset of epilepsy before 
3 years of age are more likely to have a higher burden of cognitive and neuropsy-
chological comorbidities. Additionally, this younger symptom onset is associated 
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with a higher seizure burden and a greater risk for having a developmental epilep-
tic encephalopathy (9, 21). The death rate in developmental epileptic encepha-
lopathies is markedly elevated (743 per 100,000 person-years) due to 
poorly-controlled seizures as well as non-neurological comorbidities including 
respiratory insufficiency (22). In contrast, the death rate in children with uncom-
plicated epilepsy mirrors the general pediatric public (36 per 100,000 person-
years) (22). There is a significant role for molecular testing in the diagnosis of 
genetic epilepsies. Molecular testing leads to identification of causative mutations 
in approximately 30% of children with genetic epilepsies and up to 50% in chil-
dren with developmental and epileptic encephalopathies, which frequently have 
a genetic etiology and often arise de novo (2-6, 23, 24). Early identification of 
underlying genetic diagnoses in developmental epileptic encephalopathies may 
allow for prognosis determination, treatment and management optimization, 
seizure reduction and potential improvement in developmental outcomes.

Large-scale sequencing studies have significantly contributed to our under-
standing of rare monogenic variants in epilepsy. The Epi4K Consortium analyzed 
the genomes of 525 individuals with familial focal epilepsy and 640 individuals 
with familial genetic generalized epilepsy (25). The study revealed an enrichment 
of pathogenic variants within 43 known epilepsy genes, many of which had only 
been associated with epileptic encephalopathies, in individuals with epilepsy 
which were absent in the 3877 controls (25). In the EuroEPINOMICS consortium, 
an enrichment of 19 variants of the gene encoding GABA-A receptor subunits were 
found in 1092 individuals (three cohorts) with genetic generalized epilepsy but 
not in 2669 controls (26). The ongoing Epi25 collaborative has completed analysis 
of 9,170 epilepsy-affected individuals and 8,436 controls and the work continues 
to show a clear role of genetics across both rare and common forms epilepsy (4).

METHODS AND TECHNOLOGY PROGRESS – FROM BENCH 
TO BEDSIDE

Technological advancements made possible by the completion of the Human 
Genome Project in 2003 have been the driving force accelerating recent gene dis-
covery in epilepsy. Genome-wide comparative array hybridization and genome-
wide genotyping approaches that use small complementary DNA probes targeting 
genomic loci or polymorphisms across the genome allowed for the first possible 
genome-wide scans for copy number variants. This technological advancement 
led to the identification of multiple recurrent microdeletions that increased the 
risk of epilepsy, including 15q13.3, 15q11.2, and 16p13.11 (27–29), and pro-
vided the first early support for an important role for rare, highly penetrant de 
novo variants in epilepsy. Next-generation sequencing was the next major techno-
logical advancement that further enlightened the community to the role of rare 
highly penetrant genetic variants in severe sporadic subtypes of epilepsy. This 
technology that performs massively parallel sequencing of amplified genomic 
fragments allowed for the first systematic sequencing of all the protein coding 
regions of the genome. This technology readily led to the identification of thou-
sands of pathogenic genetic variants in more than a hundred novel epilepsy genes 
and continues to lead to novel gene discovery more than ten years since the tech-
nology became available. Many of the newly discovered pathogenic variants were 
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found to be newly acquired in the genomes of individuals with developmental 
and epileptic encephalopathies which has shaped the current understanding of 
the genetic architecture of epilepsy. It should be noted that the value of these 
technological advancements was not only in how they illuminated pathogenic 
variants in patients but also in how they allowed for the characterization of the 
landscape of genetic variants in the general population, essentially establishing 
the baseline for which patient genomes could be compared (30, 31). While 
genome-wide association studies looking for associations of common haplo-
types with epilepsy risk did not lead to the identification of genetic variants of 
large effect sizes in epilepsy (32), there is increasing appreciation that combina-
tions of genetic variants across the allelic frequency spectrum also contribute to 
the risk of developing epilepsy. This so-called oligogenic or polygenic risk of 
epilepsy has been assessed through common variant signal inferred from 
genome-wide genotyping arrays and has been reproducibly observed in multiple 
types of epilepsy (12). 

Array comparative genomic hybridization and next-generation sequencing 
technologies began as research tools and have now become the mainstays of 
clinical genetic diagnosis in epilepsy (see below). The rapid transition of tools 
moving from research to clinical diagnostics motivates consideration of the 
next wave of technological advancements that may further inform the genetic 
bases of epilepsy on the research level and make their way into clinical practice 
in the near future. Next-generation sequencing technologies use massively par-
allel sequencing of short read fragments genome-wide that can be bioinformati-
cally compared to the reference genome to infer genetic variants. While this 
approach works well for a large portion of the genome, a significant fraction of 
the genome is missed due to the presence of repetitive regions, complex 
genomic rearrangements, paralogs, homologs, genomic rearrangements, and 
difficult to sequencing high G-C rich regions. These complex genomic loci that 
are largely overlooked with short-read sequencing technology likely harbor 
epilepsy risk alleles. Long-read sequencing, or third-generation sequencing, 
allows for the sequencing of DNA fragments at least 100-times longer than 
short read approaches. This technology offers improved ability to sequence 
complex regions of the genome and will allow for genotyping of short tandem 
repeat variants, intermediately sized copy number variants, and complex 
genomic rearrangements; all types of variants that have, thus far, not been sys-
tematically evaluated for their role in epilepsy and other neurodevelopmental 
disorders.

PARADIGM SHIFT IN THE FIELD

Genetic insights transformed some of the basic concepts of childhood-onset 
epilepsy. Even before the first specific gene that is associated with epilepsy was 
identified, it was long predicted that a genetic etiology plays a major role in epi-
lepsy, especially in patients with childhood-onset seizures. During the first decade 
of the 21st century, the landscape of genetic epilepsy started to take shape with the 
discovery of genes linked to epilepsy, resulting in advances in the understanding 
of cellular pathways and pathogenesis. The progress made in understanding the 
genetic background of epilepsy transformed some prior concepts and assump-
tions and instructed changes in clinical practice (24, 33). Genetic mechanisms 
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and inheritance modes that were expected to be rare proved to be common in 
genetic epilepsies. New pathways and mechanisms of epileptogenesis and tar-
geted interventions were described, and increasing clinical data revealed great 
heterogeneity of phenotype and genotype associations.

Unexpected in the pre-genomic era, de novo pathogenic monogenic variants 
are now recognized as an important genetic mechanism in epilepsy (2). This is 
especially common among patients with early onset epileptic encephalopathies. 
Mosaicism and somatic mutations, rare in other conditions, also play a role in 
epilepsy (6, 34). X-linked and autosomal recessive inheritance are seen as well.

Learning the clinical presentation of specific genetic epilepsies revealed great 
variability of genotype-phenotype association (15, 24). Phenotypic heterogeneity 
is seen with many epilepsy genes; the same gene etiology shows variability of 
types of seizures and epilepsy syndromes. Epilepsy comorbidities are also vari-
able; the same gene can show variable developmental or intellectual disability or 
other manifestations. Phenotypic heterogeneity is seen even with the same gene 
variant within the same family. One individual in the family may show a more 
severe intractable epilepsy or intellectual disability, while another family member 
who carries the same variant may show milder manifestations, or different seizure 
types. Genetic heterogeneity is also seen: the same epilepsy type or epilepsy syn-
drome is caused by a variety of different genes. Lastly, while it was speculated in 
the past that generalized epilepsies are genetic while focal epilepsies are likely not, 
it is now well established that some focal onset epilepsies and some focal brain 
malformations have genetic etiologies (35). 

Clinical availability of genetic testing and rapidly growing knowledge of 
genetic epilepsy has transformed epilepsy definitions and patient care. Genetic 
testing is now routinely used in the evaluation of childhood-onset epilepsy and 
the results directly instruct diagnosis, prognosis, and management decisions (36). 
The revised International League Against Epilepsy 2017 classification framework 
emphasizes etiology as part of the classification context, and specifically empha-
sizes genetic etiology in classification of epilepsy (9). This shift in clinical practice 
related to epilepsy genetics offers benefits for patient care, and introduces both 
opportunities and challenges to clinicians and healthcare systems (15).

IMPLICATIONS AND IMPACT ON PATIENT CARE

Evaluation for genetic etiology of childhood-onset epilepsy is routinely used in 
clinical practice; resulting molecular diagnoses have significant implications and 
great impact on patient care. High diagnostic yield from genetic testing is seen in 
early onset epilepsy. In a recent large cohort, positive molecular diagnosis was 
found in 15 to 24% of tested individuals, and higher proportion was found 
in specific subsets of patients. Higher diagnostic yield is found in infancy and 
childhood-onset seizures, infantile epileptic encephalopathy, and in patients with 
epilepsy and autism, intellectual disability, or developmental disability (37). 

Molecular diagnosis has multiple direct benefits, it informs recurrence risk in 
family members, which may guide reproductive decisions. It also informs progno-
sis and natural history including risk of complications and multi-systems involve-
ment. This knowledge guides decisions related to monitoring and screening tests, 
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long-term care plans, and early referral to treatment and support services. Genetic 
diagnoses frequently have immediate ramifications for clinical decision making 
for the patients or their relatives (38). 

In addition to determining prognosis and recurrence risk, the identification of 
a genetic etiology can guide anti-seizure treatments. The increasing knowledge of 
genes and variants associated with epilepsy has direct precision medicine implica-
tions. Some genetic epilepsies are now recognized to have specific beneficial 
antiseizure medications or nonpharmacological treatments. On the other hand, 
certain medications or treatments are known to exacerbate seizures in a specific 
genetic disorder and are therefore contraindicated. In addition, some genetic epi-
lepsies involve biochemical pathways that have specific treatments which target 
the aberrant metabolic etiology (15, 37). New targeted therapeutics are under 
development, aiming at specific genetic pathways, with a potential to further 
improve seizure control and health outcomes. Some examples of targeted thera-
peutics are high dose pyridoxine (vitamin B6) in pyridoxine-dependent epilepsy 
caused by biallelic pathogenic variants in ALDH7A1 and everolimus, an mTOR 
inhibitor, in tuberous sclerosis and other motoropathies, which showed benefit in 
reducing seizures in epilepsy associated with tuberous sclerosis. Agents such as 
carbamazepine and lamotrigine are known to exacerbate seizures in patients with 
SCN1A related Dravet syndrome and therefore are contraindicated. On the other 
hand, stiripentol, cannabidiol, and fenfluramine show significant benefit for 
patients with Dravet syndrome. Novel targeted treatments for SCN1A associated 
epilepsy are now in development, using an anti-sense oligonucleotide (39) 
(STK-001 phase 1 and phase 2 clinical trials, first posted June 2020 and February 
2021, ClinicalTrials.gov identifiers NCT04442295, NCT04740476) and gene 
transfer interventions (40).

Additional less conspicuous benefits of arriving at a specific diagnosis are the 
significant psychosocial impacts on patients and families. Confirmation of a 
molecular diagnosis provides peace of mind, relief from uncertainty, and puts an 
end to the diagnostic odyssey. Getting to a specific molecular diagnosis reduces the 
need for diagnostic tests, such as repeated brain imaging and invasive tests. A clear 
genetic etiology can also provide a sense of relief from the unfounded concern that 
someone is at fault, or the irrational sense of guilt that some parents feel when 
making speculations about an epilepsy etiology (24). For example, some parents 
worry that their child’s illness was caused by trauma or drug exposure during 
pregnancy, or by a minor head injury. Lastly, the benefits of patient and family 
organizations cannot be overstated. Multiple family organizations and foundations 
are formed by families and patients with a specific genetic disorder. These groups 
provide emotional and social support, advocate and sponsor disorder and gene 
specific research, and create the platform and mechanism to gain specific clinical 
knowledge and develop clinical trials and gene specific interventions.

EVALUATION PATHWAY

Genetic testing should be considered in any person with childhood-onset epilepsy 
of unexplained etiology. As discussed above, a genetic diagnosis is important 
for prognosis and to guide therapies and management for specific genetic 

http://ClinicalTrials.gov
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epilepsies (41). Based on chromosome microarray studies, pathogenic copy number 
variants contribute to 5-10% of the genetic epilepsies. Studies suggest that 30-40% 
of genetic epilepsies are due to single nucleotide sequence variants including rare 
recessive inborn errors of metabolism. Additionally, there is an emerging apprecia-
tion of the contribution of post-zygotic mutations leading to mosaicisms and brain 
malformations (contributing to developmental epileptic encephalopathies) as well 
as variants in noncoding regions of genome (42). Despite rapid advancements in 
epilepsy neurogenetics currently, approximately 50% of patients with suspected 
genetic epilepsies remain without a molecular diagnosis (7). 

In the 2015 publication summary of recommendations for the management of 
infantile seizures––Task Force Report for the ILAE Commission of Pediatrics 
(43)––the Task Force recommends that metabolic disease should be considered in 
any infant with medication-resistant seizures, or in whom structural or syndromic 
cause is not evident. In addition, metabolic evaluation should be performed if 
there is positive family history of epilepsy, specific epilepsy types such as epileptic 
spasms or early myoclonic epilepsy, neurological regression, encephalopathic epi-
sodes, and when there is no structural or infective explanation. The Task Force 
recommends standard metabolic screening at primary and secondary level care, 
with glucose, basic hematologic screening, liver function tests, ammonia urine 
analysis, pH, arterial blood gases, plasma electrolytes, spinal fluid and plasma 
lactate and glucose. Further metabolic and genetic testing are recommended to be 
performed by tertiary and quaternary level care and extended genetic screens 
including next-generation sequencing and linkage analysis. The Task Force spec-
ify that:

•	 Genetic screening should not be undertaken at primary or secondary level 
care (expert opinion). 

•	 Standard care should permit genetic counseling by trained personal at all 
levels of care (expert opinion). 

•	 Genetic evaluation for Dravet syndrome, and other infantile-onset epileptic 
encephalopathies, should be available in tertiary care (weak evidence, level 
C recommendation). 

•	 Patients should be referred from primary or secondary to tertiary level care 
after failure of one antiepileptic drug (standard care) and optimal care 
equates to referral of all infants after presentation with a seizure (expert 
opinion, level U evidence) (43). 

Specific situations are also discussed. The Task Force recommends that genetic 
testing strategy can vary according to the suspected underlying condition affect-
ing the infant. Examples which are given include full-gene sequencing indicated 
for conditions such as SCN1A for children with febrile seizures plus or Dravet 
syndrome, karyotype for conditions such as Down syndrome, and whole 
genome sequencing for a research protocol in an infant with an undiagnosed 
condition (43).

Since the publication of the Task Force recommendations in 2015, decreasing 
costs of sequencing resulted in greater availability of epilepsy gene panels for 
clinical use. These targeted panels test for over 100 genes associated with epilepsy 
(44). Chromosomal array analysis for copy number variation is used in screening 
for developmental disability with or without associated seizures. This shift in 
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availability of genetic testing has initiated a change of practice. Tests for chromo-
somal copy number variations and epilepsy gene panel may now be considered 
earlier in the course, if initial evaluation including history, examination, and 
imaging does not establish a clear etiology, and when genetic etiology is suspected. 
When genetic tests are ordered prior to referral for evaluation by tertiary/
quaternary care facilities, appropriate interpretation, and genetic counseling 
by trained personal should follow. 

CHALLENGES IN GENETIC EVALUATIONS AND TEST 
INTERPRETATION 

Multiple elements are considered in the process of genetic evaluation: selecting 
the appropriate test for a specific clinical situation; selecting a laboratory best 
suited to perform the test; interpreting tests results; assessing if the clinical phe-
notype correlates with results; and, at times, considering the need for further 
genetic tests or other evaluation.

Selecting a laboratory and test 

Selecting the most appropriate test for a patient can be difficult. Additionally, the 
number of laboratories and available genetic tests is rapidly expanding. All clinical 
genetic testing should be performed in a laboratory that is fully Clinical Laboratory 
Improvement Amendments (CLIA) certified and College of American Pathologists 
(CAP) accredited to ensure the quality of testing is sufficient to their standards. 
CLIA and CAP accreditation documentation is typically publicly available on the 
clinical laboratory website. 

Performing laboratories may employ genetic counselors that are available to 
help select the best genetic test. Given their clinical availability, targeted gene pan-
els are typically utilized before performing whole exome or whole genome 
sequencing. There often is a tendency to gravitate towards a larger gene panel as 
it has the perception of having a higher diagnostic yield. This is not always the 
case. The larger panel may include genes that account for less risk of association 
with genetic epilepsy. There may be many genes that account for a small portion 
of the diagnostic yield of a genetic test, especially if syndromic etiologies can be 
ruled out prior to testing (45). Additionally, some panels include genes that have 
been associated with an increased risk of epilepsy in research settings but have not 
been described clinically. The clinical contribution of these variants, and thus the 
interpretation of positive tests, is currently unclear. Discussions with a laboratory 
genetic counselor may help one select the most appropriate genetic test and 
reduce the risk of uncertain results.

Interpretation of results 

Genetic results are generally categorized into three groups: Positive, Negative, 
and Uncertain. These categories are determined by how the identified variants 
are classified, with or without the consideration of the American College of 
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Medical Genetics and Genomics (ACMG) Variant Curation Guidelines (46). 
The ACMG guidelines include five classifications: Pathogenic, Likely 
Pathogenic, Variant of Uncertain Significance, Likely Benign, and Benign. The 
latter two are not routinely reported by performing laboratories unless 
requested. Pathogenic and likely pathogenic variants are described as disease-
causing variants. 

Positive tests results are designated as such when there is a known disease-
causing variant in a gene associated with an autosomal dominant condition. 
Similarly, results are positive if the gene is associated with an autosomal 
recessive condition and there is either one homozygous disease-causing variant 
or two compound heterozygous disease-causing variants. Of note, if compound 
heterozygous variants are identified, it is always advised to test the biological 
parents to confirm bi-parental inheritance of these variants. If both variants are 
inherited from the same parent (therefore both gene mutations reside within a 
single copy of the gene), it would not be considered a positive or diagnostic 
result (Figure 1). With any positive result, clinical correlation with the condi-
tion is suggested. 

Figure 1.  Familial variant testing. Schematic to depict how familial variant testing in one or 
both biological parents may be informative in the setting of heterozygous, disease-causing 
variant from a next-generation sequence assay. 
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When a genetic tests result is reported negative, it is important to understand 
the limitations of the test. A negative result does not mean there were no variants 
identified. Often many variants are reviewed but classified as benign or likely 
benign. A negative result can be a false negative if the assay selected is not able to 
detect the type of genetic abnormality present in the patient, such as intronic vari-
ants or mosaic variants. In patients with a concerning family history and personal 
history of disease, genetic testing should be revisited as new genes and technolo-
gies arise. A negative result can also be reported when a single heterozygous 
variant is detected for a gene typically associated with an autosomal recessive 
condition; some labs may consider this a carrier result. 

Uncertain results are a possible conclusion for any genetic test. Variants of 
uncertain significance are not considered diagnostic. When testing for cancer 
predisposition genes, for example, variants of uncertain significance were reclas-
sified to a benign or likely benign in 94% of cases (47). Contrary to that example, 
clinical testing for epilepsy gene panels commonly provides uncertain results. 
A recent report of clinical testing of near 10,000 individuals tested by multi-gene 
next-generation sequencing (NGS) for epilepsy-related genes found that over 
60 percent of tested individuals had an inconclusive report (37). Keeping this in 
mind, correlating the clinical phenotype to the genetic results can be informative 
in certain cases. Often, laboratories will suggest parental testing in the report if 
determining the de novo status of the variant would influence the interpretation of 
the variant. A de novo variant is a variant that is present in the patient being tested 
but absent in the biological parents. If both parents are unaffected, this may war-
rant additional pathogenic criteria to be applied to the variant and possibly change 
the classification of the variant.

In addition to familial testing there are some key elements of variant interpre-
tation that should be available within the report to help providers as they evaluate 
uncertain results: 

Variant Frequency in Population Database: Several databases are available that 
provide information about the frequency of specific gene variants in the gen-
eral, predominantly healthy, population. The Exome Aggregation Consortium 
(ExAC) and the Genome Aggregation Database (gnomAD) are the most 
common publicly accessible databases. Information about the frequency of a 
specific variant in these or similar databases contributes to the assessment of 
the clinical significance of the variant. Variants with high frequencies in popu-
lation databases are less likely to be pathogenic or disease causing. Variants 
which are rare or absent in population databases are more likely to be a cause 
of disease.

In silico modeling/predictions: These tools use supervised learning (AI) to predict 
the variant’s impact on the protein by evaluating the DNA sequence and evo-
lutionary conservation as well as the protein sequence and structure-based 
effects of the variant. Most commonly, SIFT and Poly-Phen-2 are mentioned 
on reports for variants within the exon boundaries. Some labs may have inter-
nal/proprietary in silico models. 

Heritability: Assessing whether a variant was inherited from a parent, or aris-
ing de novo, and considerations of testing of other affected or unaffected family 
members can add to interpretation of clinical significance of a variant. 
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Literature and case study publications: Generally, the more publications about a 
variant the more likely the interpretation will not change as it likely has been 
described previously. Many variants may be novel or rare enough to be absent 
from the body of literature the lab is searching. Searching the newest literature 
for the c. and p. nomenclature in the report may reveal informative literature 
for further evaluation. 

SUGGESTED CLINICAL PRACTICE MODEL

In order to best apply the expanding scientific knowledge of epilepsy genetics to 
patient care, a new practice model is needed. The new genomic era has trans-
formed clinical practice and offers opportunities for advancement of patient care 
and epilepsy research. It has also created new demands and challenges for 
physicians practicing in this rapidly evolving field, who are tasked on a daily basis 
with applying genetics knowledge to evaluation and management of patients with 
epilepsy. To best serve their patients, clinicians must consider different testing 
modalities, be able to interpret test results, and apply the molecular diagnosis to 
management decisions (15). An example of a frequently encountered challenge is 
addressing genetic tests showing inconclusive results, such as variants of uncertain 
significance in genes associated with autosomal dominant disorders, or a hetero-
zygous pathogenic variant in a gene associated with an autosomal recessive disor-
der (37). Decisions regarding additional genetic tests of the patient or their family 
members and consulting families regarding ambiguous test results are some of the 
tasks that clinicians have to address. Input from specialists in epilepsy, genetics, 
genetic counseling, and laboratory testing specialists is valuable for establishing an 
evaluation plan, interpreting tests results, and making patient care decisions. 

Inspired by daily encounters in our clinical practice, we realize the great 
opportunities afforded by epilepsy genetics on the one hand, and the clinical chal-
lenges on the other. In response, our team of specialists practicing in a tertiary/
quaternary academic center, founded The University of North Carolina Epilepsy 
Neurogenetics Initiative (ENGI). A collaboration of clinicians specialized in child 
neurology, genetics, genetic counseling, and researchers, teamed to work for the 
common goal to leverage advances in epilepsy genetics to improve health out-
comes. The ENGI’s vision is to apply the rapidly expanding knowledge of epilepsy 
genetics to clinical practice and maximize the benefits of scientific advancements 
in patient care. The ENGI includes a comprehensive multidisciplinary clinical 
care program and research partnerships that serve as the foundation for clinical 
and translational research. ENGI Clinical Core aims are to provide specialized 
care to our patients with genetic epilepsy, to improve the process and efficiency of 
genetic testing in childhood-onset epilepsy, and to standardize and continuously 
update epilepsy genetics evaluations processes. We prepare individualized treat-
ment plans for each of our patients with the guidance of our multidisciplinary 
team of experts who discuss management plans during our bi-monthly neuroge-
netics meetings. We find that these multidisciplinary meetings are an efficient and 
effective platform for developing evaluation and management plans. We offer 
patient and family-centered care for patients with known or suspected genetic 
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epilepsy syndromes, for patients with unclear or non-diagnostic genetic testing 
results, and for patients with epilepsy with a prior genetic diagnosis that requires 
additional evaluation. 

ENGI Research Core is a partnership between clinicians, research collabora-
tors, and basic scientists to study best practices and guide future implementa-
tion of genomic technologies. Basic science collaborations aim to improve the 
understanding of cellular, molecular, and nervous system functions underlying 
epilepsy genetics and to identify pathogenic gene variants and candidate risk 
genes. The overall goal of the ENGI Research Core is to assist in identifying 
targeted therapies, as our rapidly advancing field moves towards finding cures 
for patients with genetic epilepsies. The Research Core assists in providing 
patients with state-of-the-art care by improving patient access to clinical trials 
and translational research, connecting families to local, regional, and national 
studies, and linking patients to genetic-specific treatment clinical trials. The 
program is also committed to training the next generation of doctors to provide 
care for children with known or suspected genetic epilepsies and offers 
educational opportunities for students and physicians. ENGI’s outreach program 
continues to develop a regional referral base and serves as a resource for 
physicians, patients, and families. 

CONCLUSION

The rapidly evolving field of epilepsy genetics is transforming clinical practice, 
providing exciting new targets for development of novel therapies, and is an 
example of rapid implementation of precision medicine into daily clinical practice 
and patient care. Advancements in this field are likely to continue to impact future 
changes, and better the life of people living with genetic epilepsies. 

Conflict of Interest: The authors declare no potential conflicts of interest with 
respect to research, authorship and/or publication of this manuscript.

Copyright and Permission Statement: The authors confirm that the materials 
included in this chapter do not violate copyright laws. Where relevant, appropri-
ate permissions have been obtained from the original copyright holder(s), and all 
original sources have been appropriately acknowledged or referenced. 

REFERENCES

	 1.	 Winawer MR, Shinnar S. Genetic epidemiology of epilepsy or what do we tell families? Epilepsia. 
2005;46 Suppl 10:24–30. https://doi.org/10.1111/j.1528-1167.2005.00354.x

	 2.	 Epi4K Consortium, Epilepsy Phenome/Genome Project. De novo mutations in epileptic 
encephalopathies. Nature. 2013;501(7466):217–21. https://doi.org/10.1038/nature12439

	 3.	 Berg AT, Coryell J, Saneto RP, Grinspan ZM, Alexander JJ, Kekis M, et al. Early-Life Epilepsies and 
the Emerging Role of Genetic Testing. JAMA Pediatr. 2017;171(9):863–71. https://doi.org/10.1001/
jamapediatrics.2017.1743

https://doi.org/10.1111/j.1528-1167.2005.00354.x
https://doi.org/10.1038/nature12439
https://doi.org/10.1001/jamapediatrics.2017.1743
https://doi.org/10.1001/jamapediatrics.2017.1743


Hunter SE et al.38

	 4.	 Epi25 Collaborative. Electronic address sbuea, Epi C. Ultra-Rare Genetic Variation in the Epilepsies: 
A Whole-Exome Sequencing Study of 17,606 Individuals. Am J Hum Genet. 2019;105(2):267–82.

	 5.	 Epilepsy Genetics I. The Epilepsy Genetics Initiative: Systematic reanalysis of diagnostic exomes 
increases yield. Epilepsia. 2019;60(5):797–806. https://doi.org/10.1111/epi.14698

	 6.	 Heinzen EL. Somatic variants in epilepsy - advancing gene discovery and disease mechanisms. Curr 
Opin Genet Dev. 2020;65:1–7. https://doi.org/10.1016/j.gde.2020.04.004

	 7.	 Symonds JD, Zuberi SM, Stewart K, McLellan A, O’Regan M, MacLeod S, et al. Incidence and pheno-
types of childhood-onset genetic epilepsies: a prospective population-based national cohort. Brain. 
2019;142(8):2303–18. https://doi.org/10.1093/brain/awz195

	 8.	 Hauser WA, Kurland LT. The epidemiology of epilepsy in Rochester, Minnesota, 1935 through 1967. 
Epilepsia. 1975;16(1):1–66. https://doi.org/10.1111/j.1528-1157.1975.tb04721.x

	 9.	 Scheffer IE, Berkovic S, Capovilla G, Connolly MB, French J, Guilhoto L, et al. ILAE classification of 
the epilepsies: Position paper of the ILAE Commission for Classification and Terminology. Epilepsia. 
2017;58(4):512–21. https://doi.org/10.1111/epi.13709

	10.	 Paciorkowski AR, Thio LL, Rosenfeld JA, Gajecka M, Gurnett CA, Kulkarni S, et al. Copy number 
variants and infantile spasms: evidence for abnormalities in ventral forebrain development and path-
ways of synaptic function. European Journal of Human Genetics. 2011;19(12):1238–45. https://doi.
org/10.1038/ejhg.2011.121

	11.	 Tiwari VN, Sundaram SK, Chugani HT, Huq AH. Infantile spasms are associated with abnormal copy 
number variations. J Child Neurol. 2013;28(10):1191–6. https://doi.org/10.1177/0883073812453496

	12.	 Leu C, Stevelink R, Smith AW, Goleva SB, Kanai M, Ferguson L, et al. Polygenic burden in focal and 
generalized epilepsies. Brain. 2019;142(11):3473–81. https://doi.org/10.1093/brain/awz292

	13.	 Hauser RM, Henshall DC, Lubin FD. The Epigenetics of Epilepsy and Its Progression. Neuroscientist. 
2018;24(2):186–200. https://doi.org/10.1177/1073858417705840

	14.	 Niemi MEK, Martin HC, Rice DL, Gallone G, Gordon S, Kelemen M, et al. Common genetic variants 
contribute to risk of rare severe neurodevelopmental disorders. Nature. 2018;562(7726):268–71. 
https://doi.org/10.1038/s41586-018-0566-4

	15.	 Ellis CA, Petrovski S, Berkovic SF. Epilepsy genetics: clinical impacts and biological insights. Lancet 
Neurol. 2020;19(1):93–100. https://doi.org/10.1016/S1474-4422(19)30269-8

	16.	 Fiest KM, Sauro KM, Wiebe S, Patten SB, Kwon CS, Dykeman J, et al. Prevalence and incidence 
of epilepsy: A systematic review and meta-analysis of international studies. Neurology. 2017;88(3):​
296–303. https://doi.org/10.1212/WNL.0000000000003509

	17.	 Ngugi AK, Bottomley C, Kleinschmidt I, Sander JW, Newton CR. Estimation of the burden of 
active and life-time epilepsy: a meta-analytic approach. Epilepsia. 2010;51(5):883–90. https://doi.
org/10.1111/j.1528-1167.2009.02481.x

	18.	 Hauser WA, Annegers JF, Kurland LT. Incidence of epilepsy and unprovoked seizures in Rochester, 
Minnesota: 1935-1984. Epilepsia. 1993;34(3):453–68. https://doi.org/10.1111/j.1528-1157.1993.
tb02586.x

	19.	 Zack MM, Kobau R. National and State Estimates of the Numbers of Adults and Children with Active 
Epilepsy - United States, 2015. MMWR Morb Mortal Wkly Rep. 2017;66(31):821–5. https://doi.
org/10.15585/mmwr.mm6631a1

	20.	 Symonds JD, Elliott KS, Shetty J, Armstrong M, Brunklaus A, Cutcutache I, et al. Early childhood epi-
lepsies: epidemiology, classification, aetiology, and socio-economic determinants. Brain. 2021;144(9):​
2879–91. https://doi.org/10.1093/brain/awab162

	21.	 Berg AT, Zelko FA, Levy SR, Testa FM. Age at onset of epilepsy, pharmacoresistance, and cognitive 
outcomes: a prospective cohort study. Neurology. 2012;79(13):1384–91. https://doi.org/10.1212/
WNL.0b013e31826c1b55

	22.	 Whitney R, Donner EJ. Risk Factors for Sudden Unexpected Death in Epilepsy (SUDEP) and Their 
Mitigation. Curr Treat Options Neurol. 2019;21(2):7. https://doi.org/10.1007/s11940-019-0547-4

	23.	 Helbig I, von Deimling M, Marsh ED. Epileptic Encephalopathies as Neurodegenerative Disorders. 
In: Beart P, Robinson M, Rattray M, Maragakis NJ, editors. Neurodegenerative Diseases: Pathology, 
Mechanisms, and Potential Therapeutic Targets. Cham: Springer International Publishing; 2017. 
p. 295–315. https://doi.org/10.1007/978-3-319-57193-5_11

https://doi.org/10.1111/epi.14698
https://doi.org/10.1016/j.gde.2020.04.004
https://doi.org/10.1093/brain/awz195
https://doi.org/10.1111/j.1528-1157.1975.tb04721.x
https://doi.org/10.1111/epi.13709
https://doi.org/10.1038/ejhg.2011.121
https://doi.org/10.1038/ejhg.2011.121
https://doi.org/10.1177/0883073812453496
https://doi.org/10.1093/brain/awz292
https://doi.org/10.1177/1073858417705840
https://doi.org/10.1038/s41586-018-0566-4
https://doi.org/10.1016/S1474-4422(19)30269-8
https://doi.org/10.1212/WNL.0000000000003509
https://doi.org/10.1111/j.1528-1167.2009.02481.x
https://doi.org/10.1111/j.1528-1167.2009.02481.x
https://doi.org/10.1111/j.1528-1157.1993.tb02586.x
https://doi.org/10.1111/j.1528-1157.1993.tb02586.x
https://doi.org/10.15585/mmwr.mm6631a1
https://doi.org/10.15585/mmwr.mm6631a1
https://doi.org/10.1093/brain/awab162
https://doi.org/10.1212/WNL.0b013e31826c1b55
https://doi.org/10.1212/WNL.0b013e31826c1b55
https://doi.org/10.1007/s11940-019-0547-4
https://doi.org/10.1007/978-3-319-57193-5_11


Epilepsy Genetics 39

	24.	 McTague A, Howell KB, Cross JH, Kurian MA, Scheffer IE. The genetic landscape of the epilep-
tic encephalopathies of infancy and childhood. Lancet Neurol. 2016;15(3):304–16. https://doi.
org/10.1016/S1474-4422(15)00250-1

	25.	 Epi Kc, Epilepsy Phenome/Genome P. Ultra-rare genetic variation in common epilepsies: a case-
control sequencing study. Lancet Neurol. 2017;16(2):135–43. https://doi.org/10.1016/S1474-4422​
(16)30359-3

	26.	 May P, Girard S, Harrer M, Bobbili DR, Schubert J, Wolking S, et al. Rare coding variants in genes 
encoding GABAA receptors in genetic generalised epilepsies: an exome-based case-control study. 
Lancet Neurol. 2018;17(8):699–708. https://doi.org/10.1016/S1474-4422(18)30215-1

	27.	 de Kovel CG, Trucks H, Helbig I, Mefford HC, Baker C, Leu C, et al. Recurrent microdeletions at 
15q11.2 and 16p13.11 predispose to idiopathic generalized epilepsies. Brain. 2010;133(Pt 1):23–32. 
https://doi.org/10.1093/brain/awp262

	28.	 Heinzen EL, Radtke RA, Urban TJ, Cavalleri GL, Depondt C, Need AC, et al. Rare deletions at 
16p13.11 predispose to a diverse spectrum of sporadic epilepsy syndromes. Am J Hum Genet. 
2010;86(5):707–18. https://doi.org/10.1016/j.ajhg.2010.03.018

	29.	 Helbig I, Mefford HC, Sharp AJ, Guipponi M, Fichera M, Franke A, et al. 15q13.3 microdeletions 
increase risk of idiopathic generalized epilepsy. Nat Genet. 2009;41(2):160–2. https://doi.org/​
10.1038/ng.292

	30.	 Petrovski S, Wang Q, Heinzen EL, Allen AS, Goldstein DB. Genic intolerance to functional varia-
tion and the interpretation of personal genomes. PLoS Genet. 2013;9(8):e1003709. https://doi.
org/10.1371/journal.pgen.1003709

	31.	 Samocha KE, Robinson EB, Sanders SJ, Stevens C, Sabo A, McGrath LM, et al. A framework for the 
interpretation of de novo mutation in human disease. Nat Genet. 2014;46(9):944–50. https://doi.
org/10.1038/ng.3050

	32.	 International League Against Epilepsy Consortium on Complex Epilepsies. Genome-wide mega-anal-
ysis identifies 16 loci and highlights diverse biological mechanisms in the common epilepsies. Nat 
Commun. 2018;9(1):5269. https://doi.org/10.1038/s41467-018-07524-z

	33.	 Thomas RH, Berkovic SF. The hidden genetics of epilepsy-a clinically important new paradigm. Nat 
Rev Neurol. 2014;10(5):283–92. https://doi.org/10.1038/nrneurol.2014.62

	34.	 Blumcke I, Budday S, Poduri A, Lal D, Kobow K, Baulac S. Neocortical development and epilepsy: 
insights from focal cortical dysplasia and brain tumours. Lancet Neurol. 2021;20(11):943–55. https://
doi.org/10.1016/S1474-4422(21)00265-9

	35.	 Ellis CA, Ottman R, Epstein MP, Berkovic SF, Epi KC. Generalized, focal, and combined epilepsies 
in families: New evidence for distinct genetic factors. Epilepsia. 2020;61(12):2667-74. https://doi.
org/10.1111/epi.16732

	36.	 Helbig I, Heinzen EL, Mefford HC, International League Against Epilepsy Genetics C. Genetic literacy 
series: Primer part 2-Paradigm shifts in epilepsy genetics. Epilepsia. 2018;59(6):1138–47. https://doi.
org/10.1111/epi.14193

	37.	 Truty R, Patil N, Sankar R, Sullivan J, Millichap J, Carvill G, et al. Possible precision medicine impli-
cations from genetic testing using combined detection of sequence and intragenic copy number 
variants in a large cohort with childhood epilepsy. Epilepsia Open. 2019;4(3):397–408. https://doi.
org/10.1002/epi4.12348

	38.	 Investigators GPP, Smedley D, Smith KR, Martin A, Thomas EA, McDonagh EM, et al. 100,000 
Genomes Pilot on Rare-Disease Diagnosis in Health Care - Preliminary Report. N Engl J Med. 
2021;385(20):1868–80. https://doi.org/10.1056/NEJMoa2035790

	39.	 Han Z, Chen C, Christiansen A, Ji S, Lin Q, Anumonwo C, et al. Antisense oligonucleotides increase 
Scn1a expression and reduce seizures and SUDEP incidence in a mouse model of Dravet syndrome. 
Sci Transl Med. 2020;12(558). https://doi.org/10.1126/scitranslmed.aaz6100

	40.	 Yamagata T, Raveau M, Kobayashi K, Miyamoto H, Tatsukawa T, Ogiwara I, et al. CRISPR/dCas9-based 
Scn1a gene activation in inhibitory neurons ameliorates epileptic and behavioral phenotypes of Dravet 
syndrome model mice. Neurobiol Dis. 2020;141:104954. https://doi.org/10.1016/j.nbd.2020.104954

	41.	 Olson H, Shen Y, Avallone J, Sheidley BR, Pinsky R, Bergin AM, et al. Copy number variation plays an 
important role in clinical epilepsy. Ann Neurol. 2014;75(6):943–58. https://doi.org/10.1002/ana.24178

https://doi.org/10.1016/S1474-4422(15)00250-1
https://doi.org/10.1016/S1474-4422(15)00250-1
https://doi.org/10.1016/S1474-4422(16)30359-3
https://doi.org/10.1016/S1474-4422(16)30359-3
https://doi.org/10.1016/S1474-4422(18)30215-1
https://doi.org/10.1093/brain/awp262
https://doi.org/10.1093/brain/awp262
https://doi.org/10.1016/j.ajhg.2010.03.018
https://doi.org/10.1038/ng.292
https://doi.org/10.1038/ng.292
e1003709.https://doi.org/10.1371/journal.pgen.1003709
e1003709.https://doi.org/10.1371/journal.pgen.1003709
https://doi.org/10.1038/ng.3050
https://doi.org/10.1038/ng.3050
https://doi.org/10.1038/s41467-018-07524-z
https://doi.org/10.1038/nrneurol.2014.62
https://doi.org/10.1016/S1474-4422(21)00265-9
https://doi.org/10.1016/S1474-4422(21)00265-9
https://doi.org/10.1111/epi.16732
https://doi.org/10.1111/epi.16732
https://doi.org/10.1111/epi.14193
https://doi.org/10.1111/epi.14193
https://doi.org/10.1002/epi4.12348
https://doi.org/10.1002/epi4.12348
https://doi.org/10.1056/NEJMoa2035790
https://doi.org/10.1126/scitranslmed.aaz6100
https://doi.org/10.1016/j.nbd.2020.104954
https://doi.org/10.1002/ana.24178


Hunter SE et al.40

	42.	 Koh HY, Lee JH. Brain Somatic Mutations in Epileptic Disorders. Mol Cells. 2018;41(10):881-8.
	43.	 Wilmshurst JM, Gaillard WD, Vinayan KP, Tsuchida TN, Plouin P, Van Bogaert P, et al. Summary of rec-

ommendations for the management of infantile seizures: Task Force Report for the ILAE Commission 
of Pediatrics. Epilepsia. 2015;56(8):1185–97. https://doi.org/10.1111/epi.13057

	44.	 Sharma P, Hussain A, Greenwood R. Precision in pediatric epilepsy. F1000Res. 2019;8. https://doi.
org/10.12688/f1000research.16494.1

	45.	 Ottman R, Hirose S, Jain S, Lerche H, Lopes-Cendes I, Noebels JL, et al. Genetic testing in the 
epilepsies--report of the ILAE Genetics Commission. Epilepsia. 2010;51(4):655–70. https://doi.
org/10.1111/j.1528-1167.2009.02429.x

	46.	 Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and guidelines for the inter-
pretation of sequence variants: a joint consensus recommendation of the American College of Medical 
Genetics and Genomics and the Association for Molecular Pathology. Genet Med. 2015;17(5):​405–24. 
https://doi.org/10.1038/gim.2015.30

	47.	 Chiang J, Chia TH, Yuen J, Shaw T, Li S-T, Ishak NDB, et al. Impact of Variant Reclassification in 
Cancer Predisposition Genes on Clinical Care. JCO Precision Oncology. 2021(5):577–84. https://doi.
org/10.1200/PO.20.00399

https://doi.org/10.1111/epi.13057
https://doi.org/10.12688/f1000research.16494.1
https://doi.org/10.12688/f1000research.16494.1
https://doi.org/10.1111/j.1528-1167.2009.02429.x
https://doi.org/10.1111/j.1528-1167.2009.02429.x
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1200/PO.20.00399
https://doi.org/10.1200/PO.20.00399

