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Abstract

Epilepsy genetics is a rapidly developing field, in which novel disease-associated genes, novel 

mechanisms associated with epilepsy, and precision medicine approaches are continuously being 

identified. In the past decade, advances in genomic knowledge and analysis platforms have begun 

to make clinical genetic testing accessible for, in principle, people of all ages with epilepsy. 

For this reason, the Genetics Commission of the International League Against Epilepsy (ILAE) 

presents this update on clinical genetic testing practice, including current techniques, indications, 

yield of genetic testing, recommendations for pre- and post-test counseling, and follow-up after 

genetic testing is completed. We acknowledge that the resources vary across different settings but 

highlight that genetic diagnostic testing for epilepsy should be prioritized when the likelihood 

of an informative finding is high. Results of genetic testing, in particular the identification of 

causative genetic variants, are likely to improve individual care. We emphasize the importance of 

genetic testing for individuals with epilepsy as we enter the era of precision therapy.

Summary

Genetic testing in epilepsies is a clinically useful tool through which a genetic diagnosis and 

improved prognostic counseling may be obtained, and in some cases, precision therapies may be 

employed. Genetic testing always requires informed consent and should utilize modern genomic 

strategies for identification and interpretation of genetic variants. The key points regarding clinical 

genetic diagnostics in individuals with epilepsy are:

• Epilepsies with a monogenic cause, especially severe epilepsies with early onset, are currently 

the primary target for diagnostic genetic testing.

• For most genetic epilepsy disorders, genetic heterogeneity has been described, i.e., variants in 

different genes can cause the same disorder.
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• Genetic testing, as well as genetic counseling before and after testing, should be performed by 

appropriately qualified and trained professionals.

• In most cases, ES or GS (including CNV analysis) is currently recommended as first-line testing.

• Periodical genetic re-evaluation should be undertaken for individuals with suspected genetic 

epilepsy without a molecular genetic diagnosis. This includes re-analysis of previously acquired 

sequencing data and consideration of further testing based on new or evolving clinical information 

and availability of novel testing strategies.

We recommend genetic testing in the following conditions (provided no other clear cause has been 

identified):

• Severe childhood-onset epilepsies, particularly DEEs.

• Epilepsy with intellectual disability, autism, and/or other comorbidities.

• Progressive myoclonus epilepsies and progressive phenotypes generally.

• Non-acquired focal epilepsies in specific familial syndromes.

Genetic testing can be considered (rather than recommended) in the following conditions:

• Non-acquired focal, pharmacoresistant epilepsies in the setting of presurgical evaluation.

• Epilepsy in the setting of malformations of cortical development (which may require DNA from 

brain tissue to be tested in parallel with DNA from another tissue source, e.g., blood or saliva).

Keywords

genetic epilepsy; next-generation sequencing; genetic counseling genetic testing; variant of 
uncertain significance; precision medicine

Epilepsy is one of the most common neurological diseases and represents a burden across 

the lifespan for 45.9 million people and their families worldwide [1].

Epilepsy classification currently incorporates age at onset, seizure types, 

electroencephalogram (EEG), and imaging results. Three main groups can be distinguished:

• Focal epilepsies (FE) – ~60% of all epilepsies [2]

• Generalized epilepsies (GE) – ~40 % of all epilepsies [2]

• Developmental and epileptic encephalopathies (DEE) – rare; severe epilepsies 

that present early in life, accompanied by abnormal psychomotor development 

due to the underlying pathology as well as the epileptic activity, the relative 

contributions of which may be difficult to determine [3].

Genetic epilepsies are defined by a known or presumed underlying genetic etiology; the 

lack of an acquired cause, such as trauma or infection, is central to the conceptualization 

of genetic epilepsies. Familial aggregation and twin studies provided early evidence that 

epilepsy is highly heritable [4], and generalized epilepsies overall are more heritable 

than focal epilepsies, with 82% compared to 36% concordance rates in twin studies, 
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respectively [5]. More recent work has highlighted the important role of non-inherited 

genetic contributions to epilepsy, in the form of de novo variants, especially in individuals 

with more severe epilepsy syndromes, or post-zygotic mosaic variants in many individuals 

with non-acquired focal lesions.

A precise epilepsy genetic diagnosis is important for individuals and their families as it has 

both clinical and personal utility. This is particularly true for the developmental and epileptic 

encephalopathies in which early genetic testing has also been shown to be cost-effective 

and end the invasive search for a cause [6, 7]. Identifying the causative gene can direct 

anti-seizure medication choice in up to 76% of young children with epilepsy [8]. Even in 

adults, treatment changes due to a genetic diagnosis after years of drug resistance has led 

to improved seizures, cognition and quality of life [9, 10]. In addition, precision therapies 

including both repurposed medication and genetic therapies are becoming available for 

some genetic epilepsies. The DEEs present when families are in their reproductive phase; 

therefore, knowing the genetic architecture of their child’s epilepsy informs reproductive 

choice and opens up options such as prenatal diagnostics and preimplantation genetic 

diagnosis and screening with IVF [7, 11]. Information on the natural progression of a 

genetic epilepsy enables families and clinicians to better prepare for potential comorbidities 

and to plan resources and support for the child’s future [12]. Finally, and not to be 

underestimated, a genetic answer can be a psychological turning point for a family as it 

alleviates parental guilt, facilitates grief processing, increases understanding and points them 

to family gene support networks which ultimately improves their quality of life [13, 14].

Since the last report from the International League Against Epilepsy (ILAE) [15], enormous 

progress has been made in gene discovery, genetic screening techniques, analysis strategies, 

and knowledge of different types of genetic variation, warranting this update. We recognize 

that the indications for genetic testing are evolving and that the interpretation of genetic test 

results may be challenging for the clinician who does not routinely request genetic testing or 

interpret genetic data. Complex cases may warrant referral to a clinical geneticist or genetic 

counselor. We summarize the latest developments in the field so that the growing body of 

knowledge of the genetics of epilepsy can be leveraged to select appropriate genetic tests for 

different clinical scenarios.

Basic genetic principles

Genetic traits in epilepsy and main modes of inheritance

We start this overview by briefly explaining basic principles of genetics including specific 

aspects for genetic epilepsies.

To understand genetic testing and its utility, it is important to understand the main modes of 

inheritance, to appreciate that many epilepsies have genetic underpinnings that do not follow 

a Mendelian pattern, and that some may be genetic even though they are not inherited (for 

more details see Helbig et al. [16]).

• Monogenic epilepsies—The so-called “monogenic” or “single gene” epilepsies are the 

main target of clinical genetic testing. These epilepsies are caused by a variation in a single 
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gene and follow basic inheritance patterns (autosomal dominant [AD], autosomal recessive 

[AR], X-linked, mitochondrial; see table 1), even though additional genetic modifiers may 

still explain some of the phenotypic variation seen in these individuals [17]. Monogenic 

epilepsies are typically individually rare, but together comprise a significant proportion of 

the genetic epilepsies. Most familial self-limiting epilepsy syndromes have a monogenic 

cause, which are less common in isolated (non-familial) cases with GE or FE without 

developmental delay. Monogenic epilepsies also include epilepsies that arise from a de 
novo variant, such as many of the DEEs. A de novo variant occurs most often during 

gametogenesis and will be present in all cells of an individual, meaning standard clinical 

testing using DNA from blood lymphocytes or buccal samples should detect it. A de novo 
variant arising in the post-zygotic stage, however, results in a variant that is “mosaic” in 

an individual, meaning that it is present only in a fraction of cells and may potentially 

be restricted to only some tissues (e.g., brain) or cell populations (e.g., some neurons) 

and as such, may not be detectable with routine analysis of DNA extracted from blood 

lymphocytes.

Causal genetic variations include single nucleotide variants (SNV) and copy number variants 

(CNV, e.g. deletions and duplications). Other causal genetic variants that are increasingly 

recognized include repeat expansions and complex structural rearrangements.

For more information on the proportions of FE, GE and DEE in which a monogenic cause is 

currently identified, see table 2.

• Epilepsies with complex genetic patterns—Genetics also plays an important role 

in many common forms of epilepsy, including genetic generalized epilepsy (GGE) and 

non-acquired focal epilepsies (NAFE). Although some large GGE pedigrees have been 

described, the risk of developing epilepsy for first-degree family members of a person 

with epilepsy is only 3–8% [18], which is considerably lower than would be expected for 

disorders thought to be caused by autosomal dominantly inherited variants. The majority 

of these common epilepsies are thought to have a multifactorial etiology, likely involving 

multiple genes (oligogenic or polygenic) and possibly contributions from environmental or 

epigenetic factors (e.g. changes that affect gene activity and expression). To date, several 

genetic risk factors, or susceptibility alleles, have been identified for common epilepsies 

(ILAE Consortium on Complex Epilepsies 2018), but translation of these findings into 

clinical care is still in its infancy. Nevertheless, clinical implementation of polygenic risk 

scores may be expected in the medium term, which, for example, might aid in diagnostic 

issues and risk stratification.

It is also important to note that genetic testing and results reflect knowledge at the time 

of testing. Unremarkable results of genetic testing should be regularly re-evaluated by the 

referring clinician or appropriate specialists. After an appropriate time frame (e.g., two 

years), consideration should be given to: (1) re-analysis of previous genetic sequencing data; 

(2) performing additional investigations using new forms of genetic testing due to the rapid 

pace of technological progress, genetic discoveries and increase of knowledge (see Section 
Outlook); and (3) in some selected cases, evaluation of whether the appropriate tissue had 

been examined [2].
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Genetic testing methods

The range of tests available has evolved considerably since the previous ILAE report on 

genetic testing [15], and their yields are reviewed in a recent systematic evidence review 

[19] (see table 3). Each testing method has advantages and limitations. The tests most 

commonly used in genetic diagnostics aim to detect causative SNV or CNV.

• Next-generation sequencing (NGS)—NGS modalities include exome sequencing 

(ES) and genome sequencing (GS), as well as epilepsy-focused gene panels. Due to the high 

genetic heterogeneity of most epilepsies, NGS is generally considered the methodology of 

choice for diagnostic testing and should be adopted as a first-line investigation [19, 20]. In 

addition, NGS has the benefit of enabling comprehensive detection of both SNV and CNV 

and is usually more cost-efficient compared to other methods [6, 21].

ES / Trio ES: ES comprises simultaneous sequencing of the entire coding sequence and 

surrounding intronic regions of the human genome, enabling identification of SNV as well 

as CNV. Intra- and inter-genic non-coding regions are usually not targeted, except for splice 

sites near the exons. Due to the high pace of ongoing gene discovery and the expansion 

of phenotypes associated with known disease genes, the analysis of “in silico” panels has 

become standard in many laboratories; this entails generating exome data and performing 

a dedicated analysis targeting all genes associated with a given disorder. This approach 

enables the use of state of the art and, in principle, contemporary in silico panels of epilepsy 

genes [22]. Recent efforts to curate gene-disease associations have incorporated data derived 

from OMIM, ClinVar, HPO, and manual curation of recently-published genes. Additional 

resources to inform variant interpretation are publicly available to the wider community 

(including genetic testing laboratories) and include PanelApp [23], PanelApp Australia [24], 

GenCC [25], Gene2Phenotype [26], SysID [27], and ClinGen [28].

GS / Trio GS: GS comprises sequencing of the entire human genome, enabling 

identification of SNV and CNV in coding regions as well as in intronic, intra- and inter-

genic non-coding regions, thus improving the yield of genetic testing [29]. All advantages of 

ES are also applicable to GS. Further, GS will be increasingly useful as particular types of 

variants (e.g. repeat expansions [30] or structural variants) can potentially be detected more 

easily (see below). GS still poses challenges related to interpretation of non-coding variants 

and data storage. GS analysis typically yields even more variants of uncertain significance 

than ES, and sequencing both parents and offspring (trio approach) can greatly facilitate 

variant interpretation.

• Epilepsy panel sequencing—Panel sequencing, based on targeted enrichment of 

epilepsy genes, comprises simultaneous sequencing of the coding and surrounding intronic 

regions of selected genes. Only genes included in the panel design can be evaluated, and 

thus the panel composition is often outdated quickly after its implementation due to the 

rapid pace of ongoing gene discovery [31]. With recent demonstration of the higher yield 

of ES and GS compared to panels, and with the continuing reduction in costs for ES/GS, 

we recommend considering epilepsy panels only if ES/GS is not available, or if deeper 

sequencing of certain genes is indicated, e.g., if mosaicism is suspected.
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GS also allows for the analysis of mitochondrial DNA providing another increase in 

diagnostic yield for a group of disorders that was previously challenging to diagnose. In 

essence, ES or GS should be the first diagnostic test in the epilepsies, barring any specific 

clinical findings warranting a different approach. We acknowledge that resources may not 

always be available to conduct these studies and advocate for the most comprehensive 

degree of testing available to be undertaken in any given setting.

• Chromosomal microarray (CMA)—In total, 1.5–3% of all common epilepsies are 

associated with CNV [32]. In DEE, the diagnostic yield increases up to 16% [33, 34]. NGS 

enables CNV and SNV to be detected in a single test, making microarray redundant in 

certain settings.

• Sanger sequencing—Single gene sequencing by polymerase chain reaction (PCR) and 

Sanger sequencing has almost become obsolete within a routine diagnostic work-up. Even 

in scenarios for which a variant in a particular gene can be predicted with relatively high 

confidence (e.g., SCN1A in Dravet syndrome, or MECP2 in Rett syndrome), tests such as 

panel sequencing that employ NGS are preferred over Sanger sequencing of a single gene 

due to three main reasons: 1) PCR appears to be vulnerable to false negatives (e.g., allelic 

drop-out due to primer drop-out [35]; (2) CNV, such as intragenic deletions, are not detected 

by PCR; and (3) there may still be genetic heterogeneity among the potentially small 

proportion of differential diagnoses that require more comprehensive screening. However, 

Sanger sequencing is still valuable as a confirmatory diagnostic procedure to validate 

previously identified SNV or for familial segregation analysis.

• Karyotyping—Classic karyotyping has been surpassed by CMA for CNV detection, but 

may still be used to resolve gross structural rearrangements (e.g., translocations, inversions, 

ring chromosomes) or numerical chromosomal abnormalities (aneuploidy), though this 

is rarely requested for people with epilepsy. Individuals with syndromes such as Down 

syndrome (trisomy 21) will typically have been diagnosed clinically prior to the onset of 

epilepsy. Karyotyping should, however, still be requested if a ring chromosomal disorder is 

clinically suspected, as this is often missed by CMA. As the majority of ring chromosome 

20 individuals are mosaic, analysis of at least 100 metaphases is necessary.

• Other variant types and detection methods—Although desirable, a “one-for-all” 

genetic test is not yet established. In specific cases, it might be necessary to consider 

additional specific genetic testing such as:

Detection of repeat expansion disorders (e.g., FraX, FAME): In case of suspicion of 

Fragile X syndrome, a test for the expansion of the CGG triplet repeat within the X-linked 

FMR1 (fragile X mental retardation 1) gene should be considered. Based on recent findings, 

the historical first-tier status of FraX testing in neurodevelopmental disorders has been 

questioned and, in the absence of suggestive clinical features, FraX should usually be 

relegated to second-tier testing [36]. Another form of epilepsy due to repeat expansion is 

familial adult myoclonic epilepsy (FAME) [37]. The genetic variant underlying FAME is 

an intronic repeat expansion (pentamers; an expanded TTTTA or insertion of TTTCA) in 
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one of six genes reported so far (STARD7, YEATS2, RAPGEF2, MARCHF6, SAMD12 and 

TNRC6A) located on different chromosomes [37].

Methylation analysis (e.g., Angelman syndrome): In cases with a high level of clinical 

suspicion of Angelman syndrome, analysis of the parent-specific DNA methylation imprints 

at chromosome 15q11.2-q13 by MS-MLPA (methylation-specific multiplex ligation-

dependent probe amplification analysis), with a focus on deletions, UPD (uniparental 

disomy) and imprinting defects of the region 15q11.2-q13, could be considered prior to 

ES/GS [38].

Pre-test considerations for the referring clinician

A thorough delineation of the individual’s phenotype is valuable for test selection and 

interpretation of test results. Based on the phenotype, the clinician can form a hypothesis 

about which gene or genes might be responsible for an individual’s epilepsy and prioritize 

which type of testing is most appropriate. Genetic counseling (table 4) should be provided 

to individuals and families before genetic tests are ordered, and should delineate the 

reasons for testing, anticipated results and their interpretation, limitations of the testing 

modalities to be implemented, and possible next steps if the initial evaluation is unrevealing. 

Interpretation of genetic testing results requires phenotyping prior to genetic testing, a 

principle that is incorporated into current guidelines for variant interpretation, including 

those of the American College of Medical Genetics and Genomics [39]. For that reason, the 

phenotypic features (including epilepsy and other relevant features) need to be provided 

to the diagnostic laboratory prior to analysis (figure 1). Human Phenotype Ontology 

(HPO)-based phenotypic descriptions [40] represents a suitable option to provide a standard 

terminology that facilitates communication across laboratories.

Which genetic test is indicated first in which epilepsies?

Testing should be considered in epilepsy types with a reasonably high pre-test probability 

of a genetic cause being identified and, especially, if the results may lead to improved 

care for the individual (see also tables 2 and 5). Overall, the likelihood of identifying a 

genetic cause decreases with increasing age at onset of the epilepsy; the greatest proportion 

of genetic epilepsies manifests in the neonatal period, followed by infancy. In this age 

period, the diagnostic yield of genetic testing may reach up to 60% [41]. However, age 

at testing (as opposed to the age at onset of epilepsy) should not influence the decision 

to test or the type of test chosen [33, 42, 43]. Individuals who are now adults who had 

early-onset epilepsy likely presented in the era before genetic testing was widely available, 

and should be considered candidates for testing. Clinical utility of genetic testing is highest 

in the more severe, drug-resistant epilepsies [44, 45]. Overall, the most obvious indication, 

in terms of clinical utility and diagnostic yield, is for people with early-onset DEE or 

neurodevelopmental disorders with epilepsy. The presence of comorbid conditions, such as 

intellectual disability, autism, dysmorphic features or multi-system symptoms increases the 

likelihood of a genetic finding [46]. Testing of individuals with drug-resistant non-acquired 

epilepsy without such comorbidities could be useful as identification of an underlying 

genetic cause might lead to a more targeted treatment [47].
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Diagnostic genetic testing has not been as widely pursued in drug-responsive epilepsy. 

A notable exception would be self-limiting neonatal or infantile-onset familial epilepsy 

syndromes (e.g., BFNE, BFIE, BFNIE), as early genetic diagnosis would reduce further 

investigation in a neonate or infant, underpin prognostic counseling, and promote earlier 

modification of treatment. Individuals from larger families with self-limiting epilepsy 

syndromes of childhood or adolescent onset might benefit from genetic testing if there is 

an active question about genetic diagnosis, prognosis and recurrence risk. Special attention 

should, however, be paid during pre-test counseling to aspects such as diagnostic yield, 

reduced penetrance, and variable expressivity of disease-causing genes (supplementary table 

1). The diagnostic yield of any genetic test remains low in sporadic/isolated GE or FE. In 

GE and FE, genetic testing can, however, also be applied in specific clinical scenarios (see 
table 2).

The biggest advantages of ES and GS over a targeted panel analysis are: (1) to not be 

restricted to the analysis of a limited number of genes (however, the possibility remains 

to perform in silico panels based on ES/GS) and have the possibility of later re-analysis 

when new disease genes have been detected; and (2) the possibility to perform a broad CNV 

analysis.

Cost-effectiveness of various genetic testing strategies for individuals with epilepsy is 

dynamic and depends on the clinical scenario as well as overall yields and costs that 

continue to change over time. The decision about which test method to use is often made 

by the clinician with, in experienced laboratories, the laboratory geneticist, who typically 

re-evaluates the request; further discussion with the requesting clinician may be valuable.

Post-test considerations by the referring clinician after receiving the 

genetic test result

Interpretation of genetic testing results

In 2015, the American College of Medical Genetics and Genomics (ACMG) developed 

guidance for the interpretation of sequence variants. This report recommends the use of 

specific standard terminology - “pathogenic,” “likely pathogenic,” “uncertain significance”, 

“likely benign”, and “benign” - to describe variants identified in genes that cause Mendelian 

disorders [39]. Based on these guidelines, the ACMG and the Clinical Genome Resource 

(ClinGen) also published a joint consensus recommendation for the interpretation of 

constitutional CNV [48].

Post-test considerations depend on the results of genetic testing. Three possible scenarios 

exist (figure 1).

• The clinical features are fully explained by the detected genetic cause – 
the case is “solved”—In most cases, a confirmed genetic diagnosis means the end of 

a diagnostic odyssey. Genetic counseling should be offered, taking into account what is 

known about prognosis and disease presentation of other individuals with the same genetic 

disorder. In light of the ever-growing possibilities of precision medicine, it is important to 

determine whether there are any therapeutic implications for the individual. For some genes, 
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therapeutic decisions depend on the functional consequence of the specific variant (e.g. loss 

or gain of function). If there is no functional data on the specific genetic variant available, 

it is worth contacting a group working on this gene asking for the possibility to initiate 

such testing (on a research basis; see Section Post-test considerations by the genetic testing 

laboratory and further clinical involvement). Finally, it is useful to determine whether there 

is a registry/natural history study or an ongoing drug trial in which the individual can be 

enrolled.

• A variant of uncertain significance (VUS) is detected – it currently remains 
unclear whether the case is solved or not—The detected variant cannot be confirmed 

to be the cause of the individual’s condition at this time, and its relevance to the phenotype 

thus remains unclear. Typically, variant interpretation is greatly facilitated by the availability 

of detailed phenotypic data, including both epilepsy-related and non-epilepsy related 

features. So, retrospective deep phenotyping by the clinician to evaluate if the gene and 

the individual’s phenotype match is mandatory. Additional diagnostic testing, such as MRI 

or enzymatic assays, may be appropriate. In addition, segregation analysis through testing 

of parents or other relatives with known disease status can help to re-classify the variant as 

(likely) benign or (likely) pathogenic. For some variants, though not yet widely clinically 

available, RNA sequencing may be informative, for example to evaluate expression of a 

gene if a variant is predicted to affect splicing and reduce the gene’s expression. In addition, 

functional testing of the identified variant by a research group with functional expertise may 

be helpful to evaluate the potential impact of the variant on the gene’s function. All options 

should be addressed during genetic counseling.

• No clinically relevant genetic cause is identified—An uninformative test result 

does not mean that a genetic cause is excluded, but rather that a genetic cause can not be 

determined with the methodology employed or available at the time of testing. A potentially 

causative genetic variant may have escaped detection due to technical issues, or may not be 

classified as (likely) pathogenic due to insufficient scientific knowledge about the impact of 

the variant. In addition, oligogenic or polygenic causes are typically not yet diagnostically 

identified. Thus, an inconclusive genetic test result should lead either to a re-evaluation of 

the generated genetic data after an appropriate time interval or to further genetic testing 

with a different complementary method (see Section Further clinical follow-up after genetic 

testing).

Post-test considerations by the genetic testing laboratory and further clinical involvement

The laboratory should provide the referring clinician with an easily understandable 

interpretation of the test results and clear recommendations for further practice. If available, 

results of functional data on the identified variant should be mentioned in the report. If no 

functional data is available, it may be possible to predict the variant effect with the growing 

number of gene-family specific in silico prediction tools [49, 50]. This is especially relevant 

if both loss- and gain-of-function variants are described for the gene of interest, as they often 

require different precision medicine approaches. Additional information that might be useful 

to the individual comprises online resources, contact information of family-led organizations 

as well as information on ongoing research efforts, especially about ongoing clinical trials 
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(see Section Implications of genetic diagnosis for precision medicine). Efforts to harmonize 

genetic test reports with recommendations that are comprehensible to non-specialists and 

also affected individuals and their families are ongoing [51]. All these aspects may be 

addressed during genetic counseling.

The genetic testing laboratory is responsible for the regular upload of identified variants 

to public resources such as ClinVar (www.ncbi.nlm.nih.gov/clinvar) to facilitate global 

variant interpretation and also enable feedback. Ideally, the laboratory should also establish 

continuous re-evaluation procedures of genetic test results and should report updated results 

to the clinician (e.g. a VUS has since been reported to be de novo in another affected 

individual in ClinVar and therefore is now more likely to be considered causative).

Implications of genetic diagnosis for precision medicine

Identifying the precise cause of an individual’s epilepsy is presently still the main reason for 

performing clinical genetic testing. In addition to providing diagnostic certainty, a genetic 

diagnosis can inform on prognosis and recurrence risk. A genetic diagnosis can ultimately 

lead to a more precise treatment and better individualized care (figure 1). While genetic 

diagnoses influence treatment for a growing number of genetic epilepsies (table 5), precision 

treatment remains an area of promise that has yet to be achieved for the majority of 

individuals with genetic epilepsies. The goals of precision treatment for epilepsy include 

improved seizure control, improved cognitive function, relief from other (neurological or 

non-neurological) comorbidities, and improved survival (e.g. reduced risk of SUDEP). A 

longstanding example of precision medicine for epilepsy is supplementation of metabolites 

in the setting of a genetic metabolic defect (e.g., pyridoxine for ALDH7A1 or PNPO, 

uridine for CAD variants) (table 5). Precision therapy for genetic epilepsies may broadly 

include changes to a treatment regimen on the basis of a variant in a given gene, such as 

addition of a specific anti-seizure medication (ASM) that has been reported to be useful in 

that setting (e.g., sodium channel blockers for loss-of-function KCNQ2 variants or for gain-

of-function SCN2A variants). In contrast, some ASMs should be avoided in the setting of a 

given genetic diagnosis (e.g., sodium channel blockers in individuals with loss-of-function 

SCN1A variants) (see table 5 for more examples). It is important to note that most of 

these examples are based on collective anecdotes rather than controlled clinical trials, and 

long-term outcomes from such treatment changes are still to be documented.

Further clinical follow-up after genetic testing

When an individual has previously undergone genetic testing without conclusive findings, 

periodic re-analysis of existing NGS data or initiation genetic re-testing with newer, more 

sensitive technologies is warranted. Re-testing or re-analysis of data has been proven to lead 

to positive results in individuals who previously tested negative [52]. The timing of this 

evaluation should be governed by clinical need and technological advances, as well as the 

availability of new knowledge. At that moment, an update of the phenotype (e.g. changes 

in features or novel aspects) is invaluable. Re-analysis of existing data includes reviewing 

of VUS in light of growing knowledge, and use of improved methods to detect both SNV 

and CNV. How such a re-evaluation of existing genomic data takes place will vary from 
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setting to setting; in most cases, actively contacting the clinical laboratory is the first step, 

and in some cases, research re-analysis may be required (figure 1). If the referring clinician 

is unsure whether to initiate re-testing, guidance and advice from a genetic testing laboratory 

should be sought.

If a genetic cause has previously been identified, regular re-evaluation may be necessary 

to determine whether novel possibilities in precision therapy have emerged since the last 

consultation.

Benefits and limitations of genetic testing

The benefits, risks, and limitations of genetic testing were discussed comprehensively by 

Ottman et al. in 2010 (see their table 6 and section on “potential benefits and harms” [15]). 

Since then, there has been significant progress in the handling of secondary findings [53–

55]. Secondary findings are pathogenic SNV or CNV unrelated to the primary indication 

for the testing. The broader the scope of the applied diagnostic method, the more likely 

secondary findings will emerge. Secondary findings without treatment consequences are 

considered “non-actionable” and are generally not reported in the results of genetic testing. 

By contrast, “actionable” secondary findings with treatment or prevention consequences 

can be reported back to the individual if this was agreed in the original written informed 

consent. The goal of reporting these secondary findings is to provide healthcare benefits by 

preventing primary or secondary complications. The yield of actionable secondary findings 

in individuals with epilepsy ranges from 2 to 4% [42].

A list of genes that are associated with actionable secondary findings is maintained by 

ACMG and currently comprises 73 genes (ACMG SF v3.0 [56]), mostly corresponding to 

cancer predisposition, cardiac conduction disease and metabolic disorders. Note that this list 

is periodically updated, and the number of genes included is likely to increase over time. 

Since the genes and variants and their associated conditions are typically beyond the scope 

of expertise of the epileptologist or genetic counsel- or experienced in epilepsy genetics, it is 

advised that clinicians seek expertise from the appropriate colleagues before reporting these 

findings and their associated recommendations to individuals and families.

A field of active discussion is whether genetic findings may also influence decision-making 

related to epilepsy surgery. To date there has not been a large-scale systematic evaluation 

of the relationship between the presence of a genetic diagnosis, its type and surgical 

outcome. In general, detection of a pathogenic variant is not an absolute contraindication 

for epilepsy surgery [57, 58], but each case must be evaluated taking into account current 

knowledge on the specific genetic disorder, its natural disease course, and the individual case 

characteristics; in such cases, it would be prudent to include a clinician with genetic epilepsy 

expertise in the multidisciplinary epilepsy surgery consensus meeting.

Despite these benefits, one of the most relevant limitations is the restricted implementation 

of genetic testing in routine clinical practice. In many health systems globally, genetic 

testing is not included as part of routine health care or analysis techniques may be outdated, 
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which results in limited or no access to testing or substantial costs to the individual and 

family.

Legal implications of genetic testing

Many countries have their own legislation regulating various aspects of genetic testing, but 

the details differ substantially, and some jurisdictions do not have specific regulations at all 

[59]. The differences in regulations generally revolve around the reasons for testing (i.e., 

diagnostic, carrier, predictive, prenatal). Table 6 lists various questions regarding genetic 

testing, examples of how these questions are being addressed in some countries, as well as 

suggestions on how questions may be handled in countries where no relevant legislation is 

yet in place. In addition to legal requirements, there may be local or regional requirements 

(e.g., insurance companies in some states in the US requiring a medical doctor with genetics 

training to order a genetic test).

Outlook

The pace of new discoveries in genomic medicine is rapid [31], making it a challenge for 

all parties to stay informed with state-of-the-art information at all times. Several future 

directions are briefly outlined here with more detail available in other publications [60]. As 

sequencing costs decrease, it is anticipated that GS will eventually replace ES in the coming 

years as a first-line genetic test for the epilepsies, as is already the case in some countries. 

The interpretation of non-coding genetic variation is still in its infancy and there will likely 

be a transition period with increased uncertainty with respect to results of GS due to an 

even larger number of VUS emerging per test. With time and increased experience, other 

opportunities derived from GS will unfold, such as calculation of polygenic risk scores for 

epilepsy, and more accurate and comprehensive detection of repeat expansions and structural 

variants. Additional methodologies will likely find their way into the standard portfolio of 

genetic testing, such as RNA sequencing, methylome analysis and long-read sequencing. 

For these analyses, DNA from lymphocytes is not always the best representative source, 

and skin biopsies or liquid biopsies [61] will likely complement current source materials 

for genetic testing. Furthermore, we expect that precision medicine approaches, including 

both the rational use of (repurposed) drugs and more advanced antisense oligonucleotide 

or gene therapy approaches, will be established for an increasing number of genetic 

epilepsies. To reach this goal, mechanistic insights in the molecular biology of individual 

genetic epilepsies, pre-clinical data, knowledge on the natural history of each disorder, 

and appropriately designed clinical trials will all be needed to support their use. We 

therefore encourage clinicians and genetic testing laboratories to include individuals in 

ongoing research efforts to advance knowledge on treatment and management of rare genetic 

epilepsies.

To facilitate the increased possibilities and outcomes, new forms of communication between 

referring clinicians and genetic testing may help influence the standard of care [62]. Genetic 

testing has already become routine practice in some countries for selected groups of 

individuals, such as those with DEE. We anticipate that with increasing demonstration of the 

impact of genetic testing on the care of individual patients, it will take a more prominent role 
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in clinical practice, to the point that it will become as much a part of diagnostic evaluation as 

EEG and MRI in the evaluation of individuals with epilepsy.

Example cases

Case 1: An individual with a focal epilepsy

The individual was sent to an epilepsy center at 46 years of age. He had suffered from 

a drug-resistant form of epilepsy since six years of age with frequent focal seizures with 

loss of awareness, and bilateral tonic-clonic seizures which occurred up to four times a 

week. More than 10 antiseizure medications had been tried alone or in combination. Non-

progressive tubers were identified on neuroimaging in the right frontal, pre- and postcentral 

regions in the right hemisphere and left temporal and bilateral occipital regions. A diagnosis 

of tuberous sclerosis was suspected and a pathogenic variant in the TSC1 gene was detected 

subsequently. Everolimus was started without changing the antiseizure medications at the 

individual’s request. The individual attained full control of seizures with this therapeutic 

regime for several months and the medication was well tolerated.

Case 2: An individual with a idiopathic generalized epilepsy

An individual developed bilateral myoclonic seizures of the arms at 13 years of age. These 

appeared in the first hour after awakening, and interfered with routine activities, such as 

having breakfast and personal hygiene. During the rest of the day, myoclonic seizures rarely 

occurred. There was no family history of epilepsy. At 15 years of age, he had his first 

generalized tonic-clonic seizure after sleep deprivation. The neurological examination and 

MRI of the brain was normal. The EEG showed frequent generalized epileptic discharges; a 

diagnosis of juvenile myoclonic epilepsy (JME) was made. He started valproic acid which 

was well tolerated, and this resulted in seizure freedom. At 30 years of age, he married and 

had his first child. He was concerned that he might pass the disease on to his child and went 

to his epileptologist. Polygenic inheritance was assumed, and recurrence risk for offspring 

was estimated to be 3–8% [18]. Genetic diagnostics were not performed as the diagnostic 

yield and clinical utility were considered to be low.

Case 3: An individual with DEE

A three-year-old female, born at term, had first seizures at the age of one year. The clinician 

ordered genetic testing and provided “epilepsy” as the sole phenotypic information. The 

laboratory initiated exome sequencing and simultaneously requested additional phenotypic 

details from the ordering clinician. With more time on hand, the referring clinicians 

informed the laboratory about daily refractory generalized seizures, severe developmental 

delay, behavior abnormalities, muscular hypotonia and cortical visual impairment. A fast-

track trio-ES identified a pathogenic de novo variant in GRIN2B, encoding a subunit of 

the N-methyl-D-aspartate receptor (NMDAR). The identified missense variant is previously 

described and associated with ID and epilepsy in multiple individuals with a consistent 

phenotype. Published functional data suggests a loss-of-function effect. Thus, the laboratory 

recommended to consider treatment with L-serine [63, 64]. Using this precision medicine 

approach, parents and clinicians noted behavioral improvements and a reduced seizure 

frequency within the next few weeks. ■
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TEST YOURSELF

1. Which statement is correct?

A. Genetic epilepsies are defined by a known or presumed underlying 

genetic etiology and by the lack of an acquired cause.

B. Most genetic epilepsies follow Mendelian inheritance.

C. Twin studies were uninformative concerning genetic risk in epilepsy.

D. Autosomal recessive inheritance is only seen in consanguineous 

families.
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E. Once a genetic test is negative, subsequent testing is not necessary.

2. What are the principles of autosomal dominant inheritance?

A. The risk of transmitting the pathogenic variant from an affected 

individual to his/her offspring is 50% with each pregnancy.

B. Only females are affected.

C. Affected individuals occur in every second generation.

D. Genetic testing is not necessary in families with an autosomal dominant 

mode of inheritance.

E. A variant in a gene associated with autosomal dominant inheritance 

cannot be found in blood samples.

3. Which aspects should be considered in genetic counseling after genetic testing?

A. Variants of uncertain significance can be ignored.

B. Implications of a positive result should be discussed in detail.

C. Family planning is not influenced by the result.

D. All family members should be contacted by the treating physician to 

organize genetic testing.

E. In the case of a negative result, the individual does not have a genetic 

epilepsy.

4. Which aspects should be considered if individuals ask for the benefits of genetic 

testing in epilepsy?

A. There are no clinical benefits yet.

B. There is no need for further neurological follow-up.

C. A definite diagnosis can be an important benefit for the individual.

D. Establishing a genetic diagnosis always leads to a more precise therapy.

E. All individuals have improved outcomes as a result of genetic testing.

5. Which is correct about genetic testing methods for individuals with epilepsy?

A. Analysis of copy number variations is irrelevant in the genetics of 

epilepsy.

B. Single gene sequencing is the most cost-effective method.

C. Most epilepsy syndromes are associated with changes in one gene.

D. Exome sequencing gives information about variants in the coding 

regions of genes.

E. Karyotyping should be performed as the first step in all cases.

Krey et al. Page 16

Epileptic Disord. Author manuscript; available in PMC 2023 December 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



6. How commonly are pathogenic or likely pathogenic copy number variations 

identified in individuals with developmental and epileptic encephalopathy?

A. < 20 %

B. 20–30 %

C. 30–40 %

D. 50–80 %

E. > 80%

7. Which of the following statements is correct regarding genetic re-testing?

A. Genetic re-testing can be informative when new knowledge becomes 

available.

B. Genetic re-testing should be performed only if the diagnosis of the 

individual has changed.

C. Genetic re-testing in epilepsy is unnecessary.

D. Re-testing should be performed not earlier than 10 years after the last 

testing was performed.

E. Genetic re-testing almost always produces a conclusive result.

8. In which group of people does routine clinical genetic testing currently have the 

highest yield?

A. People with genetic generalized epilepsies, such as absence epilepsies

B. People with developmental and epileptic encephalopathy

C. People with lesional epilepsies, such as those with hippocampal 

sclerosis or focal cortical dysplasia

D. In all people with epilepsy who ask about the risk of epilepsy in their 

children

E. All cases of childhood-onset epilepsy

9. Who should communicate a genetic test result to clinically affected individuals 

(valid in most countries)?

A. Any clinician (physician, genetic counselor, nurse)

B. Family members

C. A geneticist or a clinician familiar with the situation of the individual, 

genetic epilepsies, and the test that was performed.

D. Only a clinical geneticist

E. Only a neuropediatrician/pediatric neurologist

10. Regarding precision medicine, which statement is correct?
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A. Individuals with pathogenic variants in SLC2A1 and neurological 

symptoms should consider treatment with the ketogenic diet.

B. Sodium channel blockers should generally be avoided in individuals 

with loss-of-function SCN1A variants.

C. Sodium channel blockers should be considered in individuals with gain-

of-function sodium channel variants.

D. Administration of vitamin B6 is essential in individuals with pathogenic 

variants in the PNPO gene.

E. All of the above.

Note: Reading the manuscript provides an answer to all questions. Correct answers may be 

accessed on the website, www.epilepticdisorders.com.
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Competencies and learning objectives

• To gain awareness and understanding of genetic causes of epilepsy

• To learn about important aspects of genetic counseling before and after 

genetic testing

• To learn about the different types of tests available

• To be able to decide which genetic test should be performed in which type of 

epilepsy

• To consider precision medicine implications of genetic test results
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Figure 1. 
Workflow of genetic testing. The workflow of genetic testing is indicated by the black dotted 

arrow lines. Blue dotted lines indicate possible scenarios that will depend on individual 

circumstances (created with BioRender.com).
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Table 3.

Current diagnostic yield of genetic tests in epilepsy.

Testing method Diagnostic yield in epilepsy

ES/Trio ES Up to 45% [68]

GS/Trio GS Up to 48% [19]

Epilepsy-based gene panels Up to 25% [68]

Chromosomal microarray 5–15% [33, 34]

Sanger sequencing Very low, nearly obsolete

Chromosome analysis Very low

Epileptic Disord. Author manuscript; available in PMC 2023 December 27.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Krey et al. Page 30

Table 4.

Counselling aspects and general considerations for genetic testing in individuals with epilepsy.

Counselling aspects to be considered with affected individual/legal guardian) before genetic testing:
• Explanation of the indication for genetic testing in the individual case
• Explanation of test choice
• Discussion of possible outcomes, e.g., definitive result vs. variant of uncertain significance (VUS) vs. ‘negative’ result
• Explanation of potential positive results
• Discussion of potential effects of results on non-medical issues (e.g., health insurance, social stigma, family dynamics)
• Discussion of the limitations of interpretation
• Outline of expected possibilities for precision medicine
• Discussion of coverage of costs, if relevant
• Discussion of potential next steps if initial results are unrevealing (e.g., for re-analysis or additional testing)

General aspects for the clinician to consider before genetic testing:
• Test selection based on individual phenotype
• Listing of clinical features to the laboratory (e.g., HPO-based list of features)
• Informed consent for genetic testing method(s)
• Consideration of alternatives to clinical testing (e.g., research) if costs are prohibitive.

Counselling aspects to be considered after genetic testing:
• Explanation of results and their impact on diagnosis, surveillance, and prognosis
• Discussion of next steps if results do not provide a genetic diagnosis
• Impact on comorbidities
• Discussion of therapeutic implications
• Impact on psychological wellbeing
• Impact on further family planning and potentially other family members
• Impact on social circumstances
• Discussion of interpretation limits – inclusive positive or negative results and VUS.
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