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Abstract
Background and Objectives
Although genetic testing among children with epilepsy has demonstrated clinical utility and
become a part of routine testing, studies in adults are limited. This study reports the diagnostic
yield of genetic testing in adults with epilepsy.
Methods
Unrelated individuals aged 18 years and older who underwent diagnostic genetic testing for
epilepsy using a comprehensive, next-generation sequencing-based, targeted gene panel (range
89–189 genes) were included in this cross-sectional study. Clinical information, provided at the
discretion of the ordering clinician, was reviewed and analyzed. Diagnostic yield was calculated for
all individuals including by age at seizure onset and comorbidities based on clinician-reported
information. The proportion of individuals with clinically actionable genetic ﬁndings, including
instances when a speciﬁc treatment would be indicated or contraindicated due to a diagnostic
ﬁnding, was calculated.
Results
Among 2,008 individuals, a diagnostic ﬁnding was returned for 218 adults (10.9%), with
clinically actionable ﬁndings in 55.5% of diagnoses. The highest diagnostic yield was in adults
with seizure onset during infancy (29.6%, 0–1 year), followed by in early childhood (13.6%, 2–4
years), late childhood (7.0%, 5–10 years), adolescence (2.4%, 11–17 years), and adulthood
(3.7%, ≥18 years). Comorbid intellectual disability (ID) or developmental delay resulted in a
high diagnostic yield (16.0%), most notably for females (19.6% in females vs 12.3% in males).
Among individuals with pharmacoresistant epilepsy, 13.5% had a diagnostic ﬁnding, and of
these, 57.4% were clinically actionable genetic ﬁndings.
Discussion
These data reinforce the utility of genetic testing for adults with epilepsy, particularly for those
with childhood-onset seizures, ID, and pharmacoresistance. This is an important consideration
due to longer survival and the complexity of the transition from pediatric to adult care. In addition,
more than half of diagnostic ﬁndings in this study were considered clinically actionable, suggesting
that genetic testing could have a direct impact on clinical management and outcomes.
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Glossary
AR = autosomal recessive; ASD = autism spectrum disorder; ASM = antiseizure medication; CNV = copy number variant; DD =
developmental delay; ID = intellectual disability; NGS = next-generation sequencing.

Epilepsy, one of the most common neurologic conditions, is
estimated to aﬀect approximately 3.4 million individuals in the
United States, of whom an estimated 3.0 million are adults.1
Genetic testing among children has demonstrated clinical
utility and has increasingly become a part of routine clinical
evaluation among pediatric neurologists,2,3 although there are
limited guidelines for genetic testing for epilepsy.4 Early genetic testing has been shown to reduce time and costs associated with the diagnostic journey and may even be used to
tailor clinical management (indicated or contraindicated
therapies) to improve patient outcomes.6-9
For many adolescents and adults who developed epilepsy in
childhood and before genetic testing was widely available and
routine, the etiology of the disorder remains unknown as they
transition from pediatric to adult care. In a recent study of a
consecutive series of individuals undergoing genetic testing for
epilepsy, only 10.7% of individuals were adults at the time of
testing.8 A diagnostic yield of 22%–23% has been reported in 2
small studies of adults with epilepsy who mainly had intellectual
disability (ID) or childhood-onset seizures.10,11 Both of these
studies reported clinically actionable ﬁndings, that is, how
clinical management changed due to a diagnostic result, demonstrating the clinical utility of such testing in adults. However,
considering the small number of patients and potential narrow
clinical focus from these previous studies, we aimed to investigate a larger and broader sample of adults with epilepsy
who underwent clinical genetic investigation.
In this cross-sectional study, we report on the diagnostic yield
of a multigene epilepsy genetic test in a consecutive cohort of
over 2,000 adults. Clinical information was analyzed to identify
subgroups that might have a particularly high diagnostic yield.
Clinically actionable genetic ﬁndings were reported based on
the published literature and expert opinion.

Methods
Study Population
Unrelated individuals aged 18 years and older who were referred for testing using the Invitae Epilepsy Panel from October 2015 through March 2020 were included. Ordering
clinicians completed a test requisition form, prompting them
to provide optional demographic and clinical information,
including International Classiﬁcation of Diseases, 10th Revision
(ICD-10) diagnosis code(s), sex, self-reported race and/or
ethnicity, age at seizure onset, family history, and free-text
space to provide additional information (e.g., comorbidities,
seizure type, and previous genetic testing). Of note, a small
subset of the individuals included in this study (3.2%) were
2
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reported on previously.10 In addition, molecular testing data
from 1,049 of the adults (52.0%) were also included in a larger
study focused on childhood-onset epilepsy8; because the cohort in that study was composed mainly of children, the data
from the adults were not reported in detail as we present here.
Standard Protocol Approvals, Registrations,
and Patient Consents
In the present study, review and analysis of deidentiﬁed and
aggregated data were approved for waiver of authorization by
the Western Institutional Review Board (study number
1167406).
Genetic Testing and Variant Interpretation
Referring clinicians ordered epilepsy-related genes from a multigene panel that included anywhere from 89 to 133 genes
depending on the time at testing, as genes were added to this
panel over the course of the study period. Additional epilepsyrelated genes that were not included in the panel (at the time of
testing) could also be ordered (range 1–64 genes), such as genes
for glycine encephalopathy or genes that have preliminary evidence associations with epilepsy. The total number of epilepsyrelated genes that were ordered were included in this analysis
(range 89–189 genes). Genes were targeted and sequenced via a
short-read next-generation sequencing (NGS) assay that used
genomic DNA extracted from blood or saliva samples as reported previously.8 A bioinformatics pipeline aligned sequencing
reads and used community standard and custom algorithms that
identiﬁed single nucleotide variants, small insertions or deletions
(indels), large indels, structural variants, and exon-level copy
number variants (CNVs).12,13 Clinically signiﬁcant variants that
did not meet stringent NGS quality metrics were conﬁrmed by
an orthogonal method before reporting.14
Variants identiﬁed by the bioinformatics pipeline were analyzed by Sherloc,15 a proprietary, points-based framework
based on the joint consensus guidelines from the American
College of Medical Genetics and Genomics and the Association for Molecular Pathology.5 Several pieces of evidence are
considered when classifying a variant, including population
data, the variant type, any clinical observations, experimental
studies, and indirect and computational methods. Based on
the synthesis of these data points, variants were classiﬁed as
benign or likely benign (B/LB), variant(s) of uncertain signiﬁcance (VUS), or pathogenic or likely pathogenic (P/LP).
Once a variant is classiﬁed in 1 case, subsequent cases in which
the variant is observed are automatically assigned the same
interpretation in the absence of new data (i.e., new publications or internal inheritance/clinical information). Variants
classiﬁed as P/LP or VUS were reported to clinicians, whereas
B/LB variants were not reported.
Neurology.org/NG

A deﬁnitive molecular diagnosis was deﬁned as either a single
P/LP variant in a gene associated with autosomal dominant or
X‐linked inheritance or 2 P/LP variants (or a single homozygous variant) in genes associated with autosomal recessive
(AR) inheritance. A VUS, a single P/LP variant in an AR gene,
and a heterozygous P/LP variant and heterozygous VUS in
the same AR gene were considered nondiagnostic ﬁndings.
Negative ﬁndings occurred when no P/LP variants or VUS
were reported.
Analysis
The proportions of individuals with a deﬁnitive molecular
diagnosis (or diagnostic yield), a nondiagnostic ﬁnding (e.g.,
VUS and carrier), and a negative ﬁnding were calculated.
Furthermore, for each gene, statistics regarding age at the time
of testing (e.g., mean and median) were calculated for those
with a diagnostic ﬁnding.
To understand potential associations between epilepsies with
genetic etiologies and comorbidities, the age at onset, and
pharmacoresistant seizures, information provided by ordering
clinicians in free text ﬁelds on the test requisition form and
ICD-10 codes (eTable 1, links.lww.com/NXG/A505) was
extracted for review. The following information was focused
on: age at onset, presence of ID or developmental delay
(DD), autism spectrum disorder (ASD), pharmacoresistant
seizures, and family history of neurologic disorders. As this
information was provided at the discretion of the clinician, the
amount of clinical detail varied, and the data were in a relatively unstructured manner. If a clinical feature was reported
by the clinician, we assumed that feature was present in the
individual; however, if a clinical feature was not noted, we
considered the information missing rather than assuming that
the individual did not have that feature. The diagnostic yield
associated with each clinical feature was calculated based on
the number of individuals with each clinical feature noted by
the clinician on the test requisition form. Individuals with that
clinical information missing were excluded from that analysis.

as ID/DD. Individuals with ASD were also identiﬁed when
autism or autism spectrum disorder was noted. Seizures were
considered pharmacoresistant if the terms intractable or refractory were noted to describe the individual’s seizures. Those
with a family history of epilepsy, a neurologic disorder, and/or
ID were also analyzed. In addition to calculating yield for individual characteristics, diﬀerences in diagnostic yield by demographic and clinical features were calculated by sex and age
at seizure onset (including only those with this information
provided).
For individuals with a diagnostic ﬁnding associated with autosomal dominant or X-linked inheritance who also had both
parents subsequently tested, the frequency of detecting de novo
variants (i.e., neither parent had the pathogenic variant found in
their child and parentage was conﬁrmed) was calculated. The
proportion of individuals with a de novo variant was calculated.
Among those with a diagnostic ﬁnding inherited from a parent,
any clinical information provided was assessed to determine
whether the individual had a personal history of epilepsy.
When appropriate, χ 2 tests or Fisher exact tests were performed, with p ≤ 0.05 considered statistically signiﬁcant. To
compare proportions among the diﬀerent age groups, post
hoc analysis determined the standardized residuals (z scores),
with scores greater than 1.96 considered statistically signiﬁcant (p ≤ 0.05).

For age at seizure onset, some clinicians provided a speciﬁc age
(e.g., age 5 or 1 month of age), whereas others used descriptive
terminology (e.g., childhood, adolescence, or adulthood). Individuals were grouped by age at seizure onset in 2 ways. Some
were grouped by a quantitative-based age range if a speciﬁc age
at onset was noted (infant, 0–1 year; early childhood, 2–4
years; late childhood, 5–10 years; adolescence, 11–17 years;
and adult, 18 years or older). Diagnostic yields by these age
groups were calculated. To accommodate a more complex
analysis of investigating the impact of age at onset and other
clinical features (e.g., ID/DD or family history), individuals
with either a speciﬁc age or a descriptive age group were placed
into 1 of 3 groups (childhood, 0–10 years; adolescence, 11–17
years; and adult, 18 years or older).

Finally, a literature review identiﬁed speciﬁc clinical actions or
changes in clinical management with reported positive outcomes for patients with pathogenic ﬁndings in certain genes.
Molecular diagnoses in genes associated with disorders that
had potential clinical implications were deﬁned as epilepsyassociated genes in which a deﬁnitive molecular diagnosis
could guide clinical management of the patient’s seizures or
underlying condition. A molecular diagnosis could be classiﬁed as clinically actionable if there was at least 1 published
study demonstrating improved seizure control in a series of
human participants; reports that included only animal studies
or a single human participant were not suﬃcient. Although
these treatments could be based on a molecular diagnosis, a
number of these treatments are indicated for individuals diagnosed with seizures based solely on clinical presentation.
These included genes that confer indications or contraindications for certain antiseizure medications (ASMs) for the
daily maintenance of seizures, an inherited metabolic disorder
with available treatments, or a potential indication or contraindication for surgery with high-resolution neuroimaging.
In addition, genes with associated treatments related to other
clinical presentations (e.g., other neurologic or cardiac-related
symptoms) were also reviewed and considered clinically actionable, but were analyzed separately from clinically actionable implications for seizure management.16

Clinician-reported information and noted ICD-10 codes were
searched to identify individuals with certain features. Individuals with noted ID, DD, or cognitive impairment were grouped

Data Availability
The data that support the ﬁndings of this study are available
from the corresponding author on reasonable request.
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Results
Requisition forms for 2,097 adults were reviewed for eligibility
for this study. In total, 89 adults were excluded, including 80
adults who were relatives of probands who were previously
tested and 9 who were a part of a PCDH19-focused study with
no demographic or clinical information available. Among the
2,008 unrelated adults included in this analysis, approximately
half (52.6%) were female, and the mean age at test requisition
was 28.7 ± 12.5 years (range, 18–90 years) (Table 1). Selfreported races/ethnicities were Ashkenazi Jewish (1.8%), Asian
(4.4%), Black (6.5%), Hispanic (15.9%), more than 1 race or
ethnicity (3.4%), other (4.4%), unknown (9.0%), Sephardic
Jewish (0.7%), and White (53.8%). Age at epilepsy onset was
reported in 839 (41.8%) individuals, with adult onset the least
common (n = 173). At least 1 relevant clinical presentation
(i.e., ID/DD, ASD, family history, or pharmacoresistant epilepsy) was noted for 1,381 (68.8%) of the individuals (Table 1).
Previous genetic testing was reported for 189 (9.4%) individuals, most commonly chromosomal microarray (n = 106),
FMR1 CGG-repeat expansion testing (n = 44), and karyotype
(n = 37). Most individuals had more than 150 epilepsy-related
genes analyzed in our study (Table 1). Among the 839 referring
clinicians from 567 centers, most self-identiﬁed as neurologists
(51.5%, n = 1,035), geneticists (11.8%, n = 237), and pediatric
or family medicine providers (10.5%, n = 211).

Table 1 Demographic and Clinical Characteristics
Study
population
(N = 2,008)

Characteristic
Age at the time of testing, y
Mean (SD)

28.7 (12.5)

Median (Q1, Q3)

24 (19, 35)

Min, Max

18, 90

Sex, n (%)
Female

1,056 (52.6)

Male

952 (47.4)

Onset, n (%)
Childhood

450 (22.4)

Adolescent

216 (10.8)

Adulthood

173 (8.6)

Not disclosed

1,169 (58.2)

ID/DD, n (%)
Reported

438 (21.8)

Not disclosed

1,570 (78.2)

ASD, n (%)

Diagnostic Yield
A deﬁnitive molecular diagnosis was identiﬁed in 218 individuals (10.9%) (Figure 1A). Diagnostic yield increased
slightly, but not signiﬁcantly, as the number of genes analyzed
grew larger (<100 genes, 9.1%; 100–149 genes, 9.6%; ≥150
genes, 11.8%; χ 2 test for trend p = 0.12). Diagnostic ﬁndings
were detected in 61 genes (eTable 2, links.lww.com/NXG/
A505), with SCN1A (n = 37) and MECP2 (n = 14) representing the most common ones with a molecular diagnosis
(Figure 1B). CNVs spanning multiple genes were observed
in 4 individuals. Mean age at testing in individuals with a
diagnostic ﬁnding was 27.7 ± 10.2 years (range, 18–78 years)
and varied by gene (Figure 1C). Nondiagnostic (e.g., VUS
and carrier) and negative ﬁndings (e.g., no P/LP/VUS) were
identiﬁed in 1,408 (70.1%) and 382 (19.0%) of the individuals, respectively.
When we assessed diagnostic yield according to clinicianprovided clinical and demographic, diagnostic yield was
highest in adults with seizure onset during infancy (29.6%)
(Figure 2A). Generally, genes with diagnostic ﬁndings in individuals with adult-onset seizures were associated with reduced penetrance and variable expressivity (FLNA and
LGI1), whereas those in individuals with earlier onset seizures
were mostly associated with full penetrance and/or earlyonset syndromic diseases (e.g., SCN1A and PCDH19)
(Figure 2B). Of comorbidities observed in addition to epilepsy, ID/DD resulted in the highest rate of deﬁnitive molecular diagnoses (16.0%, n = 70/438) (Figure 3A). A
reported family history of neurologic issues was not correlated
4
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Reported

174 (8.7)

Not disclosed

1,834 (91.3)

Pharmacoresistant seizures, n (%)
Reported

798 (39.7)

Not disclosed

1,210 (60.3)

Positive family history of neurologic disorders, n (%)
Reported

598 (29.8)

Not disclosed
Previous genetic testing

1,410 (70.2)
a

Reported

189 (9.4)

Not disclosed

1,819 (90.6)

Number of genes analyzed
<100

33 (1.6)

100-149

841 (41.9)

≥150

1134 (56.5)

Abbreviations: ASD = autism spectrum disorder; DD = developmental delay;
ID = intellectual disability; Q = quintile; SD = standard deviation.
a
Includes FISH (fluorescence in situ hybridization), targeted variant testing,
other indication panel, and not specified).

with a higher diagnostic yield (8.5%). Finally, 189 individuals
had other types of previous genetic testing (Table 1), and 33
(17.4%) of them had a molecular diagnosis by panel testing in
this study.
Neurology.org/NG

Figure 1 Diagnostic Yield and Genes With Positive Findings

(A) Individuals in the study population
were categorized according to their genetic test results. A definitive molecular
diagnosis was defined as 1 pathogenic/
likely pathogenic (P/LP) variant in a gene
with autosomal dominant or X-linked
inheritance or 2 P/LP variants (or a single homozygous variant) in a gene with
autosomal recessive (AR) inheritance. A
nondiagnostic finding was any combination of reported variant(s) that did not
meet the definition of a definitive molecular diagnosis; this included variant(s) of uncertain significance (VUS), a
single P/LP variant in an AR gene, and a
heterozygous P/LP variant and heterozygous VUS in the same AR gene. A
negative finding occurred when no variants were reported, although benign or
likely benign variants may have been
detected. (B) Among those with a diagnostic finding, frequency was calculated by gene. The number of
individuals with a diagnostic finding in a
gene is indicated in parentheses along
the x-axis. Each of the genes in the
Other 44 events group individually
accounted for <1% of the total diagnostic findings. A full summary of the
genes with diagnostic findings can be
found in eTable 2 (links.lww.com/NXG/
A505). (C) Among those with a diagnostic finding, a box and whisker plot
reporting age at the time of testing was
constructed. Line indicates the inclusive
median; X indicates the average; bottom
of box indicates the first quartile; top of
box indicates the third quartile; whiskers indicate the minimum and maximum ages; dots indicate outliers. aA
pathogenic copy number variant spanning both genes was observed as a single event.

Diagnostic yield varied by sex and age, as well as by the
presence of ID/DD. Although the overall diagnostic yield was
similar among female and male individuals (11.6% vs 10.1%,
respectively; p = 0.230), female individuals with ID/DD had a
deﬁnitive molecular diagnosis more often than male individuals with ID/DD (19.6% vs 12.3%; p = 0.037) (Figure 3B).
This was in large part due to disease-causing variants in
MECP2 and PCDH19. Furthermore, the diagnostic yield in
Neurology.org/NG

individuals with childhood-onset seizures remained higher
(p < 0.0001) than that for individuals with adolescent- and
adult-onset seizures, both overall and regardless of sex or
family history (Figure 3C). ID/DD appeared to be associated
with similar diagnostic yields in individuals with childhoodand adult-onset seizures, both of whom had a higher diagnostic yield than those with adolescent-onset seizures.
However, it is important to note that the sample of individuals
Neurology: Genetics | Volume 8, Number 1 | February 2022
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Figure 2 Diagnostic Yield and Distribution of Genes With Molecular Diagnoses by Age at Seizure Onset

(A) The proportion of individuals with a definitive molecular diagnosis was calculated based on age at seizure onset (age groups defined in x-axis). (B) Among
those with a definitive molecular diagnosis, the number of individuals with diagnostic findings in each gene was stratified according to age at seizure onset
(age groups defined in the legend). These analyses included only individuals with a noted numerical age at onset. aA pathogenic copy number variant
spanning both genes was observed as a single event.

with adolescent- and adult-onset seizures with ID/DD was
small; consequently, these ﬁndings should only be considered
preliminary evidence.
Inheritance Trends
To understand the inheritance patterns of the P/LP variants
in adults with genetic epilepsy, individuals with a deﬁnitive
molecular diagnosis in genes with autosomal dominant or
X-linked inheritance who also had both parents tested were
analyzed. In total, 30 individuals met these criteria. The diagnostic ﬁnding was de novo in 83.3% (n = 25) of cases.
Among the 5 remaining inherited cases, variants identiﬁed in
2 parents were consistent with unaﬀected status due to their
unique modes of inheritance (father positive for PCDH19
variant and mother positive for UBE3A variant), 1 parent
was reported to be unaﬀected (DEPDC5, known to have
6
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reduced penetrance), 1 was reported to be aﬀected (ATP1A2),
and 1 had no information reported about the parent (PRRT2).
Clinically Actionable Findings
Of the 218 individuals with a deﬁnitive molecular diagnosis, 121
(55.5%) had diagnostic ﬁndings in 1 of 22 genes associated with
speciﬁc treatment for seizure control (eTable3, links.lww.com/
NXG/A505). The most common genes with a clinically actionable ﬁnding were SCN1A, DEPDC5, PRRT2, PCDH19, and
TSC1. Diagnostic ﬁndings in genes with ASM indications were
the most common category of clinically actionable ﬁndings (n =
99), followed by those in genes with possible surgical interventions (n = 64) (Figure 4A). Two of the 8 individuals with adultonset seizures and a molecular diagnosis had clinically actionable
ﬁndings (LGI1 and NPRL3). In addition, 9 individuals had diagnostic ﬁndings in 4 genes (ATP1A3, CACNA1A, KCNH2, and
Neurology.org/NG

Figure 3 Diagnostic Yield by Demographic and Clinical Features

(A) The proportion of individuals with a diagnostic finding
with each clinician-reported feature was calculated based on
the number of individuals for whom that feature was noted
(total indicated above each feature). (B) The overall diagnostic yield and diagnostic yield for clinician-reported ID/
DD were calculated separately for female and male individuals. (C) Among individuals with seizure onset reported in
childhood, adolescence, and adulthood, the diagnostic yield
was calculated overall and for clinician-reported ID/DD,
family history of epilepsy, and sex. The number of individuals with each clinical feature reported is noted below each
bar. Individuals with ID/DD were those with any of the following reported symptoms: ID, cognitive issues, or developmental delay. Statistical differences were calculated
when appropriate by χ2 tests. Statistically significant differences (p ≤ 0.05) are indicated with an asterisk. ASD = autism
spectrum disorder; DD = developmental delay; ID = intellectual disability.

STXBP1) associated with clinical management implications that
would aﬀect other aspects of their care (eTable 3, links.lww.
com/NXG/A505).
Among the 108 of 798 (13.5%) individuals with pharmacoresistant epilepsy who received a molecular diagnosis, more than
half (62, 57.4%) had clinically actionable diagnostic ﬁndings.
These were evenly split between ASM indications, ASM contraindications, metabolic treatment, possible surgical indications, and surgical contraindications (Figure 4B).
Neurology.org/NG

Discussion
The genetic etiology of epilepsy is heterogeneous, and multigene epilepsy genetic testing is an eﬃcient, accurate, and
cost-eﬀective test used by clinicians in the diagnostic, therapeutic, and prognostic journey. The majority of individuals
with epilepsy in the United States are adults (whose epilepsy
often began in childhood),1,17,18 but genetic testing is not
routinely used by their treating clinicians. With the recent
advances in testing methods, some of these adults may not
Neurology: Genetics | Volume 8, Number 1 | February 2022
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Figure 4 Clinically Actionable Genetic Findings, Overall and Among Individuals With Pharmacoresistant Seizures

(A) All definitive molecular diagnoses and (B) definitive molecular diagnoses with pharmacoresistant seizures were categorized according to whether the
diagnostic finding was in a gene with a published clinical action and if so, the type (ASM indications, ASM contraindications, metabolic treatments, possible
surgical indications, or surgical contraindications). Individuals with clinically actionable findings in more than 1 category were counted more than once. A full
list of clinically actionable genetic findings can be found in eTable 3 (links.lww.com/NXG/A505). ASM = antiseizure medication.

have had genetic testing available to them, whereas others
may have had testing performed but on a limited set of genes.
Adult neurologists have reported discomfort with diagnosing
and treating patients with childhood-onset genetic syndromes,19 although it has been estimated that up to 75% of
individuals with childhood-onset epilepsy due to genetic
causes will require ongoing care into adulthood.20,21 These
observations demonstrate that neurologists should be aware
of undiagnosed genetic disorders in their adult patients who
have transitioned from pediatric care. The transition period is
an ideal time to rethink the individual’s diagnosis, to consider
repeating genetic testing, and to optimize disease management.22 In this cohort, nearly one-ﬁfth of individuals who had
previous genetic testing reported received a molecular diagnosis through testing on a multigene panel, including those
who had testing following a chromosomal microarray result.
This study describes some of the oldest individuals with genetic epilepsy, some of whom were aged between 50 and 70
years, demonstrating that individuals with certain types of
genetic epilepsy can live well into adulthood. Without broader
testing of adults with active seizures or with a history of resolved childhood seizures, the complete natural history of
many of these genetic epilepsy disorders will remain elusive.
The results presented here support calls for expanding
testing to adults with epilepsy,10,11,23 especially those with
medically refractory epilepsy of childhood onset or with
comorbid ID.
Importantly, the diagnostic yield was similar regardless of the
number of epilepsy-related genes analyzed. Although there
was a small increase in yield as the panel size grew, these
ﬁndings are consistent with other studies reporting that the
majority of molecular diagnoses are in a smaller subset of
genes that are tested.8,24 As expected, the diagnostic yield was
much higher in a population enriched for ID/DD compared
with the overall unselected study population (16.0% vs
10.9%). Furthermore, this higher rate is similar to previous
8
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studies assessing the diagnostic yield in adults with a suspected genetic etiology for their childhood-onset epilepsy and
ID/DD (22%–23%).10,11 Importantly, patients were excluded
from the cohorts if acquired epilepsies were identiﬁed (e.g.,
hypoxic-ischemic injury, stroke, and metastatic brain disease)
as these individuals are expected to not beneﬁt from genetic
testing. However, it is important to note that motor symptoms developed by some patients with genetically determined epilepsies can mislead clinicians to a diagnosis of
an acquired chronic nonprogressive encephalopathy (i.e.,
cerebral palsy). For example, tetraparesis with spasticity is
not rare in adults harboring KCNQ2 pathogenic variants,24
whereas COL4A1 variants may lead to hemiplegia and
porencephaly.25,26 Moreover, patients with GLUT-1 deﬁciency may present with gait disturbances that could resemble dyskinetic or ataxic cerebral palsy.27-30 Thus, only a
suspicion of an acquired symptomatic seizure disorder
might not be suﬃcient to rule out the possibility of a genetic etiology.
We also demonstrate that the diagnostic yield is similar
among individuals with ID/DD regardless of age at seizure
onset. We also observed a signiﬁcantly higher diagnostic yield
in female individuals with ID/DD than male individuals with
ID/DD, mainly due to diagnostic ﬁndings in X-linked genes
historically known to aﬀect female individuals at a greater rate
than male individuals (i.e., MECP2 and PCDH19), but possibly also due to elevated mortality of male fetuses with
pathogenic variants in these genes in utero. Of note, this study
did not test FMR1 repeat expansions for Fragile X syndrome,
which is one of the most common causes of ASD/ID in males,
with seizures reported as a common comorbidity.31,32 Furthermore, we found that a noted family history was not associated with a higher diagnostic yield and that the majority of
individuals (83.3%) with parental results available had de
novo pathogenic variants. These ﬁndings are consistent with
previous literature that reported on the diagnostic yield in the
Neurology.org/NG

absence of a positive family history of epilepsy and the overall
high de novo rates for many of these genes.24,33 These data
suggest that individuals with epilepsy of unexplained cause
presenting at any age and with ID/DD comorbidities, regardless of family history, often have an identiﬁable genetic
diagnosis.
We have demonstrated that a molecular diagnosis may help
guide clinical management decisions at the discretion of the
treating clinician, as evidenced by over half of the individuals in
this study having potentially clinically actionable diagnostic
ﬁndings. The proportion of individuals with clinically actionable implications is only expected to grow as new precision
medicine therapies continue to become available. Occasionally,
a diagnostic ﬁnding had clinical management implications beyond epilepsy care (4.1% of patients with a diagnostic ﬁnding).
For example, a young adult in our cohort with medically refractory seizure-like activity was found to have a pathogenic
variant in the KCNH2 gene, which is associated with long QT
syndrome and sudden cardiac death34; therefore, an evaluation
by cardiology was recommended. Similarly, we identiﬁed individuals with a molecular diagnosis in ATP1A3, CACNA1A,
and STXBP1 that have clinical implications for treating
movement disorders and/or migraines. Gene-speciﬁc treatment changes led to an improvement in the patient’s seizure
burden and overall well-being in 17% of positive cases.11 Although clinical management changes because of genetic testing
results were not provided for our study, these data together
support the value of genetic testing in adults, with ﬁndings
possibly having a signiﬁcant impact on overall health and even
reducing health care costs. Future research should speciﬁcally
evaluate how genetic testing results aﬀect clinical management
and patient care.
This study reported on the diagnostic yield among individuals
who received a multigene NGS test for epilepsy. In addition to
reporting molecular diagnoses, clinical genetic testing reports
include VUS. Clinicians should take caution in interpreting a
VUS as causative. A patient with a VUS in a gene associated
with a disorder that is consistent with a patient’s clinical
presentation may later have the result reclassiﬁed as P/LP
with additional information (e.g., family testing, new clinical
symptoms, and other patient observations) not available at
the time of the original classiﬁcation. However, a recent study
demonstrated that the majority of VUS in individuals with
epilepsy were downgraded to benign or likely benign.35 Furthermore, a negative result (i.e., no P/LP ﬁndings or VUS)
does not preclude a genetic etiology of epilepsy. Although
NGS panels can in general detect a wide range of genetic
abnormalities, other assays may be able to detect a diﬀerent
set of genetic abnormalities, including chromosomal microarray, whole-exome or whole-genome sequencing, karyotype,
or mitochondrial DNA sequencing. Limited studies in adults
have demonstrated the use of such testing methods.36-38
Selecting the appropriate genetic test will depend on the patient’s clinical presentation, prior genetic testing results, and
family history.36,37,39

The data reported here were limited by variability in clinicianreported medical histories and clinical presentations. At least
some additional clinician-provided information was available for
78.1% of individuals, but was not uniform or complete as this
was optional to provide. It is unknown how many individuals in
this study had comorbidities that were not reported to us by the
clinician. Although clinical information can provide additional
criterion for variant interpretation and should always be provided, it is not a prerequisite for determining pathogenicity.5
The data presented here highlight the need to increase
awareness of and access to genetic testing for epilepsy among
adults, regardless of the age at seizure onset. As our understanding of the genetic causes of epilepsy expands, the use
of a multigene panel, exome sequencing, and/or whole genome sequencing, as well as the increasing availability of
precision medicine (including gene-targeted therapies), will
continue to expand, resulting in increased clinically actionable
gene ﬁndings. It is critical to increase awareness of genetic
testing among neurologists and epileptologists treating adults
with epilepsy so that testing will become more routine. It is
especially important for neurologists to be aware of undiagnosed genetic disorders in their adult patients who
graduated from pediatric care.
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