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Abstract

Purpose of Review About 30% of epilepsy cases have an underlying genetic etiology. Despite rapid progress with understand-
ing the genetic underpinnings of epilepsy and with gene-specific treatments for epilepsy, many barriers for clinicians to send
genetic testing remain. This review aims to provide clinicians with a practical approach to genetic testing for epilepsy.
Recent Findings Incorporation of genetic counselors into neurology practices is a useful model for supporting providers
to implement proper recommendations. Selecting the appropriate genetic test for epilepsy involves prioritizing patients’
informed consent and evaluating diagnostic yield, cost-effectiveness, and turnaround time following certain algorithms, with
exome/genome sequencing as first-tier options, and multigene epilepsy panel as a more accessible alternate for resource-
limited situations. Result interpretation should be conducted on a case-by-case basis, and should include interpretation of the
results, changes in clinical management, inheritance risks, testing of family members, and discussion of additional testing
if needed.

Summary We provide a comparative assessment of the yield of genetic tests for epilepsy, with possible test outcomes
and practical considerations for the clinical decision-making process. Continued research and integration of cutting-edge
approaches will expand our understanding of genetics in epilepsy and improve clinical outcomes for individuals with epilepsy.

Keywords Genetic testing - Epilepsy - Whole genome sequencing - Genetic counseling - Whole exome sequencing

Introduction of epilepsy include variants in: SCNIA, KCNQ2, CDKLS5,
SCN2A, PRRT2, PCDHI19, STXBPI, SLC2A1, GABRG?2,
Epilepsy, characterized by recurrent unprovoked seizures, is SCNSA, UBE3A, MECP2, GRIN2A, TSC2, and FOXG1 [6].
a common neurologic disorder estimated to affect approxi-

mately 50 million people worldwide, or 0.6-0.8% of the gen-

eral population [1, 2]. Epilepsy can be the result of a variety
of factors, including structural brain abnormalities, infec-
tion, metabolic disorders, immune disorders, and genetic
etiologies [3]. Improvements in genetic testing over time
have led to the identification of over 500 genes associated
with epilepsy [4]. Currently, approximately 30% of cases
of epilepsy are thought to have an underlying genetic etiol-
ogy [4, 5]. Some of the most common monogenic causes
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Why Should | Send Genetic Testing
for Epilepsy?

Knowing the genetic etiology behind a patient’s epilepsy
can be crucial in guiding management decisions [7]. For
example, early initiation of the ketogenic diet for patients
with pathogenic SLC2A 1 variants or use of sodium channel
blockers for patients with pathogenic SCN2A and SCNSA
variants have been shown to lead to improved seizure control
and outcomes (reviewed in [8]). Even in the absence of such
direct treatment implications, a clear diagnosis can provide
important information for families regarding prognosis, risks
to family members, and recurrence risks for future children
[5, 8]. An early genetic diagnosis can also save healthcare-
related costs by decreased utilization of other potentially
non-diagnostic tests [9]. While genetic testing does not
always have direct treatment or management implications,
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diagnostic clarity may still provide relief for families and
prevent unnecessary testing. Further, a clear diagnosis may
give patients and their families the opportunity to connect
with communities with shared experiences, providing sup-
port and the opportunity to better advocate for the patient.
Because of these reasons, clinical guidelines support genetic
testing for all patients with unexplained epilepsy [10]. In
particular, genetic testing has the highest diagnostic yield
in patients with neonatal or infantile-onset seizures, devel-
opmental and epileptic encephalopathies, other neurodevel-
opmental comorbidities, or drug-resistant epilepsy [10], as
shown in Table 1.

How do | Choose Which Test(s) to Send
for First-Tier Testing?

Multiple genetic tests are available to send from the clinic
(Table 2). There has been significant debate regarding the
best first-line test for a patient with unexplained epilepsy,
especially given new and emerging technologies, both in
testing and in therapeutics. Recent papers have recom-
mended specific testing strategies with this new informa-
tion in mind [10-12]. The goal of genetic testing should be
to identify a genetic etiology quickly and cost-effectively.
That said, one of the most important aspects to choosing the
correct test is having a discussion with the patient regarding
their goals. Some patients will want all the information that
can be found, while others may prefer not to pursue wide-
based testing. Having open and honest conversations regard-
ing their preferences allows for autonomy of the patient and
helps to build trust. Multiple factors, including the patient’s
clinical presentation, their preferences and goals, insurance,
costs, and availability of clinic resources, should all be con-
sidered in the choice of genetic testing.

Recent recommendations are to use exome sequencing
(ES) or genome sequencing (GS) as the best first line test
for patients with unexplained epilepsy [10, 11]. ES/GS have
been found to have high clinical yield for patients with epi-
lepsy, most likely due to their comprehensive assessment
of the genome as well as the inclusion of biological parents
or other family members, allowing for variant segregation
and improving interpretation [13—15]. ES/GS is best for
patients who not only have epilepsy of an unknown etiol-
ogy, but who also have additional comorbidities such as
multiple congenital anomalies, autism spectrum disorder,
developmental concerns, or other features. Another ben-
efit of ES/GS is identification of dual diagnoses [16]. It
is becoming more common to find patients with multiple
genetic diagnoses, and thus, ordering testing that assesses
for changes in all genes decreases the chance of missing
conditions. Currently, ES is more easily accessible to clini-
cians than GS due to costs of GS to patients and hospital
systems. However, GS overall tends to be the superior test
as it can assess for deep intronic and intergenic variants,
repeat expansions disorders, structural rearrangements, and
copy number variants (CNVs).

If ES/GS is not available, multi-gene epilepsy panels with
good CNV coverage have been shown to have the next high-
est yield. Epilepsy panels are more easily available to clini-
cians with fewer resources, such as those who lack access
to a genetic counselor. Many labs will complete insurance
authorization of testing themselves, decreasing the need
for additional clinic staff and minimizing wait times for
patients who otherwise would not have testing completed
prior to being seen in a medical genetics clinic. Epilepsy
panels in general have a faster turnaround than ES/GS.
Most panels yield results within 3—4 weeks, versus ES/GS
which, if not performed using a rapid method, tend to take
closer to 8—10 weeks. An additional benefit of multi-gene

Table 1 Indications for genetic Indication

Examples

testing with high diagnostic

yield in epilepsy patients Neonatal/infantile-onset DEEs

Childhood-onset DEEs

Progressive epilepsies
Epilepsy plus

Early-infantile developmental and epileptic encephalopathy
Epilepsy of infancy with migrating focal seizures

Dravet syndrome

Infantile spasms syndrome (West syndrome)
Lennox-Gastaut syndrome

Developmental and/or epileptic encephalopathy with spike-
and-wave activation in sleep

Progressive myoclonic epilepsies
Intellectual disability

Autism

Dysmorphic features

Multiple congenital anomalies

Drug-resistant epilepsy of unknown etiology -

DEEs Developmental and epileptic encephalopathies
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panels is that they cover most of the conditions that have
implications for changing medical management. One thing
to keep in mind when selecting a panel is how many genes
are included, as the larger panels often include less clini-
cally relevant conditions or genes that may not be associated
with a known epilepsy. Less commonly, ordering a larger
panel may lead to the identification of an incidental find-
ing which may be unwanted and surprising information for
the patient. Notably, some commercially-available epilepsy
panels use ES combined with a directed analysis limited to
the epilepsy-associated genes. In these cases, reflex testing
to ES can be performed after a negative panel.

Other tests that generally have a lower diagnostic yield
for patients with epilepsy include chromosomal microarray
(CMA), karyotype, repeat expansion tests, methylation tests,
and tests for single gene disorders. While GS should be able
to identify most CN'Vs, exome sequencing from many labs is
not guaranteed to find all clinically relevant CNV disorders.
There are multiple well-known genetic disorders caused by
CNVs that lead to epilepsy, as well as more novel CNVs that
may be pathogenic but missed on ES [17]. For these reasons,
CMA should be pursued if ES and multi-gene panel testing
are non-diagnostic. Karyotype testing is important for the
identification of epilepsy caused by ring chromosome condi-
tions. Ring chromosomes are not consistently identified on
chromosomal microarray, therefore karyotype may be con-
sidered should the above testing be non-diagnostic and the
patient has developmental delay or congenital anomalies in
addition to epilepsy. While GS can detect repeat expansion
disorders, not all labs that offer GS offer analysis of repeat
expansions and those that do may offer only a subset of the
clinically relevant conditions. Thus, if there is a concern for
a repeat expansion disorder, testing specifically for those
conditions should be ordered.

In some cases, there may be concern for a specific genetic
disorder based on electroencephalogram (EEG) findings,
physical exam, or family history. If there is a known genetic
disorder in the patient’s family, with previous confirmatory
testing and plausible inheritance to the patient, it is best to
start with single gene testing. However, given that panels
have about the same turnaround time as single gene testing,
it may still be beneficial to still begin with a panel even if
there is suspicion for a particular condition.

What do | Discuss with my Patient Before
Sending Testing?

Prior to ordering genetic testing, it is important that patients
and their families understand the process and possible results
of the recommended tests. Genetic counseling prior to a
genetic test being ordered, known as pre-test counseling, is
a crucial part of obtaining informed consent for testing to be

@ Springer

completed [12]. Pre-test counseling encompasses a review of
the testing process and time frame of results, possible results
of testing, clinical implications of those results, recurrence
risks (the likelihood that a hereditary disorder will occur
again in other family members), costs, and insurance cover-
age [18-20].

The timing of results is discussed further in this review,
along with recurrence risks. Here we provide a brief over-
view of possible test outcomes along with their implications:
positive, negative, variants of uncertain significance (VUS),
and incidental. Pathogenic/likely pathogenic, or positive,
results refer to the identification of a genetic variation asso-
ciated with a known human disease. Medical management
recommendations are made based on the known associa-
tions with the gene, and additional family members may be
recommended to complete testing.

Negative results, that is, finding only benign/likely benign
variants, do not provide a diagnosis and do not identify any
genetic variants known to be associated with genetic con-
ditions. The specific benign/likely benign variants are not
typically reported on the results. Typically, no medical man-
agement recommendations are made, and no additional fam-
ily members are tested. Negative results can provide physi-
cians with an understanding of what a patient does not have,
allowing for specific medications to be utilized that were
not options previously. For example, negative POLG test-
ing may prompt consideration of valproic acid therapy [21].
That said, a negative test result does not rule out a genetic
diagnosis, given the inherent limitations in genetic testing.

The third possible outcome, VUS, can be difficult to
interpret and often require review by genetic experts [10].
A variant of uncertain significance is defined as a variant
that does not meet the American College of Medical Genet-
ics (ACMG) criteria for pathogenic or benign due to lack
of available evidence [22-24]. This is often confusing to
patients and providers alike and exemplifies why post-test
genetic counseling is necessary [10]. A full review of a vari-
ant, including its potential gene and disease associations and
segregation within a family, can help determine relevance to
a patient’s health. Notably, variant classification is depend-
ent on the current body of knowledge. As more is learned
about genetic variation, variants may be reclassified, and
VUS’s that are reclassified are more often changed to benign
than to pathogenic [25, 26].

Finally, individuals may receive an incidental finding
on genetic test results, particularly with ES and GS. This
encompasses unexpected and unanticipated results for a
genetic condition, secondary findings (variants in genes
related to conditions that have medical management guide-
lines and health impacts on an individual), and additional
non-medical factors such as nonpaternity. Depending on
the testing ordered, it may identify genetic conditions not
associated with the symptoms being evaluated [27]. For
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example, ES may identify maturity-onset diabetes of the
young (MODY) in a child being assessed based on a history
of focal epilepsy. Discussion of possible incidental findings
is a crucial aspect of pre-test counseling as it allows patients
to prepare for these unexpected findings and ensure they do
in fact wish to proceed with testing.

Not only is obtaining informed consent for genetic testing
the standard of care, in many US states it is also the law [28,
29]. Michigan, for example, enacted the law of informed
consent (MCL § 333.17020), requiring written informed
consent for all presymptomatic or predictive genetic testing.
Florida has enacted a law to prohibit life insurance compa-
nies from penalizing individuals with a predictive genetic
test (FL § 627.4301). Federally, the Genetic Information
Nondiscrimination Act was enacted in 2008 to restrict the
ability of health insurance companies and employers to use
genetic information in cost or employment decisions (29
C.F.R. § 1635). Patients should be aware of these laws prior
to undergoing genetic testing to ensure their comfort level
and understanding of risks.

What do | Discuss with my Patient After
Receiving Genetic Testing Results?

An important part of disclosing genetic testing results is how
the results are communicated. This should be reviewed in
pre-test counseling, to ensure the clinician and patient agree
how final test results will be shared. Coming up with a plan
for a phone call, in-person discussion, electronic medical
record portal message, or letter is needed as a part of the
informed consent process. Positive results should be dis-
cussed on the phone, or in-person to allow the patient and
family to ask questions.

Despite pre-test counseling, many patients may be con-
fused regarding testing results. In post-test counseling, the
clinician should review what type of testing was ordered,
why the testing was ordered, and the types of results that
can come from this testing before reviewing the patient’s
specific results. With positive results, management changes,
inheritance, and testing of other family members are impor-
tant to review. For negative results, clinicians should remind
patients that this does not necessarily mean there is not a
genetic cause for their symptoms, but that this specific test
was not able to find one. The clinician should also discuss
additional recommended testing at this time. Uncertain
results are often the most difficult to explain; the clinician
should review the result prior to a discussion with the patient
to determine the likelihood that the variant is causative of
their features, and whether testing of additional family mem-
bers (such as parents) could be helpful for VUS resolution.
Overall, having a plan regarding the test results is the most
important part of post-test counseling, whether that is a

referral to medical genetics for further discussion or testing,
a recommendation for additional genetic testing either now
or in the future (such as ES/GS reanalysis), an office visit
to review results, or other diagnostic tests (e.g. an EKG in
someone with a VUS in a gene related to heart arrhythmia).

How Much Does this Cost?

The cost of genetic tests has dramatically decreased with
improvements in technology, and ES and multigene panels
are superior to CMA in cost effectiveness [30]. The out-
of-pocket cost for the patient/family depends on many fac-
tors, including but not limited to: insurance, income of the
patient/patient’s family, setting of testing (inpatient vs. out-
patient), and the performing lab. Insurance authorization is
often needed for testing to proceed. This can be difficult if
the clinic does not have access to an insurance team/special-
ist. Some labs will run insurance authorizations and benefits
investigations for the patients. This is helpful but can be
misleading as they are not always accurate. Often, there is
no specific policy that determines if a test will be covered
for a patient [31].

Many labs will offer self-pay options for testing which
tend to be around $250-300. If this is not affordable for
the patient, financial support and payment plans are typi-
cally available as well. If testing is not possible for fami-
lies, there are often multiple laboratories offering similar
gene panels that can be evaluated for different insurance
and cost policies. These options are best for the patients to
discuss directly with the labs, as this decreases the need for
clinic support and allows the patient to receive the informa-
tion directly from the testing companies. Currently, there
are certain labs that do not charge patients for most testing
if they have a Medicaid insurance product (either primary
or secondary). These and other lab policies are subject to
change, making it difficult to fully understand what cost the
patient will incur.

Some labs offer testing via sponsored programs, at no
cost to patients. This may seem like a great option; however,
many companies are unclear on storage and use of patient
data for these programs. Sponsored testing may be the only
option for some patients from a financial standpoint. If using
these, it is vital to discuss the implications of data sharing
and fully review the panel-specific consent form so patients
know how their data may be used.

Research studies can also be used to obtain testing. One
should note that this can be very beneficial in continu-
ing research and participating in studies, but at times the
research study will not provide patients with genetic test
results. Additionally, any genetic test results suggesting
changes in medical management are recommended to be
confirmed by a clinical genetic laboratory.
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What is the Role of Genetic Counselors?

Genetic counselors (GCs) are clinical professionals who
have expertise specifically in medical genetics and genetic
testing [32]. There are 55 (as of May 2021) genetic coun-
seling training programs in the United States. These pro-
grams are about two years in length and offer master’s
degrees in genetic counseling to graduates. Genetic coun-
seling programs are not specialty-specific, and thus GCs
are trained to work in all aspects of genetic medicine. Neu-
rology has been a growing field for GCs as a greater num-
ber of neurological conditions are found to have genetic
explanations, and as neurotherapeutics have evolved and
become more dependent on genetic diagnoses.

GCs have expertise in explaining why genetic testing
may be helpful, the technology behind genetic testing,
assessing risk in family and medical histories, explain-
ing testing results, and helping patients cope both with
genetic disorders and lack of clear answers. They can be
a vital resource for clinics given their knowledge base
includes medical genetics, counseling patients, research,
and resource identification.

Quick Start Guide to Genetic Testing
Setting Up the Team

Many different practice models exist for performing
genetic testing in the clinical setting. Testing can be
sent from a general neurology, epilepsy, epilepsy genet-
ics, neurogenetics, or medical genetics clinic, or in the
inpatient setting. Team members may include physicians
(neurologists, epileptologists, neurogeneticists, medical
geneticists), nurses, GCs, GC assistants (GCAs), admin-
istrative staff, and other medical personnel. Depending
on the composition of the team, pre-test counseling, test
choice and ordering, post-test counseling, and follow-up
may be divided among different team members. The level
of resources and team members may also affect what test-
ing is available. For example, a neurologist with limited
knowledge of genetics and without access to a GC may be
comfortable with sending multigene panels, but not ES.
Notably, many laboratories employ GCs that can work
with providers and patients to deliver genetic counseling
and can also help to review genetic testing results with the
ordering provider. Criteria for what patients may be seen
in the neurology clinic and what tests may be sent should
be established, as certain patients may be better served by
referral to a clinic with a higher level of expertise, whether
that be a medical genetics, epilepsy genetics, or neuroge-
netics clinic. Other logistical considerations include state,

@ Springer

national, and institutional policies that dictate who can
send genetic testing, and insurance company policies that
restrict coverage of testing depending on who the ordering
provider is.

Choosing a Lab

Determining what test to send on a patient is equally as
important as determining the laboratory to send the testing
to. Clinical Laboratory Improvement Amendments (CLIA)
and College of American Pathologists (CAP) (https://www.
cap.org/laboratory-improvement/accreditation/laboratory-
accreditation-program) certified laboratories are the gold
standard for genetic testing. Other factors of importance
include turnaround time, variant interpretation capabilities,
call rate of different variants, what genes are tested (for multi
gene panels), whether orthogonal confirmatory testing (such
as Sanger sequencing) is used for pathogenic variants, read
depth of coverage (how many sequencing reads are repre-
sented at each sequenced base), accepted insurances, and
out of pocket costs for patients [33]. Each laboratory utilizes
a slightly different variant interpretation pipeline to aid in
determining which variants are of importance and how to
classify them utilizing the ACMG criteria [22-24]. Not all
are identical and variant databases such as ClinVar exist to
aid in comparing variant classifications at different labo-
ratories. Discordance between variant calling can lead to
different medical management recommendations for patients
[34]. Additionally, some laboratories report more variants
of uncertain significance than others, dependent on their
variant pipeline and reporting policies.

Ordering Processes

The majority of genetic testing laboratories have paper test
requisitions and online portals. A clinic creates an account
and has providers and support staff sign up for portal access
through their clinic. This streamlines the ability to order
testing and determine insurance coverage and allows support
staff to place orders on behalf of neurologists, geneticists,
and genetic counselors. Support staff varies from clinic to
clinic, with a well-supported clinic having multiple GCAs
to aid in these administrative tasks. GCAs are trained in
similar ways as administrative assistants, with additional
background and training in genetics and genetic testing [35].

Troubleshooting Guide
Testing is Negative - What Now?
If first and second-tier testing (multi gene panel, ES/

GS, CMA) is negative, this does not necessarily mean
that the etiology is not genetic. A referral to a geneticist
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can be beneficial to determine if there are any additional
imaging or laboratory screenings that would aid in deter-
mining a genetic etiology. If a patient is identified to
have a VUS, metabolic or other functional testing may
be beneficial in determining the potential impact of the
variant on the patient.

There are genetic epilepsies that are not evaluated on
the testing reviewed above. Many epilepsies have complex/
polygenic inheritance such as the genetic generalized epilep-
sies. In this case, multiple gene variants contribute a small

effect that results in epilepsy. Current methodologies detect
monogenic causes and CNVs that predispose an individual
to epilepsy but will not detect polygenic causes. Addition-
ally, new genetic etiologies of epilepsy are being identified
by ongoing research, so the patient’s specific variants may
not be known to be associated with epilepsy yet. Reanalysis
of genetic testing is recommended on an annual or two-year
basis when nondiagnostic to detect any newly identified
genetic conditions [36]. Finally, the patient simply may not
have a genetic etiology for their epilepsy.

Patients with epilepsy
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Patient/Family Declines Testing

Not all patients/families are interested in genetic testing,
for many valid reasons (and at times from misinformation),
and not all patients require genetic testing. If a patient or
family declines genetic testing when a genetic condition
is likely, it is important to have an open, honest conversa-
tion about the risks and benefits of testing [37-39]. If the
patient or family’s underlying concern can be identified and
addressed directly, they may be more comfortable proceed-
ing with testing.

GCs specialize in discussing genetic testing with fami-
lies, especially when families are unsure about proceed-
ing with testing or not. GCs can provide additional coun-
seling for a family to thoroughly review their reasoning and
thoughts on moving forward with testing or not [37, 40].
After a detailed discussion, families may still decline test-
ing. This is a valid and available option, whether medically
recommended or not.

Conclusions

In summary, genetic testing plays a pivotal role in guiding
diagnosis, prognosis, and medical management for patients
with epilepsy and can provide information on reproductive
risks. Physicians can work with GCs to provide an enhanced
level of care in a specialized epilepsy genetics program that
can triage which patients may benefit the most from genetic
testing, choose the appropriate testing strategy (Fig. 1),
and counsel the patients before the testing and after the
results. For most cases, based on diagnostic yield, cost-
effectiveness, and turnaround time, we recommend com-
prehensive genome testing (i.e. ES or GS) as the first-tier
test or panel testing if the clinic does not have the capacity
for ES/GS. If first-line testing is inconclusive, CMA, repeat
expansion analysis, karyotype, or other specialized testing
can be considered as well as referrals to genetics clinics as
appropriate. Additional testing (which is beyond the scope
of this review) includes pharmacogenomics, in which test-
ing for specific gene variants can uncover information on
an individual’s response to drugs. This can be particularly
important in epilepsy given the wide range of anti-seizure
medications and a high degree of variability in pharmacoki-
netics in the population.

The rapid advances in genetic testing for epilepsy are
driven by the growing understanding of genetic and epige-
netic contributions to the disease, from both scientific and
clinical perspectives. For example, a polygenic risk score
(PRS) can aggregate the effects of multiple gene variants
from Genome-Wide Association Studies (GWAS) to esti-
mate an individual’s susceptibility to epilepsy [41]. Addi-
tionally, improved understanding of epigenetic changes

@ Springer

related to epilepsy and epileptogenesis [42, 43] have resulted
in genome-wide methylation studies that can serve as a
potential predictive factor for disease progression and effi-
cacy of anti-epileptic therapies [44]. By integrating these
cutting-edge approaches, we can move towards more precise
and personalized interventions, ultimately improving clinical
outcomes for individuals with epilepsy.
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