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Development of Criteria for Epilepsy
Genetic Testing in Ontario, Canada
Puneet Jain, Danielle Andrade, Elizabeth Donner, David Dyment, Asuri N. Prasad,
Sharan Goobie, Kym Boycott, Matthew Lines, O. Carter Snead III

ABSTRACT: Multiple genes/variants have been implicated in various epileptic conditions. However, there is little general guidance
available on the circumstances in which genetic testing is indicated and test selection in order to guide optimal test appropriateness and
benefit. This is an account of the development of guidelines for genetic testing in epilepsy, which have been developed in Ontario, Canada.
The Genetic Testing Advisory Committee was established in Ontario to review the clinical utility and validity of genetic tests and the
provision of genetic testing in Ontario. As part of their mandate, the committee also developed recommendations and guidelines for genetic
testing in epilepsy. The recommendations include mandatory prerequisites for an epileptology/geneticist/clinical biochemical geneticist
consultation, prerequisite diagnostic procedures, circumstances in which genetic testing is indicated and not indicated and guidance for
selection of genetic tests, including their general limitations and considerations. These guidelines represent a step toward the development
of evidence-based gene panels for epilepsy in Ontario, the repatriation of genetic testing for epilepsy into Ontario molecular genetic
laboratories and public funding of genetic tests for epilepsy in Ontario.

RÉSUMÉ: Élaborer des critères en vue du dépistage génétique de l’épilepsie en Ontario (Canada). De multiples gènes et variations génétiques sont
responsables de la variété des conditions épileptiques existantes. Cependant, très peu de lignes directrices permettent de déterminer les situations en vertu
desquelles le dépistage génétique est indiqué et de choisir des tests qui soient appropriés et bénéfiques. Dans le cas de l’Ontario (Canada), nous voulons
nous pencher sur l’élaboration de lignes directrices en matière de dépistage génétique de l’épilepsie. Ainsi, un Comité consultatif de dépistage génétique a
été établi dans cette province afin d’examiner la pertinence clinique et la validité de tests génétiques de même que leur prestation. Dans le cadre de son
mandat, le Comité a également formulé des recommandations se rapportant au dépistage génétique de l’épilepsie. Parmi ces recommandations, il a inclus le
fait de consulter obligatoirement, avant tout test, un épileptologue, un généticien ou un généticien biochimique clinique. Il a aussi recommandé aux
professionnels de la santé d’établir des procédures diagnostiques préalables et de déterminer les circonstances en fonction desquelles le dépistage génétique
est indiqué ou non. Enfin, il a fourni des indications en ce qui regarde la sélection des tests génétiques, notamment leurs restrictions et d’autres
considérations générales. En ce qui concerne l’Ontario, l’ensemble de ces lignes directrices représente un pas vers la constitution de panels de séquençage
génétique basés sur des données probantes mais aussi vers le rapatriement du dépistage de l’épilepsie dans des laboratoires ontariens de génétique
moléculaire et le financement public de tests génétiques pour cette maladie.
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INTRODUCTION

Epilepsy is a chronic brain disease that is characterized by an
enduring predisposition to recurrent, unprovoked epileptic sei-
zures.1 Epilepsy is the second most common neurological condi-
tion, with approximately 75,000 adults and 15,000 children (0–17
years) living with epilepsy in Ontario.2,3 The Ontario Brain
Institute estimates that there are approximately 6100 new
physician-diagnosed cases in Ontario each year.4

The first epilepsy gene, CHRNA4, was discovered in 1994.
Since then, advances in molecular genetics have led to the identi-
fication of novel genes for monogenic and complex genetic
epilepsies. A recent review reported nearly 1000 genes associated
with epilepsy.5 Genetic testing now plays a pivotal role in the
clinical management of patients with epilepsy. The exact propor-
tion of epilepsies occurring secondary to monogenic and polygenic
mutations is currently unknown. However, in certain epileptic
conditions, the likelihood of a genetic etiology may be higher,
particularly the epileptic encephalopathies.6 Hence, 30% of

epilepsies are drug refractory and may warrant early diagnosis
through genetic testing. Thus, approximately 1830 patients per year
could possibly proceed to genetic testing in Ontario, although a
number of these patients might have other non-genetic demon-
strable causes.
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The impact of a genetic diagnosis on an individual with epi-
lepsy can be quite significant. Accurate genetic diagnosis may
guide treatments such as disease-modifying therapies and/or
medications known to be effective in certain epilepsy syndromes.
Genetic diagnosis may also help to prognosticate and limit further
investigations that have associated risks and cost. Further, genetic
diagnoses may help identify or anticipate potential co‐morbidities,
allowing for optimization of treatment. With appropriate genetic
diagnosis, genetic counseling for future pregnancies may be pos-
sible. Finally, a genetic diagnosis brings closure and peace of
mind to the families of those with a genetic disease whether
treatable or not. A negative genetic result in the diagnostic eva-
luation of epilepsy is equally significant. A negative test may
allow the patient to proceed without delay toward critical thera-
pies such as epilepsy surgery that would not be indicated in most
genetic epilepsies. A negative genetic result, therefore, may avoid
long delays to appropriate treatments.

However, potential concerns about genetic testing include
psychological distress, social stigma and problems with health
and life insurance. Although a significant and growing body of
literature implicates specific genes and mutations in particular
epileptic conditions, there is little general guidance available on
the circumstances in which genetic testing is indicated and test
selection in order to guide optimal test appropriateness and
benefit.7

The following is an account of the development of guidelines
for genetic testing in epilepsy, which have been developed in
Ontario, Canada, to aid clinicians in determining the indications
for genetic testing (focused gene panels or comprehensive epi-
lepsy gene panels) in adults and children with epilepsy.

Establishment of the Genetic Testing Advisory Committee
(GTAC) in Ontario

Ontario (Canada) has a single-payer system of health care,
which is funded by the Ministry of Health and Long-Term Care
(MOHLTC) through the Ontario Health Insurance Program
(OHIP). Currently, the primary means of genetic testing in epi-
lepsy in Ontario is by targeted single-gene testing, selective gene
panels or comprehensive epilepsy gene panels. At present, this
epilepsy gene panel testing is funded in Ontario by OHIP for
eligible patients through the MOHLTC’s out-of-country/out-of-
province (OOC/OOP) prior approval program. Over the past three
fiscal years, from 2014–15 to 2016–17, approximately 180 epi-
lepsy gene panel tests were approved through this process and sent
for testing OOC—usually to the US or Germany—each year at an
average annual cost of approximately $1 million Canadian dollars
or about $5700 Canadian dollars per test.

The process is to obtain and bank the patient’s DNA with
appropriate consents and pre-testing genetic counseling and then
request approval from the Ministry for Funding before the testing
can be done. For whole-exome sequencing (WES), the epilepsy
patient must be referred to a geneticist who is the only physician in
Ontario who can order this study, which also is done out of
Canada. The number of genetic tests ordered in this manner over
the past 5 years in Ontario is shown in Figure 1.

The GTAC was established in Ontario in April 2014 with a
3-year mandate to review the clinical utility and validity of genetic
tests and provide advice to the Ontario Ministry of Health and
Long-Term Care (“Ministry”) on the provision of genetic testing

in Ontario. These recommendations were to be formulated in
order to guide the ministry’s decision-making on public funding
of genetic testing in Ontario. As part of their mandate to examine
the clinical validity and utility of genetic testing in a number of
disease processes, GTAC appointed a working group to develop
recommendations and guidelines for genetic testing in epilepsy in
particular. This working group comprised three pediatric epi-
leptologists (OCS, ED and ANP), one adult epileptologist (DA)
and four medical geneticists (DD, SG, KB and ML) from Ontario.

Requirements to Proceed to Focused Gene Panels or
Comprehensive Epilepsy Gene Panels

The working group felt that it was axiomatic that the critical
step in the determination of criteria for genetic testing in epilepsy
is a definition of the epilepsy phenotype at issue. This includes a
detailed clinical evaluation with careful documentation and deli-
neation of seizure semiology, epilepsy syndrome, associated
neurological co-morbidities, systemic manifestations, clinical
course and any significant family history. This epilepsy pheno-
typing not only helps in selection of an appropriate genetic test but
also in the interpretation of results and subsequent counseling, and
further testing, if indicated.

Further investigations require a close liaison among physi-
cians, neurologist/epileptologist, clinical geneticist and biochem-
ical geneticist. A brief overview of this process is depicted in
Figure 2. In view of these caveats, the recommendations of the
GTAC working group on epilepsy for genetic testing in epilepsy
were as follows.

Mandatory Prerequisites

∙ If the epilepsy is uncontrolled, referral to, or consultation with,
a District or Regional Epilepsy Centre for an epileptology
consultation (consistent with Provincial Guidelines)8 is
required. An epileptologist refers to an adult or pediatric neu-
rologist with at least 6 months of training in epilepsy during
his/her residency. The Ontario Epilepsy Network entails
regionalization of epilepsy care into District Epilepsy Centers
and Regional Epilepsy Surgery Centers of Excellence and
represents a model of comprehensive epilepsy care in Ontario
[population ~ 14 million] developed recently by MOHLTC.8

∙ If epilepsy is well controlled or if there are dysmorphic fea-
tures, referral to a clinical geneticist is required.

Figure 1: Number of gene panels ordered in the past 5 years in
Ontario.
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∙ If there is developmental regression or other clinical features
suggestive of an inborn error of metabolism, consultation with
a biochemical geneticist or a physician with training in inher-
ited metabolic disorders is strongly recommended.

Diagnostic Procedures that are Always Indicated Before
Proceeding to Focused Gene Panels, Comprehensive Epilepsy
Gene Panels

∙ EEG, preferably video-EEG
∙ MRI of the brain with/without proton MR spectroscopy
∙ Consult with an epileptologist

Diagnostic Procedures that are Dependent upon Clinical
Circumstance, but Not Required for Progression to focused
Gene Panels or Comprehensive Epilepsy Gene Panels

∙ Metabolic: These investigations should be tailored to the spe-
cific clinical presentation (consider consultation); the most
commonly used tests may include MR spectroscopy, lactate,
blood gas and electrolytes, glucose, ammonia, plasma and/or

CSF amino acids, total homocysteine, urine organic acids,
acylcarnitine profile, sulfite screen, urine S‐sulfocysteine, uric
acid, biotinidase and/or urine α‐aminoadipic semialdehyde, as
well as other tests as clinically indicated.

∙ Neonatal/infantile seizures: Consider a trial of pyridoxine
(B6), pyridoxal phosphate and folinic acid.

∙ CSF studies: routine cytology, glucose, lactate and amino
acids; consider neurotransmitter assays in refractory
epilepsy.

∙ Chromosomal microarray in the presence of developmental
delay/intellectual disabilities and/or dysmorphic features.

Any of these investigations may direct the physician to con-
sider a single-gene test or a specific gene panel—for example,
specific inborn error of metabolism gene, cortical malformation
gene panel or mitochondrial gene panel. Further, if any of these
tests are under consideration, or if the results will require addi-
tional expertise for interpretation, a consultation with a clinical
and/or biochemical geneticist may be indicated.

Biochemical Testing

Inborn errors of metabolism are relatively less frequent causes
of epilepsy.9 Seizures may dominate the clinical phenotype or be a
part of the broader neurological phenotype, which usually

Figure 2: Flowchart depicting the prerequisites to genetic testing in patients with epilepsy.
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includes developmental delays/regression, intellectual disability
and/or movement disorders. Early-onset epilepsy, history of
regression, multiple neurological co-morbidities, altered bio-
chemical parameters, history of parental consanguinity and sug-
gestive neuroimaging are few of the clues for the presence of an
inborn error of metabolism. If there is such a suspicion, evaluation
by a biochemical geneticist or geneticist trained in metabolic
disorders is warranted. Epilepsy and inborn errors of metabolism
have been reviewed recently.10 The biochemical diagnosis is
usually confirmed by genetic testing.

Who Should be Tested?

If a genetic etiology of epilepsy is suspected on the basis of
epilepsy phenotyping, the patient should be referred to a District
or a Regional Epilepsy Centre for expert consultations. Treatable
causes should be kept in mind first and foremost. Genetic testing
should not proceed in the absence of the ability to provide pre- and
post-test genetic counseling. The following are indications for
genetic testing in epilepsy:

∙ When the clinical features (age of onset, seizure semiology and
EEG features) are consistent with a distinct epilepsy syndrome
as defined by the International League Against Epilepsy
(ILAE), with the exception of syndromes outlined in the fol-
lowing section.11

∙ When the prognosis based on clinical and EEG findings is poor
or the likelihood of lethal outcome is high.

∙ When epileptic seizures are refractory to medical treatment as
defined by the ILAE12 (with no apparent acquired cause).

∙ When epilepsy is associated with features suggestive of inborn
errors of metabolism.

∙ When epilepsy is associated with distinctive patterns of mal-
formations of cortical development identified on neuroimaging
studies.

∙ When epilepsy is associated with clinical signs of
neurodegeneration.

∙ When epilepsy is associated with paroxysmal neurological
features such as paroxysmal dyskinesias, episodic ataxias and
hemiplegic migraine.

∙ When epilepsy is associated with additional syndromic
features such as developmental delay/intellectual disability,
multiple congenital anomalies and dysmorphic features.

∙ When familial epilepsy is present, defined as at least two first‐
degree family members with related epilepsy syndromes,
unless the epilepsy syndrome is benign.

Who Should Not Be Tested?

In general, genetic testing is not recommended in drug-
responsive epilepsy or at epilepsy onset, although the evidence
may emerge in future that early testing may be more cost-
effective.13 Additional specific circumstances that do not warrant
genetic testing are listed below:

∙ Recognizable seizure syndrome with benign course
∙ Childhood epilepsy with centro-temporal spikes (previously

termed benign rolandic epilepsy)
∙ Isolated mesial temporal lobe epilepsy with hippocampal

sclerosis

∙ Typical childhood Absence epilepsy (although if it is early-
onset or medically refractory epilepsy, one should consider
and test for GLUT1 deficiency)

∙ Juvenile myoclonic epilepsy, which is well controlled on
medications and without intellectual disability or any signs of
neurodegeneration

∙ Acquired epilepsy

Which Test?

Epilepsy phenotype, neuroimaging and initial biochemical/
metabolic screening may guide the selection of an appropriate
genetic test. The limitations of various modalities must be con-
sidered while making this decision. Consultation with a clinical
geneticist is often helpful. Commonly used testing modalities and
their utility are summarized in Table 1.

Genomic Microarray is particularly useful in patients with
associated dysmorphism, congenital anomalies or neuropsychia-
tric features. It detects larger copy-number variations (CNVs)
(>100-300Kb). Rare CNVs represent variations in genomic DNA
sequence of at least 1Kb in length seen in <1% of the population.
They are reported to account for 10% of childhood epilepsies and
up to 5% of epileptic encephalopathies.14 Most of these regions
may not contain any known epilepsy genes. For example, 15q13.3
microdeletions and 16p13.11 deletions are frequently observed in
patients with genetic generalized epilepsies.15 Sometimes, these
regions may harbor known genes (e.g., cases of neonatal seizures
caused by 2q24.3 region microduplication, which harbor SCN1A,
SCN2A and SCN3A genes).16 Further, they may cause both
monogenic disease or act as risk alleles. They cannot be detected
by routine karyotyping. However, microarray may miss small
exonic deletions and duplications.

The reported yield of genomic microarray in the genetic eva-
luation of epilepsy is variable. In 805 children with epilepsy/sei-
zures, 40 cases (5%) had their epilepsy phenotype explained by
pathogenic CNVs.17 In children with drug refractory epilepsy
(n= 110), pathogenic deletions were reported in 13% cases by
array comparative genomic hybridization.9 In older patients with
epilepsy (n= 279), 26 (9.3%) had rare CNVs.18 In another study,
the yield was reported to be 17.7% in patients (aged <23 years)
with epilepsy.19

Karyotype remains helpful even today to identify chromoso-
mal rearrangements such as balanced translocations or ring chro-
mosomes, and aneuploidy. This test should be reserved for
patients with recognizable chromosomal syndromes, a family
history of chromosomal rearrangement or a history of multiple
miscarriages.20

Fluorescence in situ hybridization analyzes specific chromo-
some portions and is usually reserved for the confirmation of
microdeletion syndromes/duplication identified by other techni-
ques (e.g., inv-dup 15).

Multiplex ligation-dependent probe amplification (MLPA) is
used to identify intragenic deletions or duplications, such as
sometimes observed in some patients with SCN1A- or CDKL5-
related epilepsy who are negative on regular sequencing or
microarray.21,22

Single-gene sequencing detects changes in a single gene (point
mutations, exonic deletions, small CNV) and subsequent amino
acid alterations. It may be used if a classical phenotype is
encountered—for example, suspected GLUT1 deficiency
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(SLC2A1 gene) or Dravet syndrome. It is highly accurate, but
targets one gene at a time and is time-consuming. Its use becomes
limited in situations where there is genetic heterogeneity and
phenotypic variability. Dravet syndrome due to the SCN1A
mutation is an excellent example to display these complexities
involved in the genetic testing (Table 2).21,22

Next-generation sequencing (NGS) analyzes a large number of
DNA segments (usually exons) of a selected group of genes
organized in panels. It usually has excellent read depth
(>50-100 × ) and also evaluates flanking intronic sequences and
intragenic deletions and duplications. It is currently the most
cost-effective method of detecting mutations in coding regions.
However, small deletions and CNVs need to be further investi-
gated by deletion/duplication testing or MLPA.

A total of 329 patients with early-onset drug-refractory epi-
lepsy were screened using 30 gene- and 95 gene-panels. The
overall yield was 20.3%, with a 95-gene panel giving an

additional yield of 6.3%.23 Mercimek-mahmutoglu et al9 reported
a yield of 12.7% in children with drug-refractory epilepsy and
global developmental delay.

Whole-exome sequencing involves sequencing of most of the
protein encoding exons and splice junctions. However, under-
representation of the first exons of many genes and low coverage
of some genes leads to almost 5-10% of the coding sequence in the
human genome being not screened/captured by WES. Further,
5'- and 3'-untranslated regions, regulatory regions and repeat
regions are poorly covered. It is to be noted that the possible NGS/
WES results may require confirmation—for example, by Sanger
sequencing.

In 50 patients with unexplained early-onset epileptic ence-
phalopathy, WES showed disease-causing variants in 11 (22%)
patients.24 The yield was up to 32.5% in another cohort of patients
with undiagnosed intellectual disability with/without epileptic
encephalopathy.25

Table 2: Dravet syndrome (DS) as an example of complexities involved in genetic testing

1. 70% of patients with DS have sequencing abnormalities—these can be detected by targeted gene sequencing (if the clinical phenotype is classical) or next-generation sequencing
panels (such as febrile seizure panel) or whole-exome sequencing.

2. 3-5% of them have copy-number variations (CNVs) involving SCN1A:
a. Small CNVS can be detected by multiplex ligation-dependent probe amplification with further confirmation by FISH.
b. Larger CNVs extending beyond SCN1A gene and involving contiguous genes are better characterized by genomic microarray.

3. Further, 90% mutations arise de novo and 10% are inherited.
4. Germline/somatic mosaicism has been reported in parents. This means that the tests from blood/serum may be negative; these can only be detected by semi-quantitative mutation
analysis in various tissues including parental semen.

5. Dravet syndrome demonstrates genetic heterogeneity; similar DS phenotype may also be because of mutations in PCDH19,GABRG2 and SCN1B (besides SCN1A). This implies that
targeted gene testing may be negative and may require focused gene panel.

6. Variable expressivity: Missense mutations have extremely variable expressivity. The same mutations can have various clinical phenotypes: simple febrile seizures, febrile seizure
plus and DS. In addition, missense mutations have 60-70% penetrance; therefore, a significant number of “affected” patients will never develop seizures. These may cause challenges
in genetic counseling.

Table 1: Common genetic tests used to investigate patients with epilepsy

Test Indications Resolution Detects Not detected Disadvantages Reported
yields

Karyotype Epilepsy along with
dysmorphism,
multi-organ
dysfunction

> 3–5Mb Chromosomal rearrangements
such as balanced
translocations or ring
chromosomes; aneuploidy

Smaller changes

Genomic
microarray

Epilepsy with
dysmorphism,
congenital
anomalies,
neuropsychiatric
features

> 100–
300Kb

Copy-number variations
(CNVs)

Balanced rearrangements, point
mutations

5-17.7%9,17–19

Targeted
gene
sequencing

Clinical
suspicion of a
monogenic
epilepsy

< 100 bp Changes in a single gene (point
mutations, exonic deletions,
small CNV) and subsequent
amino acid alterations

– Only one gene tested at a
time, time-consuming

Highly accurate

Next-
generation
sequencing
gene panel

Clinical phenotype
with genetic
heterogeneity

< 1Kb Excellent read depth (>50-100 X)
and also evaluates flanking
intronic sequences and
intragenic deletions and
duplications

Non-coding areas/introns, large
insertions/deletions/duplications of
exons, mosaicism

Incidental findings,
longer turn-around
time

12-20%9,23

Whole-
exome
sequencing
(WES)

Undefined epilepsy
syndrome, reflex
testing

< 1Kb Sequencing of most of the
protein encoding exons and
splice junctions

Underrepresentation of the first exons of
several genes, “low coverage” genes,
5'- and 3'-untranslated regions,
regulatory regions and repeat regions

Labor-intensive, ethical
issues (paternity,
discovery of genes
related to diseases with
later onset)

22-32.5%24,25

Whole-
genome
sequencing

Only available in a
research setting,
reflex testing

Wide
range

Analyzes most of the DNA
content of the entire genome

Lower depth as
compared with WES

Not available
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Berg et al26 explored the role of genetic testing in children with
newly diagnosed epilepsy. The overall yield was 40.4% for various
genetic tests performed. The yield was greater for epilepsy panels
(29.2%) and WES (27.8%) than for the microarray (7.9%). Sequen-
tial testing (genomic microarray followed by epilepsy gene panel)
was shown to be preferable in children with West syndrome.27

Whole-genome sequencing analyzes most of the DNA content
of the entire genome with even coverage but has lower depth than
WES. It is, however, not available clinically. However, abnorm-
alities such as triplet repeats (e.g., Fragile X) require polymerase
chain reaction-based analysis, and abnormal methylation (e.g.,
Angelman syndrome) requires special genetic testing.

Simultaneous or sequential testing of the parents of the affec-
ted patient (trio analysis) is desirable for proper interpretation of
sequencing results. However, this may be limited by the costs and
insurance coverage.28

Criteria for Selection of Focused Gene Panels or
Comprehensive Epilepsy Gene Panels

If the epilepsy phenotyping (clinical features, EEG, neuroi-
maging, biochemical profile) suggests a specific broad epilepsy
syndrome/group (e.g., malformations of cortical development,
familial focal epilepsy, progressive myoclonic epilepsy), a
focused gene panel may be indicated. On the other hand, should
the clinical phenotype or laboratory markers fail to categorize the
patient to a distinct epilepsy group, a comprehensive gene panel
may be considered.

∙ If clinical diagnosis is clear and genetic heterogeneity is low,
focused gene panels are indicated—for example, Dravet syn-
drome, progressive myoclonic epilepsy, cortical malformation
panel, Angelman‐like syndrome and Rett‐like syndrome.

∙ If a treatable epilepsy is under consideration, a STAT epilepsy
panel focused on treatable conditions should be considered.
Examples of important treatable conditions include
pyridoxine-dependent epilepsy, pyridoxal phosphate-
dependent epilepsy, creatine deficiency syndromes, glucose
transporter (GLUT1) deficiency, cerebral folate deficiency and
serine biosynthesis disorders (Table 3). These are so-called
“actionable gene panels.”

∙ Where the clinical diagnosis is clear and genetic heterogeneity
is high, but the clinical diagnosis is not indicative of a

treatable condition, either a focused gene panel or compre-
hensive epilepsy panel should be carried out. Examples
include epileptic encephalopathies such as Ohtahara syn-
drome, infantile spasms, epilepsy of infancy with migrating
focal seizures and Lennox Gastaut syndrome.

∙ If the clinical diagnosis is not clear and genetic heterogeneity
is unknown, either a focused gene panel or comprehensive
epilepsy panel should be carried out. Some of the examples are
as follows:

° Seizures associated with a fever as a major trigger
° Epilepsy in females with cognitive impairments or intellec-
tual disability

° Epilepsy syndromes associated with focal and multifocal
seizures
- Autosomal dominant nocturnal frontal lobe epilepsy
- Familial temporal lobe epilepsy with auditory features
- Familial focal epilepsy with variable foci
- Sporadic Focal-onset pharmacoresistant epilepsy

° Epilepsy associated with regression/dysfunction in language/
communication + /− development (Landau Kleffner syn-
drome, epileptic encephalopathy with continuous spike-and-
wave during sleep)

° Idiopathic (genetic) generalized epilepsy refractory to
treatment

∙ Epilepsies suggestive of mitochondrial diseases or in the con-
text of mitochondrial diseases.

It is noteworthy that as the new epilepsy genes are being dis-
covered and new phenotypes are being described for the known
genes, the genetic results may need to be re-evaluated or genetic
testing (such as focused gene panels) may need to be repeated for
patients with negative or inconclusive genetic testing results.

Future Directions

In addition to the guidelines for epilepsy genetic testing
described above, the Epilepsy Genetic Testing Criteria Working
Group recommended future steps to maximize appropriate testing,
which were supported by GTAC, and include the exploration of a
role for the recently formed Ontario Epilepsy Network in pro-
moting consultation between and among epileptologists to support

Table 3: Potentially treatable genetic/metabolic epilepsies

Effect on ion channels
Dravet syndrome (SCN1A)—avoidance of sodium-channel blockers
SCN8A-related epileptic encephalopathy—carbamazepine, phenytoin [sodium-channel blockers]
KCNQ2-related epileptic encephalopathy—retigabine [potassium-channel openers] or carbamazepine [sodium-channel blockers]
KCNT1-related migrating partial epilepsy of infancy—quinidine [gain-of-function mutations being treated by partial channel antagonist]
GRIN2A-related epileptic encephalopathy—memantine [NMDA (N-methyl-d-aspartate) receptor antagonists]

Alternative energy source
GLUT-1 deficiency syndrome (SLC2A1 gene)—ketogenic diet

Modulate epileptogenesis
Tuberous sclerosis complex (TSC1/2)—mTOR inhibitors (Rapamycin/analogs)

Modulating biochemical pathways
Pyridoxine dependency (ALDH7A1)—B6 vitamin
Biotinidase deficiency (BTD)—biotin
Cerebral folate deficiency (FOLR1)—folinic acid
Creatine deficiency syndromes (SLC6A8, GATM, GAMT)—creatine, other amino acid supplementation (glycine, arginine, ornithine) or restriction (arginine)

Serine biosynthesis defects (PHGDH, PSAT1, PSPH)—serine, glycine
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optimal genetic test selection for patients, regardless of geographic
location in the Province. In addition, there will be a patriation of all
genetic testing for epilepsy to Ontario laboratories.

The next step, now underway in Ontario, is the creation of an
epilepsy genetic testing implementation working group to develop
a programmatic plan for implementing epilepsy panel testing in
Ontario as a provincial service that is in alignment with the GTAC
report,Criteria for Genetic Testing Related to Epilepsy. This work
will lead to the creation of tailored, evidence-based epilepsy gene
panels for a specific group of epileptic disorders in Ontario.

FINANCIAL SUPPORT

None.

DISCLOSURES

The authors have nothing to disclose.

STATEMENT OF AUTHORSHIP

DA, ED, DD, ANP, SG, KB, ML and OCS were part of the
working group. They were involved in the study concept and
design and formulating the guidelines. All authors were involved
in drafting and revising the manuscript and approved the final
draft being submitted for publication.

REFERENCES
1. Fisher RS, Acevedo C, Arzimanoglou A, et al. ILAE official report: a

practical clinical definition of epilepsy. Epilepsia. 2014;55(4):475-82.
2. Bowen JM, Snead OC, Chandra K, Blackhouse G, Goeree R.

Epilepsy care in Ontario: an economic analysis of increasing
access to epilepsy surgery. Ont Health Technol Assess Ser.
2012;12(18):1-41.

3. http://www.ices.on.ca/Publications/Atlases‐and‐Reports/2015/
Brain‐Disorders‐in‐Ontario.

4. Ng R. Brain disorders in Ontario: prevalence, incidence, and costs
from health administrative data. Toronto, ON: Institute of Clinical
Evaluation Science; 2015.

5. Wang J, Lin Z-J, Liu L, et al. Epilepsy-associated genes. Seizure.
2017;44:11-20.

6. Thomas RH, Berkovic SF. The hidden genetics of epilepsy—a
clinically important new paradigm. Nat Rev Neurol. 2014;10
(5):283-92.

7. El Achkar CM, Olson HE, Poduri A, Pearl PL. The genetics of the
epilepsies. Curr Neurol Neurosci Rep. 2015;15(7):39.

8. Epilepsy Implementation Task Force, Provincial Guidelines for
the Management of Epilepsy in Adults and Children, Version
1.0, January 2015, Critical Care Services Ontario. Available
at: https://www.criticalcareontario.ca. Accessed February 10, 2016.

9. Mercimek-Mahmutoglu S, Patel J, Cordeiro D, et al. Diagnostic yield
of genetic testing in epileptic encephalopathy in childhood. Epi-
lepsia. 2015;56(5):707-16.

10. Sharma S, Prasad AN. Inborn errors of metabolism and epilepsy:
current understanding, diagnosis, and treatment approaches. Int J
Mol Sci. 2017;18(7):1384.

11. Epilepsydiagnosis.org. Epilepsy syndromes. https://www.epilepsy
diagnosis.org/. Accessed December 13, 2017.

12. Kwan P, Arzimanoglou A, Berg AT, et al. Definition of drug resis-
tant epilepsy: consensus proposal by the ad hoc Task Force of the
ILAE Commission on Therapeutic Strategies. Epilepsia. 2010;51
(6):1069-77.

13. Ream MA, Patel AD. Obtaining genetic testing in pediatric epilepsy.
Epilepsia. 2015;56(10):1505-4.

14. Epilepsy Phenome/Genome Project Epi4K Consortium. Copy num-
ber variant analysis from exome data in 349 patients with epileptic
encephalopathy. Ann Neurol. 2015;78(2):323-8.

15. de Kovel CG, Trucks H, Helbig I, et al. Recurrent microdeletions at
15q11.2 and 16p13.11 predispose to idiopathic generalized epi-
lepsies. Brain. 2010;133:23-32.

16. Heron SE, Scheffer IE, Grinton BE, et al. Familial neonatal seizures
with intellectual disability caused by a microduplication of
chromosome 2q24.3. Epilepsia. 2010;51(9):1865-9.

17. Olson H, Shen Y, Avallone J, et al. Copy number variation plays an
important role in clinical epilepsy. Ann Neurol. 2014;75
(6):943-58.

18. Striano P, Coppola A, Paravidino R, et al. Clinical significance of
rare copy number variations in epilepsy: a case-control survey
using microarray-based comparative genomic hybridization. Arch
Neurol. 2012;69(3):322-30.

19. Hrabik SA, Standridge SM, Greiner HM, et al. The clinical utility of
a single-nucleotide polymorphism microarray in patients with
epilepsy at a tertiary medical center. J Child Neurol. 2015;30
(13):1770-7.

20. Miller DT, Adam MP, Aradhya S, et al. Consensus statement:
chromosomal microarray is a first-tier clinical diagnostic test for
individuals with developmental disabilities or congenital anoma-
lies. Am J Hum Genet. 2010;86(5):749-64.

21. Scheffer IE. Diagnosis and long-term course of Dravet syndrome.
Eur J Paediatr Neurol EJPN Off J Eur Paediatr Neurol Soc.
2012;16(Suppl 1):S5-8.

22. Ottman R, Hirose S, Jain S, et al. Genetic testing in the epilepsies—
report of the ILAE Genetics Commission. Epilepsia. 2010;51
(4):655-70.

23. Parrini E, Marini C, Mei D, et al. Diagnostic targeted resequencing in
349 patients with drug-resistant pediatric epilepsies identifies
causative mutations in 30 different genes. Hum Mutat. 2017;38
(2):216-5.

24. Allen NM, Conroy J, Shahwan A, et al. Unexplained early onset
epileptic encephalopathy: exome screening and phenotype
expansion. Epilepsia. 2016;57(1):e12-17.

25. Thevenon J, Duffourd Y, Masurel-Paulet A, et al. Diagnostic odys-
sey in severe neurodevelopmental disorders: toward clinical
whole-exome sequencing as a first-line diagnostic test. Clin
Genet. 2016;89(6):700-7.

26. Berg AT, Coryell J, Saneto RP, et al. Early-life epilepsies and the
emerging role of genetic testing. JAMA Pediatr. 2017;171
(9):863-71.

27. Wirrell EC, Shellhaas RA, Joshi C, et al. How should children with
West syndrome be efficiently and accurately investigated?
Results from the National Infantile Spasms Consortium. Epi-
lepsia. 2015;56(4):617-25.

28. Schwarze K, Buchanan J, Taylor JC, Wordsworth S. Are whole-
exome and whole-genome sequencing approaches cost-effective?
A systematic review of the literature. Genet Med. 2018 Feb 15.
https://doi.org/10.1038/gim.2017.247.

LE JOURNAL CANADIEN DES SCIENCES NEUROLOGIQUES

Volume 46, No. 1 – January 2019 13

https://doi.org/10.1017/cjn.2018.341 Published online by Cambridge University Press

http://www.ices.on.ca/Publications/Atlases&#x2010;and&#x2010;Reports/2015/Brain&#x2010;Disorders&#x2010;in&#x2010;Ontario
http://www.ices.on.ca/Publications/Atlases&#x2010;and&#x2010;Reports/2015/Brain&#x2010;Disorders&#x2010;in&#x2010;Ontario
https://www.criticalcareontario.ca.
https://www.epilepsydiagnosis.org/.
https://www.epilepsydiagnosis.org/.
https://doi.org/10.1038/gim.2017.247
https://doi.org/10.1017/cjn.2018.341

	Development of criteria for epilepsy genetic testing in Ontario, Canada
	Citation of this paper:
	Authors


