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Chapter 10

General discussion and a proposal for 
a diagnostic algorithm for genetic 

testing for epilepsy
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Epilepsy is a disorder with a wide range of presentations due to a large variation of underlying 

etiologies in which genetic variants play a fundamental role. The aims of this thesis on the 

genetics of epilepsies of childhood were threefold. Our first aim was to elucidate the diagnostic 

yield and psychological impact of genetic testing in clinical practice. Our second was to evaluate 

the phenotypic spectra of some specific genetic epilepsies and examine genotype-phenotype 

correlations. Our third was to illustrate the benefit of precision medicine, an upcoming and 

promising therapy for genetic epilepsies based on the patient’s genotype. 

The yield of genetic testing
We learned that microarray analysis is an important diagnostic tool for epilepsies in childhood 

as we found clinically relevant copy number variants (CNVs) in 11% of the 226 children in our 

university hospital cohort (chapter 1). Of course, this yield was influenced by how doctors 

clinically selected their patients for a microarray. In our cohort, the children who had a microarray 

more often had epilepsy ‘plus’ developmental problems, facial dysmorphisms or behavioral 

problems compared to those who did not have a microarray. We concluded that a microarray is 

an important diagnostic technique in these children with epilepsy ‘plus’.   

Equally important, and systematically studied in chapter 2, is the psychological outcome of 

genetic testing and counseling from the perspective of patients or their parents. In our study, 

patients with epilepsy and their parents showed a clinically relevant increase in empowerment 

after the genetic counseling trajectory. Empowerment is a key outcome goal of genetic 

counseling and is defined as the set of beliefs that a person has decisional, cognitive and 

behavioral control; can regulate emotions; and has hope.1 Feelings of anxiety did not decrease 

significantly during the counseling trajectory. The change in empowerment was not influenced 

by the type of genetic testing result (disease-associated variant, variant of unknown significance, 

or normal testing result). We also learned to appreciate the importance of pre-test counseling as 

part of the counseling trajectory, since we observed empowerment already starting to increase 

after this first consultation. 

Genotype-phenotype studies
Most genes for epilepsy have been discovered in patients who were selected based on the 

presence of a certain phenotype. Therefore, our knowledge about gene-related phenotypic 

spectra is often biased by this ascertainment of patients. To limit this phenotypic ascertainment 

bias, we performed three study types. 

First, we performed reversed phenotyping studies in patients who were selected based on their 

genotype with mutations in SYNGAP1 (chapter 4), GRIN2A (chapter 5), or PCDH19 (chapter 
6). We were able to identify broader gene-related phenotypic spectra, including novel and 

key phenotypic features. In chapter 4, we described the SYNGAP1 disorder with a distinctive 

developmental and epileptic encephalopathy with seizures triggered by eating, intellectual 
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disability, a high pain threshold, and ataxia. In chapter 5, we evaluated the phenotypic spectrum 

associated with GRIN2A mutations and found that this spectrum ranged from normal or near 

normal development to severe developmental and epileptic encephalopathy with seizures 

and disorders of speech development as most prevalent features. We also identified a clear 

genotype-phenotype correlation for GRIN2A, which encodes part of the N-methyl-D-aspartate 

receptor. Clinical and electrophysiological data together showed that patients with missense 

mutations in the transmembrane or linker domain, associated with a receptor gain-of-function, 

have a more severe phenotype than patients with truncating mutations or missense mutations in 

the amino-terminal or ligand-binding domain, associated with a loss-of-function of the receptor. 

This pathomechanistic model might help in predicting the severity of GRIN2A disorders and 

facilitating potential precision medicine approaches. In chapter 6, we screened for the presence 

of psychotic disorders in females with PCDH19 mutations. This research was prompted by our 

clinical observation of schizophrenia in two females with PCDH19 Girls Clustering Epilepsy (GCE). 

We found a high frequency of psychotic disorders in 21% of females aged above 10 years, the 

earliest age at psychosis onset. This indicates that psychotic disorders are a novel, later-onset 

manifestation of PCDH19-GCE. Our reverse phenotype studies in chapter 4-6 are fundamental to 

better recognizing, monitoring and treating these genetic epilepsies and for revealing genotype-

phenotype correlations, with the eventual goal of improving outcome.

Second, novel phenotypes can also be found unexpectedly in the context of now widely 

available genome-wide genetic testing. In chapter 7, we presented the case of a boy with 

epilepsy with myoclonic-atonic seizures and intellectual disability in whom microarray revealed 

a microdeletion including STX1B. This gene has previously been associated with fever-related 

epilepsy syndromes with epilepsy with myoclonic-atonic seizures in two other patients. This third 

published case supports that epilepsy with myoclonic-atonic seizures is part of the STX1B-related 

epilepsy spectrum. 

Third, and last, combining data from microarray and sequencing studies may provide better 

insight into the phenotypic spectrum of a specific genetic disorder. In chapter 8, we have 

compared the presence of PRRT2-related phenotypes in patients with disease-associated PRRT2 

variants and patients with microdeletions including PRRT2. Although both genotypes result 

in a loss-of-function of PRRT2, patients with a microdeletion had PRRT2-related phenotypes 

significantly less often. This led us to realize that the penetrance of PRRT2 mutations seems 

largely overestimated, probably due to ascertainment of patients based on known PRRT2-related 

phenotypes. Chromosomal array analysis revealing microdeletions is applied in a wide range of 

clinical presentations, while sequencing of epilepsy genes or gene panels is mostly restricted to a 

more selected patient group with epilepsy. Our finding is important, as the same ascertainment 

bias effect might hold true for other genes associated with familial epilepsies. A clue for such an 

overestimation of disease penetrance in the literature could be the presence of the gene variant 

in control databases, as is the case for PRRT2. 

GENERAL DISCUSSION AND A PROPOSAL FOR A DIAGNOSTIC ALGORITHM FOR GENETIC TESTING FOR EPILEPSY
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Precision medicine
Ideally, epilepsy genotype and phenotype studies will result in finding a precise treatment that will 

improve outcome based on the underlying genotype. In chapter 9, we illustrated the benefit of 

precision medicine in a girl with refractory epilepsy due to a SCN2A variant, probably resulting in a 

gain-of-function of the channel, who became seizure free on a sodium channel blocker. We learned 

that obtaining a detailed family history with respect to epilepsy and of the treatment responses in 

affected relatives may be helpful for identifying the epilepsy etiology and the best treatment option. 

GUIDELINES FOR GENETIC TESTING IN CLINICAL 
PRACTICE

Early diagnosis prevents unnecessary further diagnostic investigations, leads to a better 

understanding of the epilepsy etiology and prognosis, may help recognition and monitoring 

of co-morbidities, and–although more rare–could improve treatment and prognosis.  The 

International League Against Epilepsy (ILAE) also recommends that clinicians should aim to 

determine the underlying epilepsy etiology from the first presentation with seizures onwards 

(see also Figure 1 in chapter 1).2 

But when should we think of a genetic etiology? This is a difficult question since the presentation 

of genetic epilepsies can vary tremendously. Phenotypes as mild as a few seizures in the neonatal 

period in an otherwise normal child or as severe as a developmental and epileptic encephalopathy 

in a child with profound intellectual disability, hypotonia, and a movement disorder can both 

have a genetic cause. The first child has a history of self-limiting benign neonatal seizures due to 

a KCNQ2 mutation, while the second has DNM1 developmental and epileptic encephalopathy.3–6 

Although many experts in the field of genetic epilepsies have given their recommendations for 

genetic testing in current clinical practice,7–12 no clinical guidelines for genetic testing for epilepsies 

exist to date. The most recent European and American guidelines for diagnosing epilepsy from 

2016 and 2006, respectively, indicate that genetic testing is not yet part of routine diagnostic care 

(Table 1).13–17 Our national Dutch guideline suggests when we should think of genetic testing, but 

it is unclear how this should be performed. With the wide range of genetic tests available (see 

Table 1 in the introduction of this thesis), it may be challenging to select the most appropriate 

test and to communicate the results to patients or their parents. 

Therefore, we propose a new algorithm that may guide clinicians in when and how to offer genetic 

testing for their patients with epilepsy. This algorithm is based on the results of the research 

described in this thesis and on our own clinical experience. The algorithm may help answering 

three important questions: Which patients should be selected for genetic testing? Which genetic 

test(s) should be performed? And how should the information about genetic testing and their 

results be communicated to patients or parents?

CHAPTER 10
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Table 1: Recommendations for genetic testing in epilepsy in national and international guidelines

Organization Guideline (year) Recommendations for genetic testing and counseling 
National guideline
Dutch Society of 
Neurology (NVN) 13  

Epilepsy (2016) Consider genetic testing or referral to a clinical geneticist in 
patients with epilepsy in the following situations: 
- Therapy-resistant epilepsy 
- Epilepsy with atypical response to specific medication
- Epilepsy plus dysmorphisms, congenital anomalies, mental 
retardation,
  regression, psychosis/psychiatric disorders or other 
neurological problems in the
  patients or the family (migraine, episodic ataxia, paroxysmal 
dyskinesia) 
- Consanguinity of the parents
- Suspicion of special epilepsy syndrome
- Progressive disease course
- Epilepsy in the family 
- Patient from a genetically isolated population
- Suspicion of phacomatosis or neuronal migration disorder 
- Patient with a wish to have children
- Patient has questions about heredity 
Necessity of genetic testing is not proven for: 
- Frequent epilepsies without one of the abovementioned 
criteria - Determining the recurrence risks for idiopathic 
generalized epilepsy and focal epilepsy 
Consider POLG-investigation before treating with valproate in 
patients with clinical suspicion for inborn error of metabolism.
Request HLA-typing in the context of pharmacogenetic 
investigations before starting with carbamazepine in patients 
from South-East Asia descent.
Always think of advantages and disadvantages of genetic 
testing while making a choice for genetic testing. 

European guidelines 
European 
federation of 
neurological 
societies 
(EFNS) 14

EFNS guidelines on the 
molecular diagnosis of 
channelopathies, epilepsies, 
migraine, stroke, and 
dementias (2010) 

“Molecular investigations are possible and may help in some 
cases to diagnose the condition but cannot be considered as a 
routine procedure with regard to the large number of different 
mutations in different genes. Furthermore, diagnosis can be 
made more easily by clinical and physiological investigations 
(good practice point). One exception of note is the diagnosis 
of severe myoclonic epilepsy of infancy, in which mutations 
are found in SCN1A in 80% of the patients.”

National Institute 
for Health and Care 
Excellence (NICE) 15

Epilepsies: diagnosis and 
management (2012; updated 
2016)

- In case of pregnancy: “Genetic counseling should be 
considered if one partner has epilepsy, particularly if the 
partner has idiopathic epilepsy and a positive family history of 
epilepsy”
- No recommendations about genetic testing as part of the 
diagnostic work-up

American guidelines 
American Academy 
of Neurology 
(AAN) 16

Practice parameter: 
Treatment of
the child with a first 
unprovoked seizure (2003) 

Future research recommendations: 
“Identifying genetic, immune, or imaging markers may 
improve prediction of prognosis.”
“A goal of pharmacogenetics will be to minimize the likelihood 
of adverse events from medication.”

American Academy 
of Neurology 
(AAN) 17

Practice Parameter: 
Diagnostic assessment of the 
child with status epilepticus 
(2006) 

“There are insufficient data to support or refute whether 
genetic testing (chromosomal or molecular studies) should be 
done routinely in children with status epilepticus.”

GENERAL DISCUSSION AND A PROPOSAL FOR A DIAGNOSTIC ALGORITHM FOR GENETIC TESTING FOR EPILEPSY
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A PROPOSED DIAGNOSTIC ALGORITHM FOR GENETIC 
TESTING FOR EPILEPSY 

Step 1: Selecting patients
We recommend that the search for a genetic cause for epilepsy should always start with 

deep and careful phenotyping for two reasons. First, for some epilepsies, recognition of a set 

of features will point towards a specific genetic diagnosis. Second, the likelihood of finding a 

genetic cause for epilepsy with genetic testing is largely influenced by the selection of patients 

based on their phenotype. For example, a disease-associated genetic variant is more likely to be 

found in a child with refractory seizures with developmental regression, autism, and dysmorphic 

features than in an adolescent with normal development without co-morbidities who had a few 

tonic-clonic seizures. In contrast, incidental findings (variants in genes for other diseases than 

epilepsy) and variants of unknown significance can be found in both patients. If patients are not 

carefully pre-selected for genetic testing, the chance of such incidental findings or findings of 

unknown significance may overshadow the chance of finding a disease-associated variant. It is 

a challenge to wisely select our patients for genetic testing. We propose seven questions that 

might be helpful in this selection process. 

Is there a clear non-genetic cause for the epilepsy?

If the epilepsy is clearly a consequence of an acquired cause (e.g. perinatal asphyxia, trauma, brain 

infarction, or meningitis), the epilepsy is not likely to be genetic and further genetic testing is thus 

not indicated. 

Is there developmental regression or plateauing with seizure onset? 

The epileptic encephalopathies (EE), defined as epilepsies with developmental plateauing 

or regression associated with epileptiform activity, are most likely to have a genetic origin. 

High yields up to 60% have been reported in EE-cohorts, but most often it was between 30-

40%.5,18–29  This variable yield is most likely due to differences in cohort size, selection of patients 

based on additional features and previous genetic testing results, the type of genetic testing 

performed in the study, and the number of genes sequenced. In three cohorts of patients with 

(drug-resistant) epilepsy, the yield was highest in the subgroup of participants with EE.30–32  We 

therefore recommend to prioritize genetic testing in the etiological workup of patents with a 

(developmental and) epileptic encephalopathy.

Is there epilepsy ‘plus’ developmental delay, intellectual disability, behavioral or psychiatric 

problems, congenital anomalies, or dysmorphisms? 

There are several other features that may increase the likelihood of finding a genetic cause for 

epilepsy, which we call ‘plus’ features. In this thesis, we showed that 11% of patients with epilepsy 

‘plus’ had a disease-associated CNV identified with microarray analysis. Other studies on next 

generation sequencing techniques also reported high yields (11-47%) in their clinically selected 
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group of patients, in whom such ‘plus’ features were highly prevalent.31–37  Furthermore, two 

studies showed higher diagnostic yields of any genetic testing in patients with epilepsy ‘plus’ 

developmental delay versus epilepsy only38  and high yields of microarray in patients with epilepsy 

‘plus’ musculoskeletal or cardiac malformations versus epilepsy only.39  We therefore recommend 

looking for the presence of ‘plus’ features, and offering genetic testing (both microarray and 

next generation sequencing) if these are present. Some of these features only become evident 

as time evolves. Developmental delay and behavioral problems might only be noticed when 

children grow older, movement disorders may not manifest until childhood or adolescence, 

and psychiatric symptoms might even arise in adolescence and early adulthood, as is shown for 

PCDH19. Although early genetic testing is recommended, some epilepsies need time before their 

genetic origin becomes recognizable. The epilepsy implementation task force in Canada also 

highlights that the transition period between childhood and adulthood is an excellent time to re-

evaluate the diagnosis and etiology, when the phenotype is more crystallized and novel genetic 

techniques might be available.40  

Is there a family history for epilepsy or other paroxysmal disorders? 

A positive family history for epilepsy in close relatives can be an important clue for identifying 

the epilepsy etiology, as it may point towards a familial genetic epilepsy syndrome, such as a 

genetic epilepsy with febrile seizures plus.41  In addition, the pedigree could indicate the mode 

of inheritance (x-linked, autosomal dominant, autosomal recessive, etc.), information that is 

helpful in the search for the underlying gene. Thomas and Berkovic have published their tips for 

obtaining a full epilepsy family history by identifying all provoked and unprovoked seizures, by 

unraveling who is affected in what part of the family, and by understanding the family background 

(consanguinity, isolated population, etc.).42  We like to emphasize here that it is also important to 

ask about other paroxysmal disorders in the family, as such disorders can be a presentation of 

the same underlying disorder. For example, a diagnosis of paroxysmal kinesigenic disorder (PKD) 

in the father of a patient with benign familial infantile epilepsy may suggest a familial PRRT2 

mutation and PKD in an older sibling of a child with early childhood absence epilepsy may be 

suggestive of a glucose transporter 1 deficiency due to a mutation in SLC2A1.43,44  Thus, if the 

family history is suggestive of a genetic underlying disease, genetic testing is recommended. 

Is there an epilepsy syndrome that is likely to be genetic? 

There are some epilepsy syndromes that are likely to be genetic without fulfilling any of the 

abovementioned criteria. Examples of these are benign neonatal or infantile seizures (due to 

KCNQ2, KCNQ3, SCN2A, or PRRT2 mutations)4 , focal seizures with auditory features (due to LGI1 

mutations)45,46 , nocturnal frontal lobe seizures (due to CHRNA4 or CHRNB2 mutations)47,48  or 

familial focal epilepsy with variable foci (due to DEPDC5 mutations).49  Although these epilepsy 

syndromes usually occur in families with an autosomal dominant pattern of inheritance, a family 

history might be lacking in de novo cases and genetic testing could then still be indicated. 

GENERAL DISCUSSION AND A PROPOSAL FOR A DIAGNOSTIC ALGORITHM FOR GENETIC TESTING FOR EPILEPSY
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So far, our questions have been aimed at identifying patients with epilepsies caused by a 

single gene mutation that are likely to be recognized with genetic testing. On the other end 

of the genetic epilepsy etiology spectrum are the epilepsies with a complex or multifactorial 

inheritance.42  Examples of such epilepsies are childhood absence epilepsy, juvenile myoclonus 

epilepsy, and epilepsy with generalized tonic-clonic seizures only. These epilepsies are also 

considered to be genetic. However, we have not yet been able to fully unravel the genotypes that 

are associated with them. As explained in the introduction, a few susceptibility CNVs have been 

identified that increase the risk for epilepsy, but other genetic risk factors for these epilepsies 

are unknown. Therefore we believe that further genetic testing for these complex inherited 

epilepsies is not yet indicated. 

Do you plan treatment that is known to be influenced by genetics? 

Another yet largely unknown field in epilepsy genetics is pharmacogenomics. Pharmacogenomics 

focuses on how individual variation in anti-epileptic drug (AED) response—in terms of effects and 

side-effects—and dose can be explained by genetic factors. To date, the only robust evidence 

of these effects in epilepsy pharmacogenomics comes from variants in three genes.50 First, in 

patients of Han Chinese origin, we recommend screening for the presence of an HLA-B*1502 allele 

associated with carbamazepine-induced Stevens-Johnson syndrome.51  Second, in individuals 

of European or Japanese ancestry, the HLA-A*31:01 allele has been linked to an increased risk 

of carbamazepine-induced hypersensitivity reactions,52,53 and screening for this in patients 

who are being prescribed carbamazepine for epilepsy has been shown to be cost-effective.54  

Third, patients with certain polymorphisms in CYP2C9 (e.g. CYP2C9*2 (rs1799853) and CYP2C9*3 

(rs1057910(C)) have a reduced phenytoin metabolism and are at greater risk for developing 

phenytoin-concentration-dependent neurotoxicity.55–57  

Many studies have tried to identify gene variants associated with epilepsy pharmacogenomics, 

but their findings need to be replicated in larger cohorts to make them more robust. This future 

research on pharmacogenomics in epilepsy is important to further personalize epilepsy treatment. 

Does the patient have questions about epilepsy recurrence risks or pregnancy risks? 

As for most genetic disorders, patients and parents might have several important questions 

about the risks for epilepsy in their relatives and new generations. Furthermore, females who 

are pregnant or would like to become pregnant may want to learn more about the risks of their 

epilepsy and epilepsy treatment for their yet unborn child. Genetic counseling, either by the 

specialist or clinical geneticists, can then be helpful. 

Step 2: Pre-test counseling
We recommend always providing pre-test counseling before initiating genetic testing. This 

counseling can either be done by a clinical geneticist or a (pediatric) neurologist with experience 

in genetics. Clinicians can use this counseling setting to evaluate the need for genetic testing, to 
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inform patients or parents about their options, and to promote informed decision making about 

genetic testing. The results from this thesis have demonstrated that patients and parents show 

an increase in empowerment after pre-test counseling. Furthermore, a small number of patients 

declined genetic testing after being informed in more detail during pre-test counseling. 

The ILAE has also suggested evaluating four points before deciding to do genetic testing.58  First, 

analytical validity should be considered to determine whether genetic testing can accurately 

identify the genotype of interest. Table 1 in the introduction of this thesis may be helpful in 

determining analytical validity. Second, we should evaluate clinical validity, a term for how 

accurate a test is for determining whether or not a person is affected with the disorder. Clinical 

validity is especially important to consider when the disease has an incomplete penetrance 

and finding a mutation does not necessarily mean that a person is affected. Third, and we think 

most important to assess, is clinical utility. Do the patient and parents really want to know the 

etiology? How will a positive test affect treatment or the reproductive choices of the patient and 

parents? Does a positive test impact the patient’s or parents’ life in terms of decision making? 

These questions might be easy to answer if a patient is severely affected and parents are craving 

answers. However, if a patient has a history of self-limiting neonatal seizures, one might question 

what the additional value is of knowing whether this was due to a particular gene mutation, other 

than confirmation of the clinically suspected diagnosis? Fourth, and last, the ILAE recommends 

evaluating the ethical, legal and social implications of genetic testing even though little is known 

about this in the population of patients with epilepsy. The ILAE also emphasizes the importance 

of counseling for discussing these points with the families. 

Step 3: Genetic testing
The next step is the genetic testing itself, with a range of tests being available. We propose a 

three-step method.

1. Sanger Sequencing is the first choice for identifying variants in a single gene, selected based 

on a strong clinical suspicion for a certain genetic disorder or an affected relative with a known 

disease-associated variant in this gene. 

2. Microarray has shown to be an important diagnostic tool in children with developmental 

and epileptic encephalopathies or epilepsy in the context of a syndrome. There is (inter)national 

consensus that microarray is recommended as a first-tier diagnostic test for developmental delay, 

which is often present in these two patient groups.59,60  In some centers, CNV analysis can be done 

using data from exome sequencing, but in most hospitals where this is not yet possible or where 

this takes a long time, microarray is still recommended to detect CNVs. 

3. Next generation sequencing is used to sequence multiple genes in a single test run. In 

current clinical practice, whole exome sequencing is often performed. However, to reduce the 
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chance of incidental findings and variants of unknown significance, we recommend analyzing an 

epilepsy gene subpanel if the clinician is familiar with these panels and beliefs that the patient’s 

epilepsy phenotype only fits with genes in this subpanel. If this is not the case, we advise analyzing 

the full epilepsy gene panel. If this full panel is also negative, the exome can be further analyzed 

if this is clinically warranted. Whole genome sequencing is not yet a widely available clinical 

diagnostic test, mainly because it is expensive and interpreting intronic variants is still difficult. 

Step 4: Multidisciplinary discussion 
The interpretation of genetic results can be very challenging and often needs discussion between 

clinicians and molecular geneticists. As mentioned in the introduction, the American College of 

Medical Genetics and Genomics and the Association for Molecular Pathology have written their 

consensus on how to classify variants. The pathogenicity of variants should be determined based 

on molecular characteristics (type of mutation, predicted effect, conservation, etc.) and its presence 

in control databases, on one hand, and whether the patient’s phenotype fits with the known gene-

related phenotypic spectrum, on the other. It is important to realize that this known phenotypic 

spectrum could reflect a more severe end of the phenotypic spectrum with an overestimated 

disease penetrance due to ascertainment bias. On the other hand, current research already results in 

expansion of these phenotypic spectra, making it more difficult to determine whether the patient’s 

phenotype fits. Identifying the presence of key phenotypic features can then be helpful. 

During post-test counseling the results from genetic testing are explained to patients and/or 

their parents. If no disease-associated variant has been identified, epilepsy can still be genetic 

and it should be discussed with the families whether further genetic testing is warranted or not. 

If a disease-associated variant has been identified, the counselor can inform the families about 

the disorder; the associated phenotypic spectrum; its treatment options, prognosis, mode of 

inheritance, and recurrence risks; and reproductive options and can refer patients and families to 

relevant support groups. Using social media, the patients or parents of children with the same 

disorder can connect, listen, feel heard, help each other, and even initiate and contribute to 

research. The importance and power of such groups for families should never be underestimated. 

Overall, post-test counseling aims at helping patients and families to understand and adapt 

to the medical, psychological, and familial implications of the identified genetic variants that 

cause or contribute to their epilepsy.61  We have shown that patients or parents experience more 

empowerment after post-counseling, regardless of the results of genetic testing. 

Step 6: Reversed phenotyping
Last, but definitely not least important, is the final step in patients in whom a disease-associated 

variant has been identified: going back to the epilepsy phenotype where we started the genetic 

journey. This is called reversed phenotyping. Ours and other reversed phenotyping studies in 

patients with mutations in several epilepsy genes will make it easier to recognize seizures and 
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co-morbidities associated with these genetic epilepsies. This may lead to better monitoring and 

treatment of these patients, which is crucial for improving outcome. 

RESEARCH TOWARDS THE FOLLOWING STEP: PRECISION 
MEDICINE 

If a genetic epilepsy etiology can be identified, this may offer the opportunity to optimize epilepsy 

treatment based on the underlying genotype and thereby improve the outcome. This is called 

precision medicine. In chapter 9, we showed an example of the benefit of a precision medicine 

application that is available for a few genetic epilepsies to date. 

To develop precision medicine for other genetic epilepsies, we first need to disentangle the 

underlying pathophysiology of these epilepsies. This can be done by studying the function of 

wild type and mutant epilepsy genes and proteins using in vitro or animal models. We recommend 

initiating such functional studies based on observations from clinical studies. In chapter 5, a 

clinically observed GRIN2A genotype-phenotype correlation prompted functional studies on 

specific missense variants that were associated with different presentations of the disease. These 

functional studies indeed showed contrasting gain-of-function and loss-of-function effects 

of the missense mutations located in different domains. Hypothetically, patients with gain-of-

function mutations might benefit from receptor blockers while patients with loss-of-function 

mutations might not. Clinically initiated functional studies may therefore represent an important 

starting point for precision medicine aimed at these and other genetic epilepsies.

The use of precision medicine can be expanded once we have identified new genetic variants 

for epilepsy. Although many genes have been discovered for monogenic epilepsies, the 

underlying genetic etiology for most polygenic epilepsies is still unknown. Furthermore, for 

many monogenic epilepsies, we cannot fully explain their phenotypic variability based on the 

single gene variant. Other genetic factors are therefore likely to contribute to the phenotype. The 

field of epilepsy research may benefit from further world-wide collaborations that will include 

very large numbers of patients in order to have adequate power to compare the prevalence of 

genetic variants between patients and controls and to find genetic modifiers that contribute to 

the clinical penetrance of epilepsy-related variants. The discovery of such new genetic variants 

might then give rise to new therapeutic insights in the era of precision medicine. 

As already discussed in our proposed diagnostic algorithm, another largely unexplored field is 

pharmacogenomics: the role of genetic variants in drug responses. Similar large-scale genetic 

studies comparing genetic variants between drug responders and non-responders might help 

us to identify new pharmacogenetic variants and consequently to select the most suitable drug 

for an individual patient in the context of precision medicine. 
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Finally, we believe that precision medicine should not only focus on providing personalized 

therapeutic treatment based on an individual’s genotype, but also on providing personalized 

care in terms of helping them understand and adapt to their disease based on the patient’s 

lifestyle. We found an increased empowerment in a small cohort of patients and parents who 

had genetic testing and counseling for epilepsy. Follow-up studies are however warranted to 

evaluate the individual differences in the outcome of genetic counseling to personalize the 

genetic counseling trajectory and improve the psychological outcome of genetic services for 

patients and their families.

CONCLUSIONS 

Epilepsy is a highly heterogeneous disorder, also with respect to its etiology, in which genetic 

variants play an important role. Our research contributes to this field of genetic epilepsy in 

three ways. First, we showed that genetic services for epilepsies in childhood not only have 

important diagnostic value, but that patients and parents also show an increased empowerment 

after genetic counseling. Second, our reversed phenotyping studies aid in the recognition of 

some important genetic epilepsies because we identified their expanded phenotypic spectrum 

including key and novel phenotypic features. Furthermore, the results of these studies made us 

realize that the phenotypic spectra and the disease penetrance of known genetic epilepsies may 

be biased due to the selection of patients. For GRIN2A, our clinical and functional data showed 

a clear genotype-phenotype correlation that may direct research into precision medicine. An 

example of the benefit of such precision medicine for another genetic epilepsy was given in a 

case report. Finally, the results from this thesis, together with our clinical experiences, enabled 

us to propose a new diagnostic algorithm for genetic testing in epilepsy. We emphasize the 

importance of a careful pre-selection of patients for genetic testing followed by pre-test 

counseling, genetic testing, post-test counseling and, if a disease-associated variant has been 

identified, reverse phenotyping.  

GENERAL DISCUSSION AND A PROPOSAL FOR A DIAGNOSTIC ALGORITHM FOR GENETIC TESTING FOR EPILEPSY

10



525699-L-sub01-bw-Vlaskamp525699-L-sub01-bw-Vlaskamp525699-L-sub01-bw-Vlaskamp525699-L-sub01-bw-Vlaskamp
Processed on: 29-10-2018Processed on: 29-10-2018Processed on: 29-10-2018Processed on: 29-10-2018 PDF page: 198PDF page: 198PDF page: 198PDF page: 198

198

REFERENCES

1.  Mcallister M, Payne K, Macleod R, Nicholls S, Dian Donnai, 
Davies L. Patient empowerment in clinical genetics 
services. J Health Psychol 2008; 13 :895–905. 

2.  Scheffer IE, Berkovic S, Capovilla G, et al. ILAE 
classification of the epilepsies: Position paper of the ILAE 
Commission for Classification and Terminology. Epilepsia 
[online serial]. 2017;**: 1–10. Accessed at: http://doi.wiley. 
com/10.1111/epi.13709.

3.  Singh NA, Charlier C, Stauffer D, et al. A novel potassium 
channel gene, KCNQ2, is mutated in an inherited epilepsy 
of newborns. Nat Genet 1998; 18: 25–29. 

4.  Zara F, Specchio N, Striano P, et al. Genetic testing in 
benign familial epilepsies of the first year of life: Clinical 
and diagnostic significance. Epilepsia 2013; 54: 425–436. 

5.  EuroEPINOMICS-RES Consortium, Epilepsy Phenome/
Genome Project, Epi4K Consortium. De Novo Mutations 
in Synaptic Transmission Genes Including DNM1 Cause 
Epileptic Encephalopathies. Am J Hum Genet 2014; 95: 
360–370. 

6.  Von Spiczak S, Helbig KL, Shinde DN, et al. DNM1 
encephalopathy. Neurology 2017; 89: 385–394. 

7.  Scheffer IE. Genetic testing in epilepsy: What should you 
be doing? Epilepsy Curr 2011; 11: 107–111. 

8.  Poduri A, Sheidley BR, Shostak S, Ottman R. Genetic 
testing in the epilepsies-developments and dilemmas. 
Nat Rev Neurol 2014; 10: 293–299. 

9.  Berkovic SF. Genetics of epilepsy in clinical practice. 
Epilepsy Curr 2015; 15: 192–196. 

10.  Mefford HC. Clinical Genetic Testing in Epilepsy. Epilepsy 
Curr 2015; 15: 197–201. 

11.  Myers CT, Mefford HC. Advancing epilepsy genetics in 
the genomic era. Genome Med 2015; 7: 91.

12.  Poduri A. When should genetic testing be performed in 
epilepsy patients? Epilepsy Curr 2017; 17: 16–22. 

13.  Nederlandse Vereniging voor Neurology. Richtlijnen voor 
diagnostiek en behandeling. 2016. Available at: http://
epilepsie. neurologie.nl/cmssite/index.php?pageid=40. 
Accessed on 01-05-2018.

14.  Burgunder JM, Finsterer J, Szolnoki Z, et al. EFNS guidelines 
on the molecular diagnosis of channelopathies, 
epilepsies, migraine, stroke, and dementias. Eur J Neurol 
2010; 17: 641–648. 

15.  NICE. Epilepsies: diagnosis and management. 2012. 
Available at: nice.org.uk/ guidance/cg137. Accessed on 
01-05-2018.

16.  Hirtz D, Berg A, Bettis D. Practice parameter: Treatment 
of the child with a first unprovoked seizure: Report of 
the Quality Standards Subcommittee of the American 
Academy of Neurology and the Practice Committee of 
the Child Neurology Society. Neurology 2003; 60: 166–
175. 

17.  Riviello JJ, Ashwal S, Hirtz D, et al. Practice Parameter: 
Diagnostic assessment of the child with Report of the 
Quality Standards Subcommittee of the American 
Academy of Neurology and the Practice Committee of 
the Child Neurology Society. Neurology 2006; 67: 1542–
1550. 

18.  Lemke JR, Riesch E, Scheurenbrand T, et al. Targeted next 
generation sequencing as a diagnostic tool in epileptic 
disorders. Epilepsia 2012; 53: 1387–1398. 

19.  Kodera H, Kato M, Nord AS, et al. Targeted capture and 
sequencing for detection of mutations causing early 
onset epileptic encephalopathy. Epilepsia 2013; 54: 1262–
1269. 

20.  Carvill GL, Heavin SB, Yendle SC, et al. Targeted 
resequencing in epileptic encephalopathies identifies 
de novo mutations in CHD2 and SYNGAP1. Nat Genet 
2013; 45: 1–16. 

21.  Epilepsy Phenome/Genome Project & Epi4K Consortium. 
Copy number variant analysis from exome data in 349 
patients with epileptic encephalopathy. Ann Neurol 
2015; 78: 323–328. 

22.  Wirrell EC, Shellhaas RA, Joshi C, Keator C, Kumar S, 
Mitchell WG. How should children with West syndrome 
be efficiently and accurately investigated? Results from 
the National Infantile Spasms Consortium. Epilepsia 
2015; 56: 617–625. 

23.  Mercimek-Mahmutoglu S, Patel J, Cordeiro D, et 
al. Diagnostic yield of genetic testing in epileptic 
encephalopathy in childhood. Epilepsia 2015; 56: 707–
716. 

24.  Kwong AKY, Ho ACC, Fung CW, Wong VCN. Analysis 
of mutations in 7 genes associated with neuronal 
excitability and synaptic transmission in a cohort 
of children with non-syndromic infantile epileptic 
encephalopathy. PLoS One 2015; 10: 1–14. 

25.  Zhang Q, Li J, Zhao Y, Bao X, Wei L, Wang J. Gene 
mutation analysis of 175 Chinese patients with early-
onset epileptic encephalopathy. Clin Genet 2017; 91: 
717–724. 

26.  Gokben S, Onay H, Yilmaz S, et al. Targeted next 
generation sequencing: the diagnostic value in early-
onset epileptic encephalopathy. Acta Neurol Belg 2017; 
117: 131–138. 

27.  Olson HE, Kelly M, LaCoursiere CM, et al. Genetics and 
genotype–phenotype correlations in early onset 
epileptic encephalopathy with burst suppression. Ann 
Neurol 2017; 81: 419–429. 

28.  Rim JH, Kim SH, Hwang IS, et al. Efficient strategy for the 
molecular diagnosis of intractable early-onset epilepsy 
using targeted gene sequencing. BMC Med Genomics 
2018; 11: 6. 

29.  Ko A, Youn SE, Kim SH, et al. Targeted gene panel and 
genotype-phenotype correlation in children with 
developmental and epileptic encephalopathy. Epilepsy 
Res 2018; 141: 48–55. 

30.  Ream MA, Mikati MA. Clinical utility of genetic testing in 
pediatric drug-resistant epilepsy: A pilot study. Epilepsy 
Behav 2014; 37: 241–248. 

31.  Moller RS, Larsen LHG, Johannesen KM, et al. Gene 
panel testing in epileptic encephalopathies and familial 
epilepsies. Mol Syndromol 2016; 7: 210–219. 

CHAPTER 10



525699-L-sub01-bw-Vlaskamp525699-L-sub01-bw-Vlaskamp525699-L-sub01-bw-Vlaskamp525699-L-sub01-bw-Vlaskamp
Processed on: 29-10-2018Processed on: 29-10-2018Processed on: 29-10-2018Processed on: 29-10-2018 PDF page: 199PDF page: 199PDF page: 199PDF page: 199

199GENERAL DISCUSSION AND A PROPOSAL FOR A DIAGNOSTIC ALGORITHM FOR GENETIC TESTING FOR EPILEPSY

10

32.  Ortega-Moreno L, Giráldez BG, Soto-Insuga V, et al. 
Molecular diagnosis of patients with epilepsy and 
developmental delay using a customized panel of 
epilepsy genes. PLoS One 2017; 12: 1–13. 

33.  Mina E Della, Ciccone R, Brustia F, et al. Improving 
molecular diagnosis in epilepsy by a dedicated high-
throughput sequencing platform. Eur J Hum Genet 
2015; 23: 354–362. 

34.  Helbig KL, Farwell Hagman KD, Shinde DN, et al. 
Diagnostic exome sequencing provides a molecular 
diagnosis for a significant proportion of patients with 
epilepsy. Genet Med 2016; 18: 898–905. 

35.  Trump N, McTague A, Brittain H, et al. Improving 
diagnosis and broadening the phenotypes in early-
onset seizure and severe developmental delay disorders 
through gene panel analysis. J Med Genet 2016; 53: 310–
317. 

36.  Segal E, Pedro H, Valdez-Gonzalez K, et al. Diagnostic 
Yield of Epilepsy Panels in Children With Medication-
Refractory Epilepsy. Pediatr Neurol 2016; 64: 66–71.

37.  Butler KM, da Silva C, Alexander JJ, Hegde M, Escayg A. 
Diagnostic Yield From 339 Epilepsy Patients Screened 
on a Clinical Gene Panel. Pediatr Neurol 2017; 77: 61–66. 

38.  Berg AT, Coryell J, Saneto RP, et al. Early-life epilepsies 
and the emerging role of genetic testing. JAMA Pediatr 
2017; 171: 863–871. 

39.  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: 1770–1777. 

40.  Andrade DM, Bassett AS, Bercovici E, et al. Epilepsy: 
Transition from pediatric to adult care. Recommendations 
of the Ontario epilepsy implementation task force. 
Epilepsia 2017; 58: 1502–1517. 

41.  Scheffer IE, Berkovic SF. Generalized epilepsy with febrile 
seizures plus. A genetic disorder with heterogeneous 
clinical phenotypes. Brain 1997; 120: 479–490. 

42.  Thomas RH, Berkovic SF. The hidden genetics of 
epilepsy-a clinically important new paradigm. Nat Rev 
Neurol 2014; 10: 283–292. 

43.  Chen W-J, Lin Y, Xiong Z-Q, et al. Exome sequencing 
identifies truncating mutations in PRRT2 that cause 
paroxysmal kinesigenic dyskinesia. Nat Genet 2011; 43: 
1252–1255. 

44.  Suls A, Mullen SA, Weber YG, et al. Early-onset absence 
epilepsy caused by mutations in the glucose transporter 
GLUT1. Ann Neurol 2009; 66: 415–419. 

45.  Kalachikov S, Evgrafov O, Ross B, et al. Mutations in 
LGI1 cause autosomal-dominant partial epilepsy with 
auditory features. Am J Hum Genet 2008; 30: 335–341. 

46.  Bisulli F, Licchetta L, Baldassari S, Tommaso P, Tinuper P. 
DEPDC5 mutations in epilepsy with auditory features. 
Epilepsia 2016; 57: 335. 

47.  Steinlein OK, Mulley JC, Propping P, et al. A missense 
mutation in the neuronal nicotinic acetylcholine 
receptor alpha 4 subunit is associated with autosomal 
dominant nocturnal frontal lobe epilepsy. Nat Genet 
1995; 11: 201–203. 

48.  Liu XR, Huang D, Wang J, et al. Paroxysmal hypnogenic 
dyskinesia is associated with mutations in the PRRT2 
gene. Neurol Genet 2016; 2: e66. 

49.  Dibbens LM, De Vries B, Donatello S, et al. Mutations in 
DEPDC5 cause familial focal epilepsy with variable foci. 
Nat Genet 2013; 45: 546–551. 

50.  Balestrini S, Sisodiya SM. Pharmacogenomics in epilepsy. 
Neurosci Lett 2018; 667: 27–39. 

51.  Chung W-H, Hung S-I, Hong H-Sh, et al. A marker for 
STevens-Johnson syndrome. Nature 2004; 428: 2501. 

52.  Ozeki T, Mushiroda T, Yowang A, et al. Genome-
wide association study identifies HLA-A • 3101 allele 
as a genetic risk factor for carbamazepine-induced 
cutaneous adverse drug reactions in Japanese 
population. Hum Mol Genet 2018; 20: 4–6.

53.  McCormack M, Alfirevic A, Bourgeois S et al. HLA-A*3101 
and Carbamazepine-Induced Hypersensitivity Reactions 
in Europeans. N Engl J Med 2011; 364: 1134–1143. 

54.  Plumpton CO, Yip VL, Alfirevic A, et al. Cost-effectiveness 
of screening for HLA-A*31:01 prior to initiation of 
carbamazepine in epilepsy. Epilepsia 2015; 56: 556–563. 

55.  Depondt C, Godard P, Espel RS, Cruz AL Da, Lienard P, 
Pandolfo M. A candidate gene study of antiepileptic 
drug tolerability and efficacy identifies an association 
of CYP2C9 variants with phenytoin toxicity. Eur J Neurol 
2011; 18: 1159–1164. 

56.  Lee CR, Goldstein JA, Pieper JA. Cytochrome P450 2C9 
polymorphisms: a comprehensive review of the in-vitro 
and human data. Pharmacogenetics 2002; 12: 251–263. 

57.  Lopez-garcia MA, Feria-romero IA, Serrano HF-, Escalante 
D, Suarez SO. Genetic polymorphisms associated with 
antiepileptic metabolism. Front Biosci 2014; E6: 377–386. 

58.  Ottman R, Hirose S, Jain S, et al. Genetic testing in the 
epilepsies—Report of the ILAE Genetics Commission. 
Epilepsia 2010; 51: 655–670. 

59.  Nederlandse Vereniging voor Kindergeneeskunde. 
Concept richtlijn voor de initiële etiologische diagnostiek 
bij kinderen met een ontwikkelingsachterstand / 
verstandelijke beperking. 2017. Not yet available online. 

60.  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 Anomalies. 
Am J Hum Genet. The American Society of Human 
Genetics 2010; 86: 749–764. 

61.  Resta R, Biesecker BB, Bennett RL, et al. A new definition 
of genetic counseling: National Society of Genetic 
Counselors’ Task Force report. J Genet Couns 2006; 15: 
77–83. 



525699-L-sub01-bw-Vlaskamp525699-L-sub01-bw-Vlaskamp525699-L-sub01-bw-Vlaskamp525699-L-sub01-bw-Vlaskamp
Processed on: 29-10-2018Processed on: 29-10-2018Processed on: 29-10-2018Processed on: 29-10-2018 PDF page: 200PDF page: 200PDF page: 200PDF page: 200


	Chapter 10



