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ABSTRACT
Objective The term ’precision medicine’ describes a 
rational treatment strategy tailored to one person that 
reverses or modifies the disease pathophysiology. In 
epilepsy, single case and small cohort reports document 
nascent precision medicine strategies in specific genetic 
epilepsies. The aim of this multicentre observational study 
was to investigate the deeper complexity of precision 
medicine in epilepsy.
Methods A systematic survey of patients with epilepsy 
with a molecular genetic diagnosis was conducted in six 
tertiary epilepsy centres including children and adults. A 
standardised questionnaire was used for data collection, 
including genetic findings and impact on clinical and 
therapeutic management.
Results We included 293 patients with genetic 
epilepsies, 137 children and 156 adults, 162 females 
and 131 males. Treatment changes were undertaken 
because of the genetic findings in 94 patients (32%), 
including rational precision medicine treatment and/or 
a treatment change prompted by the genetic diagnosis, 
but not directly related to known pathophysiological 
mechanisms. There was a rational precision medicine 
treatment for 56 patients (19%), and this was tried 
in 33/56 (59%) and was successful (ie, >50% seizure 
reduction) in 10/33 (30%) patients. In 73/293 (25%) 
patients there was a treatment change prompted by 
the genetic diagnosis, but not directly related to known 
pathophysiological mechanisms, and this was successful 
in 24/73 (33%).
Significance Our survey of clinical practice in 
specialised epilepsy centres shows high variability 
of clinical outcomes following the identification of a 
genetic cause for an epilepsy. Meaningful change in 
the treatment paradigm after genetic testing is not yet 
possible for many people with epilepsy. This systematic 
survey provides an overview of the current application 
of precision medicine in the epilepsies, and suggests the 
adoption of a more considered approach.

INTRODUCTION
In the fifth century BC, Hippocrates stated that 
‘human beings are innately (genetically) different 
from one another, and this individuality affects 

both their predisposition/susceptibility to disease 
and their response to therapeutics’. This was the 
first documentation of the central principle of 
‘precision medicine’ (PM), thousands of years ago.1 
PM is a treatment approach in which disease treat-
ment and prevention is tailored to individual vari-
ability in genes, environment and lifestyle for each 
person.2 Best clinical practice has always been to 
provide PM, for instance, by taking into account 
all available demographic, clinical and instrumental 
information of each patient, typically within an 
intuitive Bayesian framework integrating serial 
data collection into a global evaluation of patient 
diagnosis and treatment response.3 Now, genomic 
data add another layer of information to this frame-
work, with the promise of even more customised 
diagnosis and treatment.

An increasing number of syndromes has been 
discovered in which all or much of the clinical 
picture is attributed to variation in a single gene. 
This in turn has allowed a better understanding of 
disease biology, and has facilitated the identifica-
tion of molecular targets for precision deployment 
of new and repurposed compounds in the treat-
ment of the epilepsies. There is some evidence of 
effective PM strategies in epilepsy in relation to 
its specific underlying cause.4–13 However, some 
genetic epilepsies have proven resistant to current 
treatments and it is hoped that as work in this 
field continues, more genetic epilepsies will have 
targeted treatment available.14

However, some caution is needed. There is a 
gap between the much- promoted idea of PM in 
the genetic literature in the epilepsies, and progress 
for the majority of people with epilepsy. Cases with 
genetic diagnoses but no ensuing treatment impli-
cations, naturally, largely go unpublished: such bias 
risks giving an unduly optimistic impression of the 
applicability or simplicity of PM.

Recent exome sequencing studies in children with 
drug- resistant epilepsies reported a diagnostic yield 
of ~30% with positive impact on clinical manage-
ment or treatment following genetic diagnosis only 
in a minority of cases.15 16
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While identifying a genetic aetiology is undoubtedly benefi-
cial at many levels in epilepsy,17 the implications for treatment 
remain limited, and there is a gap in understanding why some 
putative PM treatments fail, lead to adverse effects or are not 
used.18 We aimed to assess the impact of genetics in the current 
PM approach to epilepsy, focusing on the variability of outcomes 
following genetic diagnoses in a multicentre cohort including 
both children and adults.

A multicentre systematic survey of patients with a molecular 
genetic diagnosis of epilepsy was conducted at the National 
Hospital for Neurology and Neurosurgery (NHNN, London, 
UK (n=146)), Great Ormond Street Hospital (GOSH, London, 
UK) (n=93), Children's Hospital A. Meyer (Florence, Italy) 
(n=28), Federico II University Hospital (Naples, Italy) (n=13), 
‘Giannina Gaslini’ Institute (Genova, Italy) (n=11), and Insti-
tute for Clinical Brain Research (Tubingen, Germany) (n=2). At 
NHNN and GOSH, the study was registered as a service evalu-
ation, and the requirement of consent was waived by the local 
ethics committees. All cases from other centres had consent/
assent for data sharing (either from patients or from parents 
or legal guardians). For all centres, consecutive children (<18 
years) and adults (≥18 years) seen in the epilepsy clinic with last 
follow- up between 2007 and 2019 were identified by reviewing 
clinical and research databases.

MATERIALS AND METHODS
It is important to note that this was an unblinded, retrospective 
observational study, and not a trial (randomised controlled or 
other): therefore, genetic testing strategies varied from centre 
to centre and case to case as well as over time. We aimed to 

report actual current clinical practice across several centres, 
addressing cases with molecular genetic diagnoses already previ-
ously accepted by the local clinical team.

Inclusion criteria were as follows: people with epilepsy and an 
underlying genetic condition considered to be causative of the 
epilepsy. A standardised questionnaire was used for collection 
of data, including clinical history, details of genetic testing and 
impact on clinical management (https:// forms. office. com/ Pages/ 
ResponsePage. aspx? id=_ oivH 5ipW 0yTy SEKE dmlw sIxM cWke 
RpJs kQT7 bkOQ RFUN UI1N VZCV kxSV kQ4T EhZN ElRU 0tIV 
0I2TC4u). To evaluate the latter, we used a flow chart illustrating 
clinical management and outcome following the discovery of 
genetic aetiology (figure 1). Seizures and epilepsy were classified 
according to the latest ILAE definitions.19 Classification of treat-
ment was based on existing literature and PM mechanisms were 
established for the following genes ARG1, DEDPC5, CHRNA4, 
GAMT, GRIN2A, KCNA2, KCNH2, KCNQ2, MTOR, SCN1A, 
SCN8A, SCN2A, SLC2A1, TSC1, TSC2, according to the rele-
vant literature.4–13 20–22,

Successful treatment was defined as a reduction in seizure 
frequency >50%. Cognitive outcome was included when avail-
able, but this was mostly based on the clinician’s subjective 
impression or subjective report of parents/carers and rarely 
referred to formal neuropsychometric assessment. Clinicians 
were asked to determine whether there was an improvement 
in the quality of life following the genetic diagnosis; however, 
this was not included in the statistical analysis as it was only 
a subjective evaluation. For single- nucleotide variants (SNVs), 
the American College of Medical Genetics and Genomics 
(ACMG) guidelines were used for variant interpretation23 by a 

Figure 1 Algorithm illustrating clinical management and outcome following the discovery of genetic aetiology.
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multidisciplinary team including clinical scientists, clinical genet-
icists and paediatric or adult neurologists. Chromosomal imbal-
ances, copy number variants (CNVs) and repeat expansions were 
deemed pathogenic according to the phenotypic presentation 
and overall assessment by the responsible clinicians. Exclusion 
criteria were as follows: cases with variants identified in genes 
that cause Mendelian disorders and classified as ‘likely benign’ 
or ‘benign’ according to the ACMG criteria,23 and cases with 
no details on treatment changes after the genetic diagnosis. We 
included cases with variants classified as ‘of uncertain signifi-
cance’,23 providing that they were considered to be causative 
of, or contributing to, the epilepsy by the respective clinicians, 
even if this was not formally confirmed in a multidisciplinary 
discussion.

Statistical analysis
The Pearson χ2 or Fisher’s exact tests, as appropriate, for binary 
or categorical variables, and t- test for continuous variables, were 
used to analyse the association of outcome following the identi-
fication of the underlying genetic abnormality and clinical and 
other genetic factors. No variable had more than 5% missing 
data: missing data were therefore omitted, with no other correc-
tion or interpolation undertaken. The threshold for statistical 
significance was set at p<0.05. Data analysis was performed 
using the Stata/IC V.11.1 Statistical package.

RESULTS
Clinical and genetic assessment
In total 293 patients (162 females, 131 males; 137 children, 156 
adults) with a confirmed genetic aetiology for their epilepsy were 
included in the main analysis. Clinical details are summarised 
in table 1. The genetic diagnosis was achieved through 
various methods including single gene capillary sequencing, 

array- comparative genomic hybridisation, karyotype anal-
ysis, whole exome sequencing gene panels, and more broadly, 
whole exome and genome sequencing (the latter often as part 
of research studies). When an initially detected genetic abnor-
mality did not explain the phenotype at all or completely, further 
genetic investigations were often undertaken, according to local 
strategies. We note that our study was not to address the rela-
tive merits of different types of genetic testing, but to determine 
outcome related to treatment following a genetic diagnosis that 
was considered by the local clinical team to be the cause of an 
individual patient’s epilepsy. The genetic abnormalities consid-
ered causative of the epilepsy included SNVs (n=248, 85% of 
patients), chromosomal imbalances (n=21, 7%), CNVs (n=17, 
6%), repeat expansion (n=5, 2%), SNV plus CNV (n=2, 1%). 
Only five gene variants were functionally tested: one missense 
variant in the KCNA2 gene caused gain- of- function, and led to a 
treatment trial with 4- aminopyridine22–24; one missense variant 
in the DNM1 gene with a dominant- negative mechanism25; one 
missense variant in the SCN2A gene caused gain- of- function and 
led to introduction of carbamazepine; one missense variant in 
the SCN8A gene caused gain- of- function and led to introduc-
tion of carbamazepine; one truncating variant in the SCN1A 
gene caused loss- of- function but did not lead to any treatment 
changes.

At the time of the genetic testing, encephalopathy was 
reported in 208 patients (71%), either developmental and 
epileptic (n=127, 61%), epileptic (n=68, 33%) or develop-
mental (n=13, 6%). Dravet syndrome (DS), with an underlying 
variant in SCN1A, was present in 70 (24%) cases. Comorbidities 
were reported in 257 patients (88%).

Impact of genetic diagnosis
Most patients had received multiple antiseizure medications 
prior to genetic diagnosis, with a median number of antiseizure 
medications tried before the genetic diagnosis of five (SD 4, 
range 0–19). Other treatment for their epilepsy had included: 
ketogenic diet or other dietary treatment in 66 patients (23%), 
vagus nerve stimulation in 23 patients (8%) and neurosurgical 
resection, disconnection or callosotomy in 20 patients (7%). 
Surgical treatment, performed either before or after the genetic 
diagnosis, was successful in 9/20 patients (45%), leading to 
seizure freedom (3/20) or improved seizure control (6/20). In 78 
patients (27%), there was a history of seizure worsening (based 
on clinician evaluation) associated with the use of one or more 
antiseizure medications before the molecular genetic diagnosis. 
Following the genetic diagnosis, in 101 patients (35%) further 
diagnostic assessment was arranged (eg, cardiac assessment or 
any other test performed as a consequence of the genetic diag-
nosis), and in 94 patients (32%) medication changes were under-
taken because of the genetic findings. Overall an improvement 
in quality of life following definitive molecular genetic diagnosis 
was reported by the clinician for 114 patients (39%).

Following the scheme for PM illustrated in figure 1, there was 
an existing established PM treatment for 56 patients (19%). Of 
these, the established PM was tried in 33/56 (59%) after genetic 
diagnosis, and was reported as successful in 10/33 (30%) patients 
(table 2). Reasons for not trying the established PM treatment 
included: already seizure- free or seizure control deemed accept-
able to the family and clinician when the genetic diagnosis was 
made (n=9), other treatment effective (n=5), recent molecular 
diagnosis or no further follow- up after genetic diagnosis (n=3), 
parents declined (n=2), patient deceased (n=1), difficulties in 
accessing funding for treatment (n=1) or unknown (2). The 

Table 1 Summary of clinical details of the 293 patients included in 
the multicentre systematic survey

Gender 162 females, 131 males

Mean age at last follow- up 22 years, SD 16, median 19, 
range 8 months to 69 years

Patients deceased 17 (6%)

Family history of epilepsy or febrile seizures 131 (45%)

Type of putative causal 
genetic abnormality

SNV 248 (85%)

CNV 17 (6%)

SNV+CNV 2 (1%)

Chromosomal imbalance 21 (7%)

Repeat expansion 5 (2%)

Mean age at seizure onset 4 years, SD 5, median 1, range 
1 day to 30 years

Mean age at clinical diagnosis of the epilepsy 
syndrome

11 years, SD 13, median 5, 
range antenatal to 58 years

Mean age at genetic diagnosis 16 years, SD 15, median 13, 
range 1 day to 63 years

Mean interval from clinical to genetic diagnosis 5 years, SD 10, median 0, 
range 4 years earlie to 52 
years afterwards

Developmental delay or regression 216 patients (75%)

Mean age at onset of developmental slowing 16 months, SD 16, median 10, 
range from birth to 96 months

History of febrile seizures 106 (36%)

Drug- resistant epilepsy 240 (82%)

CI, chromosomal imbalance; CNV, copy number variant; SNV, single- nucleotide 
variant.
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outcome of PM trial was not successful in 23/33 cases (70%): 
in two cases PM (withdrawal of sodium channel blockers in 
SCN1A- related DS) was not associated with significant seizure 
improvement, but improvement of cognitive function was noted; 
in one case PM (withdrawal of oxcarbazepine in SCN1A- related 
DS) was associated with >50% reduction in seizure frequency, 
but the improvement was not sustained; in four cases PM (trial 
of everolimus in TSC2- related Tuberous Sclerosis Complex, 
use of phenytoin in presumed gain- of- function SCN2A- related 
epileptic encephalopathy, withdrawal of phenytoin in SCN1A- 
related DS, trial of 4- aminopyridine in gain- of- function KCNA2- 
related epileptic encephalopathy) was associated with clinical 
deterioration and seizure worsening; in one case PM (ketogenic 
diet in GLUT1 deficiency syndrome) was effective but not toler-
ated. In 7/33 (21%) some improvement in seizure frequency 
after a change to PM was reported, but <50%. In 8/33 (24%), 
no clinical effect was reported (table 3).

In 73/293 (25%) patients, there was a treatment change 
prompted by the genetic diagnosis (16 of them also had PM 

trialled), but not directly related to known pathophysiological 
mechanisms (eg, valproate and stiripentol in SCN1A- related 
epilepsies). This was reported as successful in 24/73 (33%).

At last follow- up, the overall clinical condition compared with 
before genetic diagnosis, was reported as stable in 177 patients 
(60%), improved in 98 (33%) and worse in 18 (6%).

PM was available for epilepsies caused by SNVs (n=55) or 
CNVs (n=1), not for the other causal genetic abnormalities 
(SNV+CNV, chromosomal imbalance or repeat expansion 
disorders) (p=0.027, Fisher’s exact test). Successful PM was 
associated with improved overall condition at the last follow- up 
(p=0.013, Fisher’s exact test). Similarly, other treatment change 
prompted by the genetic diagnosis but not directly related to 
a PM mechanism was associated with improved outcome 
(p=0.001, Fisher’s exact test). Patients with improved outcome 
at the last follow- up had had a genetic diagnosis at a significantly 
younger age than patients with stable or worse outcomes (mean 
age at genetic test 13 vs 18 years, t- test p=0.021), independent 
of PM or other treatment changes.

Table 2 List of the 10 patients where a PM strategy was tried and was successful (>50% seizure reduction)

Gene variant and details

Age at 
clinical 
diagnosis 
(years)

Age at 
genetic 
diagnosis 
(years)

No of ASMs 
tried before 
genetic 
diagnosis/other 
non- medical 
treatment

Changes of 
treatment following 
genetic diagnosis

Age at last 
follow- up 
(years)

Diagnostic 
assessment 
following genetic 
diagnosis

Previous ASMs 
worsening seizure 
control

Homozygous ARG1 (c.93del, p.Arg32fs), 
pathogenic

Unknown 29 1 Low- protein diet 33 None None

Heterozygous DEPDC5 (c.727C>T, 
p.Arg243*), pathogenic

11 26 Nine plus cortical 
resection

Introduction of 
ketogenic diet

30 ECG Oxcarbazepine

Homozygous GAMT (c.327G>A, 
p.Lys109=), likely pathogenic

25 26 Seven plus 
callosotomy

Introduction of 
creatine supplements, 
withdrawal of sodium 
valproate

31 Metabolic 
assessment

None

Heterozygous KCNH2 
(c.3125_3135dupTGGATGCCCTC, 
p.Gln1046Trpfs*15), pathogenic

2 0.4 3 Beta- blocker therapy 
(nadolol)

3 Regular cardiac 
assessment 
surveillance, 
QT interval 
measurement

None

Heterozygous SCN1A (c. 602+1G>A, 
p.(?)), pathogenic

7 6 8 Withdrawal of 
carbamazepine, 
introduction of 
stiripentol

21 None Carbamazepine

Heterozygous SCN1A (c.992delT, 
p.Leu331X), pathogenic

58 59 5 Withdrawal of 
primidone and 
carbamazepine, 
introduction of 
levetiracetam

69 None None

Heterozygous SCN1A (c.1624C>T, 
p.Arg542*), pathogenic

27 27 15 Withdrawal of 
lamotrigine, increase 
of sodium valproate

31 Speech and 
language 
assessment for 
dysphagia

Oxcarbazepine, 
tiagabine, lamotrigine

Heterozygous SCN1A (c.2729A>C, 
p.Gln910Pro), likely pathogenic

48 48 11 Withdrawal of 
carbamazepine

58 None Lamotrigine, 
phenobarbitone

Heterozygous SCN1A (c.2792G>A, 
p.Arg931His), likely pathogenic

41 43 10 Introduction of 
stiripentol and 
clobazam, withdrawal 
of carbamazepine

53 None Topiramate, 
levetiracetam, 
zonisamide, 
pregabalin, 
lacosamide, clobazam, 
carbamazepine, 
sodium valproate, 
stiripentol, lamotrigine

Heterozygous SLC2A1 (c.823G>A, 
p.Ala275Thr), pathogenic

11 6 1 Introduction of 
ketogenic diet

12 Regular cognitive 
assessment

None

ASM, antiseizure medication; PM, precision medicine.
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ACMG classification was applicable for 217/248 SNVs, and 
included 114 pathogenic (53%), 71 likely pathogenic (33%) 
and 32 of uncertain significance (15%). Some molecular genetic 
diagnoses were made before ACMG guidelines were available, 
and were then made according to best local practice at the time. 
Analysis of the historical management (that had been undertaken 
according to contemporary best practice but now classified by 
ACMG class) of the variant did not show any difference between 
class 4 or class 5 variants versus class 3 variants for diagnostic 
management (eg, additional investigation prompted by the 
genetic findings) or treatment changes following identification 
of the genetic abnormality (table 4). We also observed that all 
patients with successful PM strategies had either likely patho-
genic (3, 30%) or pathogenic variants (7, 70%), while patients 
with epilepsies where PM was not successful had also variants of 
uncertain significance (6, 26%) in addition to likely pathogenic 
(9, 39%) or pathogenic variants (8, 25%). The variant distribu-
tion according to PM outcome was not significant (p=0.120, 
Fisher’s exact test).

DISCUSSION
Our analysis shows a broad variety of outcomes following iden-
tification of a plausible underlying genetic cause for an individ-
ual’s epilepsy.

The best outcome related to PM, when altered management 
strategies were available and proved successful, was achieved 
in only 3% of the entire cohort (10/293), demonstrating the 
currently limited reach of PM in the epilepsies in day- to- day 
practice, in the absence of a systematic programme for PM 
usage, even in tertiary referral centres. Established PM strategies 
existed for 19% of patients, were tried in only 11%, and, when 
tried, were not successful in 23/33 patients (70%): the majority 
(82%) of our cohort remained in the drug- resistant state despite 
the existence of putative PM strategies for some patients.

Among the 41% of patients where PM recognised treatments 
indicated by the genetic finding were not tried, there were some 
instances where there were difficulties in accessing funding 
for specific therapies, such as everolimus in tuberous sclerosis. 
This represents a set of issues frequently encountered in rare 
genetic conditions, because in the context of local regulations 
and lack of robust evidence (eg, lack of randomised controlled 
trials) obtaining approval or funding for off- licence treatments 
can prove difficult. These issues should be addressed, especially 
when there is more than anecdotal evidence that PM treatments 
may be effective and could also reduce the health cost burden.7 26 
In many (n=14/23) of the 41% of patients where there was an 
existing PM strategy that was not tried, this was because seizure 
control was already satisfactory or patients were seizure- free on 
alternative treatment, established before the genetic findings.

In our cohort, variables that were significantly associated with 
improved clinical condition at the last follow- up included any 
treatment change prompted by the genetic diagnosis, either PM 
or other not directly related to a PM mechanism, emphasising 
how treatment guided by the underlying genetic abnormality 
can drive clinical improvement. Our findings also highlight 
that a genetic diagnosis should be pursued at any age (in our 
cohort, more adults had successful PM treatment than children), 
although the chance of improving outcome may fall over time 
(we found that lower age at genetic test was associated with 
better outcome): we acknowledge the small numbers of patients 
and outcomes on which these inferences are made.

Despite a lack of PM therapies, or these being unsuccessful, 
improvement in the overall clinical condition compared with G
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before genetic diagnosis was reported in 33%. This was signifi-
cantly associated with treatment changes prompted by the genetic 
diagnosis, but not directly related to known pathophysiological 
mechanisms, that were undertaken in 25% of patients and were 
successful in 8% of the entire cohort. Other factors that may 
contribute to clinical improvement following genetic diagnosis 
include amelioration of aspects other than seizures such as cogni-
tion, arrangement of further diagnostic assessment as a specific 
genetic diagnosis may implicate other organ involvement and 
inform prognosis, reduction of seizure frequency <50% but still 
with relevant impact on daily life.

We note that a minority of individuals (20/293) in our cohort 
had surgical treatment for the epilepsy (including callosotomy, 
resective surgery or disconnection), and this was successful in 
45% of operated cases. There is still little evidence on how 
genetic findings may guide the selection of surgical candidates,27 
but certainly an underlying genetic condition should not exclude 
a priori consideration for surgical treatment.

In our cohort, only five gene variants were functionally tested 
and this may contribute to explanation of the failure of the PM 
approach even when there was a recognised or predicted appro-
priate epilepsy treatment, as the actual functional consequence 
of a genetic variant is often presumed rather than determined 
empirically. There is growing evidence that experimental studies 
of the functional consequences of specific variants can explain 
phenotypic variability and severity.28 29 There are genes with 
established evidence of gain- or loss- of- function variants affecting 
phenotypic presentation and treatment response such as SCN2A 
and SCN8A.9 10 Patients with the few variants functionally tested 
in our study did not show successful clinical response to the 
appropriate PM (table 3). It is worth emphasising that in vitro 
experiments examining isolated functional consequences of a 
given genetic variant, for example, a specific ion channel gene 
variant, do not take into account various other influences (eg, 
epigenetics, environmental factors), and may not always prove 
relevant.

To help deal with multiple variants emerging from next- 
generation sequencing methods, systematic criteria for patho-
genicity have been introduced, though previously local best 
practices would also have been used to assess pathogenicity. 
When we used the ACMG criteria to classify the variants, we 
observed no difference in the impact on clinical and therapeutic 
management between variants of uncertain significance (class 3) 

and variants that were likely pathogenic or pathogenic (class 4 or 
class 5). However, we note that there were only likely pathogenic 
or pathogenic variants in the group of patients with successful 
PM, while 26% of the patients with PM failure had variants of 
uncertain significance. Our cohort is too small to draw definitive 
inferences from this observation; however, variant classification, 
as a surrogate for variant pathogenicity, may represent a contrib-
uting factor to PM response. We note that some of the pieces 
of evidence required to assess pathogenicity can be difficult 
to obtain in patients with epilepsy, such as clinical correlation 
between implicated gene and clinical features (eg, dysmorphism 
is reasonably rare in epileptic encephalopathies, lack of gene- 
specific phenotypes), or absence of segregation data for adult 
patients when parents might be unavailable. The well- known 
phenotypic variability associated with genetic variants may also 
contribute to the observed variability in outcomes.30–32

With whole exome or genome sequencing, there is often a 
set of potentially causal variants identified needing discussion 
in a multidisciplinary setting to assess their significance for the 
patient’s phenotype. This is the case even if a non- genome- wide 
approach (eg, virtual epilepsy gene panel) has been applied. 
Filters such as allele frequency, inheritance status of the variant, 
predicted protein consequence, and tolerance to variation of 
the implicated gene may be employed to select the best candi-
date. However, all these filters still carry a degree of uncertainty 
and often selection remains arbitrary to some extent. Also, due 
to genetic pleiotropy, different variants within the same gene 
may cause distinct clinical disorders and therefore presenting 
different response to treatment. When PM is not successful, 
and if the genetic diagnosis was made through whole exome 
or genome sequencing, a revision of the previous variant selec-
tion strategy might be appropriate. Failure of the PM approach 
may not only lie in variant selection, but also in the genomic 
background including modifier variants in other genes, epigen-
etic and other regulatory processes, gene expression, environ-
mental factors, lack of functional analysis, and perhaps other, 
currently unknown, mechanisms. A contemporary PM approach 
should include the search for precision explanation for failure of 
PM treatments: this should improve our knowledge of disease 
biology in specific individuals and differentiate the PM para-
digm from the current system of drug choice which is based on 
the syndromic classification and can often be a trial- and- error 
process.33 However, the systematic use of exome sequencing in 

Table 4 Outcome at last follow- up and its association with underlying genetic abnormality and medication changes following the genetic 
diagnosis

Outcome at last follow- up 
(compared with before genetic 
diagnosis), n (%)

Successful PM 
treatment tried and 
successful*, n (%)

Treatment change prompted by the genetic 
diagnosis, but not directly related to known 
pathophysiological mechanisms, successful*, n (%) Genetic abnormality, n (%)

ACMG classification 
>3,23 when applicable, 
n (%)

A.Improved, 98 (34) 7 (70) 16 (64) 85 SNV (87%)
6 CNV (6%)
6 CI (6%)
one repeat expansion (1%)

56 (84%)

B.Stable, 177 (60) 3 (30) 8 (32) 147 SNV (84%)
10 CNV (6%)
1 SNV+CNV (1%)
15 CI (9%)
two repeat expansion (1%)

121 (88%)

C.Worse, 18 (6) 0 (0) 1 (4) 14 SNV (78%)
1 CNV (6%)
1 SNV+CNV (6%)
two repeat expansion (11%)

7 (64%)

*Successful treatment was defined as reduction >50% in seizure frequency.
ACMG, American College of Medical Genetics and Genomics; CI, chromosomal imbalance; CNV, copy number variant; PM, precision medicine; SNV, single- nucleotide variant.
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people with epilepsy is not currently possible in many centres 
due to time and cost implications, while gene panels are often 
faster and cheaper to apply and therefore most commonly used 
in typical practice. We also aimed to illustrate the variability of 
actual current clinical practice across several centres over the last 
20 years, including patients diagnosed with genetic abnormali-
ties preceding the advent of next generation sequencing.

Moreover, unpredicted responses to PM may also reflect 
phenotypic extension to the already accepted disease spectrum, 
a phenomenon seen in many genetic encephalopathies.34 This 
emphasises the need for a better understanding of pathophysi-
ology in epilepsy—the need to understand in a full PM approach 
why an unexpected treatment is effective. At present, we do not 
have a comprehensive approach addressing the many potential 
layers contributing to the complexity of the PM approach. A 
partial solution may be to adopt a systems- level approach: one 
application based on transcriptomic analysis predicted valproate 
to preferentially restore to normality the disrupted gene expres-
sion network in epilepsy.35 However, valproate is not effective 
in many epileptic encephalopathies,4 including in DS where 
it represents one of the recommended treatment strategies,36 
suggesting that other factors are also likely to play a role in treat-
ment response.

Limitations of our study include lack of information on the 
duration of benefits derived from the medication changes, lack 
of a systematic analysis of treatment efficacy (eg, successful 
treatment may refer to a broader concept including impact on 
cognition, and other phenotypic aspects), side effects and of 
impacts on comorbidities, subjectivity of the treating clinician’s 
evaluation of changes in seizure control and/or quality of life. 
We acknowledge the bias that all of the centres included in our 
study are tertiary services highly specialised in genetic epilep-
sies. Although our findings cannot be generalised to all general 
epilepsy clinics, at present most genetic testing in epilepsy is 
undertaken after specialist referral and mainly in patients with 
developmental abnormalities and/or drug- resistant epilepsies 
which is in keeping with cohort that we report in this study. 
Due to the small sample size, we could not analyse the outcome 
of specific genetic epilepsies separately; as our approach was 
meant to assess the impact of genetic diagnosis overall. This 
was an observational retrospective study, and not a randomised 
controlled trial of the PM approach. Some patients may have 
had successful treatment changes before the genetic diagnosis, 
for example, in DS, and these have not been included in this 
analysis; however, the purpose of this study was to get a real- 
life measure of the current implications for treatment changes 
following a genetic diagnosis. Furthermore, a degree of uncer-
tainty related to genetic causation is inevitable in some cases, 
adding a potential bias to the study.

Our observations should lead to greater caution in raising 
expectation in people with epilepsy, clinicians and health-
care providers about the current impact of genetic findings in 
epilepsy. Conversely, our findings suggest we need to continue to 
develop further strategies for PM treatment in genetic epilepsies, 
including, for example, complementary deep and multimodal 
phenotyping, epigenetics, environmental risk factors, stan-
dardised functional characterisation of gene variants and appro-
priately designed clinical trials of targeted treatments identified 
through functional work.

Based on the results of our real- life survey, we recommend 
the following actions to improve outcome following a genetic 
diagnosis: if there is uncertainty regarding the pathogenicity of 
the mutation, functional testing should be considered; medica-
tion changes, including repurposed drugs, and further diagnostic 

assessment, depending on underlying genetic condition, should 
be considered; periodic re- evaluation of the impact of genetic 
testing should be planned.

There has already been significant progress in this field, with 
expanding genetic discoveries leading to novel approaches to 
understand systems biology and devise or select targeted treat-
ments,37–39 and there are promising fields of medicine where 
PM is already being successfully applied on a large scale such 
as in oncology. In epilepsy, genomics is becoming increasingly 
adopted in clinical practice and has a meaningful impact on diag-
nosis40: for it also to realise its full promise for treatment, more 
work is needed to understand failure of PM in clinical practice.

Author affiliations
1Department of Clinical and Experimental Epilepsy, UCL Queen Square Institute of 
Neurology, London, and Chalfont Centre for Epilepsy, Gerrard Cross, UK
2Neurology Unit and Neurogenetics Laboratories, Meyer Children Hospital, Florence, 
Italy
3Institute of Child Health, University College of London (UCL) Great Ormond Street 
NIHR BRC, London, UK
4Great Ormond Street Hospital for Children, London, UK
5Epilepsy Center Frankfurt Rhine- Main University of Frankfurt, University of Frankfurt, 
Frankfurt Rhine Main, Germany
6Department of Neurology, University Hospital Frankfurt and LOEWE Center for 
Personalized Translational Epilepsy Research (CePTER) Goethe- University Frankfurt, 
Frankfurt am Main, Germany
7Epilepsy Center Hessen and Department of Neurology, Philipps- University, Marburg, 
Germany
8Departments of Clinical Neurosciences, Medical Genetics and Community Health 
Sciences, Hotchkiss Brain Institute & Alberta Children’s Hospital Research Institute, 
Cumming School of Medicine, University of Calgary, Calgary, Alberta, Canada
9Department of Neurology and Epileptology, University of Tübingen, Tubingen, 
Germany
10Department of Epileptology and Neurology, University of Aachen, Aachen, Germany
11Department of Pediatric Neurology, Dr von Haunerschen Kinderspital, University of 
Munich, Munich, Germany
12Department of Neuroscience, Reproductive and Odontostomatological Sciences, 
Epilepsy Centre, Federico II University, Naples, Italy
13The Danish Epilepsy Centre Filadelfia, Dianalund, and Institute for Regional Health 
Services Research, University of Southern Denmark, Odense, Denmark
14Department of Neurosciences, Rehabilitation, Ophtalmology, Genetics, Maternal 
and Child Health, University of Genova, Genova, Italy
15IRCCS ’G. Gaslini’ Institute, Genova, Italy
16Child Neurology and Psychiatric Unit, Salesi Children’s Hospital, Ancona, Italy

Contributors SB contributed to study design, data collection, data analysis, data 
interpretation and writing.DC, MG, KS, CP, WDJ, PR, KMK, FR, YGW, HL, SS- B, IB, AC, 
ST, RSM, AR, PS, FZ, CH, CM, AR, DM and MM contributed to data collection. RG and 
JHC contributed to data collection, data interpretation and critical revision of the 
manuscript. SMS, contributed to study design, data collection, data interpretation, 
writing and critical revision of the manuscript.

Funding This work was supported by Epilepsy Society, UK. Part of this work was 
undertaken at University College London Hospitals, which received a proportion 
of funding from the NIHR Biomedical Research Centres funding scheme. SB was 
supported by the Muir Maxwell Trust and the Epilepsy Society. KS was supported 
by a Wellcome Trust Strategic Award (WT104033AIA). AR, PS and FZ developed 
this work within the framework of the DINOGMI Department of Excellence of MIUR 
2018–2022 (legge 232 del 2016).

Competing interests PS has received speaker fees and participated at advisory 
boards for Biomarin, Zogenyx, GW Pharmaceuticals, and has received research 
funding from ENECTA BV, GW Pharmaceuticals, Kolfarma srl., and Eisai.

Patient consent for publication Not required.

Ethics approval The study was approved by the local ethics committee (Medical 
Ethics Committee at the Eberhard Karls University and University Hospital Tübingen, 
736/2019BO1 and 198/2010BO1; ’Giannina Gaslini’ Institute Institutional 
Review Board, 363/SA0006; Paediatric Ethics Committee of the Tuscany Region, 
201/0000559).

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available on reasonable request. The 
authors confirm that the data supporting the findings of this study are available from 
the corresponding author, on reasonable request and subject to protocol approvals 
at each contributing site.

copyright.
 on M

ay 5, 2021 at U
C

L Library S
ervices. P

rotected by
http://jnnp.bm

j.com
/

J N
eurol N

eurosurg P
sychiatry: first published as 10.1136/jnnp-2020-325932 on 26 A

pril 2021. D
ow

nloaded from
 

http://jnnp.bmj.com/


9Balestrini S, et al. J Neurol Neurosurg Psychiatry 2021;0:1–9. doi:10.1136/jnnp-2020-325932

Epilepsy

Open access This is an open access article distributed in accordance with the 
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits 
others to copy, redistribute, remix, transform and build upon this work for any 
purpose, provided the original work is properly cited, a link to the licence is given, 
and indication of whether changes were made. See: https:// creativecommons. org/ 
licenses/ by/ 4. 0/.

ORCID iDs
Simona Balestrini http:// orcid. org/ 0000- 0001- 5639- 1969
Karl Martin Klein http:// orcid. org/ 0000- 0002- 6654- 1665
Susanne Schubert- Bast http:// orcid. org/ 0000- 0003- 1545- 7364

REFERENCES
 1 Sykiotis GP, Kalliolias GD, Papavassiliou AG. Pharmacogenetic principles in the 

Hippocratic writings. J Clin Pharmacol 2005;45:1218–20.
 2 National Research Council (US) Committee on a Framework for Development of a 

New Taxonomy of Disease. Toward precision medicine: building a knowledge network 
for biomedical research and a new taxonomy of disease. Washington: National 
Academies Press, 2011. ISBN: 978-0-309-22222-8.

 3 Ginsburg GS, Willard HF. Genomic and personalized medicine: foundations and 
applications. Transl Res 2009;154:277–87.

 4 Balestrini S, Sisodiya SM. Treatment of epileptic encephalopathies. Curr Pharm Des 
2017;23:5667–90.

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

 6 Citraro R, Leo A, Constanti A, et al. mTOR pathway inhibition as a new therapeutic 
strategy in epilepsy and epileptogenesis. Pharmacol Res 2016;107:333–43.

 7 French JA, Lawson JA, Yapici Z, et al. Adjunctive everolimus therapy for treatment- 
resistant focal- onset seizures associated with tuberous sclerosis (EXIST-3): a phase 3, 
randomised, double- blind, placebo- controlled study. Lancet 2016;388:2153–63.

 8 Millichap JJ, Park KL, Tsuchida T, et al. KCNQ2Kcnq2 encephalopathy: features, 
mutational hot spots, and ezogabine treatment of 11 patients. Neurol Genet 
2016;2:e96.

 9 Wolff M, Johannesen KM, Hedrich UBS, et al. Genetic and phenotypic 
heterogeneity suggest therapeutic implications in SCN2A- related disorders. Brain 
2017;140:1316–36.

 10 Larsen J, Carvill GL, Gardella E, et al. The phenotypic spectrum of SCN8A 
encephalopathy. Neurology 2015;84:480–9.

 11 De Vivo DC, Leary L, Wang D. Glucose transporter 1 deficiency syndrome and other 
glycolytic defects. J Child Neurol 2002;17 Suppl 3:3S15–23. discussion 3S24-5.

 12 Stockler- Ipsiroglu S, van Karnebeek C, Longo N, et al. Guanidinoacetate 
methyltransferase (GAMT) deficiency: outcomes in 48 individuals and 
recommendations for diagnosis, treatment and monitoring. Mol Genet Metab 
2014;111:16–25.

 13 Myers KA, Scheffer IE. DEPDC5 as a potential therapeutic target for epilepsy. Expert 
Opin Ther Targets 2017;21:591–600.

 14 EpiPM Consortium. A roadmap for precision medicine in the epilepsies. Lancet Neurol 
2015;14:1219–28.

 15 Demos M, Guella I, DeGuzman C, et al. Diagnostic yield and treatment impact of 
targeted exome sequencing in early- onset epilepsy. Front Neurol 2019;10:434.

 16 Peng J, Pang N, Wang Y, et al. Next- generation sequencing improves treatment 
efficacy and reduces hospitalization in children with drug- resistant epilepsy. CNS 
Neurosci Ther 2019;25:14–20.

 17 Balestrini S, Arzimanoglou A, Blümcke I, et al. The aetiologies of epilepsy. Epileptic 
Disord 2021;23:1–16.

 18 Sisodiya SM. Precision medicine and therapies of the future. Epilepsia 2021;62 Suppl 
2:S90–105.

 19 Scheffer IE, Berkovic S, Capovilla G, et al. ILAE classification of the epilepsies: 
position paper of the ILAE Commission for classification and terminology. Epilepsia 
2017;58:512–21.

 20 Häberle J, Burlina A, Chakrapani A, et al. Suggested guidelines for the diagnosis 
and management of urea cycle disorders: first revision. J Inherit Metab Dis 
2019;42:1192–230.

 21 Etheridge SP, Asaki SY, Niu MC- I. A personalized approach to long QT syndrome. Curr 
Opin Cardiol 2019;34:46–56.

 22 Hedrich UBS, Lauxmann S, Wolff M, et al. Effective precision therapy in KCNA2- 
related developmental and epileptic encephalopathy with 4- aminopyridine. Science 
Translational Medicine 2021;In press.

 23 Richards S, Aziz N, Bale S, et al. Standards and guidelines for the interpretation of 
sequence variants: a joint consensus recommendation of the American College of 
medical genetics and genomics and the association for molecular pathology. Genet 
Med 2015;17:405–23.

 24 Syrbe S, Hedrich UBS, Riesch E, et al. De novo loss- or gain- of- function mutations in 
KCNA2 cause epileptic encephalopathy. Nat Genet 2015;47:393–9.

 25 von Spiczak S, Helbig KL, Shinde DN, et al. DNM1 encephalopathy: A new disease of 
vesicle fission. Neurology 2017;89:385–94.

 26 Balestrini S, Sisodiya SM. Audit of use of stiripentol in adults with Dravet syndrome. 
Acta Neurol Scand 2017;135:73–9.

 27 Stevelink R, Sanders MW, Tuinman MP, et al. Epilepsy surgery for patients with genetic 
refractory epilepsy: a systematic review. Epileptic Disord 2018;20:99–115.

 28 Männikkö R, Wong L, Tester DJ, et al. Dysfunction of Nav1.4, a skeletal muscle 
voltage- gated sodium channel, in sudden infant death syndrome: a case- control study. 
Lancet 2018;391:1483–92.

 29 Miceli F, Soldovieri MV, Ambrosino P, et al. Early- Onset epileptic encephalopathy 
caused by gain- of- function mutations in the voltage sensor of Kv7.2 and Kv7.3 
potassium channel subunits. J Neurosci 2015;35:3782–93.

 30 Harkin LA, McMahon JM, Iona X, et al. The spectrum of SCN1A- related infantile 
epileptic encephalopathies. Brain 2007;130:843–52.

 31 Shi Y- W, Zhang Q, Cai K, et al. Synaptic clustering differences due to different GABRB3 
mutations cause variable epilepsy syndromes. Brain 2019;142:3028–44.

 32 Balestrini S, Milh M, Castiglioni C, et al. TBC1D24 genotype- phenotype correlation: 
Epilepsies and other neurologic features. Neurology 2016;87:77–85.

 33 Sisodiya SM. Epilepsy genetics and the precision medicine matrix. Lancet Neurol 
2020;19:29–30.

 34 Danti FR, Galosi S, Romani M, et al. GNAO1 encephalopathy: Broadening the 
phenotype and evaluating treatment and outcome. Neurol Genet 2017;3:e143.

 35 Delahaye- Duriez A, Srivastava P, Shkura K, et al. Rare and common epilepsies 
converge on a shared gene regulatory network providing opportunities for novel 
antiepileptic drug discovery. Genome Biol 2016;17:245.

 36 Chiron C, Dulac O. The pharmacologic treatment of Dravet syndrome. Epilepsia 
2011;52 Suppl 2:72–5.

 37 Baraban SC, Dinday MT, Hortopan GA. Drug screening in SCN1A zebrafish mutant 
identifies clemizole as a potential Dravet syndrome treatment. Nat Commun 
2013;4:2410.

 38 Bearden D, Strong A, Ehnot J, et al. Targeted treatment of migrating partial seizures of 
infancy with quinidine. Ann Neurol 2014;76:457–61.

 39 Pierson TM, Yuan H, Marsh ED, et al. GRIN2A mutation and early- onset epileptic 
encephalopathy: personalized therapy with memantine. Ann Clin Transl Neurol 
2014;1:190–8.

 40 Ellis CA, Petrovski S, Berkovic SF. Epilepsy genetics: clinical impacts and biological 
insights. Lancet Neurol 2020;19:93–100.

copyright.
 on M

ay 5, 2021 at U
C

L Library S
ervices. P

rotected by
http://jnnp.bm

j.com
/

J N
eurol N

eurosurg P
sychiatry: first published as 10.1136/jnnp-2020-325932 on 26 A

pril 2021. D
ow

nloaded from
 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0001-5639-1969
http://orcid.org/0000-0002-6654-1665
http://orcid.org/0000-0003-1545-7364
http://dx.doi.org/10.1177/0091270005281091
http://dx.doi.org/10.1016/j.trsl.2009.09.005
http://dx.doi.org/10.2174/1381612823666170809115827
http://dx.doi.org/10.1016/j.neulet.2017.01.014
http://dx.doi.org/10.1016/j.phrs.2016.03.039
http://dx.doi.org/10.1016/S0140-6736(16)31419-2
http://dx.doi.org/10.1212/NXG.0000000000000096
http://dx.doi.org/10.1093/brain/awx054
http://dx.doi.org/10.1212/WNL.0000000000001211
http://www.ncbi.nlm.nih.gov/pubmed/12597052
http://dx.doi.org/10.1016/j.ymgme.2013.10.018
http://dx.doi.org/10.1080/14728222.2017.1316715
http://dx.doi.org/10.1080/14728222.2017.1316715
http://dx.doi.org/10.1016/S1474-4422(15)00199-4
http://dx.doi.org/10.3389/fneur.2019.00434
http://dx.doi.org/10.1111/cns.12869
http://dx.doi.org/10.1111/cns.12869
http://dx.doi.org/10.1684/epd.2021.1255
http://dx.doi.org/10.1684/epd.2021.1255
http://dx.doi.org/10.1111/epi.16539
http://dx.doi.org/10.1111/epi.13709
http://dx.doi.org/10.1002/jimd.12100
http://dx.doi.org/10.1097/HCO.0000000000000587
http://dx.doi.org/10.1097/HCO.0000000000000587
http://dx.doi.org/10.1038/gim.2015.30
http://dx.doi.org/10.1038/gim.2015.30
http://dx.doi.org/10.1038/ng.3239
http://dx.doi.org/10.1212/WNL.0000000000004152
http://dx.doi.org/10.1111/ane.12611
http://dx.doi.org/10.1684/epd.2018.0959
http://dx.doi.org/10.1016/S0140-6736(18)30021-7
http://dx.doi.org/10.1523/JNEUROSCI.4423-14.2015
http://dx.doi.org/10.1093/brain/awm002
http://dx.doi.org/10.1093/brain/awz250
http://dx.doi.org/10.1212/WNL.0000000000002807
http://dx.doi.org/10.1016/S1474-4422(19)30331-X
http://dx.doi.org/10.1212/NXG.0000000000000143
http://dx.doi.org/10.1186/s13059-016-1097-7
http://dx.doi.org/10.1111/j.1528-1167.2011.03007.x
http://dx.doi.org/10.1038/ncomms3410
http://dx.doi.org/10.1002/ana.24229
http://dx.doi.org/10.1002/acn3.39
http://dx.doi.org/10.1016/S1474-4422(19)30269-8
http://jnnp.bmj.com/

	Real-life survey of pitfalls and successes of precision medicine in genetic epilepsies
	Abstract
	Introduction
	Materials and methods
	Statistical analysis

	Results
	Clinical and genetic assessment
	Impact of genetic diagnosis

	Discussion
	References


