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Abstract

Precision medicine is an old concept, but it is not widely applied across human health conditions as yet. Numerous attempts
have been made to apply precision medicine in epilepsy, this has been based on a better understanding of aetiological mecha-
nisms and deconstructing disease into multiple biological subsets. The scope of precision medicine is to provide effective
strategies for treating individual patients with specific agent(s) that are likely to work best based on the causal biological
make-up. We provide an overview of the main applications of precision medicine in epilepsy, including the current limita-
tions and pitfalls, and propose potential strategies for implementation and to achieve a higher rate of success in patient care.
Such strategies include establishing a definition of precision medicine and its outcomes; learning from past experiences, from
failures and from other fields (e.g. oncology); using appropriate precision medicine strategies (e.g. drug repurposing versus
traditional drug discovery process); and using adequate methods to assess efficacy (e.g. randomised controlled trials versus
alternative trial designs). Although the progress of diagnostic techniques now allows comprehensive characterisation of each
individual epilepsy condition from a molecular, biological, structural and clinical perspective, there remain challenges in
the integration of individual data in clinical practice to achieve effective applications of precision medicine in this domain.

Chinese and Islamic medicine to European humoral theory,
physicians have long attempted to tailor treatment recom-
mendations to patients’ specific characteristics and particular

1 Introduction

In the current era of genomic medicine, advances in various

sequencing strategies, including whole genome sequencing
(WGS), exome sequencing (ES) and targeted resequenc-
ing have led to major progress in many areas of medicine,
including management and development and application of
targeted treatments.

The central principle of precision medicine (PM) was
already recognised thousands of years ago when Hippo-
crates fostered a rational and targeted therapeutic strategy
since human beings are innately different from one another,
and this individuality affects both their predisposition to dis-
ease and their response to therapeutics [1]. From traditional
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manifestations of disease.

Various definitions of PM have been proposed, including
PM as a holistic approach that uses a person’s genetics, envi-
ronment, and lifestyle to help determine the best initiatives
to prevent or treat disease [2], and PM as an approach ‘to
improve stratification and timing of health care by utilis-
ing biological information and biomarkers at the level of
molecular disease pathways, genetics, proteomics as well
as metabolomics’ [3]. According to most PM definitions,
the underlying genetic architecture can affect treatment
response in each disease, but we do not have systematic
evidence for this assumption. Furthermore, the PM concept
is referred to with several other names such as genomic,
personalised, targeted, stratified or differentiated medicine,
although they are not all strictly equivalent. Another used
term is ‘P4 Medicine’, which refers to the wider assemblage
of making medicine predictive, preventive, personalised and
participatory [4]. P4 medicine requires a systems approach
to medicine which includes the use of deep phenotyping
to characterise the complexities of disease, the use of net-
work biology to understand the mechanistic underpinnings
of various types of diseases and identify biomarkers and
candidate drug targets, and the creation and integration of
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Precision medicine in epilepsy is based on the under-
standing of causal mechanisms.

The scope of precision medicine is to provide effective
strategies for treating individual patients with specific
agent(s) that are likely to work best based on the causal
biological make-up.

Strategies to improve precision medicine in epilepsy
include establishing a unanimous definition of its con-
cept and outcomes; learning from past experiences, from
failures and from other fields; using appropriate preci-
sion medicine strategies; and using adequate methods to
assess efficacy not limited to seizure control.

new technologies and computational platforms [5, 6]. Phar-
macogenetics is one of the applications of PM and involves
the study of how the underlying genomic architecture affects
the response to drugs and susceptibility to adverse reactions
[7]. Although genomics has helped identifying the causes of
many diseases, there is still a huge gap between identifying
genes associated with a disease and developing a success-
ful targeted treatment for it. We provide an overview of the
state of the art of PM in epilepsy and discuss strategies to
improve the current approaches.

2 PMin Epilepsy: Current Applications
and Limitations

Epilepsy affects around 50 million people worldwide, and
accounts for 0.5% of the global burden of disease [8]. The
epilepsies are a large heterogeneous group of diseases char-
acterised by many different aetiologies, seizure types and
severity, and are often manifested as syndromes. A high
level of interindividual variability in the clinical presenta-
tion is observed, even within the same aetiology [9, 10].

Despite these complexities, identification of a monogenic
aetiology for epilepsy syndromes can sometimes lead to a
treatment strategy that targets the underlying pathophysi-
ology and in turn corrects or improves at least some phe-
notypic features [11]. There are multiple examples of suc-
cessful PM applications in epilepsy, including metabolic
conditions, channelopathies and diseases caused by variants
in the mechanistic target of rapamycin (mTOR) pathway
genes (reviewed in [10, 12]). We provide some examples
for each category below and in Table 1.

Inborn errors of metabolism include epilepsy as one
of the commonest symptoms. They present usually in the
neonatal period or infancy but can manifest at any time,
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even in adulthood. In a few metabolic disorders, epilepsy
responds to specific treatments based on diet or supple-
mentation of cofactors (vitamin-responsive epilepsies). For
example, pyridoxine (vitamin By)-dependent epilepsy is
caused by biallelic variants in the ALDH7AI gene, which
encodes antiquitin. Deficiency of antiquitin causes seizures
because of accumulating 1-piperideine-6-carboxylate con-
denses with pyridoxal 5'-phosphate (PLP) and inactivating
this latter enzyme cofactor, which is essential for normal
metabolism of neurotransmitters. Seizures do not respond
to antiseizure medications (ASMs) but are responsive clini-
cally and electrographically to large daily supplements of
pyridoxine (vitamin Bg) [13]. Bg-responsive seizures may
also be due to variants in the pyridox(am)ine 5'-phosphate
oxidase (PNPO) gene. In ‘classic’ PNPO deficiency, sei-
zures (including status epilepticus) often begin on the first
day of life and typically before the age of 2 weeks, but a
later onset is possible. Independent of age of onset, seizures
respond to life-long treatment with either PLP or pyridoxine
[14]. In GLUT1-deficiency syndrome, caused by heterozy-
gous variants in SLC2A 1, there is high phenotypic variability
including epilepsy and movement disorders. SLC2A1 vari-
ants have been identified in up to 10% of individuals with
early-onset absence epilepsy and in about 1% of idiopathic
generalised epilepsies (IGEs) overall [15, 16]. In this con-
dition, ketogenic diet improves seizure control and abnor-
mal movements, although its benefit on neurodevelopment
remains controversial [17, 18]. Given the IGE-like presenta-
tion, there is a great risk of misdiagnosis or underdiagnosis,
reducing the chance of successful early PM application.
Ion channels constitute a broad category of transmem-
brane proteins that share the physiological properties of
regulating ion flux across cell membranes and involvement
in a diverse range of cellular processes. The clinical features
and age of presentation of channelopathies are dependent
on the physiological role of the ion channel in question, as
well as the tissue- and age-specific expression of its gene(s).
Many different mechanisms may lead to ion channel dys-
function, with a complex interplay between genetic, epige-
netic and environmental factors, often with unclear geno-
type—phenotype associations [19]. KCNT1 gain-of-function
variants cause early onset epileptic encephalopathies includ-
ing epilepsy of infancy with migrating focal seizures [20].
KCNTI encodes a sodium-dependent potassium channel
(Ky,1.1) and is activated by increased intracellular chloride
and sodium concentrations; it is responsible for the slow
hyperpolarisation of the transmembrane potential during
action potentials. In vitro testing has indicated that the elec-
trophysiological defect of at least some of these variants
may be reversed by quinidine, an antiarrhythmic drug, which
is a partial blocker of Ky,1.1 [21]. Quinidine administra-
tion resulted in decreased seizure frequency or freedom
from seizures and improved psychomotor development
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Table 1 Current and emerging applications of precision medicine strategies (i.e. treatments tailored to reversing the functional alteration caused
by the underlying genetic variant) in genetic epilepsies (adapted from Guerrini et al. [10])

Causative genes Precision medicine strategy Classifica-
tion of
evidence

ALDH4AI Pyridoxine v

ALDH7AI Folinic acid I

Lysine-restricted diet v
Pyridoxine v

ATP7A Copper I

BTD Biotin I

CAD Uridine I

CHRNA2, CHRNA4, CHRNB2 Transdermal nicotine in children v

CLN6 AT-GTX-501 v

FOLRI Folinic acid I

GABRAI Vinpocetine (LoF variants) v

GABRB3 Vinpocetine (LoF variants) 1A%

GABRG?2 Vinpocetine 1A%

GAMT Creatine I

GRINI Intrathecal magnesium (GoF variants) v

GRIN2A, GRIN2B L-Serine (LoF/null variants) 11

Memantine (GoF variants) v

GRIN2D Ketamine, magnesium, memantine (GoF variants) v

KCNA2 4-aminopyridine (GoF variants) v

KCNQ2 Potassium channel openers (e.g. ezogabine) (LoF variants) 111

Sodium channel blockers I
XEN1101 v
MOCS1 Cyclic pyranopterin monophosphate (cPMP) v
mTOR pathway, genes
DEPDCS5 NPRL2 NPRL3 Everolimus 111
MTOR Everolimus v
TSCI TSC2 Everolimus 1
PNPO Pyridoxine, pyridoxal phosphate I
POLG EPI-743, vatiquinone v
Avoid valproate
SCNIA Sodium channel blockers (GoF variants) 111
Avoid sodium channel blockers (LoF variants) 111
SCN2A High-dose phenytoin and other sodium channel blockers III
(GOF variants)
SCNSA Sodium channel blockers (GoF variants) 1
SLC2A1 Ketogenic diet I
Red blood cell exchange transfusion v
TPPI Cerliponase alfa I
Other genes encoding for mitochondrial proteins (BRATI, Avoid valproate v

DNMIL, FARS2, GOT2, MFF, PMPCB, POLG, RMNDI,
TIMMS50)

The American Academy of Neurology classification of evidence was used to graduate the existing evidence based on the available quality and

design of the published studies and reports

GoF gain of function, LoF loss of function
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in a few patients with epilepsy of infancy with migrating
focal seizures due to KCNTI variants [22]. However, in an
observational study of 43 individuals with KCNTI-related
epilepsies, treatment with quinidine resulted in significant
seizure reduction in only 20% of individuals, an effect that
was not significantly different to non-precision treatments
[23]. In a clinical trial of quinidine in six individuals with
sleep-related hypermotor epilepsy, another KCNT-related
phenotype, treatment with quinidine was limited by cardiac
side effects and did not result in a significant seizure reduc-
tion [24]. Such contradictory results of quinidine efficacy
in epilepsies caused by KCNTI gain-of-function variants
illustrate the complexity of the transition from models to
patients. The reasons for its failure may include not achiev-
ing therapeutic doses due to side effects, late treatment
initiation, type of epilepsy syndrome, type and location of
the variant and other factors that have not been fully eluci-
dated yet. Genetic sodium channelopathies may also result
in complex neurodevelopmental disorders including epi-
lepsy, developmental delay, brain malformations, autism
and movement disorders. Defining the functional effects of
a genetic variant is gold standard for proving pathogenicity
and requires in vitro and/or in vivo modelling. The most
used models involve transfecting cell lines with the variant
being investigated, and then using the patch clamp technique
to measure the properties of ion currents compared with
wild-type cells. Based on such functional characterisations,
ion channel variants are often referred to as either ‘loss-of-
function’ or ‘gain-of-function’, though in reality such terms
oversimplify what are often complex alterations in ion chan-
nel function [19, 25, 26].

The mTOR signalling cascade is a key homeostatic
regulatory pathway involved in cell growth and replica-
tion. Tuberous sclerosis complex (TSC) is an autosomal-
dominant, multiorgan disease with widely variable clinical
expression, caused by heterozygous germ-line variants in
the tumour-suppressor genes 7SCI and 7SC2 which encode
hamartin and tuberin. These proteins form a heterodimer
(TSC1-TSC2 complex) that inhibits the mTOR signalling
cascade. The clinical manifestations of TSC are distinctive
and include hamartomatous lesions of the brain, skin, heart,
lungs and kidneys; epilepsy; autism; and intellectual dis-
ability. Everolimus, an mTOR inhibitor, proved effective at
reducing focal seizures, in a large-scale phase 3, randomised,
double-blind, placebo-controlled trial in TSC [27]. Patho-
genic variation in other genes encoding regulators of the
mTOR cascade cause epilepsy, malformations of cortical
development (MCD) and neurodevelopmental disorders
[28]. Brain somatic variants in mTOR pathway genes are
a common cause of focal cortical dysplasia (FCD) and
hemimegaloencephaly (HME) [29]. Pathogenic variants in
genes encoding the GTPase-activating protein (GAP) activ-
ity towards Rags 1 complex (GATOR1) cause non-lesional
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focal epilepsies and FCD-related epilepsies [30]. The anti-
seizure effects of mTOR inhibition may represent a PM
strategy also in other mMTORopathies, as excessive activa-
tion of the mTOR pathway appears to be an essential patho-
mechanism for epileptogenesis in all these disorders, but
adequately powered randomised clinical trials are needed.
To date, the only evidence for disease modification in mono-
genic epilepsies in humans is the use of vigabatrin in TSC,
where the EPISTOP clinical trial showed that vigabatrin
taken as preventive antiseizure treatment reduces the risk of
infantile spasms and drug-resistant epilepsy compared with
starting treatment after seizure onset [31]. An ongoing phase
2b trial is assessing whether early identification of electroen-
cephalography A(EEG) biomarkers and early versus delayed
treatment with vigabatrin in infants with TSC will also have
a positive impact on developmental outcomes at 24 months
of age (https://clinicaltrials.gov/ct2/show/study/NCTO02
849457). However, since the mechanisms underlying the
antiseizure action of vigabatrin in TSC remain unknown,
this drug cannot be strictly considered a PM.

A systematic literature review of the diagnostic yield of
various types of genetic testing in epilepsy also assessed the
reported impact of a genetic diagnosis at the clinical and
individual level [32]. Across 24 studies, involving hetero-
geneous patient cohorts (e.g. early-onset epilepsies, devel-
opmental and epileptic encephalopathies, focal epilepsies,
drug-resistant epilepsies) treatment changes were reported
in 12-80% of patients with a genetic diagnosis, including
avoiding, stopping or initiating specific ASMs or ketogenic
diet and halting a plan for surgery after a specific genetic
diagnosis. Reported impacts of changes in clinical manage-
ment focused primarily on seizure control and ASM use.
Most non-ASM management changes were reported without
detailed examples or anecdotally for representative patients
and did not describe outcomes. Additional outcomes from
genetic testing included clinical trial eligibility [29, 33],
initiation of palliative care for genetic conditions with uni-
formly poor outcomes [34, 35], reduction in hospitalisations
[36], end of the diagnostic odyssey and of additional testing
and procedures [34, 35, 37], prognostic information [38]
and impact on recurrence risk estimation/family planning
[34, 36].

However, in a systematic survey of patients with epilepsy
of all ages and with a molecular genetic diagnosis, across
six tertiary epilepsy centres, we found a high variability of
clinical outcomes after a genetic cause was identified, with
a rational precision medicine treatment available only for a
minority of patients and its effectiveness being obvious in
an even lower proportion [39].

Unfortunately, most current PM applications in the epi-
lepsies are not straightforward, i.e. the pathway from a
molecular diagnosis through identification and administra-
tion of a pathophysiology-based PM treatment is not linear
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[40]. This is likely due to several factors, including the com-
plexity of the genome (overall variation beyond a single
variant with large effect size, fine dynamic regulation, gene
expression programs), the timing of the diagnosis (the later
a PM treatment is tried, the less likely its impact), the lack of
information on the functional impact of the genetic variant
or the gap between its expected functional effects as estab-
lished in vitro and translation in the human condition [11].

We discuss below a series of strategies that could be
potentially implemented to reduce the current limitations of
PM framework in epilepsy.

3 Steps to Implement PM in Epilepsy
3.1 Establishing the Definition

There are different levels for considering ‘precision’ in
epilepsy, including the aetiologies, the underlying patho-
physiology leading to epileptogenesis or the clinical and
EEG characteristics of the epilepsy syndromes including
comorbidities.

Aetiology-level PM Although most reported PM applica-
tions in epilepsy address the neurobiological consequences
of genetic aetiologies, there are PM strategies available
also for structural (e.g. surgery), metabolic (e.g. correction
of metabolic defect), immune (e.g. immunotherapy) and
infectious (e.g. antibiotic, antiviral or anthelminthic treat-
ment) causes. Understanding the aetiology and subsequently
choosing the most appropriate aetiology-specific treatment
improves prognosis, including the possibility of curing epi-
lepsy with surgical treatment in some patients with structural
lesions [41].

Pathophysiology-level PM An even more ‘precise’
approach focuses on the specific neurobiological mecha-
nisms leading to disease, aiming for an enhanced under-
standing of the molecular pathways and network disruption,
including a dynamic multilevel assessment [42]. Such a
‘high-definition’ PM approach requires deeper investiga-
tion of the underlying aetiologies, and may provide further
information for a more pathophysiology-driven treatment
even within the same aetiology: for example, genetic char-
acterisation of structural brain lesions may affect surgical
management [10] and multilevel genomic analysis including
contribution of rare and common variants may help elucidate
clinical variability in classical ‘monogenic’ conditions [43,
44].

Syndrome-level PM There are syndrome-specific treat-
ment strategies such as fenfluramine and stiripentol for
Dravet syndrome, caused by SCNIA loss-of-function vari-
ants, where treatment efficacy is not directly related to the
known pathophysiological mechanisms, but they are still
erroneously considered PM [45-47].

In this context, there is a need to be more ‘precise’ in the
PM definition to align assessment and treatment approaches
in epilepsy. Next-generation sequencing (NGS) and deci-
sion tools by artificial intelligence approaches are certainly
already well developed to tackle the complexity underlying
epilepsy conditions and advance PM [48]. A more ‘precise’
PM concept should indeed include data-driven approaches
that leverage patient heterogeneity and in turn improve treat-
ment decisions so that the right treatment is given to the
right patient at the right time.

Here we will employ the pathophysiology-level PM defi-
nition, implying that the treatment is tailored to reversing or
antagonising the functional alteration caused by the underly-
ing aetiology.

3.2 Defining Outcomes

So far, most reported ‘successful’ PM outcomes have been
anecdotal, short-term and mainly focusing on seizures. A
more holistic approach including cognition, behaviour and
other comorbidities should be instead considered to fully
embrace the PM paradigm [11].

In an ideal world, a successful PM therapy would not only
reduce the burden of seizures but also improve the patient’s
comorbidities and quality of life. Natural history studies of
rare diseases are essential to assess PM success. Natural his-
tory studies require highly detailed and longitudinal clinical
phenotyping that provide information on disease modifica-
tion operated by PM treatments. Outcome tools are funda-
mental to assess the level of modification achieved and can
in turn be developed and validated through natural history
studies.

Registry frameworks promoting multicentre high-quality
data collection represent one of the ways forward to obtain
natural history information, especially for rare genetic epi-
lepsies, where obtaining homogenous information on large
series is challenging. Such frameworks already exist for
some rare epilepsy syndromes [49], and should be promoted
to address the various challenges of PM implementation,
including small populations for clinical studies, difficulty in
determining relevant outcome measures and endpoints, and
poorly understood natural history, clinical study design and
patient recruitment [50].

3.3 Learning from the Past, from Failures
and from Other Fields

A relevant step to improve how PM is implemented includes
the search for precision explanation for failure of PM treat-
ments. Unsuccessful PM strategies should be systemati-
cally documented in the literature as PM successes should
include knowledge of follow-up duration. Despite advances
in genetic diagnosis, we struggle to figure out the complex
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interaction of the various biological mechanisms generat-
ing the ultimate clinical phenotype, including gene regula-
tion, genomic background modifiers, cell-specific biology
and network-level integration. Conventional experimental
in vitro or in vivo models of epilepsies such as mouse and
rat models or heterologous expression systems have vari-
able throughput and cannot reflect the full complexity of
the human phenotype. Novel advanced models of genetic
epilepsies, especially the use of induced pluripotent stem
cells (iPSCs) to create cultured patient-derived neuronal cul-
tures and organoids, can provide further insights in epilepsy
and represent new systems for high-throughput preclinical
drug screening. Ideally, conventional and new models should
be integrated and complemented with clinical information
extrapolated by deep phenotyping and natural history studies
to define the appropriate endpoints to use for the preclinical
models [51]. Deep phenotyping should be pursued through
multimodal techniques [52, 53] which may help bridge the
gap between standard clinical phenotype (i.e. clinical infor-
mation derived from routine practice) and preclinical infor-
mation provided by in vitro or in vivo model systems.

We should also learn from oncology, where PM is most
advanced. Despite thousands of clinical trials of potential
gene therapies (http://www.genetherapynet.com/clinical-tri-
als.html), only a few gene therapy products are approved,
most being for cancer management and none for epilepsy
treatment. The rapid advance of precision oncology with the
increasing use of genomic profiling for diagnosis and therapy
guidance in many tumour types has led to a growing num-
ber of molecularly guided treatment options having received
regulatory approval. However, this progress has brought
significant challenges for healthcare systems to adapt their
infrastructure, methodologies and reimbursement policies to
enable wide access to these drugs. These advanced therapies
can be costly, and healthcare systems must develop reim-
bursement policies that address the pricing and reimburse-
ment challenges associated with these novel treatments. It
is important to strike a balance between ensuring access to
innovative therapies and maintaining the sustainability of
healthcare systems. In addition, as PM approaches evolve
and more molecularly guided treatments become available,
generating robust evidence becomes crucial. Clinical trials
and real-world data collection are essential for understand-
ing the clinical utility, effectiveness and long-term outcomes
of these treatments. Healthcare systems need to establish
mechanisms to facilitate data collection, analysis and sharing
to generate evidence and inform treatment decisions. The
successful implementation of PM relies on healthcare pro-
fessionals’ knowledge and expertise. By learning from the
experiences and lessons in precision oncology, healthcare
systems can work towards overcoming these challenges and
optimising the delivery of molecularly advanced diagnostics
and treatments to patients in a responsible and accessible
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manner. In epilepsy, we should foresee similar challenges
once more and more genomic diagnostics and treatments
based on molecular biomarkers become available.

3.4 What PM Strategies?

Drug repositioning (or repurposing) is an approach where
existing medicines are redirected based on a valid target mol-
ecule for new therapeutic use(s). This strategy is highly effi-
cient, time saving and low-cost and bears minimum risk of
failure. It maximises the therapeutic value of a drug and con-
sequently increases the success rate. Drug repositioning uti-
lises the combined efforts of activity-based or experimental
and in silico-based or computational approaches to develop/
identify the new uses of drug molecules on a rational basis.
Examples of drug repurposing in epilepsy include the use
of fluoxetine in KCNC-related developmental and epileptic
encephalopathy [54] or quinidine in KCNT-related epilepsy
[24]. There are a growing number of novel approaches to
identify repurposed drugs for specific monogenic epilep-
sies [55, 56]. However, the mechanisms through which these
molecules work are not necessarily understood. For instance,
we do not know the exact mechanisms of fenfluramine in
controlling seizures in Dravet syndrome nor why it is not
effective in all patients with the syndrome.

Alternatively, new molecular entities can be identified
by the traditional drug discovery process, which can be a
lengthy and expensive venture, but allows specific drug
development based on specific molecular targets. Tools
that selectively modify the expression of target genes,
such as antisense oligonucleotides (ASOs) or RNA inter-
ference (RNAI) represent some of the currently closest
strategies to the ideal of PM, as they aim to correct a well-
defined genetic mechanism. However, altering the expres-
sion levels of genes causing developmental and epileptic
encephalopathies often requires careful dosing because
of the essential roles those genes play in nervous system
development. The issue of mosaicism further complicates
cellular targeting for many monogenic disorders caused
by X-linked genes or imprinted alleles. Genome editing
is a promising alternative to gene supplementation to cor-
rect the pathophysiological mechanisms underlying mono-
genic epilepsy syndromes by restoring the genome to the
normal state. The CRISPR/Cas gene editing system has
become increasingly prominent in the field of gene therapy
in recent years as a programmable form of genome editing
[57]. This approach works off the endogenous genes and
allows recapitulation of the complex mRNA transcripts;
however, it still requires careful dosing and has the risk
of off-target editing from long-term expression and the
potential immunogenic response to a bacterial protein
[58]. Gene therapy approaches have proved to be effective
in some animal models of monogenic developmental and
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epileptic encephalopathies. In these disorders, the timing
of intervention is crucial as later diagnosis and treatment
may not result in complete rescue of the pathology due to
developmental changes that have already occurred, and
it might be preferable to intervene at or even before the
onset of symptoms. However, we are not always able to
predict disease evolution after identifying a monogenic
cause for a given epilepsy syndrome. For example, would
gene therapy be justified in an infant presenting with a
prolonged febrile seizure after a pathogenic SCN/A vari-
ant is found but evolution towards a genetic epilepsy with
febrile seizures plus (GEFS+) or Dravet syndrome remains
uncertain?

In conditions caused by ion channel gene variants, such
as potassium channels, the affected genes can be delivered
directly. For larger genes, such as sodium channels, supple-
mentation in viruses is more challenging; however, canine
adenovirus type 2 (CAV-2)-mediated delivery of a codon-
modified SCNIA open reading frame into the brain of ado-
lescent Dravet syndrome mice recently provided a proof of
concept for the potential of neuronal delivery of an expres-
sion cassette encoding SCN1A as a therapeutic approach
for Dravet syndrome [59]. In addition, a high proportion
of variants affecting ion channels results in toxic gain of
function effects, where supplementation is not appropriate.
But not all gene therapy strategies being developed are pre-
cise with respect to the underlying genetic mechanism [60].
Several virally delivered treatments show in fact great prom-
ise in vitro and increasingly in vivo in models of refractory
focal epilepsies, aiming to control seizures where there is no
established underlying monogenic cause. Such treatments
provide very long-term expression of a therapeutic transgene
from adeno-associated virus (AAV) vectors, therefore offer-
ing long-term benefit from a single intervention [61]. Viral
vectors have a relatively restricted spatial spread, permitting
more precise targeting of the epileptogenic zone in focal epi-
lepsies, and sparing distinct areas which are not implicated
in epileptogenesis. Conversely, this does not represent an
advantage in monogenic epilepsies caused by constitutional
variants which affect the entire brain.

Current gene therapy approaches in epilepsy still face
several limitations including, way of administration (e.g.
absence of a vector that can be administered via systemic
approaches), timing of intervention, cell type specificity,
dominant-negative variants, packaging limit (< 4.7 Kb) of
AAV vectors which excludes the delivery of many epilepsy
genes such as channels, lack of safety data, unknown out-
comes in terms of cognition and other neurological aspects
beyond seizures, poor information regarding reaction of the
rest of the genome, risk of permanent irreversible effects
and other unknown aspects related to the heterogeneity of
the epilepsies even within the same ‘monogenic’ aetiology

[62]. By addressing these challenges and fostering collabo-
ration among various stakeholders, including researchers,
healthcare providers, regulators and policymakers, it may
prove possible to facilitate the successful integration of gene
therapy into PM for epilepsy. Continued research, innovation
and a patient-centred approach are key to advancing the field
and maximising the potential benefits of gene therapy in the
management of epilepsy.

3.5 How to Measure PM Efficacy

Randomised controlled trials might not be the ideal evalua-
tion paradigm for PM interventions that are only applicable
to small numbers of patients. When searching the clini-
caltrials.gov website (https://clinicaltrials.gov/), there are
45 studies registered for treatment of monogenic epilepsy
syndromes, most of them without a clear PM mechanism.
Of these 45 studies, only 13 (29%) have been completed
and have results available, the majority of which (8 of 13,
62%) mostly focus on Dravet syndrome. The ‘lumping ver-
sus splitting’ attitude has long been a dilemma in design
of clinical trials for epilepsy. Whilst a lumping approach
is required for drug development when patients cannot be
included into a specific aetiology group or syndromic clas-
sification, which is still the case for many individuals with
epilepsy, the splitting paradigm is most useful to identify
potential responders by type of epilepsy, permits reduction
in the number of patients included in trials and is closer to
the PM paradigm [63]. Pharmaceutical industry plays a big
role in the design of clinical trials. The adoption of a PM-
based splitting approach implies capacity and intention to
switch from medications treating seizures at large to medica-
tions treating specific conditions manifesting seizures as one
of the symptoms. This paradigm shift comes with a need for
both translation and precision [64] and certainly has consid-
erable marketing implications.

Conventional large-scale, placebo-controlled clinical
trials may prove challenging in the context of rare diseases
due to the small patient populations available for enrol-
ment. In such circumstances, it can be difficult to achieve
statistical power and generate meaningful results, and new
approaches are required to evaluate short- and long-term
safety, efficacy and durability of PM treatments. In rare
genetic epilepsies, there is need for functional characteri-
sation of the causative variant and stratification of severity
of the clinical phenotype; furthermore, endpoint defini-
tion and integration of multimodal data (e.g. combining
clinical data, genetic information, neuroimaging, electro-
physiology and other relevant data sources) are often chal-
lenging. On this basis, adequately powered randomised
controlled trials are difficult to design for many genetic
epilepsies. Alternative trial designs can overcome issues
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of low sample size and high interindividual variability.
Examples include small crossover trials and prospective,
rigorously designed N-of-1 trials that assess the result of
an intervention in a single study participant, who under-
goes several blocks of crossovers between the interven-
tion and control condition, and the relative effect in each
block is established [65, 66]. A rigorously designed multi-
crossover N-of-1 randomised controlled trial requires
appropriate selection of interventions, a priori specifica-
tion of treatment doses, durations and placebo washouts
of each treatment, blinding, repeated blocks, randomised
sequences of treatments in each block and systematic
application of outcome measures. Some consider N-of-1
trials to provide Level 1 evidence [67]. Combining data
of N-of-1 trials that use the same intervention, trial design
and outcome measures in multiple subjects can provide an
estimate of response to the intervention in the condition
more generally. Such studies can have higher statistical
power than parallel group randomised controlled trials,
as some sources of bias such as clinical heterogeneity and
presence of comorbidities are automatically controlled
when subjects serve as their own controls. Despite these
advantages, a recent systematic review of N-of-1 trials for
rare genetic neurodevelopmental disorders found that only
12 studies complied with the fundamental N-of-1 crite-
ria of a controlled multiple crossover trial, showing how
N-of-1 studies are only sporadically reported and their
findings often cannot be generalised due to limited use of
validated and generalisable outcome measures [68]. How-
ever, improving methodological and statistical quality,
generalisability, feasibility and personalisation is at reach
[68]. Ethics, regulation and equity also pose challenges:
development of a therapy for one individual, rather than a
population, makes the boundaries less clear-cut between
research and medical treatment, and there is the possi-
bility of conflicts of interest and inadequately informed
consent when having a single subject as study participant.
To advance PM in epilepsy, robust methods for efficacy
assessment are required to provide a solid basis for evi-
dence-based interventions for vulnerable patients with rare
and complex epilepsies who may have limited capacity to
consent to such treatments.

With the advance of PM, also the regulatory agencies
need to switch from a population-based to an individual-
based approach, to take decisions on benefit-risk assess-
ments and marketing authorisation [69]. Regulatory approval
can be very lengthy, especially for cell and gene therapies.
By addressing the challenges related to scaling production
of complex biological molecules, managing the transporta-
tion of living cells, and standardising manufacturing across
different facilities, the integration of PM options into clinical
practice could be facilitated.

A\ Adis

4 Towards the Future

In our current PM paradigm, we require rigorous preclini-
cal testing so as to fully understand which pathophysiologi-
cal mechanisms to target and how. For genetic aetiologies,
we have newer technologies for NGS including long-read
sequencing, or third-generation sequencing, which offers
several advantages over short-read sequencing. These
sequencing technologies, based on the sequencing of a circu-
larised single-molecule DNA (PacBio, Pacific Biosciences)
or of a single-molecule DNA through a protein nanopore
(Oxford Nanopore Technologies) generate long-reads > 10
Kb. De novo assembly, mapping certainty, transcript iso-
form identification and detection of structural variants can
improve with the use of long reads. Long-read sequencing
of both DNA and RNA also eliminates amplification bias
while preserving base modifications [70]. On the other hand,
long-read sequencing technologies provide lower per read
accuracy than short-read sequencing, and error correction
remains an important step in long-read analysis pipelines
[71]. This limitation could be overcome with the spread-
ing of the HiFi long-read sequencing that provides excep-
tional read lengths without compromising accuracy [72].
Data from multi-modal experiments including genomics,
proteomics, transcriptomics, metabolomics and imaging
techniques can be analysed through high-dimensional mul-
tivariate statistics. Deep learning techniques analyse avail-
able multimodal genomics data. However, there are fields
that need further development such as single-cell sequencing
across organs; across developmental time points, including
all stages of embryonic and foetal development. Further-
more, these multi-modal experimental approaches, although
having the power to reach a molecular diagnosis in most
patients, are not yet feasible on a large-scale basis due to
high costs and complexity. Accurate machine learning meth-
ods to predict functional effects of missense and non-coding
variants require characterisation of genomic non-coding
regions and repetitive regions, and high-throughput systems
for saturation mutagenesis and functional readouts across
major classes of genes and regulatory sequences [73]. Accu-
rate computational methods to predict the impact of genetic
variants in other similar genes without directly assessing
them require technology to visualise dynamic changes in
protein structure and protein-protein interactions within cells
along with the functional assays [74]. Single-cell multi-omic
technologies allow to sequence DNA, to obtain the RNA
transcriptome and detect epigenomic events simultaneously
within the same cell at low cost and high throughput. Single-
cell proteomics and metabolomics profiling are possible too,
although a concurrent multi-omic profiling combining these
omics with DNA or RNA related omics is not yet available
[75]. However, single-cell multi-omic technologies need
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Table 2 Summary of possible strategies to promote precision medicine (PM) and achieve a higher rate of success in epilepsy care

Strategy Summary

1. Establishing PM definition

Include the aetiology concept within PM definition

Focus on the specific neurobiological mechanisms leading to epileptogenesis, including a dynamic multilevel

assessment

Consider empirical approach based on the electroclinical phenotype when the epilepsy aetiology remains
unknown, and the underlying pathophysiology cannot be elucidated

2. Defining outcomes

Design natural history studies with high-quality, comprehensive, and longitudinal clinical deep phenotyping

that provide information on disease modification operated by PM treatments
Use natural history studies to develop and validate outcome tools
Develop shareable and interoperable frameworks promoting multicentre high-quality data collection (e.g. rare

disease registries)

3. Learning from the past, from Search for precision explanation for failure of PM treatments

failures and from other fields

Integrate conventional and new epilepsy models and complement them with clinical information extrapolated

by deep phenotyping and natural history studies to define the appropriate endpoints to use for preclinical

models

Learn from oncology, where PM is most advanced, and foresee similar challenges for implementation of
genomic diagnostics and treatments based on molecular biomarkers

4. What PM strategies?

Use drug repurposing (or repositioning), where existing medicines are redirected based on a valid target mol-

ecule for new therapeutic use(s)—highly efficient, time saving, low-cost and with minimum risk of failure
Use the traditional drug discovery process—Ilengthy, time consuming and expensive venture but allows specific
drug design and development based on specific molecular targets

5. How to measure PM efficacy Adequately powered randomised controlled trials are challenging to design for many genetic epilepsies
Consider alternative trial designs: small crossover trials and prospective, rigorously designed N-of-1 trials
Robust methods for efficacy assessment are required to provide a solid ground for evidence-based interventions

development in epilepsy to understand genotype—pheno-
type interactions in single cells. Spatial omics technologies
enable a deeper understanding of cellular organisations and
interactions within a tissue of interest by measuring unbi-
ased DNA, RNA or epigenomic information at low cost and
across large spatial regions. However, these techniques also
need further development to improve spatial resolution,
multiplexing capability, scale/throughput and coverage [76].
The continuous expansion of omics and biological datasets
should go in parallel with new computational approaches to
drive their collection and guide prediction of new therapeu-
tic targets. Genetic testing should also become more widely
available, so to reduce the current disparities in PM applica-
tion, inclusion in clinical trials and in natural history studies.

PM is not just about genomics. With the advent of
high-resolution magnetic resonance imaging (MRI) epi-
lepsy surgery has significantly grown, and the increas-
ing sensitivity of MRI allows detection of more and
more subtle structural lesions and increases precision of
surgical treatment. Structural 7T MRI is now available,
with optimised acquisition and post-acquisition image
processing, thus significantly increasing the diagnostic
yield [77]. Functional MRI (fMRI) can be used to map
eloquent cortical areas and predict the impact of surgical
treatment on higher cortical functions. Neuroimaging tech-
niques assessing functional connectivity have markedly
improved our understanding of disease-specific effects on
brain networks. Diffusion MRI (dMRI) and its derivatives

of network analysis and tractography allow assessing
the structural basis of connectivity, and guiding optimal
resections in individual patients, so mitigating the risk of
post-surgical deficits [75]. Identification of autoantibodies
and new infectious causes has also notably improved our
knowledge of immune and infectious epilepsy aetiologies
and related targeted treatments [78, 79].

Progress of diagnostics techniques in epilepsy now often
allows for the full characterisation of each individual epi-
lepsy condition from a molecular, biological, structural and
clinical perspective. However, not all data from a single
individual are routinely integrated in clinical practice and
access to advanced diagnostics highly varies worldwide.
Major steps to improve PM in epilepsy are required to bridge
the gap between identifying the aetiology and choosing the
right successful treatment (Table 2).
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