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Since Guthrie's pioneering work in 1963 on phenylke-
tonuria, the spectrum of diseases addressed in neonatal
screening programs has broadened. Ethical considerations
regarding the conditions qualifying for neonatal screen-
ing were raised as early as the 1960s."? In 1968, the World
Health Organization established recommendations for
identifying disease candidates that could benefit from
such an approach.’ The main criteria outlined in this re-
port include the importance of the impact of the disease
on health, the understanding of its natural history, and the
availability of suitable diagnostic tests and of acceptable
treatment. In many high-income countries, national com-
mittees have been established to determine the diseases
candidate to be included in neonatal screening programs.*
The number of conditions in newborn screening cur-
rently spans from 2 (Bosnia and Herzegovina) to 40 (Italy)
in Europe,5 and from 33 (Montana and Louisiana) to 74
(Connecticut) in the United States.’

The Advisory Committee on Heritable Disorders in
Newborns and Children (ACHDNC) founded in the
United States to advise the Secretary of Health and Human
Services on this topic developed, in 2006, an instrument to
assess the suitability of disorders for inclusion in newborn
screening programs (Figure 1).” This score enabled the dis-
tinction between high-scoring conditions (e.g., congenital

hypothyroidism and galactosemia, scoring at or above
1200), low-scoring conditions (e.g., X-linked adrenoleuko-
dystrophy and fragile X syndrome, scoring below 1000),
and a middle group scoring between 1000 and 1199 (e.g.,
congenital toxoplasmosis and malonic acidemia). Using
this score, 29 conditions with high scores were identified
for inclusion in the recommended uniform screening
panel (RUSP), whereas an additional 25 were selected from
the middle group due to their relevance in the differential
diagnosis of the core panel conditions.” Progressively, this
number increased to include 37 conditions in the core
panel and 26 conditions in the secondary panel, that is,
“conditions that are part of the differential diagnosis of a
core panel condition.”® The inclusion of spinal muscular
atrophy (SMA) in this core panel in 2018, mainly due to
the revolution of its treatment landscape with the imple-
mentation of gene and antisense oligonucleotide (ASO)
therapies, marked a significant milestone as it represents
one of the first instances of genetic screening being inte-
grated into routine newborn screening programs.
Recently, patients' advocacy groups and physicians
highlighted to the committee that the nomination pro-
cess for the RUSC is arduous and overlooks major factors
valued by the families.” Consequently, the committee
has chosen to suspend nominations of new conditions
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FIGURE 1 Combined criteria and distribution of scores in the data collection instrument adapted from Advisory Committee on

Heritable Disorders in Newborns and Children (ACHDNC) Criteria.’

for a period of 6 months (from December 2023 to May
2024) to ensure a consistent and standardized pathway,
thereby preventing inconsistencies in the nomination
processes. The updated process, introduced in May
2024, simplifies the nominations by implementing a
two-step approach, starting with a lighter preliminary
form to assess appropriateness before requiring a full

nomination package. In addition to reducing the initial
burden, the updated process allows an improved re-
view involving different stakeholders and necessitating
multidisciplinary consensus validation.'” The patients’
advocacy groups underscored the extension of the role
of neonatal screening, beyond disorders with available
cure, to the reduction of diagnostic odyssey, early access
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to innovative therapies as soon as they become avail-
able, and the ability to plan for the child's future needs.
However, it is worth noting that, to date, no monogenic
epilepsies, mainly no developmental and epileptic en-
cephalopathy (DEE), is included in these various official
screening panels.

We are witnessing a significant shift in the field of epi-
lepsy classification, adding to well-defined electroclinical
syndromes a precision classification based on etiologies,
particularly for monogenic and metabolic diseases. This
shift is supported by the rise of precision medicine and
disease-modifying therapies, along with a deeper under-
standing of the substantial social, societal, and economic
impacts of early-onset epilepsies.

This urges the need to evaluate epilepsies and epileptic
syndromes that are strong candidates for neonatal screen-
ing or may be close to meeting the inclusion criteria of
these screening panels.

1 | GROUPS OF EPILEPSY
SYNDROMES FOR NEWBORN
SCREENING

We have chosen to categorize epilepsy and epilepsy syn-
dromes based on the potential impact that neonatal
screening may have on the outcomes trajectories of af-
fected individuals. This classification allows for tailoring
the screening and treatment strategies according to the
specific characteristics of each group, thereby optimizing
early intervention.

1.1 | Group 1: Syndromes with available
“actionable” targeted therapies

The first group encompasses rare epilepsies that have
available precision therapies targeting molecular path-
ways or mechanisms. It currently includes epilepsies as-
sociated with metabolic disorders that have substitution
therapies, as well as epilepsies linked to an overactiva-
tion of the mechanistic Target Of Rapamycin (mTOR)
signaling pathway.' In these disorders, diagnostic
tests are available and early management improves the
outcome. For instance, giving pyridoxine or pyridoxal
phosphate supplementation within the first 6 months of
life, or at birth, for people with pyridoxine-dependent
epilepsy, is associated with seizure control and an im-
proved neurodevelopmental outcome.'? Similarly, the
age at introduction of the ketogenic diet in individuals
with glucose transporter 1 deficiency (GLUT1DS) was
correlated with seizure control and improvement of
the developmental outcome.'>'* These two rare forms

Epilepsia

of genetic DEEs were identified by a panel of experts
as the primary candidates for inclusion in future new-
born screening programs focused on genetic epilepsy."
Available specific therapies in this group pave the way
for presymptomatic interventions. For instance, the
symptoms of pyridoxine-dependent DEE (PD-DEE) are
often neonatal but they may appear later in the first
weeks of life, leaving a possible window for presymp-
tomatic treatment.'® In individuals with GLUT1DS, the
first symptoms may appear also beyond the neonatal
period during the first months or years of life. The ke-
togenic diet, a targeted treatment for this disease, may
be initiated during the neonatal period and has the
potential to improve clinical outcomes.'” The replace-
ment therapy with early recombinant human tripeptidyl
peptidase introduction, has shown significant improve-
ment in the survival and other outcomes in individuals
with neuronal ceroid lipofuscinosis type 2 (CLN2),'*"?
a neurodegenerative lethal disease in early infancy.*
The treatment administered presymptomatically for
siblings of patients with CLN2 significantly improved
the outcome, with mild developmental delay at 4 years
of age and no other manifestations of the disease such
as epilepsy, sleep disorders, cerebral atrophy on mag-
netic resonance imaging (MRI), or abnormal electro-
retinography.”® Another example of presymptomatic
treatment may be the use of mTOR inhibitors (rapamy-
cin and everolimus) as targeted therapies for tuberous
sclerosis complex (TSC). Indeed, approximately 80 % of
individuals with a TSC pathogenic variant in TSCI or
TSC2 will present epilepsy, mainly in the first 2 years of
life.?! In clinical trials, everolimus has shown effective-
ness for hamartomas (ocular, renal, cutaneous, and cer-
ebral) and epilepsy.**** According to different studies,
response rates for mTOR inhibitors in this population
ranged from 30% to 71%.%* Of interest, treatments identi-
fied as effective in this condition also seem to exert an
inhibitory effect on the mTOR pathway, as seen with vi-
gabatrin, ketogenic diet, and cannabidiol.** A common
characteristic in patients with TSC is the frequent la-
tency period for epilepsy of a few months, which creates
a window of opportunity for the implementation of the
presymptomatic treatment. The long-term, prospective
study evaluating clinical and molecular biomarkers of
epileptogenesis in a genetic model of epilepsy - Tuberous
Sclerosis Complex (EPISTOP) study was the first to sup-
port effective preventive strategy for epilepsy in TSC.*
In the preventive group, treated before epilepsy onset by
vigabatrin, none experienced epileptic spasms at the age
of 2years, compared to 40% in the conventional treat-
ment group, who received vigabatrin after the onset of
seizures. In addition, the occurrence of drug-resistant
epilepsy at 2years was halved (28% vs 60%). However,
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this approach did not substantially influence the inci-
dence of autism spectrum disorder or developmental
delay evaluated at 2years. The substantial impact of
epilepsy on individuals with TSC and their families*
may support this presymptomatic use.”® Currently,
prenatal diagnosis of TSC is based on identification of
cardiac rhabdomyoma or brain tubers or subependymal
nodules on prenatal ultrasound, or on genetic testing in
pregnancies with a family history of TSC. Between 2010
and 2020, prenatal diagnosis rates for TSC increased
from ~33% before 2010 to 80% for those born during that
period.”” Neonatal diagnosis will capture the remaining
20%*>** (or more depending on the antenatal ultrasound
expertise), enabling electroencephalography (EEG) fol-
low-up to guide presymptomatic therapy and establish
the recommended follow-up for hamartoma.? Indeed,
the EEG monitoring schedule is well established,* and
neonatal screening will improve epileptic outcome and
possibly developmental outcomes.*’ A recent rand-
omized study (PREVeNT) has confirmed a delay of the
onset of spasms in infantile epileptic spasms syndrome
(IESS) and a reduction of its overall prevalence in the
TSC group treated preventively with vigabatrin.*?

1.2 | Group 2: Syndromes with emerging
precision medicine approaches

In the second group, targeted therapies are not yet imple-
mented, although some precision medicine approaches
may be available. Channelopathy-associated epilepsies are
a good example of this group. These disorders account for
~25% of rare genetic epilepsies. Timely identification of
underlying genetic etiologies through neonatal screening
would enable close monitoring, reduce diagnostic odys-
sey, and significantly improve therapeutic management.
Identifying these diseases at birth will allow the avoid-
ance of precipitating factors and propose presymptomatic
therapy that may prevent, at least partly, the development
of the severe phenotype of these disorders. For instance, a
retrospective study on encephalopathy related to pertussis
vaccination showed that 11 of the 14 individuals reported in
this study had a pathogenic variant of sodium voltage-gated
channel alpha subunit 1 gene (SCN1A). Pathogenic variants
in this gene, with loss of function, mainly result in two phe-
notypes: Dravet syndrome (DS) and a milder form known as
genetic epilepsy with febrile seizures plus (GEFS+). The two
key predictors of DS are the SCNIA pathogenic variant ge-
netic score and the age at seizure onset.* In individuals with
a SCN1A pathogenic variant, vaccination may trigger earlier
epilepsy onset.>**> A retrospective multicenter cohort study
revealed that the prophylactic use of benzodiazepines is as-
sociated with a substantial reduction in the recurrence of

post-vaccination seizures, with a remarkable 30-fold reduc-
tion in the likelihood of seizures.*® A case report of two sib-
lings with a novel pathogenic SCN1A variant underscored
the importance of individualized management, revealing
the severe outcome in the index case and the successful pre-
ventive measures, based on regular prophylactic sodium val-
proate and additional clobazam post-vaccination, used for
the sibling.* Similar to TSC, we could hypothesize that the
discovery of early predictive biomarkers for this group will
allow timely and personalized neonatal or presymptomatic
interventions. In the case of DS, the identification of SCN1A
pathogenic variants at birth will also limit contraindicated
anti-seizure medications (ASMs) and facilitate a tailored se-
lection of appropriate ones. The worsening effect of sodium
channel blockers in patients with DS exacerbates seizures
but appears to have also a worsening impact on long-term
neurodevelopmental outcome when used during the first
Syears of life.”” Conversely, in cases of SCN24 and SCN8A
gain-of-function mutations, sodium channel blockers are
recommended as first-line therapies.*®* The same may
apply to potassium channel-related DEEs associated with
gain-of-function and the use of potassium blockers medi-
cations.”! One may argue that targeted ASM therapy may
be adequately guided by rapid genetic testing performed
after the first seizure onset. Therefore, we may question
the added value of neonatal screening. However, the rapid
development of gene and assimilated therapies in these
monogenic rare epilepsies will necessitate re-addressing
the neonatal screening soon. The presymptomatic period
between birth and the onset of the first seizure, existing in
many monogenic epilepsies, may be an opportunity win-
dow to consider. Approaches based on ASOs are currently
under development, primarily for gain-of-function chan-
nelopathies (sodium voltage-gated channel alpha subunit
2 gene (SCN2A),* sodium voltage-gated channel subunit 8
gene (SCN8A),*” potassium sodium-activated channel sub-
family T member 1 (KCNT1*)) but also for loss-of-function
types (SCN1A®). Trials for patients with SCN1A® and
SCN2A* pathogenic variants are even undergoing phase
1/2 studies with promising results. Along the same line,
other monogenic disorders with DEEs are also progress-
ing, with significant results in the preclinical studies and a
prompt translation to humans (syntaxin binding protein 1
gene (STXBPI),” synaptic ras GTPase activating protein 1
gene (SYNGAPI),*” SCN1A,* cyclin-dependent kinase-like
5 (CDKL5)®...). Additional major challenges in this group
concern the pathogenicity of the variants discovered with
numerous variants of uncertain significance (VUS) and the
identification of the patient's most probable phenotype and
prognosis. These uncertainties pose a challenge in clinical
decision-making and in the information provided to the
family. However, a better understanding of the impact of
different variants is currently developing, as well as major
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research for specific prognosis markers that may delineate
the phenotype and patient's outcome with a high level of
certainty.

1.3 | Group 3: Syndromes excluded from
neonatal screening

The third category of epileptic syndromes should, at this
time, be omitted from the neonatal screening list. Several
key reasons, often combined, justify the exclusion of
these syndromes. First, certain epilepsy syndromes lack
diagnostic biomarkers in the neonatal period, includ-
ing genetic, biochemical, EEG, or imaging markers.
For instance, idiopathic generalized epilepsy (20%-30%
of all epilepsy syndromes) is presumed to have a poly-
genic etiology (polygenic risk score).” In addition, no
specific alterations on EEG, imaging, or in biochemical
markers have been reported during the neonatal period.
Second, some monogenic conditions elude detection in
the peripheral blood due to their somatic nature, such
as pathogenic variants in GNAQ causing Sturge-Weber
syndrome,’" or because they involve a complex combi-
nation of genetic predisposition (first hit) and somatic
mutations occurring during brain development, as seen
in cortical focal dysplasia.’* Third, certain epilepsy syn-
dromes are self-limited, such as self-limited epilepsy with
centro-temporal spikes.”® Because these self-limited epi-
lepsies typically resolve spontaneously without signifi-
cant developmental impact, neonatal screening may not
contribute significantly to improved patient management
and outcome. Other syndromes may have acquired post-
natal causes, such as post-infectious or clastic lesion, as
seen in infantile spasms and Lennox-Gastaut syndromes.
Finally, syndromes with immune-mediated etiologies
(e.g., new-onset refractory status epilepticus, Rasmussen
syndrome, febrile infection-related epilepsy syndrome
[FIRES], and hemiconvulsion-hemiplegia—epilepsy syn-
dromes) are difficult to propose for such screening due to
a lack of clear neonatal biomarkers to date.>** The pre-
vention of these syndromes relies primarily on primary
prevention measures, such as improving neonatal care
practices and enhancing the diagnosis and treatment
of central nervous system infections."' In summary, the
complexity of these syndromes, coupled with the lack of
clear monogenic, underlying mechanisms and biomark-
ers, currently excludes them from the neonatal screening
candidates’ list.

Although neonatal screening offers promise for some
epileptic syndromes that have targeted therapies and clear
biomarkers, the complexity of other syndromes creates
significant challenges for effective screening implementa-
tion. Therefore, a careful assessment of the risk-benefit

Epilepsia-*

ratio is essential when deciding on the appropriateness of
neonatal screening for such conditions.

We attempted to estimate the Combined Criteria and
Distribution of Scores, based on the scoring system de-
veloped in 2006 by the ACHDNC, for epilepsy syndromes
and etiology related epilepsy syndromes’ based on the
2022 classification and terminology™*>**®*’ (Figure 2). Of
interest, the median scores were 1410 (ranging from 1525
for GLUT1DS to 1280 for TSC) for the first group, 1062.5
(ranging from 1165 for DS with SCN1A pathogenic vari-
ant to 980 for potassium voltage-gated channel subfamily
Q member 2 DEE (KCNQ2-DEE) for the second group,
and 488 (ranging from 870 for epilepsy in infancy with
migrating focal seizure [EIMFS] to 400 for Rasmussen
syndrome) for the third group. Using the same scoring
system, the score for SMA is estimated at 1475. This high-
lights that the first group meets the current criteria for
neonatal screening.

2 | EPILEPSY IN ONGOING
RESEARCH ON GENETIC
NEWBORN SCREENING

The advances in genetics, making genomic sequenc-
ing faster (from months to few days) and more afford-
able (from $1000 to $500 for a genome between 2014 and
2024), have paved the way for genetic newborn screen-
ing.”® These developments have spurred the initiation of
several international genomic newborn screening studies.
To date, eight studies®®® have proposed newborn screen-
ing gene panels, ranging from 14 to 954 genes (Table 1).
The common goal of these studies is to implement and
evaluate the utility of genomic sequencing for screening
of “actionable” genes in newborn. They also aim to exam-
ine the ethical implications and value of utilizing genomic
data generated at birth as a lifelong health care asset.
However, the fact that none of the genes associated
with epileptic syndromes appear in all eight panels
of neonatal screening highlights the difficulty in con-
structing these panels. For instance, GLUT1DS, present
in 7 out of 8 panels, and pyridox(am)ine 5'-phosphate
deficiency (P5PD)-DEE, identified in 6 out of 8, were
the most represented syndromes, consistent with our
proposition and our estimated score. Despite the mar-
ket authorization of a precision therapy, cerliponase
alpha, for type 2 neuronal ceroid lipofuscinosis (NCL2)
giving, is a significant positive impact in presymptom-
atic individuals,? the search for pathogenic variants in
tripeptidyl peptidase 1 gene (TPP1) was only included in
half of the neonatal screening panel. Similarly, PD-DEE
and TSC genes were excluded from over 50% of the pan-
els. The rationale behind this decision warrants further
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Epilepsy and etiology related epilepsy syndromes

FIGURE 2 Estimation of score distribution for epilepsy and etiology related epilepsy syndromes based on Advisory Committee on
Heritable Disorders in Newborns and Children (ACHDNC) Criteria.” BTD, biotinidase deficiency; CLN2, neuronal ceroid lipofuscinosis
type 2; DEE, developmental and epileptic encephalopathy; DS, Dravet syndrome; EE, epileptic encephalopathy; EIMFS, epilepsy in infancy

with migrating focal seizure; EWRIS, epilepsy with reading-induced seizures; FARS, folinic acid-responsive seizures; FIRES, febrile

infection-related epilepsy syndrome; GGE, genetic generalized epilepsy; GEFS+, generalized epilepsy with febrile seizures +; GS-HH,

gelastic seizures-hypothalamic hamartoma syndrome; GLUT1DS, GLUT1 deficiency syndrome; HCS, holocarboxylase synthetase; HHE,

hemiconvulsion-hemiplegia—epilepsy syndrome; IESS, infantile epileptic spasms syndrome; IGE, idiopathic generalized epilepsy; LGS,

Lennox-Gastaut syndrome; MLTE-HS, mesial temporal lobe epilepsy with hippocampal sclerosis; PD, pyridoxine-dependent epilepsy; P5PD,

pyridox(am)ine 5’-phosphate deficiency; SWAS, spike wave activation In sleep; SWS, Sturge-Weber syndrome; TSC, tuberous sclerosis

complex.

investigation, acknowledging that this exclusion may
also reflect the existence of a separate screening panel
for metabolic diseases, including PD-DEE, established
in these institutions or regions.

Finally, the rationale behind the selection of certain
genes in the list of neonatal screening panels may be de-
bated. For instance, the inclusion of some progressive
myoclonic epilepsies as ceroid lipofuscinosis neuronal 3
gene (CLN3), CLN5, and CLNG6, a group of neurodegener-
ative epilepsy syndromes, characterized by drug-resistant
epilepsy, myoclonia with severe neurological prognosis,
and early death, may be puzzling because of the lack of
available therapies. Lafora-causing genes are also present
in the large 928-gene panel, although the trials for this
progressive myoclonus epilepsy are only initiating in hu-
mans.®” Finally, calcium voltage-gated channel subunit
alphal A gene (CACNA1A), a gene causing a wide range of
phenotypes—such as type 2 episodic ataxia, DEEs, includ-
ing Lennox—Gastaut syndrome (LGS) and EIMFS, as well
as familial hemiplegic—presents a significant challenge

because of the known high variability of the phenotypes,
even within the same family.*””° Furthermore, acetazol-
amide, a targeted therapy for CACNA1A-related disorders,
has shown benefits in some limited cases, but further re-
search is needed.”

3 | CHALLENGES IN
DEVELOPING NEONATAL
EPILEPSY SCREENING

In addition to the technical and ethical considera-
tions,”®"*>"* the implementation of a neonatal screen-
ing program for epilepsy requires the establishment of
a robust infrastructure to ensure timely diagnosis con-
firmation and intervention. The establishment of dedi-
cated tertiary centers for rare epilepsies with a network
of laboratories with expertise in epilepsy genetic testing
would be pivotal in providing an effective framework for
neonatal screening for epilepsy in France. These centers
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would facilitate the rapid validation of pathogenic vari-
ants, thereby ensuring that newborns receive appropri-
ate therapies through a streamlined care pathway. The
readiness of a multidisciplinary team, including pediatric
epileptologists, geneticists, psychologists, rehabilitation
specialists, and care coordinators and nurses, with the
option of national consensus meetings for complex cases,
should be established and supported. The work achieved
by neuromuscular pediatricians and their existing net-
works for the care of newborns screened with the survival
motor neuron 1(SMN1) pathogenic variant may serve as a
valuable model.

The development of therapies for rare diseases is fre-
quently expensive due to various factors, including the
intricate nature of the treatments and the clinical trials,
which are often lengthy and costly. This is exemplified by
the development of therapies for SMA. It is anticipated
that the costs of these therapies will decline over time,
with advances in therapy modalities and production pipe-
lines and the development of methodologies in clinical
trials adapted for rare diseases with smaller numbers of
patients. Therefore, it is imperative that individuals with
rare epilepsies who are eligible for targeted therapies
(Group 1) do not face delays in access to precision ther-
apies beyond what is currently actionable. Furthermore,
delayed treatment exposes patients to the higher costs
of managing disease complications frequently affecting
neurodevelopment in these disorders. The identification
of additional accurate biomarkers will facilitate optimal
patient selection, particularly in individuals with epilepsy
syndromes that are amenable to emerging precision med-
icine approaches (Group 2). Once the potential for signif-
icant improvements in both quality of life and survival is
demonstrated by these therapies, the cost-benefit ratio
will favor neonatal screening and early treatment and
neonatal screening.

4 | CONCLUSION

The severity of several epileptic syndromes and the po-
tential for significant improvement with early therapeutic
intervention justify the inclusion of biotinidase deficiency
(BTD), folinic acid-responsive seizures related to FOLRI
pathogenic variants and holocarboxylase synthetase defi-
ciency (HLCS), PD-DEE (ALDH7A1, PLPBP), P5PD-DEE
(PNPO), GLUTIDS (SLC2A1), and PME related to CLN2
and TSC (TSCI and TSC2) in neonatal panel screening.
In addition, a second group, including some channelopa-
thies (SCN2A, SCN8A, SCN1A, KCNQ2) and PME (NCL
3, NCL 5, NCL 6, Lafora), might warrant inclusion in the
neonatal screening panel due to emerging therapies and

the potential for early intervention in the presymptomatic
period, such as for SCNI1A. In this last group, some chal-
lenges on the pathogenicity predictioner of the variants
detected at birth remain to be resolved.

Despite the changes proposed by the ACHDNC, the
previous scoring system may be a good first step in initiat-
ing a consensus proposal within the epilepsy community
supported by the International League Against Epilepsy
(ILAE) and other partners such as the European Reference
Centre for Rare Epilepsies (EpiCARE)’* involved in rare
and complex epilepsies, emphasizing the roles of the med-
ical and scientific experts, patient advocacy groups, and
pharmaceutical industries. This will allow us to propose
and update the list of epilepsy syndrome candidates for
neonatal screening and their implementation in regional
and national initiatives. However, we recognize that ac-
cess issues for children born in low- and middle-income
countries (LMICs) remain unresolved. In this setting, epi-
lepsy diagnosis is often delayed or sometimes missed, and
genetic testing is generally not available. However, such
recommendations with a consensus list could support
increased investments in diagnostic infrastructures to fa-
cilitate the diagnosis of rare epilepsy syndromes with ac-
tionable genetic etiologies in vulnerable populations. We
hope that, with the identification of additional accurate
biomarkers, a better understanding of underlying mech-
anisms, and the development of targeted therapies, other
syndromes will be included as candidates for neonatal
screening in the future.
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