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ABSTRACT

Purpose: Early recognition of seizures in neonates secondary to pathogenic variants in potassium or sodium
channel coding genes is crucial, as these seizures are often resistant to commonly used anti-seizure medications
but respond well to sodium channel blockers. Recently, a characteristic ictal amplitude-integrated electroen-
cephalogram (aEEG) pattern was described in neonates with KCNQ2-related epilepsy. We report a similar aEEG
pattern in seizures caused by SCN2A- and KCNQ3-pathogenic variants, as well as conventional EEG (cEEG)
descriptions.

Methods: International multicentre descriptive study, reporting clinical characteristics, aEEG and cEEG findings
of 13 neonates with seizures due to pathogenic SCN2A- and KCNQ3-variants. As a comparison group, aEEGs and
cEEGs of neonates with seizures due to hypoxic-ischemic encephalopathy (n = 117) and other confirmed genetic
causes affecting channel function (n = 55) were reviewed.

Results: In 12 out of 13 patients, the aEEG showed a characteristic sequence of brief onset with a decrease,
followed by a quick rise, and then postictal amplitude attenuation. This pattern correlated with bilateral EEG
onset attenuation, followed by rhythmic discharges ending in several seconds of post-ictal amplitude suppres-
sion. Apart from patients with KCNQ2-related epilepsy, none of the patients in the comparison groups had a
similar aEEG or cEEG pattern.

Discussion: Seizures in SCN2A- and KCNQ3-related epilepsy in neonates can usually be recognized by a char-
acteristic ictal aEEG pattern, previously reported only in KCNQ2-related epilepsy, extending this unique feature
to other channelopathies. Awareness of this pattern facilitates the prompt initiation of precision treatment with
sodium channel blockers even before genetic results are available.

1. Introduction

events or infectious diseases. A considerable subgroup, however, has a
genetic basis. Many epilepsy-related genes encode ion channels, and

In neonates, most seizures are attributable to acquired non-genetic epilepsies caused by pathogenic variants in this group are often referred
causes, including hypoxic-ischemic encephalopathy (HIE), vascular to as channelopathies [1-3]. Many of the channelopathies-related
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epilepsies are associated with defects of voltage-gated sodium, potas-
sium or calcium channels. Neonatal-onset epilepsies due to channelo-
pathies are most frequently caused by mutations in the KCNQ2 and
SCN2A genes, and to a lesser extent in the KCNQ3 gene [4-6]. Variants
in these genes are now known to be associated with a spectrum of
phenotypes, ranging from self-limited (familial) neonatal epilepsy to
severe neonatal epilepsy syndromes, including developmental and
epileptic encephalopathy (DEE) [7,8]. Accordingly, the prognosis
regarding seizure control also comprises a wide spectrum, from
self-limited or well-controlled to drug-resistant seizures [9].

Seizures associated with these channelopathies are typically less
responsive to common first choice anti-seizure medications (ASMs),
such as phenobarbital and benzodiazepines. However, the administra-
tion of sodium channel blockers, including oxcarbazepine, carbamaze-
pine, phenytoin, and lidocaine can provide seizure freedom or a
significant reduction in the majority of neonates [8,10]. As a lower
seizure burden may be associated with better developmental outcome,
regardless of the etiology or severity of neurological illness [11], a so-
dium channel blocker should be initiated as soon as possible when a
channelopathy, particularly due to KCNQ2, KCNQ3, or SCN2A gene
defect, is suspected [8,10,12]. This emphasizes the critical need for early
recognition of this disorder to ensure adequate early seizure control in
both the self-limited and severe phenotypes.

Recognition of KCNQ2, KCNQ3 and SCN2A-associated epilepsy can
be based on seizure semiology, typically comprising asymmetric tonic
posturing, associated apnea and desaturation, often followed by uni-
lateral or bilateral asynchronous clonic jerks [7,8]. However, distinction
with seizures due to other aetiologies solely based on clinical semiology
may be difficult. Recently, seizures in KCNQ2-related epilepsy in neo-
nates were shown to have a characteristic pattern on the
amplitude-integrated EEG (aEEG) with a sudden rise in amplitude, fol-
lowed by a marked prolonged postictal attenuation [13]. This unique
aEEG pattern can be quickly recognised by neonatologists at the bedside
[13]. In our descriptive study of thirteen newborns with SCN2A and
KCNQ3-related epilepsy, we demonstrate a similar pattern on the aEEG
and cEEG, extending this unique feature to other channelopathies. These
features, in combination with clinical semiology may allow for early
recognition, not only by the bedside team but also by the neurology,
neurophysiology, and genetic team.

2. Methods

This is a retrospective, descriptive case series of 13 neonates with
seizures secondary to confirmed (likely) pathogenic SCN2A or KCNQ3
variants from five different centers ((Leiden University Medical Center,
the Netherlands (LUMC); Erasmus Medical Center, the Netherlands
(EMC); Alberta Children’s Hospital in Calgary, Canada (ACH); Benioff
Children’s Hospital, University of California, San Francisco (USCF);
Hospital Sao Joao in Porto, Portugal (HSJ)). Patients were included
consecutively in each center. All patients were admitted to their
respective Neonatal Intensive Care Units (NICUs) because of seizure
onset between January 1, 2013 and October 31, 2021. All individuals
identified within this time frame at the participating institutions had
been offered standard of care clinical genetic testing in case of unknown
etiology of seizures, and all individuals with a likely pathogenic or
pathogenic variant in SCN2A and KCNQ3 were included. In each center,
a complete clinical assessment was performed, including detailed
physical examination and family history. Extensive diagnostic work-up,
including a brain MRI, investigations for infections (blood, urine and
CSF culture), and metabolic disorders (including CSF, blood and urine
analysis) were performed in all patients. Only patient 12 did not have a
brain MRI Continuous brain function monitoring was carried out as per
local protocols in each center. At LUMC, continuous aEEG monitoring
was performed routinely, using a 2-channel digital device (F3-P3, F4-P4)
in patients 1-3 (NicoletOne, Natus System, Pleasanton, CA, USA).
Restricted 10-20 system bipolar EEG, including eleven electrodes Fpl,
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Fp2, T3, T4, T7, T8, C3, C4, Cz, 01, 02, was completed for at least one
hour in all patients using EEG-1200, Nihon Kohden, Tokyo, Japan. At
EMC, patients 4 and 5 were continuously monitored with a 2-channel
(F3-P3, F4-P4) aEEG monitor (Brainz BRM3 Brain Monitor, Natus Sys-
tem, San Carlos, CA, USA). At ACH, patients 6-8 and 10-11 were
continuously monitored with conventional 11-electrodes restricted 10 —
20 neonatal EEG montage including the following leads Fpl, Fp2, C3,
C4, T7, T8, 01, 02, Pz, Cz, Fz (NeuroWorks — Natus System. Persyst 12
software. Natus, Pleasanton, CA. USA). At UCSF neonates were moni-
tored with continuous video-EEG using a Nicolet One VEEG system
(patient 9) or Natus Networks system (patient 12); both using a total of
nine electrodes including Fp1, Fp2, C3, C4, T7, T8, 01, 02, and Cz. At
HSJ, patient 13 was continuously monitored with a 2-channel digital
device (F3 - P3, F4 - P4) (NicoletOne, Natus System, Pleasanton, CA,
USA). Rapid trio whole exome sequencing or comprehensive epilepsy
gene panel diagnostics was performed in all patients via clinical labo-
ratories. Where possible, variants were clinically segregated in parents
to determine inheritance. All variants were reviewed for pathogenicity
according to ACMG criteria [14].

To assess whether the descripted (a)EEG findings are specific for
KCNQ2-, KCNQ3- and SCN2A-related epilepsy, aEEGs and cEEGs of two
comparison groups were reviewed, all patients meeting criteria within
the defined time frame: i) neonates with seizures due to HIE, treated
with therapeutic hypothermia and admitted at the NICU of ACH be-
tween April 1, 2015 and October 31, 2020, and ii) patients with neonatal
seizures due to confirmed likely pathogenic or pathogenic genetic
variant affecting channel function and associated with epilepsy,
admitted at the NICU of ACH in Calgary between January 1, 2012 and
March 31, 2023.

Parental informed consent was obtained and signed for all patients
included in the case series. As individual data is not shown for the
comparison groups, parental informed consent was not required.
Research Ethics Board approval was obtained in Calgary for this
collaborative research (#REB16-1783).

3. Results
3.1. Clinical and neuroradiological features

Thirteen neonates, 6 male and 7 female, were included in this study.
Clinical, aEEG, EEG and neuroradiological features are summarised in
Table 1. All patients were born at term or late preterm, following an
uncomplicated pregnancy and delivery. Family history for seizures was
negative in 9 patients. Seizure onset was at day 1-3 for the 9 neonates
with SCN2A variants (patients 1-9) and at day 1-6 for the 4 neonates
with KCNQ3 variants (patients 10-13). Interictal neurological exami-
nation was normal in 8 patients but demonstrated mild to severe axial
hypotonia and decreased spontaneous movements in 5 patients, all with
SCN2A variants. Seizure semiology typically included asymmetric tonic
posturing (all patients), accompanied by apnea, desaturation or cyanosis
(9/13 patients). Other observed features, usually preceding or following
the tonic posturing, included stereotypic behavior, head deviation, eye
movements or staring.

Infections and inborn errors of metabolism were excluded by labo-
ratory testing in all patients, and MRI was normal in most patients (8/12
patients). In four patients, all with SCN2A variants, MRI showed
restricted diffusion in the medial thalamus the right caudate nucleus,
periventricular white matter abnormalities or a thin corpus callosum
(Table 1).

In all patients, various ASMs were trialed before adequate seizure
control was reached (median number of used ASM 4; range 1-6). In 12
out of 13 patients, a sodium channel blocker was the last type of ASM
introduced, achieving significant seizure reduction in all patients: nine
patients were seizure free upon an adequate dosage, and three patients
had a partial reduction in seizures (>50% reduction in the number of
seizures). One patient became seizure-free on phenobarbitone. In seven



1444

Table 1
Clinical characteristics of 13 patients with neonatal-onset epilepsy related to SCN2A and KCNQ3 mutations.
Patient No. 1 (NLL1) 2 (NLL2) 3. (NLL3) 4 (NLR1) 5 (NLR2) 6 (CAA1) 7 (CAA2) 8 (CAA6) 9 (USF2) 10 (CAA4) 11 (CAA5) 12 (USF1) 13 (POP1)
Mutation SCN2A SCN2A SCN2A SCN2A SCN2A SCN2A SCN2A SCN2A SCN2A KCNQ3 KCNQ3, KCNQ3, KCNQ3
de novo de novo: de novo de novo unknown de novo unknown de novo de novo paternally paternally maternally de novo
¢.4644G>C, p ¢.2306T>C, p. ¢.5528A>T, p. ¢.4061T>C, p. ¢.3967A>G, mosaic for c.4886G>A, c.781G>A, p. ¢.2713A>G, p. inherited inherited, inherited ¢c.956A>G, p.
(Met1548Ile) (I1le769Thr) (Asp1843val) (Metl1354Thr) p. ¢.2635G>A, p. p. (Val261Met) Lys905GluE  ¢.1558C>T, p. ¢.938C>T, p. ¢.923 G>C, (Tyr319Cys)
(Met1323Val) (Gly879Arg)  (Argl629His) (Arg520%) Thr313lle p-W308S
Family history negative negative negative negative negative negative negative negative negative positive, positive, father positive, negative
possible had childhood febrile
paternal Sz seizures in
history of mother
seizure

GA, sex full-term/M full -term/F full -term/M full -term/F full-term/M full -term/F full -term/M  full-term/M 36w4d/F full -term/M  full -term/F full-term/F full -term/F
Apgar score 9,10 8,8 9,10 9,10 9,10 9,9 5,9 9,9 9,9 7,8 8,9 8/9 9,10

Brain MRI normal restricted small normal normal restricted normal normal thin corpus normal normal not performed normal

diffusion periventricular diffusion right callosum
medial left white matter caudate
thalamus lesion nucleus
Age at onset day 2 day 2 day 2 day 2 day 3 day 1 day 3 day 2 day 1 day 1 day 6 day 4 day 3
Sz type multifocal tonic or ~ multifocal focal tonic, generalised generalised generalised apnea, unilateral focal eye deviation, tonic-clonic  opening eyes, tonic phase  tonic

tonic-clonic or tonic, desaturation, clonic and tonic tonic desaturation tonic or tonic-  sometimes staring, apnea with cyanosis posturing with
stereotype behavior desaturation followed by tonic, blinking, posturing, posturing, with cyanosis clonic, then, followed by with cyanosis, followed by  cyanosis

stereotype apnea head movement of and sequential whole tonic focal tonic bilateral

behavior, head deviation, the eyes, hypotonic; body tonic extension of posturing to  asynchronous

deviation and yawning, and apnea, focal tonic or posturing the extremities bilateral tonic, clonic jerks

clonic attheenda  desaturation tonic - clonic followed by and brief self- desaturation

movements few clonic with cyanosis. followed by  tonic-clonic resolving

movements bilateral tonic ending desaturation
posturing

Interictal encephalopathyaxial axial hypotonia axial hypotonia normal normal axial and limb normal Normal, mild axial normal normal normal normal
neurological and limb hypotonia hypotonia encephalopathy hypotonia
examination with alternating proximal > due to med loads

opisthotonos distal.

Ictal aEEG characteristic’ characteristic' characteristic'  characteristic' characteristic' characteristic’ non- characteristic’  characteristic' characteristic' characteristic' characteristic' characteristic'
Interictal aEEG BS CNV CNV CNV CNV CNV characteristic CNV BS CNV CNV CNV CNV
background CNV
pattern

ASMs in neonatal PB, PN, LVT, OXC PB, PN, LVT, PB, LVT, OXC PB, CBZ PB, CBZ, LEV, LVT, TPM, PB, LVT, OXC PB, LVT, PHT, PB, LVT, PN, PB, CBM, LVT, LVT, PB CBZ PB, CBZ
period lidocaine, OXC MDZ, OXC, FPHT, PB, PN, CBZ CLB, VGB, CBZ FPHT,

PHT CBZ
Effective ASM PB partially effective OXC effective  OXC effective = CBZ effective = CBZ (20 mg/kg CBZ partially OXC effective PHT (20 mg/kg/ CBZ partially PBandload PB effective = CBZ effective CBZ effective
(dosage) (7.5 mg/kg in 2 (30 mg/kg in 2 (30 mg/kg in 2 (7 mg/kg in 2 in 2 doses), effective (30 (18 mg/kg in load), CBZ (10  effective (40  FPHT effective (load 20 mg/ (10 mg/kg/d) (15 mg/kg in
doses, after loading  doses) doses) doses) OXC (35 mg/ mg/kgin 3 2 doses) mg/kg/day) mg/kg/day)  (FPHT load 10 kg; 3 doses)
doses) kg in 2 doses) doses + FPHT mg/kg, maintenance
OXC effective (30 and PHT (13 5 mg/kg/day maintenance 5 mg/kg/day
mg/kg in 2 doses) mg/kg in 2 in 2 doses PB 5 mg/kg/ in 2 doses)
doses after day in 2 doses)
loading doses)
all partially
effective

Serum OXC <0.5 mg/1;10- OXC unknown unknown CBZ 2.3 mg/l CBZ79 umol/L unknown unknown unknown unknown PB 125 umol/L unknown CBZ 5,77 ug/

concentrations OH—CBZ 11 mg/1 undetectable; (NV 4-12, (NV <50 (not performed (NV 65 -170 ml (4-12 ug/
(NV 10-35 mg/1, day 10-OH—CBZ 6 dosage 20 mg/ umol/L, due to low umol/L, ml,
30, dosage 31 mg/kg/ mg/l (NV kg/day) dosage 30 mg/ maintenance day 9, dosage

(continued on next page)
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Table 1 (continued)

Patient No. 1 (NLL1) 2 (NLL2) 3. (NLL3) 4 (NLR1) 5 (NLR2) 6 (CAA1) 7 (CAA2) 8 (CAA6) 9 (USF2) 10 (CAA4) 11 (CAA5) 12 (USF1) 13 (POP1)
day) 10-35 mg/1, 0OXC 21,7 mg/1 kg/day) + Free dose) dosage 5 mg/ 15 mg/kg/
day 3, dosage (NV 10-35, Phenytoin 5.4 kg/day) day)
10 mg/kg/day dosage 35 mg/ umol/L (NV 4
dosage) kg/day) — 8 umol/L,
OXC <0.5; 10- dosage 5 mg/
OH—CBZ 24 kg/day)

(day 11, dosage
30 mg/kg/day)

Sz outcome (offset  sz-free (day 18) sz -free (day 19) sz -free (day 10) sz-free (day 3) Almost sz-free Seizures sz -free (6 sz-free (day 14) several sz -free (day 7) sz -free (day 8) Sz-free (day 4) sz -free (day 8)
age) (14 months)  controlled weeks) seizures per
with CBD oil (5 week (n.a.)
y.0.)
Time between 6 days 11 days 2 days <24h 4,5 weeks <24h <48h 1 day n/a <24h <24h <24h 1 day
initiation effective
ASM and Sz
outcome
Duration of 28 days 29 days 12 days 4 days 11 weeks 21 days 4 days 21 days 5 weeks 3 days 3 days 4 days 6 days
hospitalization
Duration of initial 2 years 4 months 1 year 4 months 6 months 9 months ongoing (OXC) ongoing ongoing 1 year 6 months ongoing ongoing 12 months 1 year ongoing
ASM therapy (switch to
CBM, week 4).

Last Sz 4 mo
prior to last F/

U
Recurrence upon yes yes no yes n/a Evolved into  yes No n/a yes no no no
initial seizure-free SWAS (4 years) two only provoked (day 14, epilepsy of (6 months, (4, 6, and 20
state (age) unprovoked seizures addition CBM) infancy with  OXC dose months)
seizures (2 migrating focal adjusted to
years) seizures (day 30 mg/Kg/
10). Controlled day, free
at 4y.o. w/CBD since)
oil.
Recurrence upon yes yes no no n/a 2 weeks after n/a No n/a n/a no no n/a
discontinuation of D/C of CBD oil.
ASM therapy Controlled
again w/CBD
oil
Developmental severe developmental Very mild normal Severe Moderate severe expressive- normal severe normal normal normal normal
outcome (Last FU: delay (6 years) developmental development (3 developmental impaired impaired receptive (3 years 4 intellectual development development development development
age) delay years) delay, motor motor and language, months) disability, non- (2 years) (4 year 7 (4 years) (1 year 8
(5 years) hypotonia development speech mild gross verbal, non- months) months)
(2 years) (1 year 2 development motor. ambulant
months) (5 years 1 (1 year 2 (7 years)
month). months)
GMECS 5

! Characteristic means the typical pattern of a sudden attenuation, then rise in amplitude, followed by a marked postictal suppression, as described in Fig. 1. ASMs anti-seizure medications; BS burst suppression; CAA
Canada Calgary; CBZ carbamazepine; CBM Clobazam; CNV continuous normal voltage; DNV discontinuous normal voltage, SWAS spike-wave activation in sleep; F female; FPHT fosphenytoin; FU follow-up; GA
gestational age; LVT levetiracetam; M male; MDZ midazolam; n/a not applicable; NLL Netherlands Leiden; NLR Netherlands Rotterdam; NV normal value; OXC oxcarbazepine; PB phenobarbitone; POP Portugal Porto;
PHT: phenytoin; PN pyridoxine; sz: seizure; TPM topiramate; VGB vigabatrin. All SCN2A variants reported on transcript NM_021007.3. All KCNQ3 variants reported on transcript NM_004519.3.
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patients (3-5, 7-8, 12-13), a sodium channel blocker was the second or
third line ASM, when the treating physicians recognised the unique
aEEG pattern suspecting a channelopathy. Median follow-up was over 3
years (range 14 months — 7 years). One child (patient 6) developed
epilepsy of infancy with migrating focal seizures at day 10. In seven
patients the ASM was discontinued (after maintenance therapy of 6
months — 2.5 years), upon which 5 children remained seizure free. One
of the children with epilepsy recurrence (patient 1) developed SWAS
after 4 years of age, responding well to oral prednisolone treatment.
Development ranges from normal to severe developmental delay
(Table 1). All 4 individuals with KCNQ3 variants had a normal outcome.

Regarding the comparison groups, 123 patients with HIE and hy-
pothermia protocol were identified, of which 117 patients had aEEG and
cEEG monitoring. Out of these 117 patients, 82 patients had seizures
during EEG monitoring: either electroclinical seizures (n = 55), and / or
electrical seizures without clinical correlate (n = 75). As for the com-
parison group of patients with a confirmed genetic cause affecting
channel function and associated with epilepsy, 55 patients were iden-
tified. Out of these 55 patients, 11 patients had seizures in the neonatal
period. In these patients, (likely) pathogenic variants were found in the
KCNQ2 (n = 6), ATP1A3 (n = 1), CACNA1A (n = 1), GABRB3 (n = 1),
KCNT1 (n = 1), SCN8A (n = 1) genes.

3.2. Genetic findings

All variants found in the SCN2A or KCNQ3 genes were pathogenic or
likely pathogenic according to the ACMG classification [14]. For patient
10, the KCNQ3 variant was interpreted as likely pathogenic but this was
in the context of recessive disease and it is unclear in the context of
dominant disease. We identified six new protein variants that were not
previously published (Supplementary Table S1). An individual with a
variant affecting the same residue as patient 4 and 9 has been previously
published [15,16], and functional studies and characterization of epi-
lepsy in patient 11 were recently reported [17,15]. Furthermore, pa-
tients 6-8 and 12 have been previously published [18-23].

3.3. aEEG and EEG findings

The ictal recording showed a characteristic pattern in the aEEG in all
except one patient (patient 7). This typical pattern is shown for a patient
with SCN2A- (Fig. 1A) and KCNQ3-related epilepsy (Fig. 1B). On the
aEEG, a seizure can be recognized by a brief decrease in the upper
margin, then a sudden rise in both the lower and the upper margin,
followed by the characteristic marked postictal attenuation (decreased
of both margins). When increasing the speed of the aEEG (from 6 to 15
cm/h), the pattern may become even more obvious. This pattern is
different from aEEG findings in symptomatic seizures, in which a
gradual rise of the upper and lower margin is seen at onset with usually
longer duration without postictal attenuation (Supplementary Fig. S1).

Interictally, most patients (11 out of 13) had a continuous normal
voltage background on their aEEG, with 1 patient showing intermittent
episodes of suppression lasting 3-4 s.

The typical ictal aEEG pattern correlates to findings on the cEEG
shown in Fig. 2, and Supplementary video 1. At the onset of seizures, a
desynchronised diffuse background attenuation is seen (corresponding
to the lowering of the upper margin in the aEEG), followed by gradual
amplitude increase of rhythmic discharges (seen as both upper and
lower margin increases on aEEG) and a post-ictal attenuation-suppres-
sion (correlating to the attenuation on the aEEG, both margins being
low). For patient 7, there was a single recorded seizure with a partially
similar EEG pattern of focal attenuation onset and, 5 s later, being fol-
lowed by diffused 2 Hz delta rhythmic discharges. This was followed by
minimal postictal suppression. Once medicated, his seizure pattern
changed to a more diffused theta rhythmic activity without onset
attenuation or post-ictal suppression.

Interictally, the EEG may range from almost normal (Fig. 3A), to a
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typical sustained suppression-burst pattern (Fig. 3B).

In the comparison group of neonates with HIE, none of the patients
had a similar pattern on aEEG or cEEG. Likewise, none of the patients in
the genetic channelopathy comparison group, apart from patients with
KCNQ2-associated epilepsy had the above described pattern.

4. Discussion

We describe 13 patients with neonatal-onset seizures caused by
pathogenic or likely pathogenic variants in either the SCN2A or KCNQ3
genes, and demonstrate that seizures due to these two channelopathies
are typically, at some point, characterized by a specific pattern on aEEG
and cEEG. This typical ictal pattern consists of brief onset with an initial
decrease, and then a quick rise in aEEG amplitude, followed by postictal
attenuation. This correlates to a period of bilateral attenuation on the
conventional EEG at onset, followed by rhythmic focal or bilateral dis-
charges ending in post-ictal amplitude suppression for several seconds.
These findings are similar to the ictal pattern described in patients with
KCNQ2-related epilepsies [13]. Apart from patients with KCNQ2-related
epilepsy, none of the patients with seizures in the neonatal period with
other genetic channelopathies in our comparison group had a similar
pattern on aEEG or cEEG.

In combination with the seizure semiology, this characteristic ictal
pattern on aEEG and cEEG should raise high suspicion for a KCNQ2-,
KCNQ3 or SCN2A-related epilepsy. However, since not all patients have
this specific aEEG or cEEG pattern, the absence of the ictal EEG pattern,
does not rule out these channelopathies. In our study, some patients had
focal seizures at onset but only at a later time developed the charac-
teristic pattern described here (i.e. patient 8). While we cannot fully
exclude the possibility of missed cases of KCNQ2-, KCNQ3 or SCN2A
channelopathy, either with or without the characteristic aEEG pattern,
we suspect selection bias for this study is low. Standard of care at the
participating institutions during the indicated time frame would have
included EEG monitoring and all individuals with unknown etiology of
seizures would have been offered genetic testing for these genes. All
individuals with neonatal seizures that had genetic testing identifying a
relevant variant would have been identified.

Seizures associated with channelopathies are often resistant to
commonly used ASM, but do respond well to sodium channel blockers
[8,10,24]. Therefore, the characteristic ictal aEEG pattern can alert
clinicians to this type of seizures/etiology, and facilitates the prompt
initiation of precision treatment with sodium channel blockers, even
prior to the return of genetic test results, which can typically take up to
several weeks. Additionally, in centers where access to broad based
genetic testing is not readily or rapidly available, recognition of this
aEEG pattern may permit targeted gene testing or at least a clinical
diagnosis of channelopathy to help guide clinical management. Finally,
the high specificity of this EEG pattern may help increase or decrease
suspicion for pathogenicity if there are variants of uncertain significance
identified in these genes.

Both on aEEG and cEEG, the attenuation at onset of the seizures and
the profound postictal suppression are unique characteristics compared
to findings in seizures in neonates due to other more common etiologies
[25-27]. No patients from the two comparison groups had a similar
pattern on aEEG and cEEG, with exception of those with KCNQ2-related
epilepsy. Patients in the second comparison group had likely pathogenic
variants in the ATPIA3, CACNA1A, GABRB3, KCNT1, and SCN8A,
which are other known genes affecting channel function, and we did not
find a similar EEG pattern. However, the comparison group is quite
small due to the very low incidence of other channelopathies as causa-
tive of seizures in the neonatal period, and we cannot fully exclude that
in future more channelopathies will be found to be associated with this
ictal EEG pattern. The pathophysiological substrate of this ictal pattern
remains unknown and it is hitherto not described in other channelo-
pathies. Remarkably, this EEG feature, also described as an icicle on
quantitative analysis of cEEG, is also recently described in a 16-year-old
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Fig. 1. Characteristic ictal aEEG pattern in SCN2A (A) and KCNQ3 (B)-associated epilepsy.

1 aEEG at a regular paper speed (A. upper panel 6 cm/h) and increased paper speed (B. lower panel 15 cm/h) of patient 1. Seizures are marked by asterisks, showing
bilateral synchronic discharge with a sudden decreased, then rise in both the lower and upper margin, followed by the characteristic marked postictal attenuation.
2 aEEG at a regular paper speed (A. upper panel 6 cm/h) and increased paper speed (B. lower panel 15 cm/h) of patient 13. The characteristic pattern, with the
sudden rise and postictal attenuation, preceded be a short decrease in amplitude, can be seen although less clear than in sample A.
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Fig. 2. Ictal EEG recording of a patient with SCN2A-associated epilepsy.

Ictal continuous video EEG recording of patient 6 with pathogenic variant in SCN2A gene showing the EEG and clinical findings. 1. Pre-ictal phase with normal
background activity and resting clinical state. 2 - 5. Seizure onset with quick sequential tonic posturing starting with the left arm (3), right arm (3), left leg (4), and
right leg (5) over 6 s with synchronic diffused background attenuation and superimposed low amplitude fast activity. 6 - 7. The patient begins to relax the diffused
tonic posturing, decreasing O2 saturation as product of ictal apnea and the EEG shows gradual increase of cortico-thalamic organization (6) showing rhythmic
discharges with a gradual increase of amplitude and frequency of 1 — 3 Hz delta spike and slow wave discharges while the patient became hypotonic (7). 8. Pos-
tictally, the patient regains muscle tone and spontaneous movements and breathing while the EEG showed diffused attenuation of fast activity with high amplitude
very slow waves (<0.25 Hz). EEG settings: LFF 1 Hz, HFF 70 Hz, notch 60 Hz on, sensitivity 7 uV/mm, paper speed 10 mm/sec.

patient with SCN2A-related epilepsy [28]. the first 24 h of life [29]. Seizure semiology typically comprises focal or
Clinically, seizures in neonates due to genetic variants, particularly sequential-generalised tonic posturing (Fig. 2) in channelopathies [7,8,

channelopathies, can be discerned from seizures provoked by acutely 29], which was also seen in our case series.

acquired causes by the time of onset and the seizure semiology. The In case of seizures in the neonatal period, it is appropriate to perform

onset of genetic epilepsy is typically after 24 h of life (median 60 h) as a brain MR, in clinical practice usually preceded by cranial ultrasound,

opposed to provoked (symptomatic) seizures, which generally start in to rule out other causes of seizures [30]. In SCN2A channelopathies, MRI
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Fig. 3. Interictal EEG patterns in patients with SCN2A-related epilepsy.

A. Almost normal interictal EEG pattern (patient 3) with a continuous EEG activity and brief epochs of background attenuation (trace alternant) in quiet sleep.
B. Severely abnormal interictal EEG pattern (Ohtahara Syndrome type), with a suppression-burst pattern (patient 1). Bursts consist of mixture of spikes, sharp waves
or sharp and slow waves — voltage (100 —350uV). Frequent inter-burst intervals of 2-4 s length. The duration of suppression was increased during the sleep.
EEG settings: LFF 0.27 Hz, HFF 35 Hz, notch on, sensitivity 5 uV/mm, paper speed 10 mm/sec.

abnormalities including hyperintensities in brain stem, basal ganglia
and white matter abnormalities [31], and a thin or atrophic corpus
callosum [19], have been previously described. In our cohort patient 2
had diffusion restriction in the thalamus and caudate, which could be an
additional cause for seizures [32]. However, the seizures were not
consistently focal, neither responded to conventional ASM, and further
suspicion of a genetic cause was raised based on the aEEG pattern,
highlighting the utility of recognizing this specific pattern.

The characteristic aEEG/EEG pattern associated with KCNQ2,
KCNQ3 and SCN2A-related neonatal epilepsies were especially valuable
for patients 3-5, 7-8 and 12-13, as bedside recognition of the pattern
led to early and effective treatment with a sodium-channel blocker. It
was also particularly valuable for patient 10 in this cohort. This patient
has a heterozygous KCNQ3 p.(Arg520*) variant, which predicts a
truncating stop gain. However, autosomal dominant KCNQ3 variants
associated with neonatal-onset epilepsies are typically missense sub-
stitutions. Although these missense substitutions also cause loss of
function, this is not necessarily equivalent to truncation or hap-
loinsufficiency of the channel. Pathogenic truncating variants have been
described in the context of autosomal recessive KCNQ3-related epilepsy,
yet in these reports, heterozygous carrier parents have been unaffected
[33,34]. For patient 10, this variant was inherited from the father who
had a history of paroxysmal episodes in infancy but with reportedly
normal EEG. Therefore, it is unclear whether: 1) the heterozygous p.
(Arg520*) variant is causative in a dominant manner with variable
penetrance, or 2) there is a second undetected variant on the other
KCNQ3 allele and this individual actually has recessive KCNQ3 disease,
or 3) the patient is only a heterozygous carrier and there is actually
another cause for her seizures unrelated to KCNQ3. Although the EEG
pattern for recessive KCNQ3-related epilepsy has not yet been described,
the presence of the characteristic aEEG/cEEG pattern confirms that this
patient likely does have KCNQ3-related neonatal-onset epilepsy, and
that a dominant effect from this variant may indeed be possible. This
demonstrates that this aEEG pattern and the reaction to sodium channel
blockers may be helpful to assist in variant interpretation and to guide
management when genetic results are unclear.

To date, mutations reported in the SCN2A gene, encoding the Na,1.2
channel, cause different overlapping phenotypes. The clinical pheno-
type may depend on the type of variant and whether the variant is
responsible for loss or gain of function of the Nav1.2 channel or more
complex mixed effects [8,35]. Missense mutations with a
gain-of-function are typically correlated to an early onset epilepsy
(before 3 months), in which the severity of the gain-of-function effect
can be correlated to the phenotype severity. Truncations and canonical
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splice site mutations, and to a lesser extent missense mutations with a
presumable loss-of function effects, typically correlate to later onset of
epilepsy (after 3 months) [8,36]. Within this group of patients with late
onset epilepsy, some were reported to have a pattern of SWAS (spike--
wave activation in sleep) [8]. Interestingly, our patient 1 developed
SWAS at the age of 4. As SWAS has been associated with other chan-
nelopathies [37], a low threshold of suspicion is warranted and an EEG
during sleep should be performed in patients with a known channel-
opathy and any symptoms suggestive of SWAS (i.e. behavior changes,
language regression). Missense mutations in sodium channel SCN1A and
SCN2A also predispose children to encephalopathy with febrile seizures
[38]. In our study, patient 3, carrying a de novo likely pathogenic
SCN2A variant, also had febrile seizures.

In line with previous observations [8,23,36], 9 out of 13 patients in
this study became seizure free after initiation of a sodium channel
blocker, and 3 patients had a significant seizure reduction. One patient
became seizure free with phenobarbitone. In neonates with
gain-of-function SCN2A mutations, sodium channel blockers often lead
to a clinically relevant seizure reduction or seizure freedom, whereas
other ASM are less effective [8,36]. The effect is probably caused by
inhibition of the increased Nay; s activity in cells with an excitatory
function. [5] In contrast, sodium channel blockers are rarely effective in
loss-of-function SCN2A variants associated with late onset epilepsy (>3
months), and can even worsen seizures [8,36]. Potassium channels
encoded by the KCNQ2 and KCNQ3 genes (Kv7.2/3 channels) regulate
resting potential and prevent repetitive firing. Pathogenic mutations
lead to a loss of this inhibitory effect [39]. The Kv7.2/3 channels and
sodium channels are suggested to have a structural and functional
co-localization at the neuronal membrane in various regions of the brain
[40,41], which might explain the effect of sodium channel blockers in
KCNQ2 and KCNQ3 associated epilepsy [10,23].

Early seizure control in neonates and children is important, as a
higher seizure burden is negatively associated with (long-term) neuro-
developmental outcome [11,12]. A recent meta-analysis did not find a
difference in functional neurodevelopment or epilepsy at age 24 months
among children whose ASM was discontinued vs continued at hospital
discharge after resolution of acute provoked (symptomatic) neonatal
seizures [42], but no formal studies have investigated the most appro-
priate duration of ASM treatment in channelopathies causing neonatal
epilepsy. In our study, ASM was discontinued in seven patients (after a
maintenance treatment ranging from 6 months to 2.5 years), upon
which five children remained seizure free. Seizures recurred in patient 2
after 2.5 years, and patient 1 developed SWAS after 1.5 years (at the age
of 4), with a good response to oral corticosteroids. In patient 3, only
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provoked seizures occurred after vaccination or viral illnesses.

In conclusion, seizures in neonates with SCN2A and KCNQ3 related
epilepsy can be recognized by the same characteristic aEEG ictal pattern
as reported in KCNQ2-related epilepsy, extending these unique features
to other channelopathies. Recognition of this pattern together with
seizure semiology facilitates the prompt initiation of precision treatment
with sodium channel blockers, even before genetic test results are
available. This characteristic (a)EEG pattern may also be valuable in the
context of interpreting variants of uncertain significance in SCN2A,
KCNQ2 and KCNQ3 genes.
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