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Abstract

Seizures in neonates should prompt rapid evaluation to verify the diagnosis, determine
etiology, and initiate appropriate treatment. Neonatal seizure diagnosis requires EEG
confirmation and clinical observation alone is insufficient. Although most neonatal
seizures are related to acute brain injury, some neonates present early-onset structural
or metabolic/genetic epilepsy. Video-EEG monitoring, the gold standard for neonatal
seizure detection and quantification, is resource-intensive and often unavailable, with
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freedom and before hospital discharge.

Keywords

amplitude-integrated EEG offering a reasonable alternative in guiding treatment.
Whereas new-generation antiseizure medication (ASM), such as levetiracetam,
appear promising, particularly in terms of tolerability, older-generation ASM, such as
phenobarbital and phenytoin, are yet to be replaced. Acute treatment should aim at
stopping both electroclinical and electrographic-only seizures. In neonates with acute
provoked seizures, ASM should be discontinued without tapering after 72 h of seizure
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Neonatal seizures are often the first
and most common neurological sign
in neonates. Seizures occur more fre-
quently in the first week of life than
at any other time, with a reported in-
cidence of 1-4 in 1000 neonates, and
higher rates reported in preterm neo-
nates and in those with lower gestational
age and birth weight [13]. Seizures may
suggest the presence of a potentially
treatable disorder and should therefore
prompt a timely workup and treatment
initiation [14, 18]. Neonatal seizures,
notably recurrent or prolonged, can
cause further brain injury, thus increas-
ing the risk for poor neurological out-
comes, including cognitive and motor
impairment and post-neonatal epilepsy
[14, 16]. Recent advances in diagnos-
tics, including full EEG, amplitude-inte-
grated EEG (aEEG), magnetic resonance
imaging, metabolic and genetic test-

ing, have drastically improved seizure
detection and facilitated etiologic clas-
sification, paving the way for targeted
treatment and potentially optimal out-
comes. However, despite the integration
of ground-breaking preclinical research
and the implementation of cutting-edge
technology in clinical research, treating
neonatal seizures still poses a challenge
for clinicians.

Etiology

Neonatal seizures are unique since most
relate to acute brain injuries such as hypox-
ic—ischemic encephalopathy (HIE), struc-
tural brain injury—including ischemic
and hemorrhagic stroke-and metabolic
derangements, usually of glucose and
electrolytes—and central nervous system
or systemic infections. Intraventricular
hemorrhage in premature neonates and
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HIE in term neonates are the predominant
etiology of acute provoked seizures. Only
~15% of neonatal seizures are related
to neonatal-onset epilepsy [14, 18] that
may arise from structural brain abnor-
malities (structural epilepsies), such as
malformations of cortical development,
or genetic conditions (genetic epilepsies),
such as ion channel and vitamin-depen-
dent disorders [28]. Recurrent seizures
in otherwise healthy neonates with over-
all negative findings may correspond to
self-limited neonatal epilepsy with an
excellent prognosis, whereas recurrent
seizures in severely affected neonates
with neurological deficit may indicate an
early infantile developmental and epilep-
tic encephalopathy with particularly poor
prognosis.

Diagnostic options

Electroencephalography

Although neonatal seizures have been
commonly diagnosed based on clinical
semiology alone, recent studies have

shown that EEG confirmation is essential
to avoid misdiagnosis and guide treat-
ment. Not all clinically suspicious events
in preterm or term neonates correspond
to seizures and most neonatal seizures
are electrographic-only. The high rate of
uncoupling, meaning that electroclinical
seizures become electrographic-only fol-
lowing the administration of anti-seizure
medication (ASM)—notably phenobarbi-
tal and phenytoin—in affected neonates,
adds to this challenge [3, 20, 27].

The American Clinical Neurophysiology
Society (ACNS) has defined electrographic
neonatal seizuresas sudden, abnormal EEG
events defined by a repetitive and evolving
pattern with a voltage of >2pV and a du-
ration of >10s. “Evolving” is defined as an
unequivocal evolution in frequency, volt-
age, morphology, or location, i.e., increas-
ing amplitude and decreasing frequency
of discharges over time [26]. When these
EEG changes are related to simultaneously
coupled definite clinical signs, the seizure
is defined as electro-clinical; otherwise,
the seizure is defined as electrographic-
only. However, the definition of neonatal

seizures has been reconsidered, and their
duration is currently not strictly defined
but has to be sufficient to (1) demonstrate
an evolution in frequency and morphol-
ogy of the discharges and (2) allow for
the recognition of onset, evolution, and
resolution of an abnormal discharge [15],
with the exception of myoclonic seizures
and spasms. Interestingly, EEG seizure pat-
terns in neonates often show a focal onset
and evolution, although not necessarily re-
flecting a focal pathology [18]. Although
no consensus definition of neonatal status
epilepticusis yet available [15], this may be
diagnosed when the summed duration of
seizures comprises >50% of an arbitrarily
defined 1-h epoch.

Continuous video EEG (v-EEG) is the
gold standard for reliable neonatal seizure
detection, prompt treatment initiation,
and monitoring. For neonates at high risk
of seizures, the ACNS recommends v-EEG
for 24h [23]. In a prospective cohort
study of neonates with clinically suspi-
cious events or electrographic seizures
who underwent v-EEG, the median time
from the beginning of the recording to
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Table 1 Neonatal seizure manifestation, seizure types and their peculiarities, differential diagnosis, and treatment considerations
Manifestation| Seizure types, peculiarities, and correlates Differential diagnosis Treatment
considerations
in refractory
seizures
With clinical | Electroclinical seizures - -
signs Motor Clonic: Clinical diagnosis more reliable than | Characteristic for neonatal stroke or | Quinidine in
Focal/multifocal in other neonatal seizure types hemorrhage (unilateral) KCNT1-related
May present in other etiologies migrating focal
(multifocal) motor seizures
Myoclonic: Hard to discern from non-epileptic Characteristic for preterm newborns | Ketogenic diet
Focal/multifocal/ | myoclonus Characteristic for inborn errors of
generalized EEG correlates often absent; some- metabolism
times time-locked burst of spikes May present in developmental and
epileptic encephalopathies
Tonic: Focal/unilateral/bilateralasymmet- | Characteristic for developmental -
Focal/generalized | ricin neonates and epileptic encephalopathies
Generalized tonic posturing most May present in other genetic epilep-
likely non-epileptic with no-specific | sies
EEG pattern, sometimes generalized
electrodecrement
Epileptic spasms Rarely present in neonates Characteristic for pyridoxin-depen- | Pyridoxine
dent epilepsies Pyridoxal-5'-
May present in other metabolic phosphate
derangements
May present in other genetic epilep-
sies
Automatisms: Often present in preterm neonates Often present in hypoxic-ischemic | -
Ocular phenom- EEG/aEEG-verification is mandatory | encephalopathy
ena but with EEG correlates variable and | Characteristic for self-limited (famil-
Oral-buccal- often absent ial) neonatal epilepsy
lingual move-
ments
Limb movements
Non-motor Autonomic EEG/aEEG verification is manda- More frequently in preterm new- -
Apnea/ tory but often without significant borns
tachycardia/ changes May present in hemorrhage
change in blood May present in developmental and
pressure epileptic encephalopathies
Behavioral arrest EEG/aEEG verification is manda- - -
tory but often without significant
changes
Sequential Variable: depend- | - Characteristic for self-limited (famil- | Carbamazepine
ing on compo- ial) neonatal epilepsy and other
nents Characteristic for channelopathies sodium chan-
KCNQ2/3, SCN2A nel blockers
May present in genetic or metabolic
epilepsies
Unclassified | - - - -
Without Electrographic-only seizures - -
clinical signs  "_ Diagnosis only with EEG/aEEG verifi- | - -
cation
Mainly present in: - -
Critically ill neonates
Muscle relaxation
Uncoupling/electroclinical dissocia-
tion
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electrographic seizure detection was 7h
[9]. If the EEG background activity is
stable and no seizures have occurred in
24 h, the monitoring may be discontinued,
except for neonates with HIE, who have
a particularly high risk of seizures and
thus require v-EEG throughout cooling
and rewarming. An integrative approach
to neuromonitoring in high-risk neonates
with v-EEG and, ideally, a multicamera
setup instead of the standard single-cam-
era can significantly increase diagnostic
accuracy. However, v-EEG is expensive,
time-consuming, and moderately inva-
sive, while its rapid installation and real-
time interpretation are prohibitive since
it would require the 24/7 availability of
skilled technical and medical personnel
[16, 18]. To address this issue, a flexible
frame of recommendations for neonatal
units, encompassing different levels of
complexity, local resources, and patient
features, has been recently proposed
[5]. Novel automated seizure detection
algorithms and seizure-burden analyses
developed for use in clinical settings may
enhance seizure detection and provide
decision support. Although no automated
algorithm is reliable enough to replace
experienced EEG specialists, future clinical
trials will undoubtedly profit from these
technological developments.

Amplitude-integrated EEG

Amplitude-integrated EEG (aEEG), with
its time-compressed, one-or two-channel
EEG trend presented on a semi-logarith-
mic scale, is increasingly applied as an
adjuvant tool for continuous monitoring
of affected neonates. Particularly in HIE,
aEEG is an adjunctive criterion for the
introduction of therapeutic hypothermia.
Reducing electrode placement and inter-
pretation time compared to conventional
EEG, aEEG enables the assessment of the
background activity and facilitates the ear-
lier recognition of state changes. However,
aEEG is considerably less accurate than
conventional EEG for seizure detection,
especially for seizures (1) arising outside
the centro-temporal regions, (2) featuring
a short duration, and (3) consisting of
low-voltage slow discharges. However,
seizures are generally more common in
the central regions, and these seizure

patterns can be correctly identified in
70-80% of cases since they are sampled
by aEEG [24]. Although seizure detection
by aEEG has been shown to miss 20% of
neonatal seizures compared to full EEG,
even when used by aEEG experts [25],
aEEG-based seizure detection is still more
reliable than clinical diagnosis alone [8].
Seizures can be detected in the aEEG
as “saw-tooth-like” augmentations of the
baseline amplitude but should be con-
firmed by examining the simultaneous
EEG trace to rule out artifacts that pollute
these unattended EEG recordings without
simultaneous video.

Semiology

Seizure semiology can reveal specific eti-
ologies (B Table 1). Myoclonic seizures
should raise suspicions of a metabolic
disorder such as non-ketotic hyperglycin-
emia, propionic acidemia, and vitamin Be-
dependent epilepsy. Focal motor clonic
seizures are more frequently acute pro-
voked, corresponding to a focal cortical
lesion such as stroke, intracranial hemor-
rhage, and, more rarely, cortical dysplasia
[19]. Motor tonic seizures often arise
in genetically determined developmen-
tal epileptic encephalopathy (KCNQ2,
CDKL5, STXBP1-related epilepsy, etc.) if
a cortical malformation or an acute pro-
voked etiology is unlikely based on clinical
history. Sequences of a tonic followed by
a myoclonic or clonic phase (sequential
seizures) are a hallmark of KCNQ2-related
epilepsy, the most common neonatal-
onset genetic epilepsy. Epileptic spasms
in neonates are rare, primarily found in
metabolic disorders, such as vitamin Bs-
dependent epilepsy but also in cortical
malformations or early-onset epileptic
encephalopathy.

Classification

The Task Force on Neonatal Seizures estab-
lished by the International League Against
Epilepsy (ILAE) has recentlyintroduced adi-
agnostic framework consisting of four do-
mains: clinical presentation (high risk or
suspicious clinical events), diagnosis (with
EEG), manifestation (with or without clin-
ical signs), and seizure types determined
by the predominant clinical signs (motor:

automatisms, clonic, epileptic spasms, my-
oclonic, sequential, and tonic; non-motor:
autonomic and behavioral arrest; and un-
classified) or without clinical signs [15].
In contrast to older classifications that de-
rived from clinical semiology alone, this
new classification emphasizes the critical
role of EEG in the diagnosis of neona-
tal seizures. Paroxysmal clinical events
without EEG confirmation are considered
non-epileptic, and EEG-confirmed seizures
are divided into electroclinical or electro-
graphic-only seizures. Notably, neonatal
seizures are generally considered focal at
onset, although seizures such as spasms
or myoclonic seizures may rapidly engage
bilaterally distributed networks.

Differential diagnosis

The clinical differentiation of neonatal
seizures from paroxysmal non-epileptic
motor phenomena is particularly chal-
lenging if v-EEG is unavailable. There is
a wide range of abnormal and paroxysmal
motor phenomena in neonates: tremor
and jitteriness, benign neonatal sleep my-
oclonus, startle reflex, ocular movement
disorders, paroxysmal dystonia, bilateral
tonic stiffening, and hyperekplexia. Some
clinical features may facilitate the dif-
ferential diagnosis, including stimulus
sensitivity (e.g., different stimuli, mainly
auditory, for startlereflex, crying and stress
for tremor and jitteriness, sudden visual
stimuli or movement for paroxysmal tonic
up/downward gaze), habituation (present
in startle reflex but absent in hyperek-
plexia), and association with behavioral
states (benign neonatal sleep myoclonus
stops with arousal). Holding the affected
limbs or repositioning the neonate can dif-
ferentiate some paroxysmal non-epileptic
from epileptic phenomena: Gentle re-
straint stops physiological tremors but
does not influence epileptic events. The
use of polygraphic v-EEG is fundamental
in uncovering these clinical conditions.
Finally, non-epileptic paroxysmal events
in the neonate are often symptomatic of
an underlying pathology and should be
evaluated just as systematically and thor-
oughly as epileptic seizures. Most abrupt
changes in vital signs, such as blood
pressure, heart rate, and respirations,
recorded in neonates do not correspond
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to epileptic seizures; when these changes
correspond to seizures, they are usually
associated with motor phenomena or
other clinical signs. In a retrospective
v-EEG study evaluating abrupt changes
in vital signs, these were more likely to
correspond to epileptic seizures when
oxygen desaturation or apnea occurred,
particularly in the presence of abnormal
eye movements or abrupt tone changes
(4].

Treatment

Symptomatic treatment

Starting anti-seizure medication
Particularly in HIE, both preclinical and
clinical studies have provided evidence
that prolonged or recurrent seizures them-
selves may augment injury to the develop-
ing brain beyond that of the underlying eti-
ology [16]. For electrographic seizures, the
most common seizure type in neonates,
a recent study showed that those treated
within 1h of seizure onset had a signif-
icantly lower seizure burden and fewer
seizures over the subsequent 24h. This
effect was absent if ASM was started >1h
from seizure onset, suggesting that the
impact of ASM on seizure burden is time-
critical, with an optimal efficacy within
1h of seizure onset. Despite this recent
evidence, the optimal timepoint for treat-
ment initiation in neonatal seizures re-
mains ill-defined, whereas a cumulative
electrographic seizure burden of >30s/h
has been proposed as the entry criterion
for randomization in therapeutic trials for
neonatal seizures.

Medication selection

The optimal ASM management of neona-
tal seizures is still under debate. In a 2004
Cochrane review [2], the authors con-
cluded that “there is little evidence from
randomized controlled trials to support
the use of any of the anticonvulsants
currently used in the neonatal period.”
Although neonatal seizure management
pathways differ between institutions and
settings, the most commonly used ASMs
are phenobarbital (PB), phenytoin (PHT),
and levetiracetam (LEV), with alternatives
including lacosamide (LCM), and esca-
lation to continuous midazolam (MDZ)
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infusion [11]. However, overall response
rates to ASM are low, whereas the self-
limited nature of acute provoked seizures
and the potential neurotoxicity of ASM to
the immature brain dictate caution. Stan-
dardized treatment protocols assessing
ASM response in neonatal seizures may
be crucial for improving outcomes and
reducing adverse effects, morbidity, and
mortality. Reassessing intravenous ASM
efficacy 60min from initiation has been
linked to lower status epilepticus rates,
lower PB concentrations, and shorter
hospital stays.

The oldest and most popular first-line
ASM, PB displays efficacy in only half of
the cases and produces the phenomenon
of electroclinical uncoupling in treated
neonates. Moreover, PB has been associ-
ated with widespread neuronal apoptosis
[1] and impaired synaptic maturation [7]
in the animal model. It should be noted
that these studies have been performed
on heathy rodents and their results have
neither been confirmed in humans nor
has the benefit-risk ratio been evalu-
ated in immature rodents with seizures.
The main adverse effects of PB, includ-
ing hypotension, respiratory suppression,
and sedation, are particularly relevant for
neonates with severe encephalopathy.
Third-generation ASMs with a good effi-
cacy and safety profile, particularly LEV,
have emerged as novel treatment options
for neonatal seizures [17]. One of the key
arguments for LEV use in neonatal seizures
is the more favorable pharmacokinetics,
characterized by a linear clearance, few
drug interactions, and a broad therapeu-
tic index. By contrast, PB is linked to
auto-inducible clearance with use and
numerous drug interactions. However, PB
was considerably more effective than LEV
for treating neonatal seizures in a recent
randomized controlled study, although
higher rates of adverse effects were seen
with PB [22].

Among second-line ASM, it should be
noted that lidocaine reached a response
rate of 68% in full-term neonates, higher
than MDZ. Concerns regarding lidocaine
toxicity, mainly of cardiac arrhythmias,
have been eased following the intro-
duction of new reduced-dose regimens.
Nevertheless, given these potential car-
diac side effects, lidocaine should not be

combined with other cardiotoxic agents,
e.g., phenytoin/fosphenytoin (PHT/FPHT).
Little is known about the use of newer
ASM, such as brivaracetam, in the neona-
tal period, while other, older ASMs have
limited use in the acute phase because
of the unavailability of an intravenous
formulation. No specific ASM is indicated
for preterm neonates, despite the vast
differences in pharmacokinetics and brain
maturation.

Finally, therapeutic hypothermia in HIE
may alter the metabolism of ASM, par-
ticularly in neonates with multiorgan dys-
function. Hypothermia prolongs clearance
of PHT with increased risk of bradycar-
dia and of lidocaine with increased risk of
cardiotoxicity. By contrast, the rewarming
phase of hypothermia may accelerate ASM
metabolism.

Etiologic treatment

The choice of treatment should be guided
by the etiology of neonatal seizures since,
in some cases, specific and efficacious
treatment choices are available for af-
fected neonates [14, 18]. Inborn errors
of metabolism, diagnosed based on clin-
ical presentation as well as biochemical
investigations and verified by genetics,
represent a significant challenge that
needs to be rapidly addressed to avoid
metabolic decompensation and facilitate
prognostic counseling. Since early di-
agnosis enables precision medicine, i.e.,
etiologic treatment in selected metabolic
disorders and specific ASM in selected
neonatal-onset genetic epilepsies [12,
21], a diagnostic algorithm designed to
detect these disease entities is required in
all neonatal units. This algorithm should
include a standardized and well-docu-
mented vitamin B trial to identify defects
in the ALDH7A1, PNPO, PLPBP gene or
cases of severe congenital hypophos-
phatasia [18]. Finally, some early-onset
genetic epilepsies may respond to sodium
channel blockers such as carbamazepine,
especially loss-of-function-KCNQ2 or gain-
of-function SCN2A/SCN8A. Clinical data
regarding the use of quinidine in gain-of-
function KCNT1 are, however, inconclusive

[6].



Zusammenfassung

Treatment duration

Since neonatal seizures are acute provoked
in their majority, it has been suggested
to wean medication to a single ASM be-
fore discharge or even withdraw ASM alto-
gether when (1) only single or rare seizures
have occurred, (2) the neonate has been
seizure-free for atleast 48-72 h, and (3) the
risk of recurrence is not considered partic-
ularly high. Discontinuation of ASM prior
to hospital discharge has not been related
to a higher risk of post-neonatal epilepsy
or less favorable neurodevelopmental out-
comes at the 2-year follow-up. Therefore,
while the World Health Organization rec-
ommends withdrawing ASM after 72 h of
seizure freedom in those with normal EEG
and neurological examination [29], oth-
ers suggest expanding this recommenda-
tion to neonates with abnormal EEG and
neurological examination [10]. However,
if seizures are uncontrolled or neonatal-
onset epilepsy has been diagnosed [14],
ASM should be maintained and neonates
should be referred to specialized neuro-
pediatric clinics for further management.

Practical conclusion

Neonatal seizures are a medical emer-
gency and should prompt rapid evalu-
ation to determine the etiology and in-
troduce symptomatic and/or etiologic
therapy.

Treatment of the underlying cause (hy-
poxic-ischemic encephalopathy, infec-
tion, metabolic derangements, etc.) s
critical for preventing further damage to
the developing brain. Although video EEG
is the gold standard for neonatal seizure
detection and treatment surveillance, it is
resource-intensive and often unavailable,
with amplitude-integrated EEG offering
a reasonable alternative to guide thera-
peutic decisions.

Whereas new-generation antiseizure med-
ications (ASMs) appear promising, partic-
ularly in terms of tolerability, these have
not yet replaced older-generation ASM.
Acute treatment should aim at stopping
both electroclinical and electrographic-
only seizures, and ASM should be given
in a predefined order and in sufficient
dosages to achieve plasma levels in the
higher therapeutic range, provided that
the ASM is well tolerated.

In addition to efficacy, ASM choice should
be guided by the potential adverse effects
of the ASM and the state of the patient

Neugeborenenanfille: diagnostische Optionen und
Therapieempfehlungen

Epileptische Anfélle bei Neugeborenen sollten rasch evaluiert werden, um die
Diagnose zu bestatigen, die Ursache festzustellen und eine angemessene Behandlung
einzuleiten. Zur sicheren Diagnosestellung der Neugeborenenanfille ist ein
Elektroenzephalogramm (EEG) unerldsslich, da die klinische Beobachtung allein
unzureichend ist. Obwohl die meisten Neugeborenenanfille auf akute Erkrankungen
des zentralen Nervensystems zuriickzufiihren sind, liegt bei manchen Neugeborenen
eine frith beginnende strukturelle oder metabolische/genetische Epilepsie vor. Das
Video-EEG-Monitoring, der Goldstandard fiir die Erkennung und Quantifizierung von
Neugeborenenanfdllen, ist ressourcenintensiv und oft nicht verfiigbar, wobei das
amplitudenintegrierte EEG (aEEG) eine gute Alternative in der Therapieliberwachung
der Neugeborenenanfille darstellt. Obwohl anfallsunterdriickende Medikamente der
neueren Generation, wie Levetiracetam, aufgrund der besseren Vertrdglichkeit immer
haufiger eingesetzt werden, bleiben die Medikamente der dlteren Generation, wie
Phenobarbital und Phenytoin, Mittel der ersten Wahl. Die Akutbehandlung sollte darauf
abzielen, sowohl elektroklinische als auch rein elektrographische Anfélle anzuhalten.
Bei Neugeborenen mit akut provozierten Anféllen sollte die Medikation nach 72 h
Anfallsfreiheit und vor Entlassung beendet werden.

Schliisselworter
Neugeborenenanfille - Termingeborene - Frithgeborene - EEG - Behandlung - Anfallsunter-
driickende Medikation

since renal, cardiovascular, and hepatic
dysfunction are common.

= In neonates with acute provoked seizures,
ASM should be discontinued without ta-
pering after 72 h of seizure freedom and
before hospital discharge. Neonates with
neonatal-onset epilepsy should be main-
tained on ASM and followed up closely in
specialized neuropediatric clinics.

= While diagnosing and treating neonatal
seizures remains challenging, the devel-
opment of novel, disease-modifying, or
anti-epileptogenic therapies and new
neuroprotective agents may ultimately
improve neonatal seizure outcomes.
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