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Neonatal seizures: diagnostic updates based on new

definition and classification
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Neonatal seizures are the most common neurological symp-
toms caused by various etiologies in the neonatal period, but
their diagnosis and treatment are challenging because their
pathophysiology and electroclinical manifestations differ from
those of patients in older age groups. Many seizures present as
electrographic-only events without clinical signs or as obscure
clinical manifestations that are difficult to distinguish from
other neonatal behaviors. Accordingly, a new definition and
classification of neonatal seizures was recently proposed by the
International League Against Epilepsy Task Force on neonatal
seizures, highlighting the role of electroencephalography in
diagnosing and treating neonatal seizures. Neonatal seizures are
defined as electrographic events with sudden, paroxysmal, and
abnormal alteration of activity and divided into electroclinical
seizures and electrographic-only seizures according to their
clinical signs, thus excluding clinical events without an elec
trographic correlation. Seizure types are described by their
predominant clinical features and divided into motor (auto-
matisms, clonic, epileptic spasms, myoclonic, tonic, and sequ-
ential), nonmotor (autonomic and behavioral arrest), and
unclassified. Although many neonatal seizures are acute reac
tive events caused by hypoxic-ischemic encephalopathy or
vascular insults, structural, genetic, or metabolic etiologies of
neonatal-onset epilepsy should also be thoroughly evaluated to
determine their appropriate management.
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Key message

- Neonatal seizures are often electrographic-only seizures
without clinical signs; therefore, the identification of electrical
seizure activity on electroencephalography is the gold standard
for diagnosis.

- Clinical signs of neonatal seizures are divided into motor or
nonmotor seizures, and motor seizures are mostly focal or
multifocal.

- Most neonatal seizures are caused by acute symptomatic

etiologies, butin cases of intractable seizures, structural, genetic,
or metabolic etiologies should be investigated.

Introduction

Neonates are most susceptible to seizure development due
to their brain immaturity and high risk of injury.»? Neonatal
seizures, a most common neurological condition, are associated
with high mortality rates of up to 20%."? Neonatal seizures
can lead to long-term outcomes such as epilepsy, cerebral palsy,
developmental disabilities, and psychomotor impairments de-
pending on their etiologies and clinical courses.*> The inci-
dence of neonatal seizures is reportedly 1.5-5.5 per 1,000 live
births among term infants but tends to be higher in preterm or
very low birth weight infants.>” Most neonatal seizures are
acute, symptomatic, and provoked by severe brain insults such
as hypoxic-ischemic encephalopathy (HIE) or intracranial
hemorrhages (ICHs), but some may involve neonatal-onset
epilepsy related to structural, metabolic, or genetic disorders.>®”
In all cases, the rapid identification and acute management
of the seizure and its etiology are imperative, although long-
term treatment and prognosis vary widely depending on the
underlying etiologies.>*'? However, these goals are not always
easy to achieve because of the variable and subtle presentations
of neonatal seizures and the need to differentiate epileptic events
from nonepileptic movements.!!? In addition, the widespread
use of continuous electroencephalographic monitoring in the
neonatal intensive care unit (NICU) has led to the recognition
that electrographic-only seizures with no clinical correlation
are frequent, especially in critically ill neonates.'*! The role
of electroencephalography (EEG) in the diagnosis of neonatal
seizures has been increasingly emphasized, and this recognition
has led the International League Against Epilepsy (ILAE) Task
Force on Neonatal Seizures to propose a new definition and
classification of neonatal seizures.'® This review discusses the
new definitions and classifications of neonatal seizures based
on its pathophysiology, electroclinical relationship, behavioral
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Graphical abstract

patterns, and diagnosis through advanced testing of multiple
etiologies.

Pathophysiology

The immature brain in the neonatal period has multiple
age-related pathophysiologic mechanisms that increase an
individual’s risk of acute seizures.'”'® The fundamental mecha-
nism is the neurophysiologic condition in which the excitatory
neural circuits mature early while the inhibitory circuits mature
late in the developing brain.!%29 This amplified excitation
is an important physiological condition in many activity or
use-dependent developmental processes such as neurogenesis,
cell migration and differentiation, synaptogenesis, and circuit
development.'”1%?) Enhanced excitatory neurotransmission
and the paucity of inhibitory mechanisms by maturational
changes in excitatory glutamate and gamma-aminobutyric acid
receptor function, developmental alterations or modulation of
neuronal ion channels and neuropeptides, and age-dependent
early microglial activation in early central nervous system (CNS)
development increases the risk of seizures during the neonatal
period. 171822

In addition, due to the incomplete arborization of axons and
dendritic processes and unmyelination of the neonatal brain,
electrical activities are less quickly propagated, resulting in
fragmented seizures.!” Because of these neurophysiological
conditions, neonatal seizures are usually focal, often short-
lasting, and generalized tonic-clonic seizures are rare or absent in
neonates. >34

Other characteristics of the neonatal brain include more
advanced development of the limbic system with connections to
the midbrain and brainstem than cerebral cortical organization,
which leads to a high frequency of mouthing, eye deviation, and
apnea as neonatal seizures and uncoupled/dissociated electro-
clinical seizures for which treatment with antiseizure medication
may control clinical events but electrographic seizures persist
regardless.>?>?% These physiological characteristics are more
pronounced in preterm than in term neonates, so the more

EEG correlated

Non-epileptic events

Electroclinical seizures

® Motor seizure
- Focal; multifocal; bilateral
- Automatisms; clonic;
epileptic spasms; myoclonic; tonic;
sequential

® Non-motor seizure
- Autonomic; behavioral arrest

® Unclassified seizure

.'9% (Electrographic only seizures)

® 50-80% of neonatal seizures
® Often seen in preterm infants or HIE

immature they are, the shorter the seizures and the higher the
proportion of subclinical or electrographic-only seizures. Thus,
EEG is essential for diagnosis.'%15->%

Etiologies

Many etiologies can cause neonatal seizures, although only a
few account for most seizures.>®>?9) In contrast to seizures in
older age groups, most neonatal seizures are acute symptomatic
seizures with suspected specific etiologies that are distinct from
neonatal epilepsy.!%!? Relatively few seizures are idiopathic or
neonatal epilepsy syndromes related to structural abnormalities,
genetic syndromes, or inborn errors of metabolism, but their
identification is important in their management and prognosis.
The relative frequency of each etiology differs in term versus
preterm infants due to differences in brain maturity and phy-
siologic conditions.>?® In term infants, HIE is the most common
cause, and HIE-related seizures typically occur—6-8 hours after
insult and within the first 24 hours of life.>?3 On the other
hand, cerebrovascular diseases such as infarction or hemorrhage
are the most common cause in preterm infants.!%!9 Seizures
related to meningitis, inborn errors of metabolism, or brain
malformations can occur at any gestational age.®'>?® The
timelines of occurrence and etiologies of reactive seizures in term
versus preterm infants are shown in Fig. 1.

1. Acute symptomatic neonatal seizures

Acute symptomatic seizures in the neonatal period occur
as acute reactive events to HIE, stroke, hemorrhage, infection,
hypoglycemia, or electrolyte imbalance.”'? The most common
cause is HIE, which accounts for 35%-45% of all neonatal
seizures, typically developing seizures in the first 12-24 hours
of life.>1%27:?) In HIE patients, seizure semiology varies among
brain injury regions, but there is a high prevalence of subclinical
or electrographic-only seizures in neonates.!? The second most
common cause of neonatal seizures is cerebrovascular events
such as infarction or hemorrhage, which may occur in isolation
or be the consequence of a CNS infection.'? Perinatal arterial

388 KimEH, etal. Diagnosis of neonatal seizures by new definition and classification

www.e-cep.org



"0 | 023 | 047

HIE

D8-14

D15-21 D22-28

O Hypoxic-ischemic encephalopathy (HIE) (35-45%)
O Infarction and hemorrhage (20-30%)

( Intraventricular hemorrhage )

. Brain malformations (5-10%)
O Infections (5-20%)

( Cerebral infarction )

. Metabolic disorders (7-20%)
@ Genetic epilepsy syndromes (6-10%)

( Intrauterine infections X

Viral infection (herpes simplex virus) )

(Acute bacterial infection (Streptococcal B meningitis))

| Acute symptomatic neonatal seizures |

( Acute metabolic disturbances

D

>
v
o
@
[k
@
©
2
@
(=
<]
@
=z

Inborn errors of metabolism
Early myoclonic encephalop

Cortical malformations

Early infantaile epileptic encephalopathy
Self-limited (familial)
neonatal seizures

Fig. 1. Etiologies of neonatal seizures according to seizure onset timing. The most
common causes of seizures occurring within the first 24 hours of life are hypoxic-ischemic
encephalopathy or vascular etiologies, followed by acute metabolic disturbances such
as hypoglycemia or inborn errors of metabolism such as pyridoxine dependency. Within
the next 24-72 hours, the main etiologies include infection, cortical malformations,
cerebral infarction, inborn errors of metabolism such as glycine encephalopathy, urea
cycle disturbances, pyridoxine dependency, and benign familial neonatal seizures. Over
the next 72 hours to a week, causes include cortical malformations, cerebral infarction or
hemorrhage, or inborn errors of metabolism, such as urea cycle disturbances. In the next
1-4 weeks, the differential includes cortical malformations, viral infections such as herpes

simplex, or genetic epilepsy syndromes.

ischemic strokes are commonly caused by embolism form the
placenta or umbilical cord, carotid artery, or heart, and the most
common sign in newborn infants with strokes is seizures, often
occurring within the first 24-72 hours of life or later.>3 In such
cases, perinatal arterial ischemic strokes should be considered
the cause of neonatal seizures, especially if the mother has
oligohydramnios, chorioamnionitis, premature rupture of the
membranes, preeclampsia, diabetes, or a smoking history and the
infant has risk factors such as congenital heart disease, systemic
infection, coagulopathy, or male sex.®>>2%31 Since most perinatal
strokes occur in the motor cortex in the middle cerebral artery
territory, the seizures often present as focal clonic seizures.?)
ICH, which can also cause acute symptomatic seizures, is the
second most common etiology of seizures in preterm infants.3?
Hemorrhage size and location determine seizure severity and
semiology.?>*132) While parenchymal hemorrhages, often caused
by underlying vascular malformations, often make an individual
prone to seizures, intraventricular hemorrhages rarely progress to
seizures unless the amount of bleeding is significant and paren-
chymal damage occurs.!>3?

Acute metabolic disturbances in calcium, glucose, or sodium
can also cause various types of neonatal seizures.”!'%!? In most
cases of metabolic disturbance, acute seizures are resolved by
the correction of transient metabolic disturbances without
antiseizure medication. However, antiseizure medication can
be used in cases of severe and prolonged metabolic disturbances,

and it is important to identify and treat their underlying cause
to prevent recurrence.>>*¥ Acute symptomatic seizures can also
be caused by bacterial or viral infection of the CNS.>1%1?) It is
important to recognize and diagnose seizures early to minimize
CNS or systemic sequelae of severe infection. Acute seizures
caused by infections, such as late group B streptococcal infection
or herpes simplex virus infection, can occur at any time during
the neonatal period.”'®!? Seizure semiology and severity can
vary depending on the infection region and severity. In all
neonates with a suspected infective etiology, CNS infection
should be evaluated through cerebrospinal fluid (CSF) tests
and neuroimaging to ensure accurate and prompt treatment.
In addition, as infection-related seizures are often longer than
those associated with stroke or hemorrhage, prolonged EEG
monitoring is recommended to provide adequate treatment with
antiseizure medications. '235-36)

2. Neonatal epilepsy

Although acute symptomatic seizures are more common in the
neonatal period, they may be the first presentation of an epilepsy
syndrome, with approximately 13% of neonatal seizures.>>})
It is important to identify epilepsy syndrome and its etiology to
determine its treatment and prognosis. Brain malformations,
genetic variants, and inborn errors of metabolism can cause

neonatal-onset epilepsy syndromes.
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3. Developmental structural brain abnormalities

Congenital and developmental structural brain abnormalities
may cause neonatal seizures and have become more widely
recognized with increasing use of head ultrasound (HUS) and
high-resolution magnetic resonance imaging (MRI). Malfor-
mations of cortical development, including lissencephaly, hemi-
megalencephaly, focal cortical dysplasia, tuberous sclerosis,
and polymicrogyria, may be due to disorders of neuronal and
glial proliferation or apoptosis, neuronal migration, or cortical
organization and are often related to gene mutation, but they
can also be caused by congenital infection, prenatal ischemia, or
exogenous or endogenous toxins. Genetic etiologies that cause
brain malformations and neonatal-onset epilepsy are pathogenic
variants of ARX, TSC1/TSC2, DCX, and DEPDCS, and more
genes are being identified by advanced technology. Depending
on lesion location and severity, various types of seizures can
occur, and many are resistant to treatment.

In some cases, additional congenital anomalies of other organs
may be associated; therefore, a thorough clinical evaluation and
early consultation for genetic diagnosis and proper treatment are
required.

4, Genetic neonatal epilepsies

Genetic etiologies are being increasingly recognized in neo-
natal seizures using advanced genetic evaluation.’”*”) Once
strucural abnormalities or reversible metabolic abnormalities
are excluded as the etiologies of neonatal seizures, neonatal
epilepsy should be considered another etiology as it is important
for determining treatment and predicting prognosis and comor-
bidities.>® Genetic neonatal epilepsies are largely divided into
self-limited and benign epilepsy and severe epilepsy according to
clinical course and outcome but display phenotypic and genetic

heterogeneity.’”*? Neonatal epilepsy syndromes include self-
limited familial neonatal epilepsy, self-limited neonatal seizures,
early-infantile epileptic encephalopathy (EIEE), early myoclonic
encephalopathy (EME), and epilepsy of infancy with migrating
focal seizures (EIMFS). The clinical characteristics and genetic
variants of the representative genetic neonatal epilepsy are sum-
marized in Table 1.

Self-limited familial neonatal seizures are autosomal dominant
channelopathies that present as brief seizures within the first few
days of life.***> Common types of seizures are frequent, brief,
and clustered focal tonic seizures, which are often associated
with apnea, vocalizations, or autonomic symptoms. Self-limited
neonatal familial epilepsy can be diagnosed if there are no
abnormal findings on neurologic examination and laboratory
tests, typical clinical manifestations, and a positive family history
of neonatal seizures. Seizures are expected to be in remission by
6 months of age but often require treatment with antiseizure
medications.*#?

Self-limited neonatal seizures typically occurring on the
fourth or sixth day of life, often having an onset later than that
of self-limited familial neonatal seizures.’**%*) Self-limited
neonatal seizures usually present as unilateral or bilateral clonic
seizures that last several minutes, often clustering, migrating, or
progressing to status epilepticus, and the background activity of
EEG is mostly normal with nonspecific interictal findings. Other
acute symptomatic etiologies should be ruled out to ensure
an accurate diagnosis, and immediate treatment is typically
required, although the seizures tend to decrease spontaneously
within 2 days.*¥

EIEE, also known as Ohtahara syndrome and EME, consists
of severe neonatal epilepsy syndromes with poor prognosis
and suppression-burst patterns on EEG.*) Neonates with EIEE

Table 1. Clinical characteristics and genetic variants of neonatal epilepsy syndromes

Syndrome Seizure onset Types of seizure

Etiology

EEG features Prognosis

Self-limited familial
neonatal seizures

Days 2-3
with apnea, vocalization,
or autonomic change,
frequent brief seizures

Self-limited neona- Days 4-6

tal seizures seizures, frequent sei-  variant

zure clusters

Focal tonic seizures, often  Autosomal dominant variants  Background: usually normal
iNnKCNQ2, KCNQ3 SCNZA

Unilateral or bilateral clonic  Most unknown, rare KCNQ2

Favorable outcome, typically
resolved seizures by 6
months of age

Interictal: a theta pointu alternant
pattern or focal or multifocal epil-
eptiform abnormalities

Ictal: focal rhythmic spike or slow

Favorable outcome, usually
waves

decreased seizure within
48 hours

Early-infantile epil- First 2weeks, Tonic seizures, epileptic Structural brain malforma- Background/interictal: suppression- Frequent early-life mortality,

eptic encephalo-  upto3
pathy months

spasms

tions, genetic variants in
ARX, CDKL5, SLC25A22,

severe developmental dis-
abilities

burst patten: same asleep and
awake

STXBP1, KCNQ2, SPTANT, Ictal: diffuse attenuation with emer-

SCNZA, metabolic disorders

Early myoclonic en- Hours to
cephalopathy months nus
GABRAT

Epilepsy of infancy Days to
with migrating fo- ~ months
cal seizures

clonic and/or tonic, auto-
nomic, migrating sei-
zures

gency of low voltage, high frequ-
ency activity, or focal ictal rhythms

Multifocal erratic myoclo- Metabolic disorders, genetic Background/interictal: suppression-
variantsin STXBPT, TBC1D24,

burst patten, enhanced by sleep
Ictal: no ictal pattern but followed
by bursts, or focal ictal rhythms

Nearly continuous focal Pathogenic variants in KCNT7, Background: normal or diffuse slow- Generally poor with refrac-
SCNZA, SCNTA, SLC25A22,  ing
PLCBT, QARS

tory seizures and severe
Interictal: multifocal discharges developmental disabilities
Ictal: rhythmic alpha or theta acti-

vities that evolve simultaneously

from different brain regions and

migrate to contiguous or contrala-

teral regions
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usually present with very frequent tonic seizures and/or rarely as
epileptic spasms within the first 3 months but often within the
first 2 weeks of life. The EEG of these frequent seizures shows
a suppression-burst pattern, with the suppression lasting 35
seconds. EIEE is generally associated with congenital structural
brain abnormalities but may be due to multiple single-gene
mutations.*****") In most patients, the prognosis is poor due to
severe developmental disabilities and age-specific progression
to West syndrome or Lennox-Gastaut syndrome, and early-life
mortality rates are high.*

EME may be seen along with metabolic or genetic disorders
such as glycine encephalopathy, pyridoxine/pyridoxal 5'-phos-
phate dependency, or biotinidase deficiency.* Seizures in EME
usually begin within the first 3 months, as in EIEE, but typical
seizure types are myoclonic, not tonic.* Myoclonic seizures may
occur irregularly, clustered, or continuously, and they usually
appear as generalized seizures, whereas focal myoclonic seizures
may initially manifest on the face or extremities. The EEG
background for EME is also characterized by a suppression-burst
pattern, which is more apparent during sleep and may evolve to
hypsarrhythmia by 3-5 months of age in up to 50% of patients
with EME.?%) EME is also associated with pathogenic variants
of single genes similar to EIEE, and its prognosis is generally poor
with high rates of mortality and severe neurodevelopmental
disabilities.3%*0)

EIMFS develops within the first 6 months of life and often
occurs in the neonatal period.?” Seizures begin as focal clonic
and/or tonic and evolve over time with more prominent auto-
nomic features such as apnea, cyanosis, flushing, or sweating,3%*%
Frequent and multifocal epileptiform discharges in the interictal
phase and continuous spike discharges migrating from one
cortical area to another in the ictal phase are characteristic of
EIMFS.>)

5. Inbornerrors of metabolism

Inborn errors of metabolism are rare causes of neonatal sei-
zures but important causes of intractable neonatal seizures,
accounting for 30% of cases.**>? Neonatal seizures can occur in
a wide variety of inborn errors of metabolism, including various
amino acids, disorders of energy metabolism, cofactor-related
metabolic diseases, purine and pyrimidine metabolic diseases,
congenital disorders of glycosylation, and lysosomal and peroxi-
somal disorders. It is important to minimize complications
by diagnosing treatable inborn errors of metabolism without
delay. Pyridoxine-dependent epilepsy is an autosomal recessive
disease diagnosed by the intravenous administration of 100 mg
of pyridoxine (maximum of 500 mg) while monitoring EEG
response or assessing clinical response to a 3-week course of
oral pyridoxine.*? Pyridoxal-phosphate-responsive epilepsy, an
autosomal recessive disorder due to a pyridoxal-5'-phosphate
oxidase (PNPO) deficiency, responds to oral treatment with
pyridoxal phosphate.’® Partial responsiveness to pyridoxine
may be seen in other conditions with neonatal seizures such as
neonatal hypophosphatasia, familial hypophosphatasia, nutri-

tional vitamin B6 deficiency, and PNPO deficiency.>*%
Biotinidase deficiency is a rare autosomal recessive inherited
disorder that affects the recycling of biotin, an essential B vita-
min that presents as intractable neonatal seizures.*”) Folinic-
acid-responsive epilepsy leads to intractable seizures due to
mutations of the ALDH7A1 (antiquitin) gene resulting in alpha-
aminoadipic semialdehyde (alpha-AASA) dehydrogenase defi-
ciency.> Neonates with this condition usually respond to folinic
acid within 24-48 hours.> Glucose transporter-1 deficiency
is an autosomal dominant disorder usually caused by sporadic
mutations in the SLC2A1 gene.’® Glycine encephalopathy
(neonatal nonketotic hyperglycinemia) typically presents as
seizures on the second or third day of life.’” Serine deficiency,
disorders of creatine biosynthesis, and phenylketonuria should

also be considered rare causes of neonatal seizures.*”)

Diagnosis

1. New definition and classification of neonatal seizures
Historically, neonatal seizures have been defined as paroxy-
smal, repetitive, and stereotypical events with any other type of
seizures and categorized according to their motor manifestations,
such as focal clonic, multifocal-clonic, generalized tonic, myo-
clonic, and subtle.’” It is then further categorized as clinical
only, electroclinical, or electrographic-only based on the EEG
findings.'3*”) That is, it has been diagnosed based on clinically
observed seizures before or regardless of EEG monitoring results.
However, neonatal seizures are typically difficult to differentiate
them from nonepileptic paroxysmal events, and focal seizures
that provoked sensory manifestation cannot be recognized
clinically in neonates.?****) In addition, previous studies have
shown that most neonatal seizures are electrographic-only
events without clinical symptoms, whereas clinical-only seizures
without electrographic seizure activity are not epileptic seizures

35,60 Therefore, to ensure an accurate neonatal seizure

in nature.
diagnosis, the confirmation of electrographic seizures on EEG
monitoring along with bedside clinical observation is essential,
and the new definition and classification of neonatal seizures
were recently proposed by ILAE Task Force on Neonatal
Seizures.'® The newly proposed definition of neonatal sei-
zures differs from that of infants and children and is based on
electrographic events identified by EEG recording rather than
clinical events suspicious for seizure.'® The electrographic
criteria for neonatal seizure recently presented by the American
Clinical Neurophysiologic Society are a sudden abnormal EEG
event defined by sudden and stereotyped repetitive waveforms
that evolve in morphology, frequency, and/or location, with a
minimum 2 1V peak-to-peak voltage and =10-second duration;
no evidence of clinical signs is required (Figs. 2, 3A).°")

These preferentially EEG-defined neonatal seizures are classifi-
ed into electroclinical seizures and electrographic-only seizures
depending on whether clinical signs are accompanied, and their
clinical signs are classified as motor, nonmotor, and unclassified

www.e-cep.org

https://doi.org/10.3345/cep.2022.00486 391


https://doi.org/10.3345/cep.2022.00486

Neonates with clinical events
or with high risk for seizures

Continuous video EEG (Gold standard for diagnosis)

2 or amplitude-integrated EEG (If cEEG is not available)
Laboratory evaluation

® Glucose, electrolytes, blood gas, full blood EEG N /
count and differential, CRP, and blood cultures m y
® Cerebrospinal fluid analysis and cultures ms - /
® Head ultrasound, magnetic resonance imaging a s - :
® Metabolic screening by blood, urine, CSF 2 = v
® Genetic panel 3 A
2 =
- L A LT A u
Etiology Without clinical signs

Hypoxic-ischemic

Structural

Genetic

® Acute symptomatic seizures

® Neonatal-onset epilepsies With clinical signs

Infectious

Electrographic only seizures )
WENELE IRV — o 50-80% of neonatal seizures
® Often seen in preterm infants or HIE

Electroclinical seizures )

® Motor seizure
- focal; multifocal; bilateral
- automatisms; clonic; epileptic sapsms;
myoclonic; tonic; sequential

Metabolic

Unknown

® Non-motor seizure
- autonomic, behavioral arrest

® Unclassified seizure

Fig. 2. Approach to diagnosing neonatal seizures. The new definition and classification by the International
League Against Epilepsy Task Force on neonatal seizures diagnoses neonatal seizures as events with an
electroencephalography (EEG) correlation that are divided into electroclinical seizures and electrographic-
only seizures according to clinical signs. Electroclinical seizures are described by their predominant clinical
features and divided into motor (automatisms, clonic, epileptic spasms, myoclonic, tonic, and sequential),
nonmotor (autonomic and behavioral arrest), and unclassified. Neonatal seizures are largely divided into
acute symptomatic seizures and neonatal-onset epilepsies, and the etiologies can be identified as hypoxic-
ischemic encephalopathy, structural, genetic, infectious, and metabolic by laboratory investigation. CRP,
C-reactive protein; CSF, tcerebrospinal fluid; cEEG, continuous EEG; HIE, hypoxic-ischemic encephalopathy.
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Fig. 3. Term newborn presenting with apnea and staring on day 1. (A) Electroencephalography on day
2 showed sharply contoured rhythmic activities over the left central region with onset (red arrow) and
change of frequency and amplitude. (B) Findings of head ultrasound on day 2 were normal, (C) but
diffusion-weighted magnetic resonance imaging on day 2 presented increased signal intensity in the
territory of the left middle cerebral artery representing the extension of acute ischemic stroke.
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according to the movement.'® The motor seizures are then
divided into automatisms, clonic, epileptic spasms, myoclonic,
sequential, and tonic seizures by seizure types, and each is
divided into foal, multifocal, unilateral, or bilateral (asymmetric
or symmetric) depending on the range of symptoms.®? While
the basic principles of the 2017 ILAE classification of seizure
types are the initial division of seizures into those of focal and
generalized onset, it is unnecessary to distinguish generalized
seizures because most neonatal seizures involve exclusively focal
or multifocal onset due to their neurophysiologic condition. !¢
On the other hand, a clinical sign without a specific movement is
considered a nonmotor seizure, which is divided into automatism
and behavior arrest.'®¢? Seizure semiology can help the physician
recognize the underlying cause early because focal clonic seizures
are strongly related to acute symptomatic etiology such as stroke
and infectious causes, focal tonic seizures with genetic epileptic
encephalopathy, autonomic seizures with hemorrhage, and

myoclonic seizures with inborn errors of metabolism.’¢3) A
description and clinical considerations of each seizure type are
listed in Table 2.

Neonatal seizures should also be distinguished from none-
pileptic neonatal events. Nonepileptic paroxysmal events include
jitteriness, hyperekplexia, benign sleep myoclonus, rapid eye
movement sleep behavior, apnea, various motor automatisms,
and dystonic or tonic posturing.'®¢>%) Nonepileptic movements
can often be provoked with stimulation and are typically
suppressed by touching or repositioning during the event. None-
pileptic events occur without any EEG changes.**%>) However,
as with epileptic seizures, nonepileptic events can also appear
as symptoms of underlying pathology and should be evaluated
systematically.®56©)

2. Electroencephalography
Neurophysiological testing is important in the diagnosis and

Table 2. Description and clinical considerations of types of neonatal seizure by the 2017 ILAE Classification of Seizures

Type Description

Clinical consideration

Motor

Automatisms

Nonpurposeful, stereotyped, and repetitive behaviors occurring with
impaired consciousness such as oral-buccal-lingual movements, ocular
movements, or progression movements of the limbs like pedaling,
swimming, or rowing

Unilateral or bilateral (asymmetric vs symmetric)

Clonic Regularly repetitive jerking, either symmetric or asymmetric, involving
the same muscle groups
Focal, multifocal, or bilateral
Epileptic A sudden flexion, extension, or mixed extension-flexion of predominantly
spasms proximal and truncal muscles
Usually more sustained than a myoclonic movement but not as sustained
as a tonic seizure and occur in clusters
Unilateral or bilateral (asymmetric vs. symmetric)
Limited forms such as grimacing, head nodding, or subtle eye movements
may occur
Myoclonic A sudden, brief (<100 msec) involuntary single or multiple contraction(s)
of muscles(s) or muscle groups of variable regions (axial, proximal
limb, distal)
Focal, multifocal, or bilateral (asymmetric vs symmetric)
Sequential Seizure types for events with a sequence of signs, symptoms, and EEG
changes at different times
Presents with a variety of clinical signs
Several features typically occur in a sequence, often with changing
lateralization within or between seizures
Tonic A sustained increase in muscle contraction lasting a few seconds to
minutes
Focal, unilateral or bilateral asymmetric
Nonmotor
Autonomic A distinct alteration of autonomic nervous system function involving
cardiovascular, pupillary, gastrointestinal, sudomotor, vasomotor, and
thermoregulatory functions
- May be presented with apnea
- Rare in isolation
Behavioral Arrest (pause) of activities, freezing, immobilization, as in behavior
arrest arrest seizure

Rare as an isolated seizure type

Often resembles voluntary movements or behaviors in
term and preterm infants, so EEG or aEEG is required to
diagnose

Often inappropriate continuation of preictal motor activity

Seen in HIE and preterm infants

Clinically, more reliably diagnosed seizure type
Typically seen in neonatal stroke or cerebral hemorrhage
or may be seen in HIE

Brief in neonates, thus may be difficult to differentiate
from myoclonic seizures with EMG channel

Rare, may be seen in inborn errors of metabolism or
early-infantile DEE

Clinically difficult to differentiate from nonepileptic myo-
clonus, thus requires EEG, ideally with EMG channels

Typical seizure type in inborn errors of metabolism and
preterm infants, and may also be seen in early-infantile
DEE

Often seen in genetic epilepsies such as self-limited
neonatal seizures or KCNQ2 encephalopathy

Generalized tonic posturing

- Usually not associated with EEG change (not epileptic)

Typical seizure type in early-infantile DEE and genetic
neonatal epilepsies

EEG or aEEG is required to diagnose

More common in preterm infants, especially with intra-
ventricular hemorrhage or temporal or occipital lobe
lesions

Also described in early-infantile DEE.

EEG or aEEG is required to diagnose
More commonly seen as part of sequential seizure

ILAE, International League Against Epilepsy; EEG, electroencephalography; aEEG, amplitude-integrated EEG; HIE, hypoxic-ischemic encephalopathy; EMG,
electromyography; DEE, developmental and epileptic encephalopathy.
Adapted from Pressler et al. Epilepsia 2021;62:615-28,"® with permission of John Wiley and Sons.
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acute treatment of neonatal seizures as emphasized in the new
definition and classification.!® Noninvasive EEG-based dia-
gnostics are easy to set up, portable, practical for bedside testing,
and provide a good temporal solution with minimal risk of scalp
irritation in the NICU setting,’®* Different EEG techniques
can be employed, including routine EEG, continuous EEG
monitoring (cEEG), video-EEG monitoring, and amplitude-
integrated EEG (aEEG). Continuous video-EEG monitoring is
the gold standard for accurate neonatal seizure detection.’®¢”
If conventional EEG monitoring is not available, then aEEG
can be useful as an initial or complementary tool.*$ It is easily
available, readily applied, and an easily interpreted method of
assessing brain function.®® However, since aEEG is less sensitive
and less specific for seizure detection than conventional EEG, it is
not recommended if the latter is available.®®)

The relative value of each neurophysiological technique is also
dependent upon the availability of hardware and professional
staff trained and experienced in interpreting the generated
data.*®7% Polygraphic recordings that concurrently capture
ocular, respiratory, and muscle movements in addition to ECG
data are preferred.’ It is usually recommended that neonates
with suspicious symptoms be monitored until several typical
episodes are detected on EEG. High-risk neonates are typically
monitored for 24 hours to screen for seizures.’” In addition, even
if seizures are detected and treated with antiseizure medications,
the continuation of cEEG monitoring is generally recommended
until at least a 24-hour seizure-free period is confirmed.*® This
is because after the administration of antiseizure medications,
electroclinical dissociation often occurs, a period in which
clinical seizures are no longer observed despite the EEG-defined
events persisting, '3

The EEG characteristics of neonatal seizures differ from those
of older children and adults. In neonates, interictal epileptiform
discharges are rarely present to aid in diagnosis, patterns of
electrographic seizure activity vary, and not all electrical seizure
activity is accompanied by subclinical signs or evident clinical
seizures.”***7?) The background activity in infants with suspected
seizures may be helpful in the diagnosis. The characteristics of
background activity help to estimate the extent and degree of
brain injury, possible diagnoses, and prognosis. However, interic:
tal focal sharp waves are not generally considered evidence of
focal epileptogenic brain abnormalities in neonatal seizures;
thus, they do not provide useful information for the diagnosis
of electrical seizures in every infant.’® As ictal EEG features,
electrical seizure activity consists of sustained rhythmic activity
with various morphologies, amplitudes, and frequencies. While
electrical seizure activity may be present in neonates before 34—
35 weeks after conception (CA), it is less frequent in premature
than term infants.”? Frequency, voltage, and morphology may
vary greatly within the same electrical seizure or from one seizure
to the next in each infant.>*’® All electrical seizure activity in
neonates begins focally, except for the generalized activity asso-
ciated with some types of myoclonic jerks or epileptic spasms.
Electrical seizure activity in neonates most often arises in the

central or temporal region of one hemisphere or the midline
central region. Less common sites of onset include the occipital
and frontal regions. The region of cortical involvement of the
electrical seizure activity determines the motor manifestations of
clinical seizures. In general, the onset, morphology, frequency, or
propagation patterns of electrical activity are not related to the
etiology, but some characteristic patterns on EEG are known to
be related to specific etiologies. Focal discharges may be seen in
patients with vascular insult or electrolyte imbalance, multifocal
discharges in vitamin-related disorders, and suppression-burst
with severe epileptic encephalopathies, suggesting specific
associations of ictal EEG patterns with underlying etiologies.>®

3. Etiologic evaluation

1) History and physical examination

To identify the risk factors of seizures and clues about the
underlying etiology, the birth, maternal, and family histories
should be investigated in detail. Risk factors for hypoxic injury,
fetal heart rate deceleration, low Apgar scores, abnormal fetal
presentation, and the nature of the delivery should be included
as gestational and birth history.®”?) Aspects of maternal history
include maternal obesity, gestational diabetes, previous miscarri-
ages, history of illness during pregnancy, placental abnormalities,
use of prescription or illegal substances, and coagulopathies.”
A detailed family history of inborn errors of metabolism or
epilepsy, particularly neonatal, has also been identified. Physical
examination may also provide clinical clues associated with
the underlying etiology and direct further testing. Head size,
birthmarks, facial dysmorphism, somatic abnormalities, and signs
of infection should be evaluated. In addition, to identify signs
suggestive of a structural brain lesion or neonatal encephalopathy,
a thorough neurological examination including mental status
assessment, cranial nerve examination, and evaluation of muscle
tone and primitive reflexes should be performed.

2) Neuroimaging

Neuroimaging is essential for detecting structural cerebral
pathology, including hemorrhage, infarction, or abnormalities
of cortical development.”*”> HUS remains the first-line tool
for assessing neonatal seizures because of its ease of use at the
bedside of acutely ill neonates. For locating hemorrhages and
defining ventricular size, HUS has high sensitivity and specificity,
but it can often miss brain lesions.” Lesion yield can be increas
ed by repeating the HUS after several days because some abnor-
malities are delayed in physical appearance.”” Brain MRI
may be obtained as a complement to HUS once the neonate is
stabilized. Brain MRI is the study of choice and, where available,
should be performed in all neonates with seizures. Brain MRI is
highly sensitive and has good anatomic resolution for identifying
cerebral malformations, ICH, stroke, and ischemic changes.”+”>
Diffusion-weighted imaging (DWI) can identify early infarcts.
As shown in Fig. 3, the infarct that was not visible on early HUS
(Fig. 3B) could be identified by DWTI (Fig. 3C); therefore, brain
MRI should be performed as early as possible in neonates with
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seizures. MR angiography and venography should be performed
when a vascular etiology is suspected. Magnetic resonance
spectroscopy can be valuable for facilitating the diagnosis of
inborn metabolic anomalies. Computed tomography is generally
avoided in neonates because it involves high exposure to ionizing
radiation and has lower resolution than MRL

4, Other investigations

Since the presence of multiple causes of seizures is not uncom-
mon, all neonates with seizures should be thoroughly evaluated
to rule out potentially treatable or reversible etiologies, and
further evaluations should be made to identify specific etiolog:
ies according to individual clinical circumstances. Initial labora-
tory tests for neonatal seizures should include those to evaluate
transient metabolic disturbances such as hypoglycemia, hypo-
calcemia, or electrolyte imbalance.!” Assessments should gene-
rally include a complete blood count, blood culture, CSF analysis,
urine culture and toxicology, TORCH (toxoplasmosis, rubella
cytomegalovirus, herpes simplex, and HIV) screening, metabolic
screening, and ophthalmologic evaluation. Additional laboratory
studies might include determining the levels of serum amino acids
(glycine and serine), ammonia, lactate, pyruvate, very long chain
fatty acids, urine organic acid, biotinidase, pipecolic acid, CSF
lactate, CSF amino acids, CSF chromatogram for folinic acid/
pyridoxine-dependent seizures, and CSF pyridoxal-5-phosphate
(active form of vitamin B6).

Genetic testing should be strongly considered in neonates
with epilepsy for whom an acute provoked seizure cause is not
identified on the initial history, examination, and neuroima-
ging. Genetic testing can reportedly identify the putative etiolo-
gy of epilepsy in more than 75% of patients with neonatal
epilepsy.”>*? In addition to treatment implications, the identi-
fication of a genetic etiology assists in prognostic determinations
and genetic counseling and avoids further extensive etiologic
testing. When genetic testing is performed using a gene panel
for epileptic encephalopathies and brain malformations, whole
exome sequencing is suggested because of the phenotypic
overlap of various genetic epilepsies.’”4

Conclusion

Etiologies and electroclinical manifestations of neonatal seiz
ures differ from those of infants and children. In addition, new
definitions and classifications of neonatal seizures were recently
proposed by the ILAE Task Force on neonatal seizures since the
characteristics of neonatal seizures have been more specifically
identified by the advanced application of EEG examination
and advanced testing for various etiologies. The new definition
and classification reflect the importance of EEG testing in the
diagnosis and treatment of neonatal seizures. With the active
application of continuous EEG monitoring, a more accurate
diagnosis will reduce unnecessary treatment and expect better
prognosis through more timely treatment.
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