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Abstract: Seizures are the most common neurological disorder in newborns and are most prevalent in
the neonatal period. They are mostly caused by severe disorders of the central nervous system (CNS).
However, they can also be a sign of the immaturity of the infant’s brain, which is characterized by the
presence of specific factors that increase excitation and reduce inhibition. The most common disorders
which result in acute brain damage and can manifest as seizures in neonates include hypoxic-ischemic
encephalopathy (HIE), ischemic stroke, intracranial hemorrhage, infections of the CNS as well as
electrolyte and biochemical disturbances. The therapeutic management of neonates and the prognosis
are different depending on the etiology of the disorders that cause seizures which can lead to death
or disability. Therefore, establishing a prompt diagnosis and implementing appropriate treatment are
significant, as they can limit adverse long-term effects and improve outcomes. In this review paper,
we present the latest reports on the etiology, pathomechanism, clinical symptoms and guidelines for
the management of neonates with acute symptomatic seizures.
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1. Introduction

Acute symptomatic seizures are the most common neurological emergency in new-
borns and are most prevalent in the neonatal period. They are early signs of brain damage
and can severely disturb the development of the infant’s immature brain. Seizures affect 1–3
neonates per 1000 live births [1,2]. The prevalence is much higher in premature neonates
(10–130/1000 live births) [3–5]. Neonatal seizures are defined as a paroxysmal electroclini-
cal phenomenon characterized by the transient occurrence of signs and symptoms due to
an abnormal excessive or synchronous neuronal activity in the brain [6]. By the traditional
definition, neonatal seizures occur in the first 28 days after birth of a term neonate or before
44 weeks of gestational age in a preterm neonate [6]. The etiology depends on whether the
patient is a term or premature neonate. In the former group, the most common cause is
hypoxic-ischemic encephalopathy (HIE), and in the latter group, intracranial hemorrhage
(ICH) is most prevalent [4]. Despite the fact that neonatal seizures are a rare neurological
disorder, they can lead to serious health consequences. They have an extremely detrimental
effect on the developing brain and can result in cognitive disorders, developmental delay,
epilepsy or cerebral palsy [6–9]. Therefore, it is crucial to start the diagnostic process
immediately after the suspicion of seizures and initiate effective treatment. However, the
diagnosis poses a challenge for clinicians, as most seizures can be clinically subtle and diffi-
cult to identify [10]. Moreover, while neonatal seizures can occur with or without clinical
manifestations, the majority of neonatal seizures (50–80%) are electrographic only without
clinical manifestations [11]. As a result, conventional EEG monitoring is the gold standard
in the diagnosis of neonatal seizures [11–13]. Considering the number of many serious
consequences, treatment of neonatal seizures is necessary. Phenobarbital, phenytoin, or
levetiracetam are the antiepileptic drugs commonly used for the treatment of neonatal
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seizures. However, caution should be exercised with the use of these agents, since each of
them has contraindications and may increase the risk of adverse effects.

The paper presents a summary of the results of the latest research on neonatal seizures.
The collected data were divided into sections, representing various aspects related to the
disorder, i.e., pathophysiology, etiology, spectrum of symptoms, classification, diagnosis,
treatment and outcomes.

2. Materials and Methods

The search strategy consisted of controlled vocabulary and keywords. The following
databases were searched: PubMed, Medline and Google Scholar. The main search concept
was to combine “neonatal seizures” with related terms, such as “pathophysiology”, “etiol-
ogy”, “genetic(s)”, “symptoms”, “diagnosis”, “treatment” and “outcomes”. Filters which
were applied to limit the retrieval included the language and the date of publication. For
this reason, only English language papers published within the previous 10 years were
considered for this review. Exclusion criteria included articles not containing the related
terms, articles written in a language other than English or articles published more than
10 years ago. Each database was searched individually, and search terms were applied
line by line and were replicated in every source. The entire process of searching relevant
papers lasted from April 2020 to October 2020, with numerous subsequent updates on
the latest scientific reports. Titles, abstracts and full-text articles were screened against
the inclusion criteria by two reviewers. Next, manual search and reference and citation
tracking were undertaken by two reviewers (KK and SK) who established the final selection
of papers. Any disagreement was resolved by discussion. In the case of no agreement,
a third independent reviewer made the final decision. Throughout the search process,
57 articles were found and 40 of them were included in the final analysis. The articles
included in the review were grouped into the neonatal seizure-related thematic categories
for better organization, e.g., “etiology”, ”diagnosis” or “outcomes”.

3. Results
3.1. Pathophysiology

In the mature brain, gamma aminobutyric acid (GABA), which is the main inhibitory
messenger, induces the influx of chloride ions and hyperpolarization of a neuronal mem-
brane after binding of the GABA receptor agonist, which makes the neuron unable to
conduct the impulse. This is due to high expression of potassium-chloride cotransporter 2
(KCC2) and low expression of sodium-potassium-chloride cotransporter 1 (NKCC1). Pre-
clinical models showed that in the immature brain of newborns, the proportion of cotrans-
porter expression was different [14]. Due to higher expression of NKCC1 compared to
KCC2 in neonates, when GABA binds to the GABAA receptor, the outflow of chloride
ions and depolarization of the neuronal cell membrane increases, which implies higher
sensitivity of neurons to stimulation and generation of action potential [15]. These struc-
tural changes affect the functioning of the immature brain of the newborn and imply
greater susceptibility to seizures by increasing the mechanisms facilitating stimulation and
decreasing their inhibition [15]. When GABA binds to the GABAA receptor in the neonate’s
brain where NKCC1 is predominant, depolarization caused by chloride ion efflux also
triggers internal calcium currents and removes the voltage-dependent magnesium block
of N-methyl D-aspartate (NMDA) receptors [16,17]. This promotes the entry of calcium
ions and the activation of second messengers, which increases brain excitability and the
risk of seizures [16,17]. Additionally, perinatal injuries (e.g., ischemia) increase NKCC1
expression, while reduction in KCC2 and HIE can cause an isolated increase in NKCC1 [18].

The process of a dynamic increase in the number and density of synapses and den-
drites (synaptogenesis), which occurs in the neonatal period, is also important in the
pathophysiology of seizures. Then, physiologically enhanced excitation in the neonatal
period is necessary for the proper development of newly formed neurons (their differenti-
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ation, migration and formation of synapses). However, it also makes the neonatal brain
more susceptible to seizures [6,19].

3.2. Etiology

Neonatal seizures are a nonspecific heterogeneous symptom of brain injury that has
many different causes. Etiology of seizures depends on the gestational age of the newborn.
Among term neonates and late premature neonates (>33 weeks’ gestational age; wGA), the
most common causes of brain damage manifested by seizures include HIE, ischemic stroke,
ICH, transient metabolic and electrolyte disturbances, systemic or central nervous system
(CNS) infections [2,20,21]. The causes also include congenital malformations of the CNS
and genetic epilepsy syndromes (e.g., benign familial neonatal seizures or inborn errors
of metabolism) [2,20,21]. In the group of premature and extremely premature neonates
(<28 wGA), intracranial hemorrhage and its complications are the dominant cause of brain
damage that results in seizures [4]. There is much evidence for a strong correlation between
low gestational age, low birth weight and the occurrence of seizures in neonates [22]. The
relationship between prematurity, brain damage and the occurrence of neonatal seizures
was also demonstrated [22,23].

HIE is the most common cause of acute seizures and accounts for approximately 40%
of all neonatal seizures [2,24]. Among full-term newborns with HIE, hypothermia [17,25]
is the standard method of prophylaxis against seizures [17,25]. However, it was proven
that despite the use of this method, seizures were still reported in some neonates [26,27].
Ischemic stroke is another leading cause, responsible for approximately 18% of all neonatal
seizures [2]. Most ischemic strokes involve an area vascularized by the middle cerebral
artery and are caused by embolism from the placenta, the umbilical cord or the heart [17].
There are many risk factors for developing ischemic stroke in neonates. Both neonatal
factors (e.g., congenital heart defects, coagulation disorders, infections) and maternal factors
(e.g., chorioamnionitis, premature rupture of membranes, oligohydramnios, diabetes) are
involved [17,28–30]. Among many causes, ICH accounts for more than 10% of seizures [2]
and is the dominant cause of prematurity [4]. The occurrence of seizures is caused by
malformations of cerebral vessels, coagulation disorders or traumatic labor. Also, transient
electrolyte and biochemical disturbances in sodium, calcium or glucose levels can lead
to neonatal seizures which usually resolve after restoring the water-electrolyte balance.
However, it is important to diagnose the primary cause of the disorders in order to manage
patients and minimize the risk of seizure recurrence [31]. In some cases, seizures are also
caused by systemic or CNS infections. Congenital viral infections (e.g., herpes simplex
virus, cytomegalovirus or rotavirus) and bacterial infections (mainly caused by group B
streptococci or Escherichia coli) can also be involved [17]. Due to the fact that meningitis is a
common cause of seizures, lumbar puncture is recommended in neonates with seizures.
Empirical antibiotic therapy or antiviral medications should be started immediately if
the condition of the neonate is not stable [17]. Congenital malformations of the CNS
(e.g., tuberous sclerosis or focal cortical dysplasia), inborn errors of metabolism, which
are a heterogeneous group of diseases, or genetically determined epilepsy syndromes are
characterized by a genetic component [20,32]. Such cases are rare, but due to the risk of
irreversible neurological damage, the diagnostic process should be started immediately,
and appropriate treatment should be initiated [20]. Considering the inheritance of certain
disorders, such as benign familial neonatal seizures, parents of neonates should be provided
with genetic counselling.

Although there are many causes of neonatal seizures, clinicians should be vigilant
when establishing the diagnosis, bearing in mind the fact that about 50% of neonates have
more than one cause of seizures [33]. Due to various etiology, there are differences in the
onset of neonatal seizures between full-term and preterm neonates, in whom seizures
usually occur at a later stage [4,23]. Of note, differences are also found even in a group of
premature neonates. One study showed that the mean time of seizure onset was 10.8 days
in patients born <29 wGA compared to 5.2 days in patients born >29 wGA [23]. The list of
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the most common causes of neonatal seizures with the approximate period of seizure onset
is given in Table 1. Data presented in Table 1 are based on three clinical trials conducted at
different time points. The first study on a group of 221 newborns was carried out between
2002 and 2009. Another study was conducted between 2009 and 2013 and evaluated a
group of 378 newborns. The third research was conducted between 2013 and 2015 was
related to a group of 426 neonates. Unfortunately, there are no more recent studies available
than the one conducted in 2013–2015.

Table 1. Etiology and onset of neonatal seizures.

Etiology

Studies Conducted
between 2013 and 2015

%
Sample = 426

Neonates
[2]

Studies Conducted
between 2009 and 2013

%
Sample = 378

Neonates
[24]

Studies Conducted
between 2002 and 2009

%
Sample = 221

Neonates
[34]

Time of Seizure
Onset

[31]

HIE 38 46 57.5 First 24 hours

Stroke 18 10.6 7.7 First week

ICH 12 12.2 9.0 First week

Metabolic or electrolyte
disturbances 4 4.7 10.9 First few days

Infections 4 7.1 6.3 Days to weeks

Congenital CNS
malformations 4 2.9 3.2 Variable

Inborn errors of metabolism 3 4.2 2.3 From day 2

Genetic epilepsy syndromes 9 2.1 2.3 Perinatal period

Unknown 9 6.3 0.5 Variable

The percentage of each cause of seizures varies depending on the study. For this
reason, we decided to average the data from these studies and present a schematic diagram
that allowed us to visualize the most common causes of neonatal seizures more easily
(Figure 1).

Figure 1. Most common causes of neonatal seizures [2,24,31].
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3.3. Genetics of Neontal Seizures

The knowledge of seizures and their etiology has been growing for many years. It
is already known that some causes of neonatal seizures are characterized by a genetic
basis [35]. It is estimated that it concerns about 15% of neonates who present with distinct
neonatal epilepsy syndromes related to brain malformations or genetic etiologies [1,36].
These disorders can affect the onset of seizures in neonates in many different respects.
To better understand and systematize knowledge, these disorders can be divided into
categories depending on the type of disorder. Among the categories of genetic causes, the
following are distinguished: structural brain malformations, inborn errors of metabolism
(i.e., due to hypoglycemia or the accumulation of toxic substances and metabolites), syn-
dromic and nonsyndromic, single gene (including channelopathies and genes involved in
the metabolism of neurotransmitters) [37,38].

3.3.1. Structural Brain Malformation

Developmental defects of the cerebral cortex account for approximately 4% of all
neonatal seizures [2,24,34] and are mostly related to corpus callosum agenesis (ACC),
polymicrogyria, lissencephaly, schizencephaly, hemimegalencephaly, focal cortical dys-
plasia, tuberous sclerosis, holoprosencephaly and subcortical band heterotopia [20,31,37].
These disturbances may be the result of the disruption of embryogenesis, i.e., abnormal cell
proliferation and migration, or a cortical organization, and are usually caused by pathogenic
variants of genes that are precisely defined and easy to identify (e.g., PAFAH1B1, TSC1 and
TSC2, DCX, ARX, DEPDC5) [20,31,37]. These may be isolated defects or components of
genetic syndromes. Therefore, it is important to search for other extra cerebral disorders
in different organs [31]. The onset of neonatal seizures caused by structural brain mal-
formation can vary significantly [31,36]. Abnormal brain structures can be seen even in
utero on MRI. However, the diagnosis should be confirmed with postnatal brain MRI [31].
Rapid diagnosis is crucial because in many cases, seizures can be resistant to treatment
and the defects are associated with poor neurodevelopment, and the delay ineffective
treatment may significantly worsen the outcomes [20,31]. Intrauterine disorders (e.g.,
an infection or hypoxia) that affect hypoxia-sensitive cells may imitate anomalies due to
genetic defects [20,37]. Therefore, an accurate assessment of the etiology is necessary. It has
a significant impact on genetic counseling for parents related to subsequent pregnancies.

3.3.2. Inborn Errors of Metabolism

Inborn errors of metabolism are most often suspected on the basis of clinical manifes-
tations (seizures, poor feeding and lethargy) and biochemical test results (often including
wide anion gap, acidosis, hypoglycemia, ketonuria or hyperammonemia) [20,39]. The
assessment of the disorder by genetic testing is a major challenge, as these defects should
be immediately identified to avoid metabolic decompensation [1,40,41], particularly due to
the fact that typical antiseizure medications (ASMs) may be ineffective in this case [31].

Pyridoxine-dependent epilepsy (mutations in ALDH7A1 and PROSC genes) is one of
the most common inborn errors of metabolism that results in neonatal seizures. It is an auto-
somal recessive disorder that manifests as a result of deficiency of α-aminoadipic semialde-
hyde dehydrogenase in the lysine degradation pathway [31,37,42]. It leads to a buildup of
α-aminoadipic semialdehyde, piperideine-6-carboxylate and pipecolic acid [37,42]. When
this disorder is suspected, the pyridoxine trial can be used. It involves the intravenous
administration of 100 mg vitamin B6 to a newborn [31,37]. This trial should be performed
under EEG control. Monitoring should be performed before, during and after the admin-
istration of the vitamin. Oxygen support therapy should be provided in case of apnea,
which can be an adverse reaction [31,42,43]. Oral administration of vitamin B6 liquid
formulation (2 × 50 mg/kg, 2–3 times daily for two or three days) is an alternative to
intravenous drug administration [44,45]. After administration of vitamin B6, seizures
should disappear within a few minutes. Some patients require a repeat dose, after which
clinical and electroencephalographic symptoms subside. It is recommended to administer
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pyridoxine until pyridoxine-dependent epilepsy (PDE) is ruled out by biochemical and/or
molecular testing [44,45]. Seizures can be well-controlled with pyridoxine supplementation.
However, the developmental delay can still persist [37]. In another disorder known as
pyridoxine-5′-phosphate oxidase deficiency, which is associated with a mutation in the
PNPO gene, neonates may also respond well to vitamin B6, although they still have similar
clinical manifestations [31,42]. Other relatively frequent disorders include biotinidase
deficiency (mutation in the BTD gene, autosomal recessive inheritance), nonketotic hyper-
glycinemia (mutation in the GLDC, AMT, GCSH genes; autosomal recessive mutations),
molybdenum cofactor and sulfite oxidase deficiency (mutations in the MOCS1 and MOCS2
genes, as well as in the GPHN gene responsible for cofactor deficiency or in the SUOX
gene responsible for oxidase deficiency) [31,37,43,46]. In the case of molybdenum cofactor
deficiency, neuroimaging studies can be of great significance. Initially, only edema is seen
on MRI, but later, cystic leukoencephalopathy with cortical atrophy can be found [1,47,48].
Other metabolic causes may be suspected if specific clinical features are present and raise
suspicion. Determination of biomarkers in blood, urine or cerebrospinal fluid, whose
configurations are characteristic of a given defect, can significantly simplify and shorten the
diagnostic process. The profile of biomarkers determined in common metabolic disorders
is presented in Table 2. Metabolic screening tests are performed in neonates within the first
hours after birth in many countries. They can exclude or confirm a metabolic defect even if
it is still asymptomatic.

Table 2. Metabolic and genetic biomarkers [1].

Disease Urine Plasma CSF Gene

PDE Increase in
AASA and PA Increase in PA

Increase in AASA, P6C
and PADecrease in PLP
Sec NT abnormalities

ALDH7A1

PNPO (Vanillactate) Increase in
pyridoxamine

Decrease in PLP
sec NT abnormalities PNPO

MOCOD,
ISOD

Sulfocysteine
Increase in

AASA and P6C

Decrease in
uric acid

Increase in
AASA, P6C and PA

Decrease in PLP

MOCS1,
MOCS2, GPHN

NKH Amino acids
(glycine)

Amino acids (glycine)
CSF/plasma > 0.004

4-enzyme
cleavage system

Abbreviations: CSF—cerebrospinal fluid; PDE—pyridoxine-dependent epilepsy; PNPO—pyridoxal 5′-phosphate-
dependent epilepsy; MOCOD—molybdenum cofactor deficiency; ISOD—isolated sulfite oxidase deficiency;
NKH—nonketotic hyperglycinemia; AASA—alpha-aminoadipic semialdehyde; PA—propionic acid; P6C—
piperideine 6-carboxylic acid; PLP—pyridoxal 5-phosphate; sec NT—secondary neurotransmitter.

3.3.3. Syndromic Disorders

Seizures in neonates can often manifest as part of the genetic syndrome, which com-
monly affects many systems, and the characteristic dysmorphic features are evident. Such
syndromes can be divided according to the type of disease. The following can be dis-
tinguished among chromosomal disorders associated with neonatal seizures: Down syn-
drome, Patau syndrome, Edwards syndrome, Wolf–Hirschorn syndrome and the 22q11.2
deletion syndrome [37]. It was also found that neurocutaneous syndromes may initially
manifest as neonatal seizures [37]. Table 3 shows the most common genetic syndromes in
which seizures occur as one of the symptoms.
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Table 3. Genetic syndromes associated with neonatal seizures [37].

Type of Condition Syndrome Gene

Chromosomal Down syndrome Trisomy 21

Patau syndrome Trisomy 13

Edwards syndrome Trisomy 18

22q11.2 deletion syndrome Deletion of 22q11.2

Wolf–Hirschhorn syndrome Deletion of 4p16.3

Neurocutaneous Tuberous sclerosis TSC1, TSC2

Sturge–Weber GNAQ

Incontinentia pigmenti IBKKG

Hypomelanosis of Ito Mosaicism for aneuploidy or other
chromosomal anomalies

Other COL4A1-related COL4A1

Pitt-Hopkins TCF4

Coffin–Siris ARID1A, ARID1B, SMARCA4,
SMARCB1, SMARCE1, SOX11

Aicardi–Goutieres ADAR, RNASEH2A, RNASEH2B,
RNASEH2C, SAMHD1, TREX1, IFIH1

3.3.4. Nonsyndromic Disorders

Neonatal seizures can also occur as main symptoms resulting from mutations in one
gene, which is mainly related to genes involved in the regulation of ion channels, synaptic
function and intercellular signaling [31,37]. Chanellopathies may usually result from dis-
turbances in the KCNT1, KCNQ2, CACNA1A or SCN2A genes, which are responsible for
the regulation of calcium, sodium or potassium channels [31,37,49,50]. Of note, some forms
of neonatal seizures have a familial occurrence [20,32,51,52]. This group includes benign fa-
milial neonatal seizures, which are a rare, autosomal dominant inherited form [20,32,51,52]
characterized by seizures occurring within the first week of life with a strong family his-
tory of neonatal seizures. This type of seizures is caused by mutations in the KCNQ2
and KCNQ3 genes, which are responsible for voltage-gated potassium channels and one
chromosomal inversion [20,32,51,52]. Changes in the functioning of synapses or commu-
nication between cells are often caused by pathogenic variants in the STXBP1, TBC1D24,
SIK1, CDKL5 and BRAT1 genes [31,49,50]. Some of the clinical syndromes caused by these
mutations are mild and self-limiting, whereas others are severe [31]. These syndromes
include self-limited neonatal seizures, self-limited neonatal familial epilepsy, early infantile
epileptic encephalopathy (EIEE), early myoclonic encephalopathy (EME) and epilepsy of
infancy with migrating focal seizures (EIMFS) [31].

Self-limited neonatal seizures are also known as "fifth day fits" due to the time of
their occurrence (usually between the 4th and 6th days of life) [31,53]. Seizures can
sometimes cause apnea and lead to status epilepticus [31]. Remission is reported within
two days [31,53]. In turn, self-limited familial neonatal epilepsy usually occurs earlier
than the above syndrome and remission is expected by six months of age [31,53]. Due to
autosomal dominant inheritance, a positive family history of neonatal seizures provides
valuable information and leads to suspicion of this syndrome [31,53,54]. Early infantile
epileptic encephalopathy (EIEE), also known as Ohtahara syndrome, occurs in the first
three months of life, often in the first two weeks [31]. It is associated with structural
brain malformations and metabolic disorders [31]. Many genes whose mutations lead
to EIEE have been recognized (ARX, CDKL5, SLC25A22, STXBP1, KCNQ2, SPTAN1 and
SCN2A) [31,35]. Patients with this syndrome may progress from EIEE to West syndrome,
and later to the Lennox–Gastaut syndrome [31,55]. EIEE is similar to early myoclonic
encephalopathy (EME). However, they may differ in terms of seizure semiology [31]. EME
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is often associated with metabolic disorders and mutations in the STXBP1, TBC1D24 and
GABRA1 genes [31,43,53]. EIMFS is caused by mutations in the KCNT1, SCN2A, SCN1A,
SLC25A22, PLCB1, TBC1D24 and QARS genes [31,56]. The characteristics of the types of
neonatal epilepsy are given in Table 4.

Table 4. Types of single gene mutations in neonatal epilepsy [31,37].

Type Time of Seizure Onset Genetic Variants Prognosis

Self-limited neonatal
seizures

Between 4th and 6th
days of life Most unknown, KCNQ2 Good

Self-limited familial
neonatal epilepsy Days 2–3 Autosomal dominant in KCNQ2,

KCNQ3, SCN2A Good

Early infantile epileptic
encephalopathy First two weeks

Structural brain malformations, gene
variants in ARX, CDKL5, SLC25A22,
STXBP1, KCNQ2, SPTAN1, SCN2A,

metabolic disorders

Frequent early-life mortality,
developmental disabilities

Early myoclonic
encephalopathy Hours to months STXBP1, TBC1D24, GABRA1,

metabolic disorders
Frequent early-life mortality,
developmental disabilities

Epilepsy of infancy with
migrating focal seizures Days to months KCNT1, SCN2A, SCN1A, SLC25A22,

PLCB1, TBC1D24, QARS
Poor, developmental

disabilities

Despite the development of molecular diagnostics, the correlation between genotype
and phenotype still poses some difficulty. As a result, the same genetic syndrome can be
caused by variants in different genes, and abnormal gene variants can lead to different
clinical phenotypes in different neonates [57].

3.4. Symptoms and Semiology Classification

Seizures are the most common paroxysmal, stereotypical and repetitive neurological
events. Therefore, any abnormal behavior in neonates should be considered a potential
seizure, requiring confirmation by electroencephalography (e.g., video-EEG). In addition to
typical symptoms such as tonic, clonic and myoclonic seizures, other subtle manifestations
of clinical seizures are reported (e.g., horizontal nystagmus, eyelid blinking, eyelid flutter,
staring, chewing, sucking and munching) [58]. Sometimes a newborn can also present with
movements imitating swimming, pedaling or boxing. Apnea and changes in blood pressure
are also reported [58]. Clinically silent seizures are also very common. It is estimated that
even 80–90% of neonates with electroencephalographically confirmed seizures may not
have clinical symptoms [10]. They occur until ictal discharges affect the motor cortex [17,59].

A wide range of etiologies of neonatal seizures indicates high variability in seizure
types and poses a diagnostic challenge for clinicians. In 2017, the International League
Against Epilepsy (ILAE) introduced a revised classification of seizure types [60]. This
classification is not only related to neonatal seizures, but includes seizures that affect
patients of all age groups. Of note, a separate Task Force for neonatal seizures developed
specific guidelines for neonates [11]. Seizures were defined as the transient occurrence
of signs and/or symptoms caused by abnormal excessive or synchronous neuronal ac-
tivity in the brain [11,60]. The ILAE Task Force classified neonatal seizures based on
clinical symptoms and EEG, depending on the predominant seizure type: clinical (only
abnormal, stereotypical behavior, without EEG changes), electroclinical (pathological signs
including changes in electrographic activity) and only electrographic seizures (no clinical
signs) [6,11]. Subclinical seizures mostly occur in neonates with encephalopathy and in
critical medical condition [61]. Seizures involving clinical symptoms include motor and
nonmotor disorders [6,11]. Motor seizures may be automatisms, clonic, epileptic spasms,
myoclonic, sequential or tonic, and nonmotor seizures may be autonomic or behavior arrest
seizures [6]. According to the ILAE, the nature of seizures can be determined based on the
onset (focal or generalized) [60]. However, it was found that neonatal seizures have only a
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focal onset, therefore, the division into focal and generalized seizures (used in the classifi-
cation of seizures in the entire population) is not necessary [11,62]. There is no division
into seizures with preserved consciousness and seizures with loss of consciousness due
to the difficulties in reliable assessment of consciousness in neonates [11]. The following
step is related to the differentiation between motor and nonmotor seizures. Finally, their
type is determined [11,60]. Neonatal seizures may have different clinical manifestations.
However, one symptom is usually predominant. In the group of neonates, the dominant
clinical symptom is more significant as this is more likely to have clinical implications for
the etiology of seizures than determination of the seizure onset zone [11]. This approach is
completely different to that of other age groups [60]. It is sometimes difficult to correctly
diagnose the dominant symptom, especially when seizures last longer and the sequence
of symptoms can be observed, often with changing lateralization [11]. In this situation,
sequential seizures are observed and are often associated with an EEG change during the
seizure [11,60].

The neonatal period is a unique period in many respects. As a result, not all guidelines
for seizure classification can be applied. Apart from the previously mentioned inability
to assess consciousness in neonates, several types of seizures cannot be diagnosed due
to the difficulties in communication with neonates (lack of verbal communication and
significant nonverbal limitation) [11]. These types include sensory, cognitive and emotional
seizures [11]. Similarly, somatosensory or visual auras cannot be determined in neonates.
Due to low muscle tone, the occurrence of atonic seizures cannot be assessed clinically
without invasive methods [11]. The classification of neonatal seizures including nonmotor
and motor seizures is given in Table 5.

Table 5. Types of neonatal seizures including motor and nonmotor seizures [11].

Motor Seizures Nonmotor Seizures

Seizure Type Modifiers Seizure Type

Automatism
Unilateral

Bilateral asymmetric
Bilateral symmetric

Autonomic

Clonic seizures
Focal

Multifocal
Bilateral

Behavioral arrest

Tonic seizures
Focal

Bilateral asymmetric
Bilateral symmetric

Myoclonic seizures

Focal
Multifocal

Bilateral asymmetric
Bilateral symmetric

Sequential seizure type Depending on components

Epileptic spasm
Unilateral

Bilateral asymmetric
Bilateral symmetric

The aim of the unification of the classification system and terminology when describ-
ing individual seizures is to improve communication related to health care professionals,
parents and medical care assistants. Classification also allows grouping of patients for
therapies. Currently, some regulatory agencies approve drugs or medical devices indicated
for specific types of seizures [60].
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3.5. Diagnosis

Neonatal seizures are an emergency and therefore, diagnostic and therapeutic proce-
dures should be performed simultaneously. In the diagnosis of acute symptomatic neonatal
seizures, it is necessary to initially exclude reversible systemic disorders (such as electrolyte
disturbances or hypoglycemia). However, if such disorders are confirmed, neuroactive
anticonvulsants do not have to be administered and there is no need to perform other
tests that may often be invasive. If possible, continuous video electroencephalographic
(cEEG) monitoring, which is the gold standard in the diagnosis of neonatal seizures, should
be immediately used [12,13]. This seems to be an ideal solution as a large proportion of
seizures may be clinically silent while changes in EEG are observed. As already mentioned,
it is mostly related to neonates with encephalopathy and neonates in critical condition [11].
Neonatal seizures are manifested in the EEG by a distinct bioelectric pattern that evolves
in frequency, morphology or location, with a voltage of >2 µV and a duration of >10 sec-
onds [1]. It is considered that the EEG recording requires an interval of at least 10 seconds to
separate two distinct seizures [1]. Various electroclinical phenotypes may suggest specific
syndromes [1]. In 2011, the American Clinical Neurophysiology Society (ACNS) developed
specific guidelines related to the use of neonatal monitoring with conventional EEG [63].
ACNS distinguishes high-risk neonates among the group of neonates and thus recom-
mends monitoring with video-EEG. Among the high-risk group of neonates, there are
those with suspected or demonstrated acute brain injury and patients clinically suspected
of neonatal seizures or epilepsy syndromes [63]. In addition, the high-risk group requiring
EEG monitoring includes neonates after cardiopulmonary resuscitation, CNS infection
and meningoencephalitis. It also includes neonates with suspected or confirmed inborn
errors of metabolism, CNS trauma (maternal trauma, traumatic delivery, prolonged second
stage of labor), suspected or confirmed perinatal stroke or sinovenous thrombosis [63].
Preterm neonates with additional risk factors and neonates with a genetic disease involving
the CNS are also included in this group [63]. All of these high-risk neonates should be
monitored with 24-hour video-EEG [31,63]. In these patients, most changes occur mainly
on the first day of monitoring [61,64]. In the case of the etiology of seizures associated with
HIE, monitoring neonates during therapeutic hypothermia and rewarming is indicated,
despite the fact that seizures are relatively rare at that time [26,65]. Newborns with clinical
symptoms should be monitored until characteristic EEG changes occur. However, EEG
monitoring may be discontinued if there is no correlation between symptoms and EEG, or
if symptoms resolve spontaneously [31,63]. When seizures are treated, cEEG monitoring
should be continued up to 24 hours after the resolution of the acute phase [63]. This is
due to the fact that the use of anticonvulsants may cause electroclinical dissociation, i.e.,
a condition in which clinical symptoms cease to manifest, but characteristic changes in EEG
can still be observed [6,17,31,66]. This suggests that symptomatic treatment is effective,
but the cause of seizures has not been eliminated yet. In the case of limited availabil-
ity of video-EEG and the specialists who interpret the recording, amplitude-related-EEG
(aEEG), which combines single or double EEG signals with signal processing to generate
a simplified image on the monitor, can be used [57,59,67]. This monitoring tool, which
has lower sensitivity than conventional EEG, provides useful information mainly on the
evolution of background patterns, while its ability to detect individual seizures is low [68].
This is due to the fact that a large proportion of neonatal seizures are short and focal
and are also characterized by a small amplitude. Therefore, they may not be detected by
aEEG [1,69]. Amplitude-related EEG is a useful tool characterized by easy application,
availability of results in real time or the possibility of observing the aEEG record, which
lasts several hours, on a single screen. However, aEEG cannot be considered equivalent
to cEEG monitoring [59,68]. Suspicion of a seizure in the aEEG recording requires the
exclusion of artifacts. Additionally, it must be confirmed by conventional EEG [1]. To
conclude, aEEG is very useful in the diagnostic process in neonatal intensive care units and
in situations where EEG is unavailable or impossible to be performed, e.g., due to the lack
of qualified personnel [1]. Of note, automated seizure detection algorithms are included in



Children 2021, 8, 155 11 of 17

a number of EEG and aEEG packages, and their utility for seizure detection in neonates is
variable. Therefore, they can be used only as an adjuvant tool [59,70].

Additionally, apart from electroencephalographic studies, neuroimaging (cranial
ultrasound and magnetic resonance imaging) is also used. Cranial ultrasound is the
method of choice for neuroimaging because it has many benefits. The advantages include
easy availability of the equipment, the possibility of bedside examination and its use among
neonates in any clinical condition [1]. Head ultrasound can visualize abnormalities in brain
morphology or intracranial bleeding. However, magnetic resonance imaging is becoming
more commonly used since it has been recognized as the optimal method of imaging
neonatal seizures [1,71]. The difficulties associated with MRI include low availability of
this examination. Additionally, clinically unstable neonates cannot be evaluated by MRI [1].
Therefore, if possible, these methods should be combined to provide better results. MRI in
conjunction with cranial ultrasound can significantly facilitate the diagnosis of the etiology
of neonatal seizures [1,24].

Next to monitoring neonates with EEG and neuroimaging studies, the complete clini-
cal examination should also be performed. It should include the physical examination, an
interview with parents (if possible) about the neonate, family history, parental diseases,
information about pregnancies and deliveries, which is of crucial importance [17]. Partic-
ular attention should be paid to the presence of risk factors for HIE, stroke, intracranial
bleeding or infection during pregnancy [17]. Also, information on medications taken
by the mother in pregnancy and medications discontinued during this period can be of
benefit. Further treatment depends on the suspected cause of seizures. If an infection of
the CNS is suspected, blood and urine culture should be performed, and if the neonate
is clinically stable, lumbar puncture and cerebrospinal fluid assessment may be useful.
When laboratory tests and neuroimaging studies do not reveal the underlying cause of
seizures, specialist tests should be considered to exclude congenital metabolic and genetic
defects [17].

The clinical diagnosis of neonatal seizures and the underlying causes is a challenge
for clinicians. Of note, both underdiagnosis (associated with the lack of further search for
causes and delayed treatment initiation) as well as overdiagnosis (in which neonates may
be administered drugs that can be potentially harmful) may be related to the deterioration
of health and complications in neonates. Therefore, multidisciplinary vigilance, individual
approach to each neonate and treatment compliance that limit false positive or false
negative diagnosis are of crucial importance.

3.6. Management
3.6.1. Acute Intervention

Acute neonatal seizures are an emergency and should be treated promptly. Treatment
should be initiated immediately after the diagnosis of EEG seizures [31]. Depending on the
clinical context, basic therapeutic procedures (e.g., hydration, correction of electrolyte or
biochemical disturbances or antibiotic therapy) should be considered before seizures are
confirmed by EEG [17]. On the other hand, in high-risk neonates (e.g., with HIE or ICH)
treatment should be started immediately after suspected seizures, without waiting for EEG
results [17,31]. After the diagnosis of changes in EEG which are characteristic of seizures,
treatment should be started with a loading dose of an anticonvulsant drug (intravenous
bolus). Seizures should be immediately managed even when symptoms resolved but
changes in electroencephalography are still found [31].

Pharmacotherapy for neonatal seizures is empirical and varies greatly. Among many
anticonvulsants, phenobarbital is the first-line drug, although its efficacy is only about
50% [2,31,72–74]. A single loading dose of phenobarbital is 20 mg/kg [2,59,74]. The mech-
anism of its action is to enhance GABA-mediated inhibition [73,75]. Phenobarbital may
impair neurological development and increase neuronal apoptosis [73]. Excessive sedation,
cognitive impairment or depressed mood are the most prevalent adverse effects [73,76].
Phenytoin is the second-line drug with similar efficacy to phenobarbital. It reduces neuro-
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transmission in the brain by blocking the voltage-gated sodium channel [75]. However, it
should not be used too long due to its less predictable absorption and pharmacokinetic
profiles [17]. Moreover, it is related to the risk of cardiac problems and hypotension [17].
If seizures persist, a second bolus dose of the previously used drug or a loading dose of
another medication is administered [59]. Levetiracetam is another drug commonly used to
control neonatal seizures [17,77,78]. The loading dose is estimated at 40 mg/kg, and the
maintenance dose (10 mg/kg) is administered every 8 hours [17,78–80]. If seizure control
cannot be achieved despite the use of the abovementioned drugs, or in the case of neonatal
status epilepticus, infusions of lidocaine or midazolam should be considered [17,59]. Of
note, lidocaine is contraindicated in neonates who were previously treated with phenytoin
or fosphenytoin. It is also contraindicated in neonates with heart defects due to its proar-
rhythmic effect [17,59]. Lidocaine infusion should only be continued for <30 hours [17,81].
No consensus has been reached on the duration of treatment with anticonvulsants. Some
studies found that treatment with anticonvulsants can be safely discontinued after resolu-
tion of seizures in EEG recording [59,82]. However, in clinical practice, drugs are used at
the lowest effective doses until the first follow-up visit [59,83]. Figure 2 shows a simplified
sequence of medication use process used in the treatment of neonatal seizures.

Figure 2. Sample algorithm for the pharmacotherapy of neonatal seizures [31].
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3.6.2. Treatment of Neontal Epilepsy

When the acute symptomatic cause of seizures cannot be identified and a neonate
presents with symptoms of tonic seizures, neonatal epilepsy should be suspected [17].
Initially, treatment is similar to that of acute symptomatic seizures, but after the diagnosis is
confirmed, more targeted treatment is used [31]. Unlike neonates with acute symptomatic
seizures, neonates with epilepsy require continued pharmacotherapy after discharge home.
Along with the development of molecular diagnostic methods, highly specialized targeted
treatment of neonatal epilepsy has been easier to use. Neonates with structural epilepsy
respond well to treatment with topiramate or oxcarbazepine [2,31,84–86], and those with
metabolic epilepsy may require specific metabolic treatment or therapeutic administration
of vitamins [31]. It has been suggested that neonates with KCNQ2, KCNQ3 or SCN2a
epilepsy respond well to treatment with low-dose sodium channel blockers, such as car-
bamazepine or oxcarbazepine [17,31,85,87]. Treatment should be considered before the
diagnosis is confirmed in genetic tests, which is associated with better outcomes and a
shorter hospitalization period [17,85].

3.7. Outcomes

The development of neonatal intensive care and the increasing availability of con-
tinuous video-EEG have significantly improved the treatment outcomes of neonates
with seizures. However, this condition can still lead to disability or death. The occur-
rence of seizures in the neonatal period contributes to the pathological intensification of
synaptic connections in the hippocampus [31]. This occurs in the post-ictal period and
disrupts normal physiological synaptogenesis, which may later contribute to cognitive
deficits [16,31,88]. Many risk factors for poor outcome have been identified after neonatal
seizures. These include preterm birth, low birth weight, low Apgar scores, severe HIE,
high-grade intraventricular hemorrhage, persistently abnormal EEG background activity,
onset of seizures <24 hours or >72 hours after birth, status epilepticus, CNS infection and
brain damage (detected by MRI) [2,6,89–91]. Depending on whether a neonate is premature
or full-term, the median length of required hospitalization is different (46 and 13 days,
respectively; p <0.0005) [2]. Interestingly, neonates who have only subclinical seizures
are characterized by worse outcomes and higher mortality rates compared to neonates
who have clinical manifestations with or without electrographic correlate (p < 0.002) [2].
Also, neonates with seizures resistant to a loading dose of medication are twice as likely to
die compared to those whose seizures can be controlled with the initial loading dose of
medication (p = 0.009) [2].

The most common neurological sequelae of neonatal seizures include developmental
delay (30–50%) [6,7], epilepsy (20–35%) [6–8] and cerebral palsy (15–30%) [6–9]. Mortality
correlates with the etiology of seizures (7–25% in neonates with seizures) [2,6,7,89,92] and
is much higher in premature neonates (30–33%) [1,2,6,93,94]. Among the most common
causes of seizures, the highest mortality was found in neonates with HIE (26%), ICH (13%)
and ischemic stroke (4%) (p < 0.005) [2].

4. Conclusions

Although neonatal seizures are a relatively rare neurological disorder, they can be
associated with severe sequelae, often affecting the patient’s normal life. Therefore, the
vigilance of physicians who provide care for neonates in the first days of their lives and a
rapid diagnostic process are of paramount importance. Technological progress and wider
availability of video-EEG, aEEG and MRI are also crucial. To effectively treat seizures, the
etiology should be determined with the greatest possible accuracy. Therefore, sometimes it
is necessary to perform highly specialized and expensive metabolic or genetic tests. The
key to therapeutic success seems to be the immediate management of the cause and the
introduction of appropriate treatment, which will reduce adverse long-term effects and
improve the results. Therefore, in certain clinical situations, treatment should be carried out
simultaneously with the initial diagnosis. The reports on the approach to the diagnosis or
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treatment of seizures and the results obtained with the use of various therapeutic methods
allow for the exchange of experience among clinicians and constitute a broad base of
practical knowledge.
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