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Abstract

Purpose of review The purpose of this review is to report recent advances in treatment of
neonatal seizures, with a specific focus on new literature since a 2013 systematic review
performed by this author (Slaughter) and others. There is a paucity of data with regard to
well-defined status epilepticus (SE) in neonates, so treatment of recurrent seizures was
also included in this inquiry. We aimed to summarize the efficacy and safety profiles of
current therapeutic options as well as describe trends in medication selection in the
neonatal intensive care unit (NICU) setting.
Recent findings Phenobarbital remains first-line therapy in practice, though there is
increasing evidence of its neurotoxicity and long-term sequelae. Bumetanide failed an
open-label trial for efficacy, demonstrated an increased risk for hearing loss, and has since
fallen out of favor for use in this population. New agents, such as levetiracetam and
topiramate, still have very limited data but appear to be as efficacious as older medica-
tions, with more favorable side effect profiles.
Summary There are limited high-level evidence-based data to guide treatment of
neonatal seizures. Emerging research focusing on drug mechanisms and safety
profiles may provide additional information to guide decisions; however, further
research is needed.

http://crossmark.crossref.org/dialog/?doi=10.1007/s11940-019-0546-5&domain=pdf


Introduction

Neonatal seizures are one of the most common reasons
for neurologic consultation in the NICU, and can have
significant negative consequences on the infant’s
neurodevelopment [1, 2]. The approach to diagnosis
and treatment of neonatal seizures has evolved over
time. This review focuses specifically on recent advances
in knowledge regarding acute treatment of SE in the
neonatal period. It is notable that much of the literature
available is in the setting of recurrent neonatal seizures,
rather than well-defined SE.

Neonatal seizures are fundamentally different from
seizures at older ages. Neonatal seizures are predominant-
ly symptomatic secondary to acute brain injury (hypoxic-
ischemic injury, hemorrhage, stroke, or CNS infection)
and are associated with high rates of morbidity and mor-
tality. Seizures tend to be focal, rather than generalized,
because of immature neuronal networks. The physiology
of the immature brain which is necessary for rapid
neurodevelopment results in a lower seizure threshold.
Excitatory neurotransmitter receptors (glutamate) mature
faster than their inhibitory counterparts, such as GABA [3,
4]. This observation partially explains the suboptimal
effectiveness of some standard anticonvulsants, and may
provide new targets for treatment. Additionally, gestation-
al age affects the expression of seizures. Full-term infants
are more likely to have continuous seizure activity (SE),
while preterms are more likely to have recurrent seizures;
interictal duration increases with chronologic age [5, 6].
Survivors of neonatal seizures may have sequelae across
cognitive andmotor domains, as well as increased risk for
future epilepsy [7, 8, 9•].

Clinical diagnosis of seizures in neonates is very
difficult. Neuronal networks are immature at birth,
and, as a result of incomplete myelination, seizures are
often subtle or lack motor manifestations altogether [8,
9•, 10]. Between 80 and 90% of electrographic seizures
in neonates do not have a clinical correlate; to accurately
diagnose seizures in this population, EEGmonitoring is
required [9•, 11, 12]. One major limitation in the cur-
rent literature is the varied use of EEG for seizure detec-
tion. Some studies include clinically diagnosed seizures
while others require electrographic confirmation, and
there is a varying duration of recording to confirm treat-
ment effectiveness. There is also variation across studies
regarding which neonatal seizures are being studied;
some evaluate treatment of recurrent seizures while oth-
er studies limit their population to infants with SE. Even
in adults, the definition of SE varies between groups

[13]. There are emerging attempts in the literature to
unify these definitions. The ACNS guidelines designate
SE as electrographic seizure totaling 9 50% of a 1-h (or
more) recording epoch [14]. However, the majority of
studies referenced in this paper include treatment ap-
plied to both discrete recurrent seizures and SE.

Pharmacologic treatment of seizures is challenging
because of the rapidly changing physiology of newborns,
including neurotransmitter responsiveness and drug dis-
tribution and metabolism. Gestational age, chronologic
age, and concurrent therapy, such as hypothermia, all
impact metabolism and responsiveness to anticonvul-
sants. For example, GABA-mediated neurotransmission
matures over gestation and early postnatal life. In the
immature brain, GABA receptor activation is excitatory
rather than inhibitory due to the intracellular to extracel-
lular chloride gradient that relies on developmentally
regulated chloride transporters [8]. This gradient matures
at different rates in different areas of the brain.

SE in the neonate is considered a medical emergency
and clearly requires intervention. However, our under-
standing of the success and potential consequences of
specific treatments is complicated by difficulty
distinguishing medication effects from the effects of
the seizures themselves, or from consequences of the
underlying etiology of seizures. As the scientific commu-
nity learns more about the detrimental effects of anti-
convulsants used most commonly in this age group,
neurologists must consider new approaches to neonatal
seizure treatment [15–17].

In this review paper, we build on a prior systematic
review of treatments for neonatal seizures [18••] by
performing an updated search for recent literature on
neonatal seizures and anticonvulsants, utilizing the fol-
lowing PubMed search criteria: National Library ofMed-
icine Medical Subject Heading [MeSH] term “seizures/
therapy” AND (“Infant, Newborn”[Mesh] OR neonat*)
AND (Humans[Mesh] AND English[lang]) for Septem-
ber 2011 through current time (December 2018 used in
the search). We reviewed resulted abstracts and have
included in our discussion any original research studies
if they (a) address SE or recurrent seizures in the neona-
tal population and if (b) cessation of seizures/seizure
control was confirmed by EEG or amplitude integrated
EEG. We also report briefly on recent data regarding
potential neurodevelopmental side effects of anticon-
vulsants in animal models of neonatal seizure, and
opinion statements by leaders in the field.
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Specific anticonvulsant agents in the treatment of neonatal SE
Phenobarbital

Currently, the most common first-line medication for SE in the neonate is
phenobarbital [19] (Table 1). Dosing is typically 20 mg/kg IV once, sometimes
followed by repeated dosing and/or 5 mg/kg/daymaintenance dosing. This is a
GABA-A receptor agonist, typically inhibitory in the adult nervous system
though potentially excitatory in immature neurons in which the intracellular to
extracellular chloride gradient is reversed [3]. It is metabolized in the liver, can
induce the cytochrome p450 system, and is primarily renally excreted. In 1999,
Painter et al. published a prospective randomized trial in which phenobarbital
(goal free level 25 μg/mL) and phenytoin (goal free level 3 μg/mL) were
equally effective for control of neonatal seizures, with complete seizure cessa-
tion in 43% and 45% of neonates respectively [20]. Seizures were controlled in
approximately 60% of babies when the alternate agent was added after the
failure of the first. This study considered treatment of all neonatal seizures, not
specifically SE. Asmentioned in the 2013 review paper, some studies reported a
lower response rate to phenobarbital, ranging from 6% complete response to
25% and 29% [21]. However, further neonatal seizure treatment studies that
included phenobarbital reported similar rates of seizure cessation to Painter’s
study [22, 35].

In the last several years, few studies have provided additional information
on neonatal seizure control with phenobarbital. Pathak et al. published results
in 2012 of an open-label, randomized controlled trial of phenobarbital versus
phenytoin in neonates, finding cessation of clinical seizures in 14.5% of the
phenytoin-treated group and 72% of the phenobarbital-treated group [39].
Seizure cessation was based on clinical observation, though brief EEG was
performed 48–72 h after apparent clinical seizure control to confirm the ab-
sence of ongoing seizure. A 2016 study by Spagnoli et al. retrospectively
reviewed charts of 91 infants with neonatal seizures, though specifically ex-
cluded those with SE [23]. Similar to earlier neonatal seizure studies, a 62%
“complete response” to phenobarbital was found. It was noted that the pres-
ence of EEG-only seizures predicted a poor response (refractoriness). A 2016
study by Low et al. reported on 19 infants with electrographic seizures, moni-
tored by continuous EEG with seizure burden analysis techniques [40].
Phenobarbital-treated infants had a 74% seizure reduction at 1 h after admin-
istration, and seizures were completely abolished in 65% of cases at the 1-h
time interval with a single dose 20 mg/kg of phenobarbital. However, the
reduction in seizure burden was no longer significant within 4 h of phenobar-
bital administration, suggesting that the effectiveness is not sustained. It was
noted that the response to phenobarbital was better (more likely to result in
short-term seizure cessation) with a lower seizure burden before administra-
tion, suggesting that giving phenobarbital early may be more successful. Rele-
vant to our discussion of SE, if seizure burden is already severe, phenobarbital
could be less effective.

Concerningly, data has begun to accumulate about potential long-term
consequences of even a single dose of phenobarbital in neonatal mammalian
models. It has been known since the early 2000s that phenobarbital and several
other anticonvulsants (phenytoin, diazepam, clonazepam, vigabatrin, and
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valproic acid) induce neuronal apoptosis in the neonatal rat brain [41, 42]. This
has been confirmed in other studies including Kim et al. in 2007, who also
reported that levetiracetam even at supratherapeutic doses did not cause neu-
ronal cell death in animal models [43]. Forcelli et al. found phenobarbital to
cause apoptosis in several important limbic regions of the rat brain following
neonatal exposure [17]. Phenobarbital also causes apoptosis in the developing
white matter (oligodendrocytes) in neonatal models, and again levetiracetam
notably did not [44]. Both phenobarbital andmidazolam increase the neuronal
injury from SE in several brain regions of neonatal rat pups [45]. Additionally,
phenobarbital exposure neonatally results in acute and longer-term changes in
the proteome and inhibits neurogenesis in the dentate gyrus with measurable
effects on learning andmemory in a ratmodel [46, 47]. Even a single dose in the
neonatal period can cause long-term synaptic changes—specifically in hippo-
campal and striatal neurons [48]. The cumulative evidence of potential harm
from neonatal exposure to phenobarbital, while not able to be systematically
studied in human subjects, suggests that alternative treatments for neonatal
seizures are highly desirable.

Phenytoin/fosphenytoin
Phenytoin (or fosphenytoin, its prodrug) is another classic, first-generation
anticonvulsant for treatment of SE in children and adults (Table 1). It has fairly
well-established efficacy in these populations, with a mechanism of action
involving blockade of voltage-gated sodium channels. Risks for cardiac ar-
rhythmias and hypotension, narrow safety margin due to nonlinear pharma-
cokinetics, high potential for interactions with other medications such as phe-
nobarbital, and need for frequent blood-level monitoring have necessitated
caution with use in neonates. Dosing is usually 20 mg/kg (approximate goal
free phenytoin level 3 μg/mL). As described above, Painter et al. found phe-
nytoin to achieve seizure cessation in about half of the cases of neonatal seizures
[20]. Bye and Flanagan used phenytoin as second line after phenobarbital, and
5 of 32 neonates who did not have seizure cessation with phenobarbital alone
did with the phenytoin [25].

No recent/updated studies were found in our literature search to specifically
address the use of phenytoin or fosphenytoin in neonatal seizures or neonatal
SE. It is still commonly used as second-line treatment after phenobarbital in
many institutions, likely due to familiarity with its use in older populations.
Notably, it does induce apoptosis in neonatal rat brain models and also seems
to show an effect on synaptogenesis in the striatum when used in the devel-
oping brain [16, 17, 41, 42].

Levetiracetam
Levetiracetam is a second-generation anticonvulsant with FDA approval for use
in adults in 1999 and added approval in 2012 as an adjunctive medication for
treatment of focal onset seizures in infants and children age 1 month and older.
Its mechanisms of action are incompletely understood, but it is thought to have
inhibitory action via binding to the synaptic vesicle protein SV2a, which con-
trols neurotransmitter release and vesicle transport in neurons. It may also
inhibit calcium- and potassium-gated channels [49]. Levetiracetam has favor-
able pharmacologic characteristics for use in neonates and infants, with linear
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kinetics, low protein binding, and lack of liver metabolism [49, 50]. Roughly
two-thirds of the administered drug is excreted unchanged in the urine. Drug
clearance is faster in children compared to adults, but slower in the young infant
population (under 6 months old) [50, 51].

There are no large population or prospective studies on levetiracetam use in
neonates, but multiple small studies have demonstrated efficacy in seizure
reduction (with EEG confirmation) and tolerability in this population as
outlined in our 2013 review [18••, 26, 27, 52, 53] (Table 1). Loading doses in
these studies ranged from 10 to 50 mg/kg. Reported side effects include som-
nolence and irritability, but there were no serious adverse events leading to
medication discontinuation or escalation of medical care [51, 54].

Despite limited data, levetiracetam use to treat neonatal seizures has in-
creased dramatically in the last decade, from 1.4 to 14% from 2005 to 2014
[55]. Levetiracetam is often the second-line drug, given after failure of pheno-
barbital [19]. In a small subset of patients given levetiracetam first line for
seizure treatment (22 patients), there was no significant difference in seizure
recurrence rate compared to phenobarbital (64% vs 65%). Median loading
dose was 20 mg/kg. This study included clinically diagnosed seizures as well as
EEG-confirmed events and was not limited to SE [56•].

Topiramate
Topiramate was first reported to have antiseizure activity in 1986 and was
initially FDA approved as an add-on therapy for focal onset seizures in adults
[57]. It is currently FDA approved for first-line treatment of focal and general-
ized onset seizures in patients 2 years and older. Its mechanism of action
includes reduced voltage-gated sodium channel conduction, increased GABA-
evoked inhibitory current, and blockade of glutamatergic kainite/AMPA recep-
tors. Its GABA interaction is independent of the benzodiazepine receptor system
[58]. It is partially metabolized in the liver and is more rapidly metabolized in
patients receiving hepatic enzyme-inducing drugs. Likewise, topiramate is a
mild inducer of the P450 system. It is renally excreted, more rapidly in children
than adults [59]. Hypothermia slows absorption and elimination [60]. Anti-
convulsant efficacy in animal models is comparable to phenytoin and carba-
mazepine [61]. It is currently only available in enteral form.

Data are available on topiramate in pediatric SE confirmed by cEEG in
patients as young as 2 months. Patients experienced seizure cessation within
24 h of treatment starting at a high initial dose of 10 mg/kg/day enterally
divided BID × 2 days followed by 5 mg/kg divided BID [28]. Titrating up from
lower starting doses (2–3 mg/kg/day) can also be effective within 24 h of
achieving a goal dose of 5–6 mg/kg/day [62].

Intermittent neonatal seizures refractory to standard treatment may respond
to topiramate (Table 1). In children aged 0–24 months with refractory seizures
on polytherapy, adding enteral topiramate was associated with 9 80% reduc-
tion in seizure frequency, although response was sometimes delayed after the
first month of treatment using up to 40 mg/kg/day [63]. Glass et al. reported
that 4 of 5 neonates with seizures refractory to phenobarbital had reduction or
cessation of seizures after adding topiramate 10 mg/kg/day [64]. Use in preterm
infants has been limited. Riesgo et al. reported three cases of preterm neonates
with seizures refractory to at least 3 traditional anticonvulsants. All infants
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achieved seizure-freedom with the addition of topiramate at approximately
term equivalent once they were titrated up to a dose of 3.5 to 8 mg/kg/day [65].
In preterm infants, there may be an increased risk of necrotizing enterocolitis
[30]. Other short-term risks include appetite suppression, sedation, and
acidosis.

There may be benefits of topiramate beyond acute treatment of seizures. A
neuroprotective effect in the setting of neuronal ischemia has been demon-
strated in cultured rat neurons, in an adult rat cardiac arrest model, and in
neonatal rats with carotid occlusion [66–68]. Topiramate given at 10 mg/kg/
day × 3 days along with therapeutic hypothermia for neonatal HIE may reduce
the risk of epilepsy [29].

Despite minimal published data, neurologists are using topiramate in the
NICU. In a survey of 55 neurologists, 55% reported using topiramate for
neonatal seizures, mostly as second- or third-line therapy. It was believed by
60% of respondents to be effective. Nearly one-third reported side effects
attributed to topiramate, most often irritability or feeding problems and met-
abolic acidosis [69].

Bumetanide
Bumetanide is a loop diuretic that blocks the NKCC1 transporter which is
responsible for the high intracellular chloride gradient in immature neurons.
This gradient results in cell depolarization when GABA-mediated chloride
channels open. One possible reason for the difficulty in treating neonatal
seizures is that traditionally used medications enhance GABA transmission,
which in immature cells is paradoxically excitatory. Several in vitro and animal
models suggested that blocking NKCC1 transport with bumetanide improved
the efficacy of phenobarbital in controlling seizures [31, 32]. However, an
open-label phase 1/2 trial for dose finding and feasibility ended early. The study
failed to show efficacy (80% seizure reduction) and there was an increased risk
of hearing loss in bumetanide-treated infants [33]. Bumetanide is an enticing
therapy with a mechanism of action directed at the unique aspects of neonatal
neuronal neurotransmission, but the drug itself has fallen out of favor for
neonatal seizures after results of the trial were published (Table 1).

Midazolam/benzodiazepines
Midazolam and other benzodiazepines are GABA-A agonists which can be used
for sedation, anesthesia, and anxiety treatment in addition to seizure control.
Benzodiazepines as a group are the most common seizure rescue medications
utilized in adult and older pediatric age groups. However, use in neonates as an
anticonvulsant has been somewhat limited due to the sedative properties
(potentially leading to respiratory suppression, a concern if the infant is not
already mechanically ventilated), and possible hypotension which could lead
to hypoperfusion of brain tissue that has already sustained hypoxic-ischemic
injury). There is also concern for neurotoxicity specifically in the neonatal age
group; apoptotic neurodegeneration has been shown in some animal models
after exposure to midazolam, and its historical use for anesthesia in this age
group has led to studies demonstrating negative long-term consequences on
learning [70, 71]. Diazepam has neuronal apoptotic effects in neonatal rats
[42].Midazolam can induce apoptosis at low doses and necrosis at higher doses
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in animal models [72]. In addition, as mentioned previously, Torolira et al.
demonstrated in a rat model that treatment with a single dose of either phe-
nobarbital or midazolam actually exacerbated the acute neuronal injury from
SE in several different brain regions [73].

Data on benzodiazepine efficacy in neonatal seizures is limited and con-
flicting (Table 1). Prior studies have reported responses to midazolam (as
second-line after phenobarbital) ranging from 0 of 3 subjects with low-dose
midazolam (0.06 mg/kg bolus thenmaximum 0.15 mg/kg/hmaintenance), to
13 of 13 subjects with higher dosing (0.15 mg/kg bolus followed by 0.06–
1 mg/kg/h maintenance) [22, 35]. In one study of continuous midazolam
infusion (0.06–0.2 mg/kg/h), without initial bolus dosing, 4 of 8 subjects were
found to have a partial response; however, this was not sustainedmore than 6 h
[36]. Several other small case series exist utilizing single doses of lorazepam but
without consistent use of EEG monitoring, and seizure recurrence within a few
hours seems to be quite frequent even if an initial response was seen.

Review of more recent literature revealed one study that met our search
criteria [34]. This study specifically focused on the effectiveness of midazolam
as a continuous drip in the setting of recurrent seizures in newborns undergoing
cooling for perinatal asphyxia. Twenty-three percent of infants receiving mid-
azolam for anticonvulsant use after failure of phenobarbital therapy had suc-
cessful seizure control (reduction in EEG seizure burden of 9 80%). When
considering infants on a midazolam drip for sedation as well as those receiving
it for anticonvulsant therapy, the study found that 64% had at least one episode
of hypotension, even with the use of inotropes. In a population already having
experienced cerebral hypoxia/ischemia perinatally, additional hypotension is
highly undesirable. The authors noted a direct relationship between plasma
midazolam concentration and decrease from baseline mean arterial blood
pressure; notably, asphyxiated patients would be at risk to have decreased
midazolam clearance due to kidney and liver dysfunction, potentially leading
to high accumulated levels.

Lidocaine
Lidocaine is a type 1b antiarrhythmic drug first synthesized in 1948. It blocks
fast voltage-gated sodium channels in neurons and the cardiac conduction
system. It is metabolized by the P450 system. Clearance is primarily renal and is
reduced by 24% by hypothermia [37, 74].

Lidocaine was first reported to be effective for neonatal seizures in 1988. A
series of 46 newborns with recurrent seizures confirmed by EEG or cerebral
function monitor received lidocaine bolus followed by continuous infusion
after failure of phenobarbital. Seizures stopped in 83% (38) of neonates within
4 h after lidocaine was given; however, the study was not clear on how long the
medication was effective in seizure control. There was a dose-dependent effect
with best results after a loading dose of 2 mg/kg and infusion of 6 mg/kg/h [38]
(Table 1). This study did not identify any adverse reactions. Infusion for 6 h did
not result in serum levels that are reported to cause toxicity in adults [75].

In one study comparing lidocaine to midazolam as second line after phe-
nobarbital, there was not a statistically significant difference in the effectiveness
of these two drugs [35]. A retrospective chart review reported lidocaine to be
more effective than midazolam as second-line therapy, especially in patients
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with hypoxic-ischemic encephalopathy; 77% of neonates responded to lido-
caine compared to 50% responding to midazolam [36]. Notably, in this study,
response to the medication included reduction of seizure duration, as opposed
to complete cessation or a percent decrease in seizure frequency.

Lidocaine has potentially serious short-term side effects including bradycar-
dia in 5% of neonates, other arrhythmias, and with serum concentration 9
15 mg/L, can actually cause seizures [76, 77] [78]. It is generally recommended
to avoid lidocaine in patients with congenital heart disease, liver disease, or
renal impairment [76].

Other possible interventions
There are additional intravenous medications used in pediatric and adult
treatment of SE that could be considered in the neonatal population, such as
ketamine or lacosamide. However, current data in neonates is essentially lim-
ited to small case reports, and use would require extrapolation from studies in
older children.

Ketamine is an N-methyl-D-aspartate receptor antagonist with class IV evi-
dence for treatment of refractory SE [79, 80]. There is literature from animal
models that ketaminemay cause neuronal apoptosis [81]; however, clinically, it
appears to be well tolerated, and does not appear to cause respiratory depres-
sion, which would be favorable in neonates. In a case series including children
as young as 2 months, Ilvento et al. found ketamine to be safe and effective in
treating refractory SE with no major adverse events reported. A prospective
study of preterm (G 33 week) infants that received ketamine for endotracheal
intubation (one-time dosing range of 1–5 mg/kg) did not find any difference in
neurodevelopmental outcomes at 2 years of age compared to a control group
[82].

Lacosamide enhances inhibition of slow sodium channels and is used
predominantly as adjunctive therapy for focal onset seizures, but also has a
role in treatment of SE and refractory SE. Its intravenous formulation lends to its
appeal for use in SE. A case series by Arkilo et al., which included a child as
young as 4 weeks, found lacosamide infusion to be safe (only reported side
effects were sedation and ataxia) and efficacious [83]. Lacosamide was found to
have neuroprotective properties against hypoxia-ischemia in neonatal rat
model, which suggests potential added benefit in the neonatal population [84].

Conclusions and future directions

There is very limited high-level evidence-based data to guide treatment of
neonatal seizures, despite the frequency and severity of this problem in NICUs.
We provide an overview of several pharmacologic options, but find that most
have suboptimal data on efficacy and safety to support their use in this popu-
lation. Additionally, our understanding of medication-induced neurotoxicity
continues to grow, further highlighting the need for ongoing research.

Further exploration of newer anticonvulsant agents such as levetiracetam
and topiramate is of particular interest, due to their lack of neuronal apoptosis
in animal models. Levetiracetam has favorable pharmacokinetics and safety in
neonates, appears to have promising initial evidence for efficacy as a second-
line agent, and its use has become increasingly common in practice, even ahead
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of definitive evidence for efficacy in first-line use. Topiramate also has the
potential to be useful and causes minimal sedation, but right now, without an IV
formulation, its use in the acutely ill neonate is limited. Topiramate may have
neuroprotective properties, which would be of particular benefit in this popula-
tion. Lacosamide has minimal evidence yet for use in neonates, but with an IV
formulation available and good tolerability in older infants, may be on the
horizon for further investigation. As evidence becomes clearer regarding seizure
treatments for term neonates, there will be a need to examine these same drugs in
specific populations such as preterm infants or hypothermia-treated infants.

In practice, it is a delicate balance to attempt to avoid or limit duration of
exposure to the anticonvulsants with known detrimental side effects, while also
treating seizures effectively and minimizing risk of recurrent seizures. Neonatal
seizure treatment is an active and exciting area of research, but the need for
additional data is critical so that the evidence can be safely and appropriately
applied to the clinical situations we currently face.
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