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ABSTRACT - Neonatal seizures constitute the most common and dis-
tinctive sign of neurological dysfunction in the first weeks of life and
reflect awide variety of underlying central nervous system disorders. Acute
symptomatic seizures occur more often during the neonatal period than
at any period of life and are associated with adverse long-term neuro-
developmental sequelae and an increased risk of post-neonatal epilepsy.
The improvements of neonatal care in the last decades have changed
the spectrum of insults to which the immature brain is exposed and
facilitated a decrease in mortality of newborns with seizures. However,
the prevalence of long-term morbidity in survivors remains unchanged.
Whereas aetiology is presumed to be the main predictor of long-term out-
come in neonates with seizures, there is converging evidence that specific
electroencephalographic (EEG) abnormalities are related to unfavourable
outcomes. Interictal EEG abnormalities, especially concerning background
activity patterns, thus constitute a major indicator of disease severity and
predictor of outcome, while the added value of sequential EEG assessments
is so far controversial. Moreover, experimental as well as clinical studies
of hypoxic-ischaemic encephalopathy support the notion that recurrent
seizures may amplify injury to the developing brain beyond that associated
with the underlying aetiology, thus justifying antiepileptic drug treatment.
Todate, unresolvedissuesin seizure detection and classification, in addition
to the significant variation in gestational ages and brain insults of neonates,
still impede clinical research of neonatal seizures. The wider use of long-
term EEG or amplitude integrated EEG monitoring may prove crucial for
timely neonatal seizure identification and treatment initiation, and thus
ultimately improve outcome.
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Epileptic seizures incidenceis great- of neonatal seizures, as reported
est during the neonatal period in population-based studies con-
compared to any other period of life  ducted between 1985 and 2002,
(Volpe, 2008). The overall incidence amounts to 1-3 per 1,000 live births
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(Lanska et al., 1995; Ronen et al., 1999; Saliba et al., 2001;
Glass et al., 2009a), with considerably higher rates in
high-risk premature infants (Kohelet et al., 2004). Eighty
percent of neonatal seizures occur in the first week of
life, constituting the most common and distinctive sign
of neurological dysfunction (Volpe, 2008).

The recent technological advances in obstetric and
neonatal care have changed the spectrum of insults
to which the immature brain is exposed and
thus the aetiological profile of neonatal seizures
(Arzimanoglou et al., 2004; Mizrahi and Watanabe,
2005; Silverstein and Jensen, 2007). Neonatal seizures
are predominantly symptomatic, originating from
acute perinatal events such as hypoxic-ischaemic en-
cephalopathy (HIE), metabolic disturbance, intracere-
bral haemorrhage, central nervous system (CNS) infec-
tion, stroke, or inborn errors of metabolism; in order
of decreasing frequency (Mizrahiand Watanabe, 2005).
Neonatal seizures constitute a grave condition that
may lead to neonatal death or dire sequelae including
neurological impairment, developmental delay, and
post-neonatal epilepsy. With the decrease of mortality
rates from 40% to 20% in the last decades, the preva-
lence of long-term neurodevelopmental sequelae in
survivors remains unchanged at 30% (Volpe, 2008).
Several studies have sought to define predictors
of long-term outcome in neonates with seizures,
most focussing on the underlying aetiology or on
specific seizure presentation and electroencephalo-
graphic (EEG) abnormalities. However, no clear pattern
has emerged so far, possibly due to the variable
criteria for neonatal seizure identification and aetio-
logical diagnosis over the years or between different
institutions.

Identification of neonatal seizures

The detection and classification of neonatal seizures
continues to be challenging, especially when based
on clinical observation alone, as is often the case in
clinical practice (Murray et al., 2008; Malone et al.,
2009). The presentation of neonatal seizures is indeed
highly variable and includes subtle, clonic, tonic, and
myoclonic events of typically brief and focal nature
(Scher, 2002). A seminal study previously postulated
that clonic seizures are most typical and characteris-
tic in terms of identification, followed by focal tonic
seizures (Mizrahi and Kellaway, 1987). However, detec-
tion rate by clinical staff amounted to a mere 9% of
electroclinical seizures in a recent study that included
70% clonic seizures (Murray et al., 2008). Similarly, in a
study carried out among 137 healthcare professionals,
participants correctly identified only half of the clinical
seizures in neonates, with detection rates by medical

doctors similar to those of other health professionals
(Malone et al., 2009).

Since neonatal seizures may present as clinical,
electroclinical or electrographic events, the ability
to accurately identify them and distinguish them
from non-epileptic events is clearly not feasible
when based on clinical evaluation alone (Scher,
2002). Encephalopathic neonates can exhibitabnormal
motor behaviours, which may not necessarily corre-
late with ictal EEG patterns and may correspond to
“brainstem release” from functional decortication as
a result of severe neocortical dysfunction or damage
(Mizrahi and Kellaway, 1987). On the other hand,
healthy neonates can exhibit non-epileptic move-
ments such as jitteriness, clonus, sleep myoclonus,
sucking movements, and repetitive movements during
rapid eye movement (REM) sleep that may further ham-
per detection (Scher, 2002). In addition, the clinical
presentation of seizures in affected neonates may be
suppressed, despite persisting ictal EEG activity, by the
use of medications for ventilatory assistance or seizure
control (Boylan et al., 2002).

Therefore, the diagnosis of neonatal seizures based
on clinical observation alone inevitably includes
“false positives”, consisting of neonates with either
normal or non-epileptic pathological behavioural pat-
terns. Although amplitude integrated EEG (aEEG)
can facilitate diagnosis and treatment monitoring
of neonatal seizures to some extent, continuous
multichannel video-EEG recording remains the gold
standard for their identification and classification
(Bednarek, 2001). However, this currently remains
largely inaccessible in most neonatal intensive care
units (NICUs).

Pathophysiology of neonatal seizures
and pharmacotherapeutic effects

The neuronal hyperexcitability of the newborn brain,
a key feature for synaptogenesis and neuronal plasti-
city, may ultimately predispose the developing brain to
seizures (Wirrell, 2005). Experimental data from animal
models and human tissue studies provide evidence
in support of a peak of synaptogenesis from birth
through to the first months of life that occurs alongside
major developmental changes in the excitatory glu-
tamate receptors and the inhibitory G-aminobutyric
acid (GABA) receptors in the central nervous system
(Silverstein and Jensen, 2007; Holmes, 2009; Nardou et
al., 2013). These developmental mechanisms ultimately
enhance synaptic excitation in the neonatal brain, thus
increasing its susceptibility to seizures.

In particular, it has been demonstrated that the
inhibitory GABAA network presents delayed matu-
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ration, with considerably lower overall receptor
expression in the first weeks of life (Sanchez
and Jensen, 2001). Furthermore, there is experi-
mental evidence that the subunit composition of
GABAA receptors in early life, particularly when the a4
subunit is over-expressed, renders the receptors less
sensitive to GABA agonists (Swann and Moshe, 1997).
Finally, GABA receptor activation has been shown to
result in depolarisation rather than hyperpolarisation
in the immature brain, with this state being critical
for normal development (Khazipov et al., 2004). This
depolarising effect of GABA in early life is, however,
thought to impair the efficacy of GABA4 receptor inhi-
bition by commonly applied anticonvulsants such as
phenobarbital and benzodiazepines, with critical con-
sequences for seizure control (Silverstein and Jensen,
2007).

These observations are crucial in understanding the
pathophysiology of neonatal seizures as well as the
effect of anticonvulsants. It has been further demon-
strated that phenobarbital and benzodiazepines may
suppress clinical seizures through inhibition exer-
cised on the spinal cord and brainstem and may,
at the same time, exacerbate ictal EEG abnormalities
through the persistent excitation of cortical neurons
(Dzhala et al., 2005). This may be one of the mecha-
nisms that results in “uncoupling” or “electroclinical
dissociation”, with suppression of clinical seizures
coexisting with ongoing ictal EEG patterns in affected
neonates (Pinto and Giliberti, 2001; Boylan et al.,
2002).

Aetiology and outcome
of neonatal seizures

Neonatal seizures occur more often in premature
infants, with seizure frequency and neonatal mortality
increasing with the degree of prematurity (Bergman et
al., 1983; Ronen et al., 2007). However, there is some
controversy regarding the incidence of post-neonatal
epilepsy and neurodevelopmental disability in rela-
tion to gestational age, with recent studies highlighting
an increased risk of impairment in preterm compared
to term populations (Ronen et al., 2007; Yildiz et al.,
2012), contrary to previous reports (Garcias Da Silva
et al., 2004). This discrepancy may correspond to a
gradual shift from mortality to morbidity in premature
neonates with seizures (Ronen etal., 2007). Innovations
in neonatal care have contributed to the survival of
premature neonates, who have shown an increase in
prevalence of intraventricular haemorrhage (IH), and
a decrease in the rate of transient metabolic distur-
bances, such as hypocalcaemia, that are associated
with neonatal seizures, with favourable prognosis
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(Tekgul et al., 2006). Furthermore, improved mater-
nal and neonatal antimicrobial treatments have led
to a marked decrease in seizures resulting from cen-
tral nervous system infections, compared to earlier
cohorts (Bergman et al., 1983; Tekgul et al., 2006).

In a prospective study considering the entire popu-
lation of live births in Newfoundland, Canada, in
1990-1994, 90 neonates with seizures identified by
clinical observation alone were evaluated 10 years later
(Ronen et al., 2007). In this population-based study,
term neonates had increased chances of favourable
outcomes compared to preterm neonates: 84% vs 58%
survived the neonatal period and 45% vs 12% had
normal outcomes, defined as the absence of neuro-
developmental impairment (table 7). Unfavourable
prognosis was further determined by aetiology, includ-
ing HIE and cortical malformations in term neonates,
as well as complicated IH and infections in premature
neonates, EEG abnormalities, and poor response to
anticonvulsants. It should be noted that HIE consti-
tuted the most prevalent seizure aetiology in this
population-based study. Seizure semiology predicted
long-term prognosis according to gestational age, with
clonic seizures in term neonates related to more
favourable outcomes, and generalised myoclonic
seizures in premature neonates linked to increased
mortality. Post-neonatal epilepsy was established in
23% of infants; cerebral palsy and developmental delay
developed in 25 and 41%, respectively (Ronen et al.,
2007). These observations are in line with a trend in
increased rates of neurodevelopmental deficit and
decreased mortality of extreme preterm or low-weight
infants in developed countries.

In a prospective study considering all term neonates
admitted to the NICUs of the Children’s Hospital and
Brigham and Women’s Hospital in Boston, USA, in
1997-2000, 100 infants with seizures, diagnosed on the
grounds of clinical observation alone, were evaluated
at least 12 months later (Tekgul et al., 2006). In this
hospital-based study, mortality was 7%, and 21% pre-
sented with post-neonatal epilepsy, 46% cerebral palsy,
and 48% developmental delay (table 7). Unfavourable
outcome was related to aetiology, especially to the
presence of structural lesion on neuroimaging, as well
as to abnormal neurological examination and EEG
background activity (table 7). Contrary to previous
reports (Brunquell et al., 2002), predominant seizure
semiology did not relate to long-term outcome. Fur-
thermore, seizure burden influenced developmental
and neurological deficit, but not the long-term risk
of epilepsy. The authors underlined the role of aetio-
logy, which is increasingly recognised due to novel
diagnostic methodology, and EEG background activ-
ity in determining long-term outcomes following neo-
natal seizures (Tekgul et al., 2006).
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In a prospective study considering consecutively
admitted preterm neonates in a tertiary NICU in
Pisa, Italy, in 1999-2003, 51 infants with electro-
clinical seizures were included and assessed at age
30-91 months (mean: 58) (Pisani et al., 2008). In this
hospital-based study, mortality was 34% and only
20% of preterm neonates had a normal outcome,
defined as normal neurological development or mild
neurological impairment. Post-neonatal epilepsy was
established in 18%, cerebral palsy in 40%, and develop-
mental delay in 36%, in affected infants during long-
term follow-up. Abnormal EEG background activity in
the first days of life was related to increased mortal-
ity, while abnormal EEG background activity and Apgar
score at one minute predicted long-term outcome
(table 7). Gestational age did not influence long-term
outcome in this population of extremely premature
neonates, in which 51% had HIE and 29% IH. The
development of post-neonatal epilepsy was related to
abnormal neuroimaging and EEG findings (Pisani et al.,
2008).

In a large retrospective study considering consec-
utively admitted term neonates in a tertiary NICU
at the Mackay Memorial Hospital in Taipei, Taiwan,
in 1999-2009, 232 infants with seizures diagnosed on
the grounds of clinical observation alone were eval-
uated with a follow-up period of at least 24 months,
or at least 12 months if the patient was normal (Lai
et al., 2013). In this hospital-based study, mortality was
16% and 60% of term neonates had a normal out-
come, defined as normal neurological development or
mild neurological impairment (table 7). Post-neonatal
epilepsy was established in 23%, cerebral palsy in
20%, and developmental delay in 24%, in affected
infants during long-term follow-up. The four predic-
tors of poor outcome for term neonates with seizures
in this study were abnormal cranial ultrasonography
findings, abnormal anterior cerebral artery resistance
index, abnormal EEG findings, and presence of con-
genital heart disease (Lai et al., 2013). In this cohort,
abnormal background, especially burst-suppression
patterns, and multifocal epileptiform activity were
related to adverse outcome.

Overall, current evidence regarding the relation of
seizure types to long-term outcome is inconclusive
(Brunquell et al., 2002; Pisani et al., 2008; Tekgul et al.,
2006). In the largest study to date, it was postulated
that neonates with predominantly focal clonic seizures
are likely to have focal brain pathology and a more
favourable short-term outcome than those presenting
with subtle seizures (Mizrahi and Kellaway, 1987). How-
ever, in other cohorts, generalised tonic seizures were
associated with unfavourable outcomes (Bergman et
al., 1983; Brunquell et al., 2002). This discrepancy may
be attributed to different underlying pathogenetic
mechanisms giving rise to different seizure presenta-
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tions at different time points during brain maturation,
and ultimately influencing outcome (Brunquell et al.,
2002; Ronen et al., 2007). Generalised tonic seizures
are indeed more common in preterm neonates, in
conjunction with structural lesions, such as those
resulting from severe IH and are thus associated with
unfavourable long-term outcomes.

Seizure-induced injury
in the developing brain

The notion that recurrent seizures themselves, regard-
less of specific semiology, may cause irreversible
injury to the developing brain beyond that associated
with the underlying aetiology is crucial in terms of
neonatal seizure management. However, this issue
remains under debate, with experimental evidence
from neonatal animal models still awaiting confirma-
tion from clinical evidence in human neonates (Wirrell
et al., 2001; Ben-Ari and Holmes, 2006; Painter et al,,
2012; Nardou et al., 2013).

In recent years, a growing body of experimental
evidence has brought to light significant long-term
adverse sequelae of prolonged or recurrent seizures
in the developing brain. Seizures in early life have
been shown to intervene with normal development
and eventually result in less efficient cortical net-
works, even in the absence of cell loss (Holmes,
2005; Ben-Ari and Holmes, 2006). Alterations in neu-
ronal connectivity and receptor expression (Swann
and Hablitz, 2000; Brooks-Kayal, 2005) inadvertently
lead to permanent impairment in learning, memory,
and cognition (Lee et al., 2001; Swann, 2002), as well
as to increased susceptibility to seizure-induced brain
injury later in life (Jensen et al., 1992). Animal studies
have further demonstrated a strong age-dependency
of seizure sequelae with alterations in synaptic plasti-
city (Stafstrom et al, 2006) and signal cascades
(Sanchez et al, 2005), affecting exclusively the
immature brain (Nardou et al., 2013). Interestingly, pro-
longed seizures or status epilepticus in animal models
have been shown to result in brain injury only when
superimposed onto pre-existing insults, such as those
associated with HIE (Wirrell et al., 2001).

In line with these findings, there is clinical evi-
dence from magnetic resonance spectroscopy studies
in term neonates with HIE corroborating a further
compromise of brain metabolism by clinical seizures.
In this context, the severity of neonatal seizures,
rather than the severity of HIE, has been linked to
adverse neurodevelopmental outcomes (Miller et al.,
2002; Glass et al., 2009b). However, it is difficult to
distinguish between aetiology-specific and seizure-
induced effects in a clinical setting, since the severity
of seizures may indicate a more grave brain injury
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or independently cause and/or exacerbate neurolo-
gical damage. Furthermore, the critical seizure burden
necessary for aggravation of brain damage remains
unknown. Interestingly, a recent study of 56 term
neonates with status epilepticus demonstrated a cor-
relation between longer seizure duration and adverse
neurodevelopmental outcomes, specifically in a sub-
group of 48 HIE neonates (van Rooij et al., 2007). In
another study from the same year, neonatal status
epilepticus correlated with adverse outcomes for term
neonates with a higher risk of post-neonatal epilepsy
in early preterm, as well as term, neonates (Pisani et al.,
2007).

The importance of timing, in addition to severity, of
brain injury for long-term outcomes in neonates has
been further underlined in a third population-based
study (Ronen et al., 2007). In this study, premature
neonates with seizures were at higher risk of mortal-
ity as well as dire neurodevelopmental sequelae than
term neonates. This clinical observation suggests that
the effect of brain injury is linked to a specific stage in
brain development, with damage expected to be more
severe in mid, rather than late, gestation, in line with
animal studies (Rees and Inder, 2005).

Finally, it should be taken into consideration that
the developmental differences across species may
contribute to a disparity in seizure outcomes and pre-
dictive factors between animal and human data. Thus,
caution is needed when attempting to transfer obser-
vations from animal models to the NICU. On the other
hand, clinical studies may not be as well controlled as
animal studies, for a variety of reasons.

These observations add to the ongoing discussion as to
whether all neonatal seizures, both clinical (identified
solely by clinical observation) and electroclinical or
electrograhic, (diagnosed by ictal EEG recordings) jus-
tify antiepileptic drug (AED) treatment. This is crucial,
since current therapeutic options for the treatment
of neonatal seizures are not only largely ineffective,
but also contribute to the inaccurate estimation of
seizure load and drug-induced injury to the develop-
ing brain (Boylan et al., 2002; lkonomidou and Turski,
2010).

EEG patterns as biomarkers in neonates
with seizures

EEG abnormalities in neonates with seizures have been
associated with a poor prognosis in numerous studies
(Rowe et al., 1985; Holmes and Lombroso, 1993; Laroia
et al., 1998; Tekgul et al., 2006; Pisani et al., 2008; Yildiz
et al., 2012; Lai et al., 2013). Interictal EEG abnormali-
ties remain the major indicator for disease severity and
predictor for outcome, due to the limited availability of

ictal EEG recordings. Identification of severe interictal
EEG abnormalities, although not specific to particular
aetiologies or to the timing of brain injury, may even
predict seizure occurrence based on subsequent EEG
records (Laroia et al., 1998). Abnormal EEG background
patterns were found to be more significant than inter-
ictal epileptic discharges (Laroia et al., 1998; Rowe et
al., 1985; Tekgul et al., 2006; Pisani et al., 2008; Nagarajan
et al., 2010; Garfinkle and Shevell, 2011). Furthermore,
ictal discharges, regardless of their clinical correlates,
have been associated with an unfavourable outcome
(Legido et al., 1991; Rowe et al., 1985).

The correlation between EEG findings during the
neonatal period and long-term outcomes was retros-
pectively studied in 118 term neonates, assessed in
the British Columbia Children’s Hospital, Vancou-
ver, British Columbia, Canada, in 1992-2009, with at
least one EEG recording in the first month of life
and at least one clinical evaluation 4-16 years later
(Almubarak and Wong, 2011). The authors concluded
that generalised EEG low-voltage background activity
was highly correlated to unfavourable outcome,
including post-neonatal epilepsy and neurological
deficit at follow-up. The overall sensitivity was 94% and
specificity was 42%. Interestingly, the underlying aetio-
logy did not significantly correlate with outcome in this
cohort.

Performing sequential EEG assessments in neonates
was shown to enhance the prognostic value with per-
sisting EEG abnormalities highly related to long-term
outcomes (Holmes and Lombroso, 1993; Khan et al,,
2008). In particular, the persistence of EEG patho-
logy beyond the first week of life has been linked to
unfavourable outcomes, even if clinical abnormalities
resolved. In a recent study, two historical cohorts of
newborns with seizures, from 1987-1997 and 1999-2003
that were admitted to the NICU of University Hospital
Sao Lucas, in Porto Alegre, Brazil, were combined and
pairs of sequential EEGs of 58 newborns were classified
into four groups: normal-normal, abnormal-normal,
abnormal-abnormal, and normal-abnormal. The pres-
ence of an abnormal background activity in both the
first and second EEG was associated with an increase
in the risk of epilepsy and developmental delay, while
abnormal background only in the second EEG was
associated with an increase in the risk of develop-
mental delay alone (Khan et al., 2008). Conversely, in
a recent study, it was postulated that there was no
added value in considering sequential EEG studies in
term neonates with seizures due to HIE (Tekgul et al.,
2006).

Finally, paroxysmal fast activity based on scalp EEGs
of neonates with seizures has been recently assessed
as a possible network marker and its correlation with
long-term outcomes has been analysed (Nagarajan
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et al., 2011). The EEG recordings of 42 neonates with
seizures from the NICU of the Princess Margaret
Hospital for Children, Perth, Australia, were retro-
spectively studied. Ictal fast activity indeed correlated
with the occurrence of clinical features during an
EEG seizure, but not with neuroimaging abnormalities,
neurodevelopmental impairment or post-neonatal

epilepsy.

Discussion

In spite of groundbreaking improvements in neona-
tal care in the past decade leading to a promising
decrease in the mortality of neonates with seizures,
the long-term neurodevelopmental morbidity in sur-
vivors remains substantial and unchanged compared
to earlier studies (Arzimanoglou et al., 2004; Silverstein
and Jensen, 2007; Volpe, 2008).

Unresolved issues in seizure detection and classifica-
tion, as well as the relationship with underlying brain
pathology and EEG abnormalities, still impede clini-
cal research of neonatal seizures. Previous studies
show some converging evidence towards EEG abnor-
malities and aetiology as predictors of unfavourable
outcome. However, it is not feasible to draw defini-
tive conclusions due to the variation of gestational
age and brain insults of neonates populating cur-
rent NICUs, as well as the fact that hospital-based
studies include cases of high-risk delivery and
population-based studies include cases in which
neonates are less affected. Therefore, predictive fac-
tors of neonatal seizure outcome still remain to
be validated on larger, representative contemporary
cohorts.

Future approaches will inevitably be enhanced by the
use of aEEG and increased availability of continuous
video-EEG and/or aEEG monitoring in the diagnosis
and treatment evaluation of neonatal seizures. Fur-
thermore, biomarkers which have been established
for a long time, such as seizure semiology and EEG
findings, are expected to play a new role in the con-
text of genetic disease. In addition to the resolution
of diagnostic issues, novel therapies (Flirwentsches
et al., 2010; Ramantani et al., 2011), deriving from labo-
ratory research which aim to minimise damage to
the immature brain (Galanopoulou, 2007; lkonomidou
and Turski, 2010), may influence EEG findings and
seizure presentation, as well as long-term outcome.
These challenges call for a consensus on classifica-
tion and treatment, a close collaboration between
clinicians and researchers, and ultimately randomised,
placebo-controlled, ethically-acceptable trials of anti-
convulsant efficacy and safety for the treatment of
neonatal seizures.

Outcome of neonatal epilepsy

Acknowledgements and disclosures.

This work did not receive support by a grant or otherwise. Part
of this work was presented in the Progress in Epileptic Disorders
Workshop 2012: Outcome of Childhood Epilepsies, in The Hague,
The Netherlands, 15-18.11.2012.

The full proceedings of the workshop were published by the
John Libbey Eurotext editions in: Arts W.F.M, Arzimanoglou A,
Brouwer O.F.,, Camfield C., Camfield P. Outcome of childhood
epilepsies.

The author has no conflicts of interests to disclose.

References

Almubarak S, Wong PK. Long-term clinical outcome of neo-
natal EEG findings. J Clin Neurophysiol 2011; 28: 185-9.

Arzimanoglou A, Guerrini R, Aicardi J. Neonatal seizures:
Aicardi’s epilepsy in children. 3rd ed. Philadelphia: Lippincott
Williams &Wilkins, 2004: 188-209.

Bednarek N. Video-EEG monitoring in neonates: indications.
Epileptic Disord 2001; 3(2): S121-4.

Ben-Ari Y, Holmes GL. Effects of seizures on developmen-
tal processes in the immature brain. Lancet Neurol 2006; 5:
1055-63.

Bergman |, Painter MJ, Hirsch RP, Crumrine PK, David R. Out-
come in neonates with convulsions treated in an intensive
care unit. Ann Neurol 1983; 14: 642-7.

Boylan GB, Rennie JM, Pressler RM, Wilson G, Morton M,
Binnie CD. Phenobarbitone, neonatal seizures, and video-
EEG. Arch Dis Child Fetal Neonatal Ed 2002; 86: 165-70.

Brooks-Kayal AR. Rearranging receptors. Epilepsia 2005; 46:
29-38.

Brunquell PJ, Glennon CM, DiMario FJ Jr, Lerer T, Eisenfeld
L. Prediction of outcome based on clinical seizure type in
newborn infants. J/ Pediatr 2002; 140: 707-12.

Dzhala VI, Talos DM, Sdrulla DA, etal. NKCC1 trans-
porter facilitates seizures in the developing brain. Nat Med
2005; 11:1205-13.

Furwentsches A, Bussmann C, Ramantani G, et al. Levetirace-
tam in the treatment of neonatal seizures: a pilot study.
Seizure 2010;19: 185-9.

Galanopoulou AS. Developmental patterns in the regulation
of chloride homeostasis and GABA(A) receptor signaling by
seizures. Epilepsia 2007; 48: 14-8.

Garcias Da Silva LF, Nunes ML, Da Costa JC. Risk factors for
developing epilepsy after neonatal seizures. Pediatr Neurol
2004; 30:271-7.

Garfinkle J, Shevell MI. Prognostic factors and development
of a scoring system for outcome of neonatal seizures in term
infants. Eur | Paediatr Neurol 2011;15:222-9.

Glass HC, Pham TN, Danielsen B, Towner D, Glidden D, Wu
YW. Antenatal and intrapartum risk factors for seizures in
term newborns: a population-based study, California 1998-
2002. ] Pediatr 2009a; 154: 24-8.

Epileptic Disord, Vol. 15, No. 4, December 2013

373



G. Ramantani

Glass HC, Glidden D, Jeremy RJ, Barkovich AJ, Ferriero DM,
Miller SP. Clinical neonatal seizures are independently asso-
ciated with outcome in infants at risk for hypoxic-ischemic
brain injury. J Pediatr 2009b; 155: 318-23.

Holmes GL. Effects of seizures on brain development: lessons
from the laboratory. Pediatr Neurol 2005; 33: 1-11.

Holmes GL. The long-term effects of neonatal seizures. Clin
Perinatol 2009; 36: 901-14.

Holmes GL, Lombroso CT. Prognostic value of back-
ground patterns in the neonatal EEG. J Clin Neurophysiol
1993;10: 323-52.

lkonomidou C, Turski L. Antiepileptic drugs and brain
development. Epilepsy Res 2010; 88: 11-22.

Jensen FE, Holmes GL, Lombroso CT, Blume HK, Firkusny IR.
Age-dependent changes in long-term seizure susceptibility
and behavior after hypoxia in rats. Epilepsia 1992; 33:971-80.

Khan RL, Nunes ML, Garcias da Silva LF, da CostaJC. Predictive
value of sequential electroencephalogram (EEG) in neonates
with seizures and its relation to neurological outcome. J Child
Neurol 2008; 23: 144-50.

Khazipov R, Khalilov I, Tyzio R, Morozova E, Ben-Ari Y,
Holmes GL. Developmental changes in GABAergic actions
and seizure susceptibility in the rat hippocampus. Eur J
Neurosci 2004; 19: 590-600.

Kohelet D, Shochat R, Lusky A, Reichman B, & Israel Neona-
tal Network. Risk factors for neonatal seizures in very low
birthweight infants: population-based survey. ] Child Neurol
2004; 19:123-8.

Lai YH, Ho CS, Chiu NC, Tseng CF, Huang YL. Prognostic fac-
tors of developmental outcome in neonatal seizures in term
infants. Pediatr Neonatol 2013; 54: 166-72.

Lanska MJ, Lanska D), Baumann R}, Kryscio RJ. A population-
based study of neonatal seizures in Fayette County, Kentucky.
Neurology 1995; 45: 724-32.

Laroia N, Guillet R, Burchfiel ], McBride MC. EEG background
as predictor of electrographic seizures in high-risk neonates.
Epilepsia 1998; 39: 545-51.

Lee CL, Hannay J, Hrachovy R, Rashid S, Antalffy B, Swann
JW. Spatial learning deficits without hippocampal neu-
ronal loss in a model of early-onset epilepsy. Neuroscience
2001;107:71-84.

Legido A, Clancy RR, Berman PH. Neurologic outcome
after electroencephalographically proven neonatal seizures.
Pediatrics 1991; 88: 583-96.

Malone A, Ryan CA, Fitzgerald A, Burgoyne L, Connolly S,
Boylan GB. Interobserver agreement in neonatal seizure
identification. Epilepsia 2009; 50: 2097-101.

Miller SP, Weiss J, Barnwell A, et al. Seizure-associated brain
injury in term newborns with perinatal asphyxia. Neurology
2002; 58: 542-8.

Mizrahi EM, Kellaway P. Characterization and classification of
neonatal seizures. Neurology 1987; 37:1837-44.

Mizrahi EM, Watanabe K. Symptomatic neonatal seizures. In:
Roger ], Bureau M, Dravet C, Genton P, Tassinari CA, Wolf P.

Epileptic syndromes in infancy, childhood and adolescence.
4th ed. Montrouge: John Libbey Eurotext, 2005: 17-38.

Murray DM, Boylan GB, Ali I, Ryan CA, Murphy BP, Connolly
S. Defining the gap between electrographic seizure burden,
clinical expression and staff recognition of neonatal seizures.
Arch Dis Child Fetal Neonatal Ed 2008;93:187-91.

Nagarajan L, Palumbo L, Ghosh S. Neurodevelopmental out-
comes in neonates with seizures: a numerical score of
background encephalography to help prognosticate. / Child
Neurol 2010; 25:961-8.

Nagarajan L, Ghosh S, Palumbo L, Akiyama T, Otsubo H.
Fast activity during EEG seizures in neonates. Epilepsy Res
2011;97:162-9.

Nardou R, Ferrari DC, Ben-Ari Y. Mechanisms and effects of
seizures in the immature brain. Semin Fetal Neonatal Med
2013;18:175-84.

Painter M), Sun Q, Scher MS, Janosky J, Alvin ]J. Neonates
with seizures: what predicts development? J Child Neurol
2012; 27:1022-6.

Pinto LC, Giliberti P. Neonatal seizures: background EEG
activity and the electroclinical correlation in full-term
neonates with hypoxic-ischemic encephalopathy. Analysis
by computer-synchronized long-term polygraphicvideo-EEG
monitoring. Epileptic Disord 2001; 3:125-32.

Pisani F, Cerminara C, Fusco C, Sisti L. Neonatal status epilep-
ticus vs recurrent neonatal seizures: clinical findings and
outcome. Neurology 2007; 69: 2177-85.

PisaniF, Barilli AL, Sisti L, Bevilacqua G, Seri S. Preterm infants
with video-EEG confirmed seizures: outcome at 30 months of
age. Brain Dev 2008; 30: 20-30.

Ramantani G, Ikonomidou C, Walter B, Rating D, Dinger J.
Levetiracetam: safety and efficacy in neonatal seizures. Eur |
Paediatr Neurol 2011;15:1-7.

Rees S, Inder T. Fetal and neonatal origins of altered brain
development. Early Hum Dev 2005; 81: 753-61.

Ronen GM, Penney S, Andrews W. The epidemiology of
clinical neonatal seizures in Newfoundland: a population-
based study. ] Pediatr 1999; 134: 71-5.

Ronen GM, Buckley D, Penney S, Streiner DL. Long-term
prognosis in children with neonatal seizures: a population-
based study. Neurology 2007; 69: 1816-22.

Rowe ]JC, Holmes GL, Hafford ), et al. Prognostic value of the
electroencephalogram in term and preterm infants follow-
ing neonatal seizures. Electroencephalogr Clin Neurophysiol
1985; 60: 183-96.

Saliba RM, Annegers FJ, Waller DK, Tyson JE, Mizrahi EM. Risk
factors for neonatal seizures: a population-based study, Har-
ris County, Texas, 1992-1994. Am | Epidemiol 2001; 154:14-20.

Sanchez RM, Jensen FE. Maturational aspects of epilepsy
mechanisms and consequences for the immature brain.
Epilepsia 2001;42:577-85.

Sanchez RM, Dai W, Llevada RE, Lippman ]JJ, Jensen
FE. AMPA/kainite receptor-mediated downregulation of
GABAergic synaptic transmission by calcineurin after seiz-
ures in the developing rat brain. ] Neurosci 2005; 25: 3442-51.

374

Epileptic Disord, Vol. 15, No. 4, December 2013



Scher MS. Controversies regarding neonatal seizure recog-
nition. Epileptic Disord 2002; 4: 139-58.

Silverstein FS, Jensen FE. Neonatal seizures. Ann Neurol
2007; 62:112-20.

Stafstrom CE, Moshé SL, Swann JW, Nehlig A, Jacobs MP,
Schwartzkroin PA. Models of pediatric epilepsies: strategies
and opportunities. Epilepsia 2006; 47: 1407-14.

Swann JW. Recent experimental studies of the effects of
seizures on brain development. Prog Brain Res 2002; 135:391-
3.

Swann J, Moshe SL. Developmental issues in animal mod-
els. In: Engel J Jr, Pedley TA. Epilepsy: a comprehensive
textbook. Philadelphia: Lippincott-Raven Publishers, 1997:
467-80.

Swann JW, Hablitz JJ. Cellular abnormalities and synaptic
plasticity in seizure disorders of the immature nervous sys-
tem. Ment Retard Dev Disabil Res Rev 2000; 6: 258-67.

Outcome of neonatal epilepsy

Tekgul H, Gauvreau K, Soul J, et al. The current etiologic pro-
file and neurodevelopmental outcome of seizures in term
newborn infants. Pediatrics 2006; 117:1270-80.

van Rooij LG, de Vries LS, Handryastuti S, etal.
Neurodevelopmental outcome in term infants with
status epilepticus detected with amplitude-integrated

electroencephalography. Pediatrics 2007; 120: e354-63.

Volpe JJ. Neonatal seizures. In: Neurology of the newborn.
Philadelphia: Saunders, 2008: 203-44.

Wirrell EC. Neonatal seizures: to treat or not to treat? Semin
Pediatr Neurol 2005; 12:97-105.

Wirrell EC, Armstrong EA, Osman LD, Yager JY. Pro-
longed seizures exacerbate perinatal hypoxic-ischemic brain
damage. Pediatr Res 2001; 50: 445-54.

Yildiz EP, Tath B, Ekici B, etal. Evaluation of etiologic and
prognostic factors in neonatal convulsions. Pediatr Neurol
2012;47:186-92.

Epileptic Disord, Vol. 15, No. 4, December 2013

375




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 15%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /DetectCurves 0.100000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier (FOGRA27)
  /Description <<
    /FRA <>
    /ENU <FEFF00530065007400740069006e006700730020006f00660020004a004c00450020002d002d00200043006f0072006c00650074005f00500072006500730073005f00560038>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        28.346460
        28.346460
        28.346460
        28.346460
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA27 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B004800610075007400650020007200E90073006F006C007500740069006F006E005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 14.173230
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [566.929 822.047]
>> setpagedevice


