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Abstract

Objective: Few studies have evaluated the efficacy of antiseizure medications
(ASMs) according to the etiology of neonatal acute provoked seizures. We aimed
to investigate the response to ASMs in term/near term neonates with acute arte-
rial ischemic stroke (AIS), as well as the type of seizure at presentation and the
monitoring approach.

Methods: We retrospectively evaluated neonates from 15 European level IV
neonatal intensive care units who presented with seizures due to AIS and were
monitored by continuous electroencephalography (cEEG) and/or amplitude-
integrated EEG (aEEG) in whom actual recordings, timing, doses, and response
to ASMs were available for review.

Results: One hundred seven neonates were referred, and 88 were included. Of
those, 56 met the criteria for evaluating the treatment response. The mean time
to treatment was 7.9 h (SD=16.4), and the most frequently administered first-line
ASM was phenobarbital (PB; 74/88, 84.1%). Seizures were controlled within 24h
from onset of symptoms in 64.3% (36/56) of neonates. Phenytoin (PHT) was effec-
tive in almost all neonates in whom it was trialed (24/25, 96.0%), whereas PB was
effective in only 22.0% of patients (11/50). Infants treated with PB or PHT as first-
line treatment (53/56, 94.6%) showed a higher response rate with PHT (6/6, 100.0%)
than with PB (11/47, 23.4%). Monitoring approach and seizure types were evaluated
in 88 infants. Forty-six of 88 (52.3%) were monitored with cEEG and 47.7% (42/88)
with aEEG, with or without intermittent cEEG. The mean monitoring duration was
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due to AIS.

KEYWORDS

1 | INTRODUCTION

Arterial ischemic stroke (AIS) is the second most common
cause of seizures in neonates"* and an important cause of
postneonatal epilepsy.® Differently than for older children
and adults who typically present with acute hemiparesis,
seizures are the most common presenting symptom in
neonates. There is increasing evidence that successful re-
sponse to treatment in neonates with acute symptomatic
seizures might be time-critical, and persistent seizures
might add to the initial brain injury.*’

Most studies have addressed the treatment of neonatal
seizures with all etiologies confounded.®’ Although many
cases of neonatal AIS are reported in the literature, the
cohorts are relatively small, and their description is often
incomplete regarding antiseizure medications (ASMs).?
We aimed to specifically evaluate the response to ASMs in
a homogenous population of neonates with acute symp-
tomatic seizures due to AIS.

2 | MATERIALS AND METHODS

Through a multinational European collaborative network,
including the Italian Neonatal Seizure Collaborative
Network, we queried level III-IV neonatal intensive care
units (NICUs) for neonates with AIS presenting with
seizures for whom detailed clinical, neurophysiologi-
cal, and neuroimaging information and the actual elec-
troencephalographic (EEG)/amplitude-integrated EEG
(aEEG) recordings were available. The primary outcome
was EEG-confirmed seizure freedom within 30 min after
the administration of ASM without recurrence for at least
24 h. Secondary objectives were seizure type at presenta-
tion and monitoring type.

2.1 | Population

We retrospectively studied neonates with gestational age
>36 weeks referred by 15 European NICUs with magnetic
resonance imaging (MRI)-diffusion-weighted imaging

65.8h (SD=39.21). In 83 of 88 (94.3%) infants, the type of seizure suspected clinically
prior to monitoring was confirmed afterward. Unilateral focal clonic seizures were
seen in 71 of 88 infants (80.7%), whereas 11 of 88 (12.5%) presented with ictal apneas.
Significance: Our findings provide evidence in a large, homogenous cohort that
PHT is more effective than PB in treating neonatal acute symptomatic seizures

aEEG, antiseizure medications, EEG, neonatal acute ischemic stroke, neonatal seizures

Key points

« Many neonates with acute ischemic stroke pre-
sent with focal clonic or apneic seizures.

« Focal clonic seizures are easy to recognize clini-
cally, on aEEG and on EEG, and they should
raise the index of suspicion for arterial ischemic
stroke in neonates.

« Despite the current guidelines, access to full
EEG monitoring is challenging, even in major
neonatal intensive care units across Europe. In
this context, aEEG represents a valuable diag-
nostic tool.

« Sodium channel blockers are more effective
than PB and other ASMs in treating acute pro-
voked seizures associated with arterial ischemic
stroke in term neonates.

« Stratification of neonates with seizures may
help in identifying the most effective ASM ac-
cording to etiology.

(DWI) diagnosis of AIS, who presented with acute symp-
tomatic EEG/aEEG-confirmed seizures, received at least
one ASM, and were continuously brain monitored. Choice
and doses of ASMs were based on internal protocols or at
the discretion of the treating physician.

The diagnosis of neonatal AIS was confirmed by brain
MRI-DWI showing an acute ischemic infarct in a location
involving the middle cerebral artery (MCA), anterior ce-
rebral artery (ACA), or posterior cerebral artery (PCA)
territories. The infarct's characteristics and location were
determined by review of neuroradiology reports.

2.2 | Brain monitoring (continuous
EEG/aEEG)

Continuous EEG (cEEG) was performed according to the
international 10-20 system, modified for neonates. When
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cEEG was not available or recorded only intermittently,
data regarding seizure frequency and treatment response
were evaluated by two-channel aEEG with electrodes in
the F3, P3, F4, and P4 positions along with unprocessed
EEG trace.”'® The actual aEEG/cEEG recordings were re-
viewed by neurophysiologists and neonatologists experi-
enced in neonatal EEG interpretation.

2.3 | Seizure definition

Seizure was defined as an abrupt onset of rhythmic EEG
activity with a definite beginning and end, lasting at least
10s, with a change in at least two of the following features:
amplitude, frequency, or spatial distribution."! We de-
fined status epilepticus (SE) as continuous seizure activity
for at least 30 min or recurrent seizures for >50% of 1-3h
of recording time."?

On aEEQG, seizures were defined as transient upward
flections of the lower margin of the aEEG trend, con-
firmed by examining the corresponding raw EEG for si-
multaneous seizure activity."*'* Average seizure duration
per patient was calculated on cEEG. Cumulative seizure
burden was defined as the total number of seizures, in-
cluding clinical events that occurred prior to the initiation
of monitoring, and whose semiology was consistent with
the recorded seizures. We defined the seizure window as
the time between the first event later confirmed to be a
seizure and the last recorded seizure.

Seizure semiology was determined according to the
International League Against Epilepsy classification of
seizures in neonates."

Neonates with resolution of clinical events suspected
to be seizures prior to monitoring were excluded.

2.4 | Treatment response

Patients were included for treatment response analysis if
they received one or more adequate doses of ASMs and
were continuously monitored for at least 24h after the
last seizure, and accurate documentation regarding tim-
ing, doses, and treatment response was available. For
each ASM administration, we analyzed route, loading and
maintenance dose, electrographic response, and presence
of treatment at hospital discharge.

Successful response was defined as absence of seizures
within 30min from the ASM administration and for at
least 24 h. Partial/incomplete response was considered as
no response. Infants with brain monitoring initiated later
than 12h after symptom onset and/or not continued for
at least 24 h of seizure freedom were excluded from treat-
ment response analysis.

Epilepsia

2.5 | Data collection and statistical
analysis

Data were collected in case reporting forms in an elec-
tronic database using REDCap electronic data capture
tools, hosted at Cliniques Universitaires Saint-Luc.'>'®

Clinical characteristics, as well as treatment details
(ASM type, order, loading dose and additional doses, time
to administration, response), were reported using descrip-
tive statistics (mean and SD or median and interquartile
range [IQR] for continuous parameters with parametric
or nonparametric distribution, respectively, and number
and percentage for categorical parameters). Formal statis-
tical tests were used to compare neonate characteristics
between those excluded from and those included in the
treatment response group using Fisher exact test, t-test,
or Mann-Whitney U-test according to the parameter type
and distribution . Fisher exact test was used for the analy-
sis of treatment response for nonmissing data of patients
who received phenobarbital (PB) or phenytoin (PHT) as
first-line treatment (i.e., unpaired data) and McNemar test
for those exposed to both treatments (i.e., paired data).
Seizure window and doses (loading and total) were com-
pared between responder groups using Mann-Whitney U-
test where applicable, and repeated measures analysis of
variance was used to assess the difference in time to treat-
ment after symptom onset between outborn and inborn
infants. Analysis was performed on SAS software (version
9.4, SAS Institute).

2.6 | Standard protocol approvals,
registration, and patient consent

The study was approved by the ethics committee at Saint-
Luc University Hospital, Catholic University of Louvain,
and informed consent waiver was granted.

3 | RESULTS

Among 107 neonates referred for acute symptomatic sei-
zures due to AIS, the primary analysis excluded 19 neonates
(19/107,17.75%), the majority of whom (13/19, 68.4%) were
excluded because of insufficient treatment information.
Three infants were initially treated with PB based on clini-
cal observation but did not have EEG-confirmed seizures.
In three patients, one with severe hypoglycemia and bilat-
eral posterior MRI injury, and two with subarachnoid hem-
orrhage, the diagnosis of neonatal AIS was not confirmed
during the primary analysis. Eighty-eight (88/107, 82.2%)
patients were included in the analysis of monitoring type
and seizure semeiology. Of those, 56 (56/88, 63.6%) met
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the criteria for treatment response analysis. Infant charac-
teristics are summarized in Table 1. Apart from the higher
incidence of inborns among neonates included in the treat-
ment response analysis, no significant difference was ob-
served between the two groups.

3.1 | Clinical presentation

Most patients (74/88, 84.1%) presented within the first
3 days of life (mean=25.2h, SD=15.86), with a median

of 24h (IQR=12.0-35.7). Seventy-one of 88 (80.7%)
presented with focal clonic seizures. Of these, 68 of
71 (95.7%) had unilateral clonic seizures (66.2% right,
33.8% left). Ictal apnea with cyanosis and desatura-
tion was reported as the presenting symptom in 11 of
88 (12.5%). In all infants, brain monitoring confirmed
the ictal nature of these events. Seven infants were ini-
tially diagnosed with hypoxic-ischemic encephalopathy
(HIE); three of them underwent therapeutic hypother-
mia. In all of them, DWI-MRI confirmed the diagnosis
of neonatal AIS.

TABLE 1 Demographics and clinical characteristics of neonates included in the monitoring approach and seizure type analysis (n=88),

neonates included in treatment response analysis (n=56), and neonates excluded from treatment response analysis (n=32).

Included in
treatment Excluded from treatment
Characteristics All patients, n=88  response, n=>56 response, n =32 P
Female 44 (50.0%) 26 (46.4%) 18 (56.3%) .50
Gestational age, weeks 40.0 (39.0-40.6) 40.0 (39.3-40.8) 39.6 (38.3-40.1) .08
Birth weight, g 3355.0+486.30 3408.7 +429.62 3263.1+566.3 21
Apgar score at 5min 9 (8-10) 9 (8-10) 9 (8-10) .99
Inborn infants 30 (34.1%) 24 (42.9%) 6(18.8%) .03
Delivery mode .28
Spontaneous vaginal delivery 35(39.8%) 26 (46.4%) 9 (28.1%)
Urgent/emergency caesarean section 23 (26.1%) 13 (23.2%) 10 (31.3%)
Planned caesarean section 19 (21.6%) 12 (21.4%) 7 (21.9%)
Instrumental vaginal delivery 11 (12.5%) 5(8.9%) 6 (18.8%)
Age at seizure onset, hours of life 29 (13.0-46.0) 24 (11.8-39.9) 30 (24.0-48.0) .05
Type of recorded seizure
Focal clonic 78 (88.6%) 50 (89.3%) 28 (87.5%) .28
Ictal apnea 24 (27.3%) 14 (25.0%) 10 (31.3%) .62
Electrographic-only 48 (54.5%) 34 (60.7%) 14 (43.8%) .18
AIS localization
MCA 75 (85.2%) 47 (83.9%) 28 (87.5%)
Left 47 (53.4%) 32(57.1%) 15 (46.9%) 38
Right 24 (27.3%) 13 (23.2%) 11 (34.4%) 41
Bilateral 4(4.5%) 2 (3.6%) 2(6.2%) .99
ACA 6(6.8%) 1(1.8%) 5(15.6%)
Left 4(4.5%) 1(1.8%) 3(9.4%) .54
Right 2(2.3%) 0(.0%) 2(6.2%) 27
PCA 6 (6.8%) 2(3.6%) 4(12.5%)
Left 2(2.3%) 1(1.8%) 1(3.1%) .99
Right 4(4.5%) 1(1.8%) 3(5.4%) .54
Right PICA 1(1.1%) 0(.0%) 1(3.1%) .99

Note: Data are presented as n (%), mean = SD, or median (interquartile range). Probability values between neonates included and excluded from treatment
response analysis groups are from a Fisher exact test for categorical parameters and from a t-test or Mann-Whitney U-test as appropriate for continuous

parameters.

Abbreviations: ACA, anterior cerebral artery; AIS, arterial ischemic stroke; MCA, middle cerebral artery; PCA, posterior cerebral artery; PICA, posterior

inferior cerebellar artery.
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3.2 | Neuroimaging

The initial assessment was performed by head ultrasound
in 86.4% (76/88) of infants within the first 24 h after onset,
which showed normal results or nonspecific alterations in
75.0% (66/88). All patients had an MRI-confirmed diagno-
sis of neonatal AIS with (9/88, 10.2%) or without (79/88,
89.8%) hemorrhagic transformation.

MRI was performed at a median of 2days after symp-
tom onset (IQR=1.0-4.0). The MCA was involved in 75 of
88 (85.2%), twice as frequently on the left as on the right
(53.4% vs. 27.3%); four infants (4.5%) had bilateral strokes.
The ACA was involved in six of 88 (6.8%), the PCA in six
of 88 (6.8%), and the inferior cerebellar artery in one of 88
(1.1%).

3.3 | Brain monitoring

Forty-six of 88 infants (52.3%) were monitored with cEEG
and 42 of 88 (47.7%) with aEEG, with or without intermit-
tent EEG (1-3h). Among the cEEG-monitored neonates,
eight of 46 (17.4%) were monitored using a sequential
approach whereby aEEG was the initial monitoring tool
followed by cEEG once seizures were confirmed. The me-
dian time to monitoring after symptom onset was 4.8h
(IQR=2.0-9.0). No difference was found between inborn
and outborn infants. The mean monitoring duration was
65.8h (SD=239.21):85.3h (SD=42.89) for aEEG and 48.7h
(SD=25.9) for cEEG. In 69.3% (61/88) of neonates, moni-
toring was continued for 24h after the last seizure, with
a mean of 54.6h (SD=30.13). The remaining 27 patients
(27/88, 30.7%), monitored for <24 h after the last seizure,
were excluded from treatment response analysis.

3.4 | Seizure semiology and cumulative
seizure burden

All infants had electroclinical seizures. Thirty-six infants
(36/88,40.9%) had one seizure type, 35 (39.8%) two seizure
types, and 17 (19.3%) more than two seizure types. Focal
clonic seizures were observed in 78 of 88 infants (88.6%).
Ictal apneas were reported in 24 of 88 patients (27.3%),
and in six of them, ictal apnea was the only clinical mani-
festation. Interestingly, 18 of the 78 infants (23.1%) with
focal clonic seizures also had ictal apneas. Electrographic-
only seizures, in addition to electroclinical seizures, were
recorded in 48 infants (48/88, 54.5%) at some point during
monitoring, even prior (8/48, 16.7%) to any ASM admin-
istration. In most patients (83/88, 94.3%), there was a con-
cordance between the semiology of recorded seizures and
the events visually observed prior to recording. The mean

Epilepsia-*

seizure duration calculated on the 46 neonates monitored
with cEEG was 3min (SD=2.6).

The cumulative seizure burden was calculated in
67 neonates (67/88, 76.1%). Of those, 42 infants (42/67,
47.7%) had a mean of 7.2 seizures (SD=3.65), and 25
(25/67,37.3%) had SE. In the remaining 21 infants (21/88,
23.9%), data regarding the number of seizures prior to or
during monitoring were deemed inaccurate. The time be-
tween symptom onset and last recorded seizure (seizure
window) was calculated in neonates monitored for at least
24h of seizure freedom (56/88). In this group, the seizure
window was 25.1h (SD=23.6). Seizures were completely
controlled within 24 h from onset in 64.3% (36/56). Seizure
window in ASM nonresponders was 41 h (SD=29.2) ver-
sus 18 h (SD=16.9) in responders (p <.001).

3.5 | Seizure treatment

The mean number of ASMs administered was 1.7 (SD
= .85). Specifically, 48 neonates (48/88, 54.6%) received
only one ASM, 26 (26/88, 29.5%) received two ASMs, nine
(9/88, 10.2%) received three ASMs, and five (5/88, 5.7%)
received four ASMs. PB was administered as first-line
treatment in 74 of 88 (84.1%) infants. Median time to treat-
ment was 3.3h (IQR=1.5-8.0) after symptom onset, with
a.5-h mean time interval (IQR = .5-1.4) between EEG ini-
tiation and first ASM administration, with no difference
between inborn and outborn infants.

Most neonates (52/88, 59.1%) were discharged without
ASM, whereas 40.9% (36/88) had at least one ASM at hos-
pital discharge (PB, 83.3%; sodium channel blockers [PHT
or carbamazepine], 22.2%; levetiracetam [LEV], 2.8%; ben-
zodiazepines, 2.8%; valproic acid, 2.8%), and four of them
(4/36,11.1%) had more than one ASM.

The median duration of treatment was 52.2days
(IQR=11.0-97.2). There was no significant association
between the duration of seizure window or the presence
of SE, and the continuation of treatment after hospital
discharge.

Thirty-two of 88 (36.3%) infants were excluded from
the treatment response analysis, most of them (27/32,
84.3%) because of monitoring shorter than 24h after the
last seizure. Details are shown in Figure 1.

3.6 | Treatment response
The response to treatment was assessed in 56 of 88 neo-
nates (63.6%).

Twenty-nine of 56 (51.8%) neonates were treated prior
to monitoring for paroxysmal events presumed to be
seizures based on clinical observation. In most of them
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107 neonates identified ‘

FIGURE 1 Flow diagram of
included and excluded patients.

19 excluded:

¥

confirmed

4

- 3/19: seizures not confirmed

- 3/19: diagnosis of neonatal AlS not

- 13/19: insufficient data available

AIS, arterial ischemic stroke; EEG,
electroencephalographic.

88 neonates included in
the seizure type and
monitoring analysis

analysis:

from last seizure

¥

32 excluded from treatment response

- 27/32: monitoring duration < 24 hours

- 3/32:incomplete treatment data

- 2/32: treatment administered several
hours after last seizure based on
retrospective EEG review

\ 4
56 neonates included in
the treatment response
analysis

(27/29, 93.1%), there was a concordance between semiol-
ogy of visually observed and recorded seizures.

An intravenous PB 20-mg/kg loading dose was the
first-line ASM in most infants (47/56, 83.9%), and only six
of them (6/56) responded. Six neonates (6/56) received
a 15-20-mg/kg loading dose of intravenous PHT as first-
line treatment, and five of them responded (5/6). Two
infants (2/56) were treated with benzodiazepines first-
line, one with midazolam .6 mg/kg iv, and the other with
diazepam .3mg/kg iv, and none of them responded. One
patient (1/56) received vitamin B6 100 mg iv and did not
respond either. LEV was never used as first-line treatment.
Twenty-nine of the 47 infants initially treated with PB
(29/47, 61.7%) received at least one additional dose, which
resulted in seizure control in an additional five patients
(11/47, 23.4% total PB efficacy). Among the neonates who
responded to PHT first-line, only one required an addi-
tional 10mg/kg to reach seizure freedom (6/6, 100% ef-
ficacy). The one neonate initially treated with diazepam
first-line received one additional dose of .5 mg/kg but did
not respond.

Regarding the second-line treatment, three infants
(3/27, 11.1%) received intravenous PB, and none of them
responded. Fifteen infants (15/27, 55.5%) were treated with
intravenous sodium channel blockers, including PHT and
lidocaine, and 14 of them responded (14/15; 93.3%); the

other one responded to a 20-mg/kg oral carbamazepine
loading dose. Four patients received an LEV 20-40-mg/
kg iv loading dose, and one responded. Five infants were
treated with midazolam continuous infusion .06 mg/kg/h
with no response.

Eighteen neonates (18/56, 32.1%) did not respond to
any medications trialed and continued to seize for a mean
of 39.2h, until seizures spontaneously decayed. However,
12 of them (12/18, 66.6%) received only one ASM.

No adverse events were reported.

The cumulative response, regardless to the timing of
administration, was 89.6% for sodium channel blockers,
22.0% for PB, and lower than 25% for LEV, benzodiaze-
pines, or other ASMs.

Table 2 shows time to treatment, initial doses, addi-
tional doses, and treatment response rate for each ASM
used.

The time sequence of the ASMs administered and their
efficacy are illustrated in Figure 2.

Treatment efficacy comparison showed a significantly
higher response rate in patients treated with PHT (24/25,
96.0%) than with PB (11/50, 22%), regardless of doses and
order of administration. Formal comparison of treatment
efficacy in infants treated with first-line PB (47/56, 83.9%)
or PHT (6/56, 10.7%) showed a much higher response rate
with PHT (6/6, 100.0%, p<.001%) than with PB (11/47,
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TABLE 2 Time to treatment, loading doses, additional doses, and treatment response rate for each line of therapy.

Time between onset of seizure and

Treatment Patients administration, h
1st line 56 (100.0%) 7.3+11.29
PB 47 (83.9%) 7.6+12.25
PHT 6 (10.4%) 6.5+2.24
BDZs 2(3.6%) 2.2+3.04
Vit B6 1(1.7%) 7.5+.00
2nd line 27 (48.2%) 17.2+12.77
PB 3(11.1%) 5.3+3.16
PHT 14 (51.8%) 17.7+10.02
MDZ 5(25.0%) 24.6+21.87
LEV 4(14.8%) 16.0+9.53
Lidocaine 1(3.7%) 13.0+.00
3rd line 8 (14.3%) 24.3+14.27
PHT 3(37.5%) 17.0+6.24
CBZ 2(25.0%) 29.0+15.55
MDZ 1(12.5%) 13.5+.00
LEV 1(12.5%) 52.0+.00
Vit B6 1(12.5%) 20.2+.00
4th line 3(5.3%) 23.3+4.85
PHT 2 (66.6%) 25.0+5.53
Lidocaine 1(33.3%) 20.0+.00

Additional dose Response
31(55.3%) 17 (30.3%)
29 (61.7%) 11 (23.4%)
1(16.6%) 6 (100.0%)
1 (50.0%) 0(.0%)

0 (.0%) 0 (.0%)

2 (7.4%) 15 (55.5%)
1(33.3%) 0 (.0%)
0(.0%) 13 (92.8%)
1(20.0%) 0(.0%)

0 (.0%) 1(25.0%)
0(.0%) 1 (100.0%)
3(37.5%) 4(50.0%)
1(33.3%) 3(100.0%)
0(.0%) 1 (50.0%)
1 (100.0%) 0(.0%)
1(100.0%) 0 (.0%)

0 (.0%) 0(.0%)
0(.0%) 2 (66.6%)
0 (.0%) 2 (100.0%)
0 (.0%) 0 (.0%)

Note: Data are presented as n (%) or mean +SD.

Abbreviations: BDZ, benzodiazepine; CBZ, carbamazepine; LEV, levetiracetam; MDZ, midazolam; PB, phenobarbital; PHT, phenytoin; Vit, vitamin.

23.4%). No significant difference was found between first
loading dose and additional doses.

Although the formal test (paired data) could not be run
for the treatment response comparison in the 19 infants
(19/56, 33.9%) exposed to both PB and PHT, because no
response was obtained with PB, the higher efficacy of PHT
was evident, with a response rate of 94.7% (18/19), regard-
less of dose or at what point in the clinical course they
were administered.

Table 3 shows the response to PB versus PHT as first-
line treatment, and the response to PB and PHT regardless
of the order of administration.

A subanalysis of those excluded (27/88, 30.6%) because
of duration of monitoring after last seizure being shorter
than 24h confirmed the higher cumulative response to
PHT (6/8, 75.0%) versus PB (8/24, 33.3%).

4 | DISCUSSION

Despite significant advances in neonatal neurocritical
care, the treatment of acute symptomatic seizures has not
substantially changed for decades. Seizures in neonates

have been traditionally treated with a “one-size-fits-all”
approach, with PB as first-line treatment for neonatal
seizures, all etiologies confounded.'”* The systematic
review performed for the recent guidelines on seizure
treatment in the neonate found that no studies evaluated
the efficacy of ASM according to etiology of acute pro-
voked seizures.*!

The lack of stratification makes it difficult to inter-
pret the results of many studies on neonatal seizures and
challenges our effort to determine which drug represents
the best therapeutic choice for specific etiologies and to
advance toward precision medicine in neonates with
seizures.*

After HIE, neonatal AIS is the second most common
cause of acute symptomatic seizures in term neonates.'”?
Seizures are reported in 75%-90% of infants diagnosed
with AIS, and are associated with a nearly threefold in-
creased risk of epilepsy later in life,> and higher seizure
activity has been associated with worse developmental
outcome.** To our knowledge, this is the first study that
specifically addresses the treatment response in a homog-
enous population of neonates with acute symptomatic sei-
zures due to AIS.
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FIGURE 2 Treatment response according to line of treatment in the 56 neonates included in the treatment response analysis. BDZ,

benzodiazepine; CBZ, carbamazepine; LEV, levetiracetam; MDZ, midazolam; PB, phenobarbital; PHT, phenytoin; vit., vitamin.

Although PB was used as first-line treatment in most
infants (83.9%), our findings suggest that PHT is more
effective than any other ASM in this population, because
all infants who received it, including those with SE, re-
sponded regardless of the point at which it was initiated
in the clinical course.

Among sodium channel blockers, PHT was the most
frequently used, and it was more effective as a first-line
treatment than PB, leading to seizure cessation in all
patients who received it, compared with only 23.4% of
patients who received PB. In addition, when used as a
second-line treatment, PHT led to seizure control in 92.8%
of infants. Compared with PHT, PB required a greater
number of additional doses and higher cumulative dose
per kilogram to be effective. Overall, PHT was effective in
most patients. Other ASMs, including LEV, midazolam,
diazepam, and vitamin B6, were ineffective in treating sei-
zures in this population.

Interestingly, a previous study evaluating the response
rate to lidocaine compared to midazolam in a large pop-
ulation of neonates with aEEG-confirmed seizures of
different etiologies found that infants with a diagnosis of
stroke, both ischemic and hemorrhagic, had the highest

response rate (45.5%) to lidocaine as second-line ASM,
and the response rate was up to 84.6% when lidocaine was
given as third-line ASM.* Lidocaine belongs to the class
of sodium channel blockers, as do PHT and carbamaze-
pine. Its small therapeutic window associated with risk
of cardiotoxicity has limited its use in many countries.?®
However, in our cohort, no adverse events were reported
in neonates treated with lidocaine.

Incidence of seizures, including SE, in neonates with
congenital heart disease following cardiac surgery has
been reported to be between 5% and 26% of infants, with
stroke, either of venous or arterial origin, being one the
leading etiologies.*’ Seizures in neonates with cardiopul-
monary diseases are often resistant to initial ASM. A ret-
rospective comparison of PB and LEV for the treatment
of seizures in this population showed that both ASMs
were equally but incompletely effective, with response
rates as first-line therapy of 58% and 45%, respectively.*®
Similarly to our findings, this study found that infants
who did not respond to first-line PB received more load-
ing doses and a higher total amount than responders,
reflecting the common clinical practice in many NICUs
whereby clinicians administer additional doses of PB
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TABLE 3 Treatment response in
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infants treated with PB and PHT as first- Firstline ASM
line ASM, and in infants exposed to both PB, Total,
ASMs. n=47 PHT, n=6 n=53 p*
Response rate <.001
No 36 0 (.0%) 36 (67.9%)
(76.6%)
Yes 11 6 (100.0%) 17 (32.1%)
(23.4%)
Mean loading dose, mg/kg 42
n 47 6 53
Mean 19.5 20.0 19.5
SD 1.77 .00 1.68
Median 20.0 20.0 20.0
Min 10 20 10
Max 20 20 20
Any additional dose .07
No 18 5(83.3%) 23 (43.3%)
(38.2%)
Yes 29 1(16.7%) 30 (56.6%)
(61.7%)
Total dose, mg/kg .20
n 47 6 53
Mean 28.1 21.7 27.4
SD 8.63 4.08 8.48
Median 30.0 20.0 27.5
Min 25 20 20
Max 60 30 60
Infants treated with both PB and PB, PHT, n=19 p°
PHT n=19
Response rate NA
No 19 1(5.3%)
(100.0%)
Yes 0 (.0%) 18 (94.7%)

Note: Data are presented as n (%) or mean. Statistically significant values are indicated in bold.

Abbreviations: ASM, antiseizure medication; NA, not applicable; PB, phenobarbital; PHT, phenytoin;
SCB, sodium channel blocker.

*Fisher exact test or Mann-Whitney U-test as appropriate.

"McNemar test (paired) not computable.

when the first dose fails before starting another ASM. A
recent study investigated seizure severity and treatment
response in term and preterm neonates with seizures at-
tributed to intracranial hemorrhage and showed that SE
was more common in neonates with intracranial hemor-
rhage than in neonates with HIE, with 70% of patients
remaining uncontrolled after the administration of the
initial ASM.* Although the type and doses of ASMs were
not specified, one could assume that PB was the first
ASM used in these patients.

Our findings confirm that the main seizure type in ne-
onates with AIS is focal clonic*®*" Among the different
types of neonatal seizures, focal clonic seizures are easy
to recognize clinically, and particularly when unilateral,
their presence in neonates should raise high suspicion for
AIS.*

Interestingly, in our cohort, episodes of apnea and
desaturation were the sole indication of seizures at pre-
sentation in a substantial minority of neonates. The rec-
ognition of ictal apnea may be particularly challenging in
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the nursery. Previous case reports and small series showed
that neonatal ischemic®® and hemorrhagic stroke* is as-
sociated with apneic seizures, suggesting that brain mon-
itoring should be performed in the setting of unexplained
recurrent apneas, in term or late preterm neonates, espe-
cially in the absence of bradycardia, as this seizure type
may be the only manifestation of AIS in the nursery.

Our work underlines the importance of seizure semi-
ology in neonates, as it may indicate specific etiologies,
helping to avoid misdiagnosis. For instance, in our cohort,
seven infants were initially diagnosed with HIE, and three
of them underwent therapeutic hypothermia.

Approximately half of the infants in our cohort had
electrographic-only seizures in addition to clonic and ap-
neic seizures, even prior to ASM administration, suggest-
ing that the actual seizure frequency in this population
may be higher than the one solely based on clinically ob-
served seizures, and underlining the need for brain mon-
itoring for accurate seizure detection and evaluation of
treatment response.

Whereas half of the patients (52.3%) were monitored
with cEEG, the others were primarily monitored with
aEEG, which was complemented with spot/routine EEGs
in approximately half of them. Our “real world” data pro-
vide a valuable insight into the existing gap in 24/7 access
to cEEG monitoring for neonates. We strongly believe that
modern neonatal neurocritical care should include cEEG
monitoring, in accordance with the existing guidelines.*
However, its implementation remains challenging even
in level IV NICUs at major hospitals worldwide. In this
context, aEEG, with all its limitations, can be an incred-
ibly helpful tool for providing brain monitoring in many
patients.*®

Although the time interval between the initiation of
monitoring and first ASM administered was short (mean
=.8h), we found a relatively large treatment gap in our
cohort; both inborn and outborn infants received their
first ASM at a mean of 7.9h after the onset of symp-
toms. Yet, there is increasing evidence of an association
between treatment timing and subsequent seizure bur-
den,”?” and between seizure burden and worse long-
term outcome.’

Recently, routine discontinuation of ASM prior to dis-
charge in neonates with acute provoked seizures has been
recommended.?*® In our cohort, 59.1% of patients were
discharged without ASM, demonstrating that this change
in practice is progressively taking place. However, the re-
maining 40.9% continued to be treated for a few months.
Interestingly, PB was the most common ASM used after
discharge, even in infants who did not respond in the
acute phase.

Strengths of this study include the evaluation of the
treatment response in a large, homogenous population

of neonates with seizures associated with AIS who were
continuously brain monitored, the review of actual re-
cordings, and the analysis of type and doses of ASMs for
each patient. However, there are limitations. As a retro-
spective study, the level of evidence is low compared with
prospective studies and randomized-controlled trials. The
choice and doses of ASM were either based on internal
protocols or at the discretion of the treating clinician. It
differed among centers and even within each center, re-
flecting a lack of evidence-based approach and shared
protocols. The type and duration of monitoring was in-
consistent among centers. The presence of adverse events
was based on spontaneous reports, introducing a bias risk
due to underreporting. However, it is unlikely that any
major cardiac or blood pressure-related adverse events
would have been omitted from the patient's medical re-
cords. A relatively large number of patients were excluded
from the treatment response analysis because they were
monitored for <24h of seizure freedom. However, their
characteristics and treatment response were similar to
those included. Three infants were treated with PB based
on clinical events and were excluded because they did not
have subsequent EEG seizures. However, PB might have
protected them from further seizures. Finally, we did not
evaluate the impact of early termination of seizures on de-
velopmental outcome.

5 | CONCLUSIONS

Our findings from 15 NICUs in five European countries
suggest that sodium channel blockers are effective and
safe and should be used as first-line ASM in neonates with
AIS. Considering that head ultrasound have low sensitiv-
ity to detect neonatal AIS, and that initiation of appro-
priate treatment cannot be delayed until MRI results are
obtained, focal clonic seizures are a red flag that should
raise suspicion for AIS in neonates and justify the admin-
istration of sodium channel blockers.

Neonates worldwide are treated with high doses of PB
first-line for seizures, regardless of seizure type and etiol-
ogy.** A game changer in this respect is represented by the
treatment of neonates with KCNQ2/3-related epilepsies
in whom sodium channel blockers provide rapid seizure
control and may prevent the progression into an epileptic
encephalopathy.**?

Although we search for new compounds to treat
neonatal seizures, we might not find the “magic bul-
let” that works for all infants. Stratifying neonates ac-
cording to seizure type and etiology may build evidence
for personalized medicine in this vulnerable popula-
tion.* Prospective studies are warranted to confirm our
findings.
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