
Clinical Neurophysiology 130 (2019) 759–766
Contents lists available at ScienceDirect

Clinical Neurophysiology

journal homepage: www.elsevier .com/locate /c l inph
Bedside neurophysiological tests can identify neonates with stroke
leading to cerebral palsy
https://doi.org/10.1016/j.clinph.2019.02.017
1388-2457/� 2019 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights reserved.

Abbreviations: AT, anterior trunk; AIS, arterial ischemic stroke; BE, base excess;
CP, cerebral palsy; DM1, distal M1 branch of the MCA; EEG, electroencephalogra-
phy; HIE, hypoxic-ischemic encephalopathy; ICH, intracerebral hemorrhage; IVH,
intraventricular hemorrhage; SEP, somatosensory evoked potential; MRI, magnetic
resonance imaging; MCA, middle cerebral artery; NPV, negative predictive value;
PVI, periventricular venous infarction; PPV, positive predictive value; PT, posterior
trunk; PM1, proximal M1 branch of the MCA.
⇑ Corresponding author at: Department of Clinical Neurophysiology, New

Children’s Hospital, Helsinki University Hospital, P.O. Box 347, 00029 HUS,
Finland.

E-mail address: paivi.nevalainen@hus.fi (P. Nevalainen).
Päivi Nevalainen a,⇑, Marjo Metsäranta b, Sanna Toiviainen-Salo c, Tuula Lönnqvist d, Sampsa Vanhatalo a,
Leena Lauronen a

aDepartment of Clinical Neurophysiology, Children’s Hospital, HUS Medical Imaging Center, University of Helsinki and Helsinki University Hospital (HUH), Helsinki, Finland
bDepartment of Pediatrics, Children’s Hospital, University of Helsinki and HUH, Helsinki, Finland
cDepartment of Pediatric Radiology, Children’s Hospital, HUS Medical Imaging Center, Radiology, University of Helsinki and HUH, Helsinki, Finland
dDepartment of Child Neurology, Children’s Hospital, University of Helsinki and HUH, Helsinki, Finland

a r t i c l e i n f o
Article history:
Accepted 16 February 2019
Available online 15 March 2019

Keywords:
Neonatal stroke
Electroencephalography (EEG)
Somatosensory evoked potentials (SEP)
Neonatal seizures
Neonatal intensive care
Cerebral palsy (CP)
h i g h l i g h t s

� The unspecific symptoms of neonatal stroke challenge its bedside diagnosis and outcome prediction.
� We show that EEG and SEPs can identify neonates with large middle cerebral artery stroke at bedside.
� SEPs also proved to be accurate in predicting outcome after neonatal stroke.

a b s t r a c t

Objective: The unspecific symptoms of neonatal stroke still challenge its bedside diagnosis. We studied
the accuracy of routine electroencephalography (EEG) and simultaneously recorded somatosensory
evoked potentials (EEG-SEP) for diagnosis and outcome prediction of neonatal stroke.
Methods: We evaluated EEG and EEG-SEPs from a hospital cohort of 174 near-term neonates with sus-
pected seizures or encephalopathy, 32 of whom were diagnosed with acute ischemic or hemorrhagic
stroke in MRI. EEG was scored for background activity and seizures. SEPs were classified as present or
absent. Developmental outcome of stroke survivors was evaluated from medical records at 8- to 18-
months age.
Results: The combination of continuous EEG and uni- or bilaterally absent SEP (n = 10) was exclusively
seen in neonates with a middle cerebral artery (MCA) stroke (specificity 100%). Moreover, 80% of the neo-
nates with this finding developed with cerebral palsy. Bilaterally present SEPs did not exclude stroke, but
predicted favorable neuromotor outcome in stroke survivors (positive predictive value 95%).
Conclusions: Absent SEP combined with continuous EEG background in near-term neonates indicates an
MCA stroke and a high risk for cerebral palsy.
Significance: EEG-SEP offers a bedside method for diagnostic screening and a reliable prediction of neu-
romotor outcome in neonates suspected of having a stroke.

� 2019 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights
reserved.
1. Introduction

Neonatal stroke affects �1/3000 live births (Estan and Hope,
1997; Lynch and Nelson, 2001; Laugesaar et al., 2007;
Takenouchi et al., 2012), and over half of the affected children
develop long-term disabilities, including cerebral palsy (Lynch
and Nelson, 2001; Lynch, 2009; Rutherford et al., 2012). Acute
management of neonatal stroke is essentially supportive (Roach
et al., 2008; Kirton and deVeber, 2009; Rutherford et al., 2012;
Lehman and Rivkin, 2014). Developing treatment strategies for
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Fig. 1. Flow-chart of study inclusions.
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neonates is obstructed by the delay to diagnosis and lack of means
to early identification of treatment candidates, i.e. neonates with
the most significant neurodevelopmental risks.

Neonatal stroke is typically suspected due to otherwise unex-
plained motor seizures, but it may also present with recurrent
apnea/desaturation, or general signs of encephalopathy (Estan
and Hope, 1997; Brouwer et al., 2010; Chabrier et al., 2011;
Moharir et al., 2011; Fox et al., 2016; Suppiej et al., 2016). The diag-
nosis is confirmed with magnetic resonance imaging (MRI) (Lee
et al., 2017), which may, however, take time to obtain in the clin-
ical settings. Neonates suspected of having a stroke generally
undergo electroencephalography (EEG) at bedside in the acute
stage to detect the stroke-related seizures (van Rooij et al., 2010;
Low et al., 2014). The diagnostic or prognostic potential of bedside
neurophysiological tests has not been assessed, however. A recent
study in older children demonstrated that EEG and evoked poten-
tials helped in delineating areas of functional impairment that cor-
related with anatomical brain lesions (Eytan et al., 2016). Since the
neurophysiologically assessable functional impairments arise
within minutes after stroke onset (Lee et al., 1997; Penchet et al.,
2007), they could offer an immediate bedside marker of stroke,
and even neurodevelopmental outcome.

Here, we set out to study which features of simultaneously
recorded EEG and somatosensory evoked potentials (SEPs) are use-
ful in the acute phase (1) for diagnosing neonatal stroke and (2) for
predicting neuromotor outcome. We hypothesized that a combina-
tion of continuous EEG and recurrent, unilateral electrographic sei-
zures would be specific for neonatal stroke (van Rooij et al., 2010;
Lynch et al., 2011; Low et al., 2014), and that unilaterally absent
SEPs would be specific for stroke and associate with later
hemiplegia.
2. Methods

2.1. Participants

301 consecutive EEG and simultaneous SEP (EEG-SEP) record-
ings from 270 neonates (postmenstrual age < 46 weeks) were per-
formed between January 2011 and July 2016 at the department of
clinical neurophysiology of the Helsinki University Children’s
Hospital (Fig. 1). All recordings were done as part of the neonates’
clinical diagnostic procedure due to suspicion of seizures or gen-
eral signs of encephalopathy. After exclusions, 174 neonates were
included in the present, retrospective analysis. The exclusion crite-
ria were: gestational age < 34 weeks (23 neonates), chronological
age > 28 days (10 neonates), known brain malformation or known
fetal brain injury (10 neonates), multiple organ anomalies
(7 neonates), or lack of an MRI (or autopsy) in the neonatal period
(46 neonates). Data of some neonates with asphyxia and/or sei-
zures have been included in previous publications (Nevalainen
et al., 2017, 2018; Stevenson et al., 2018). The relevant local insti-
tutional research review board approved the study protocol. A
waiver of consent was given due to the retrospective and observa-
tional nature of this study.
2.2. Magnetic resonance imaging (MRI)

The brain MRIs were performedwith a 1.5 Tesla scanner (Philips
Intera Achieva, Philips Medical Systems, Best, The Netherlands) in
169 neonates or with a 3 Tesla scanner (Siemens Magnetom Skyra,
Siemens Healthcare GmbH, Erlangen, Germany) in the remaining
five. TheMRI included at least T1-weighted axial, T2-weighted axial
and coronal, and diffusion weighted axial images. We reviewed the
MRI reports of all the 174 neonates and identified 32 (11 females)
with acute neonatal stroke (according to predefined criteria
described by Govaert et al., 2009). These included (i) arterial
ischemic stroke (AIS), (ii) venous infarction secondary to cerebral
sinovenous thrombosis or intraventricular hemorrhage (IVH, grade
4), and (iii) intracerebral hemorrhage (ICH). On the contrary, wide
spread hypoxic-ischaemic injury or arterial watershed infarction
resulting from asphyxia or hypotension were not regarded as
stroke. Furthermore, epi- or subdural haematoma and intraventric-
ular haemorrhage (without associated parenchymal injury) were
also excluded from the definition of stroke.

An experienced pediatric neuroradiologist (author STS), blinded
to the EEG-SEP results and outcome, reviewed the images of those
newborns with stroke and further classified the strokes according
to predefined criteria (Kirton et al., 2008; Govaert et al., 2009)
(Fig. 2). The categories were: (1) Proximal M1 (PM1) = proximal
middle cerebral artery (MCA) compromise that includes lateral
lenticulostriate arteries, leading to infarction of basal ganglia (glo-
bus pallidus, caudate head sparing) and distal MCA territory. (2)
Distal M1 (DM1) = MCA compromise distal to the lateral lenticu-
lostriate arteries that spares basal ganglia, while infarcting distal
MCA territory. (3) Posterior trunk (PT) = inferior MCA division
infarction that includes parietal (posterior-to-central sulcus) and
posterior temporal lobes. (4) Anterior trunk (AT) = superior MCA
division infarction that includes frontal lobe (anterior-to-central
sulcus) and anterior temporal lobe. (5) Other MCA = compromise
of a distal branch of the MCA that could not be classified as PT or
AT. (6) Other arterial = arterial infarction outside the MCA region.
(7) Periventricular venous infarction (PVI) = periventricular white
matter medullary venous territory infarction secondary to sinove-
nous thrombosis. (8) Venous infarction secondary to IVH (grade 4).
(9) Intracerebral (lobar) hemorrhage (ICH).
2.3. EEG-SEP recording and data processing

The neurophysiological recordings were done with our in-house
developed clinical routines where EEG and SEPs are recorded



Fig. 2. Association of presenting symptom, SEP classification, and seizures in EEG with outcome and stroke type. The neonates are grouped according stroke type on the
horizontal axis. The y-axis indicates the number of neonates; each neonate is represented by a circle (d = unfavorable outcome, s = favorable outcome) and the background
colour of the bar indicates the predictive feature: 2A) the presenting symptom, 2B) SEP classification, 2C) seizures in EEG. PM1 = proximal M1 branch of the MCA,
DM1 = Distal M1, AT = Anterior trunk of the MCA, PT = Posterior trunk of the MCA, Other MCA = Other branch in the MCA territory, PVI = periventricular venous infarction,
IVH = intraventricular hemorrhage gr4, ICH = intracerebral hemorrhage.
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simultaneously (Nevalainen et al., 2017) using a NicoletOne EEG
system (Cardinal Healthcare/Natus, USA; acquisition bandwidth
0.053–500 Hz), a sampling frequency of 2000 Hz, Cz reference,
and 21 channel EEG caps (sintered Ag/AgCl electrodes; Waveguard,
ANT-Neuro, Germany). For further details of neonatal multichannel
EEG recording see http://www.helsinki.fi/science/eeg/videos/
nemo/. An additional electrode was placed on the neck to record
the cervical SEP. Polygraphic channels were recorded with dispos-
able silver-silver chloride electrodes (Ambu Blue Sensor, Den-
mark), including electro-oculogram, electrocardiogram, and
submental electromyogram. Respiration was detected with an
elastic belt. The median duration of each EEG recording was
75.5 min (range from 40 to 202 min).
The right and left median nerves were stimulated (in separate
runs) at the wrist at 0.5–1 Hz rate using surface electrodes and a
portable electrical peripheral nerve stimulator (Micromed Energy
Light stimulator; Micromed, Italy). The pulse duration was
0.2 ms, and the stimulation current was individually adjusted to
just above the motor threshold. In cases where standard stimula-
tion at the wrist was not possible due to e.g. intra-arterial lines,
the median nerve was stimulated at the palm or elbow. Seven neo-
nates only underwent unilateral stimulation (three had Erb’s pare-
sis and in four no suitable stimulation site was accessible on one
side). The SEPs were averaged offline in BESA� software (BESA
GmbH, Germany) for epochs from �100 ms to 800 ms without fur-
ther filtering.

http://www.helsinki.fi/science/eeg/videos/nemo/
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Table 1
Clinical characteristics of neonates with stroke and other etiology. There were no
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2.4. EEG-SEP classification

Two neurophysiologists (PN and LL), blinded to the clinical
information (except postmenstrual age), MRI finding, and outcome,
performed the neurophysiological analysis according to prespeci-
fied criteria. The classification was first done by one neurophysiol-
ogist (PN) and the result was compared with the original clinical
EEG-SEP report. In case of disagreement with the original report
the other neurophysiologist (LL) evaluated the recording and con-
sensus was reached through discussion.

EEG background was classified as continuous (sleep stages
identifiable and EEG continuous at least in active sleep / awake
state) or discontinuous (sleep stages not identifiable and EEG dis-
continuous throughout the recording with interburst interval
>10 s and voltage <5 lV during depression). Seizures were defined
as rhythmic, evolving EEG patterns lasting longer than 10 s and not
explained by artefacts. In this paper, the term seizure refers to elec-
trographic seizures with or without coupled clinical signs. Seizures
were classified unilateral if they only originated in one hemi-
sphere, and recurrence was defined as at least two seizures during
the duration of the EEG recording.

SEPs were classified as present or absent by evaluating the SEP
waveforms using a standard longitudinal bipolar montage (with
possibility of remontaging) and voltage maps. The cervical
response was considered to be present when there was a negativity
in the cervical electrode at a latency <20 ms. Cortical SEP was
observed as a salient response peaking within 100 ms from the
stimulation in the contralateral centroparietal area.

2.5. Outcome

Outcome of the neonates diagnosed with stroke was evaluated
by review of medical records from a follow-up visit to a tertiary
center neuropediatric clinic at approximately 1-year age (range:
8–18 months). As the follow-up visit was part of standard care,
the neuropediatricians had access to all perinatal test results,
including the neonatal EEG-SEP. The outcomes were categorized
as favorable (normal motor development), or unfavorable (diagno-
sis of CP or death).

2.6. Statistics

We performed the statistical analysis with IBM SPSS Statistics
software v. 23 (SPSS Inc, Chicago, IL, USA). We used the X2 test or
Fisher’s exact test to compare the expected and observed frequen-
cies. For between-groups comparisons of continuous variables we
used Student’s t-test or Mann-Whitney U test depending on the
normality of the data (Kolmogorov-Smirnov-test). For level of sta-
tistical significance we chose p < 0.05. Finally, we calculated the
accuracy, sensitivity, specificity, and positive (PPV) and negative
predictive values (NPV) with confidence intervals of the prespeci-
fied EEG and SEP categories and their combinations to predict
unfavorable outcome.
statistical differences between the groups in any of the listed characteristics (X2 test,
Student’s t-test or Mann-Whitney U test depending on the variable type and
normality).

Baseline characteristics Stroke (32) Other (142)

Females 10 (31%) 65 (46%)
Birth weight [g] 3240 [530] 3340 [590]
GA [weeks] 39.7 {3.1} 40.0 {2.8}
PMA at EEG-SEP [weeks] 40.1 {3.1} 40.6 {2.7}
Postnatal age at EEG-SEP [d] 3 {3} 4 {4}
EEG duration [min] 71.5 {34} 75.5 {31}
Time between EEG-SEP and MRI [d] 1 {2} 1 {4}

Data shown as n (%), median {IQR}, or mean [SD]. GA = gestational age,
PMA = postmenstrual age.
3. Results

3.1. Clinical characteristics and MRI

MRI revealed a stroke in 32 out of the 174 included neonates
(Fig. 1). Of the 32 neonates with stroke, 11 also had a clinical his-
tory of asphyxia/hypoxic-ischemic encephalopathy (HIE), which
was in most cases mild. Only one of the 11 neonates had clear
HIE-related changes in MRI (bilateral ischemic lesion in the basal
ganglia/thalamus area) in addition to stroke (subject 2 in Supple-
mental Table S1). There were no differences in gestational age,
postnatal age, gender distribution, birth weight, or the length of
the EEG recording between neonates with stroke and those with
other etiology (Table 1).

Clinical follow-up information was available for 30 of the 32
neonates with stroke (one with ICH and one with IVH were lost
to follow-up). Ten of the 30 neonates had an unfavorable outcome
at the follow-up: one with concomitant severe HIE died, one devel-
oped with severe quadriplegic CP, and eight with hemiplegic CP
(Supplemental Table S1). Compared to neonates with an unfavor-
able outcome, those with a favorable outcome tended to be more
likely to present with clonic motor seizures (20% vs. 60% vs. respec-
tively; Fisher’s exact test, p = 0.06, Fig. 2A). Stroke type classified
from MRI was significantly associated with outcome (X2 test,
p < 0.01, Fig. 2).
3.2. EEG and SEPs in diagnosing stroke

Table 2 shows the accuracy, sensitivity, specificity, PPV, and
NPV of the EEG and SEP features for identifying the neonates with
stroke from the full cohort. EEG background was always continu-
ous in neonates that had stroke without concomitant HIE/asphyxia.
Seizures were more common in neonates with stroke than the
other neonates of the cohort (X2 test, p < 0.001). Particularly,
observing recurrent unilateral seizures had a high PPV for stroke
(77%). The PPV was still improved when combining the presence
of continuous EEG background to observing recurrent unilateral
seizures (83%). The sensitivity of this combination was only 31%,
however.

Absent SEPs (uni- or bilaterally) were more common in neo-
nates with stroke than the other neonates of the cohort (X2 test
p = 0.03) and particularly unilaterally absent SEPs were strongly
associated with stroke (Fisher’s exact test, p < 0.001). Of the 11 neo-
nates with unilaterally absent SEP nine had an MCA infarction
(same hemisphere as the absent SEP), whereas the other two had
HIE without stroke. Of the 24 neonates with bilaterally absent SEPs
only one had bilateral MCA stroke, whereas another one had an
MCA stroke in addition to severe HIE, 21 had severe HIE alone,
and one had a severe neonatal epileptic encephalopathy (later
diagnosed with KCNQ2-mutation).

Combining the SEP result to EEG background classification
made diagnostic discrimination even more specific: All ten neo-
nates with stroke-related absent SEP had continuous EEG back-
ground, while all the other 25 neonates with absent SEP but no
stroke had discontinuous EEG. Consequently, the combination of
absent SEP (in one or both hemispheres) and continuous EEG back-
ground had a PPV of 100% for stroke. Though the overall sensitivity
of this combination for stroke was only 31%, for stroke with unfa-
vorable outcome the sensitivity was 80%. Thus, the combination
found eight out of the ten neonates with stroke and unfavorable
outcome (Fig. 3). The other two with stroke and unfavorable out-



Table 2
Predictive values [95% confidence intervals] of the EEG and SEP features and their combinations for stroke. *p < 0.05, **p < 0.001 (X2 test or Fisher’s exact test between
neonates with stroke and those without). NPV = negative predictive value, PPV = positive predictive value, SEP� = SEP absent uni- or bilaterally, sz = seizures.

EEG/SEP Stroke Accuracy Specificity Sensitivity PPV NPV

No (142) Yes (32)

Sz** 13% (19) 41% (13) 78 [71–84] 87 [80–92] 41 [24–59] 41 [27–55] 87 [83–90]
Recurrent unilateral sz** 2% (3) 31% (10) 86 [80–90] 98 [94–100] 31 [16–50] 77 [49–92] 86 [83–89]
Continuous background & recurrent unilateral sz** 1% (2) 31% (10) 86 [80–91] 99 [95–100] 31 [16–50] 83 [54–96] 86 [83–89]
SEP�* 17% (24) 34% (11) 74 [67–80] 83 [76–89] 34 [19–53] 31 [20–46] 85 [81–88]
Continuous background & SEP�** 0% (0) 31% (10) 87 [81–92] 100 [97–100] 31 [16–50] 100 [–] 87 [84–89]
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come that were missed by this combination were one with discon-
tinuous EEG probably caused by a concomitant severe HIE, and one
with normal SEPs but diagnosis of mild hemiplegia at follow-up.

3.3. EEG and SEPs in predicting outcome within the group of neonates
with stroke

Amongst the neonates with stroke, absence of SEPs from at least
one hemisphere (n = 11) had a high accuracy (90%) for unfavorable
outcome: Eight of the 11 neonates developed CP, and one with con-
comitant severe HIE died. On the contrary, 18 of the 19 neonates
with stroke but bilaterally present SEPs developed favorably, and
only one developed a mild hemiparesis. In MRI, all 11 neonates
with absent SEP in one or both hemispheres, including the two
with favorable outcome, had an ischemic MCA stroke. On the con-
trary, the MRI findings in the 19 neonates with SEPs present were
variable (Figs. 2B and 4).

Seizures in the EEG were more common in neonates with unfa-
vorable than favorable outcome (Fisher’s exact test, p = 0.015).
However for outcome prediction, seizures were less accurate than
SEPs (Fig. 2).

4. Discussion

Our data show that combining EEG and SEPs may offer unique
added value in bedside testing of neonates presenting with sus-
pected seizures or general signs of encephalopathy. In particular,
Fig. 3. Combining SEP classification with EEG background information accu-
rately diagnoses neonates with stroke and unfavorable outcome. Black = stroke,
unfavorable outcome; dark gray = stroke, favorable outcome; light gray = stroke,
lost to follow-up; white = not stroke. SEP� = SEP absent from at least one
hemisphere, SEP+ = SEP present bilaterally. Y-axis shows the number of neonates
in each category, note the scale. astroke and concomitant HIE/asphyxia.
the combination of continuous EEG background and absent SEP
(uni- or bilaterally) was highly indicative of stroke with unfavor-
able neurodevelopmental outcome. In practice, this combination
always indicated stroke and involvement of the MCA, and in 80%
also subsequent development of CP. While normal SEPs did not
rule out stroke, they indicated a favorable neuromotor outcome
in the neonates with stroke. Our data also confirm the prior litera-
ture (Lynch et al., 2011; Low et al., 2014) in that recurrent unilat-
eral seizures with continuous EEG background are typical of stroke,
however their accuracy for outcome prediction is lower than that
of SEPs.

4.1. Challenges in early diagnosis of neonatal stroke and prediction of
outcome

Neonatal stroke is associated with significant later morbidity
with, for example, 20–40% of infants with symptomatic neonatal
arterial ischemic stroke (AIS) developing with CP (deVeber et al.,
2000; Boardman et al., 2005; Lee et al., 2005; Husson et al.,
2010; Darmency-Stamboul et al., 2012). However, detecting
neonatal stroke is difficult due to the nonspecificity and oftentimes
subtleness of the presenting symptoms, which calls for easily
applicable bedside diagnostic methods. In addition, means for out-
come prediction in the acute setting are essential for developing
and studying efficacy of new neuroprotective treatment strategies,
e.g. therapeutic hypothermia and erythropoietin, aiming to limit
the extent of neonatal AIS and/or to promote recovery (Giraud
et al., 2017).

Both ischemic and hemorrhagic neonatal stroke most com-
monly present with seizures within the first postnatal week
(Estan and Hope, 1997; Brouwer et al., 2010; Chabrier et al.,
2010; Kirton et al., 2011; Darmency-Stamboul et al., 2012;
Rutherford et al., 2012; Bruno et al., 2014; Fox et al., 2016).
Together they account for 19–31% of all neonatal seizures
(ischemic 12–18%, hemorrhagic 7–17%) (Estan and Hope, 1997;
Tekgul et al., 2006; Glass et al., 2016). Fewer neonates with stroke
present with general signs of encephalopathy without clear clinical
seizures (Estan and Hope, 1997; Brouwer et al., 2010; Chabrier
et al., 2011; Moharir et al., 2011; Fox et al., 2016; Suppiej et al.,
2016). Interestingly, in the present study the neonates with an
unfavorable stroke outcome tended to present with recurrent
apnea or general signs of encephalopathy rather than clonic motor
seizures, which were the most common presenting symptom in
the neonates with a favorable outcome. Hence, particularly the
neonates with unfavorable stroke outcome were difficult to diag-
nose on clinical grounds as the characteristic focal clonic seizure
manifestations were often lacking. Previously, the clonic seizure
type has been shown to correlate with a more favorable outcome
in a cohort including neonates with varying seizure etiologies
(Mizrahi and Kellaway, 1987).

Of the neuroimaging methods cranial ultrasound, available at
bedside, is sensitive in detecting hemorrhagic stroke (Mercuri
et al., 1995), but it has a low sensitivity for detecting ischemic
stroke within the first days after the symptoms start (Mercuri



Fig. 4. Examples of SEPs together with MRI finding in neonates with stroke. (A) Three neonates with absent SEP and unfavorable outcome (top: bilaterally absent SEP,
middle and bottom: unilaterally absent SEP). (B) The one neonate with normal SEP but unfavorable outcome (diagnosis of mild hemiplegic CP). (C) The two neonates with
unilaterally absent SEP, but favorable outcome. (D) Two neonates with normal SEP and favorable outcome.
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et al., 1995; Estan and Hope, 1997; Golomb et al., 2003). Hence,
acute ischemic stroke needs to be confirmed by MRI, where diffu-
sion weighted imaging can detect ischemic injury within hours of
stroke onset (de Vries et al., 2005; van der Aa et al., 2013). MRI is
also highly accurate in predicting outcome after AIS (de Vries
et al., 1997; Boardman et al., 2005; de Vries et al., 2005; Kirton
et al., 2008). It is, however, not available at bedside and its predic-
tive ability is highest only after 48 hours after symptom onset
(Wagenaar et al., 2017). There is little clinical or MRI data on out-
come prediction after other types of neonatal stroke than AIS, but
in neonates with cerebral sinovenous thrombosis the occurrence of
venous infarction (deVeber et al., 2001) and other neurological
comorbidity at diagnosis (Moharir et al., 2011) are associated with
worse outcome.
4.2. EEG and SEPs in the evaluation of acute neonatal stroke

A common clinical practice considers unilateral recurrent sei-
zures that stand out of continuous EEG activity to be suggestive of
neonatal AIS (Chabrier et al., 2011). However, the evidence for this
association stems from a few case series of neonatal AIS (Lynch
et al., 2011; Low et al., 2014; Suppiej et al., 2016), and no informa-
tion on its diagnostic specificity is available. Our present results
confirm and expand this idea by showing that recurrent, unilateral
seizures together with continuous EEG background are highly sug-
gestive of stroke. However, the sensitivity of EEG-detected seizures
for diagnosing stroke was low in these short-duration EEGs.

The EEG features were, however, not as accurate in stroke out-
come prediction as SEPs. Our data suggest that SEPs recorded dur-
ing routine EEG could serve as a bedside screening tool in neonates
suspected of having a stroke. Particularly, the combination of
absent SEP and continuous EEG background had a high accuracy
to identify the neonates with a large MCA infarction and, conse-
quently, a high risk for developing CP. While there were also other
etiologies (particularly HIE) underlying absent SEPs, these could be
neurophysiologically distinguished from stroke based on the conti-
nuity of the EEG background, in addition to the generally different
clinical setting. Although bilaterally normal median nerve EEG-
SEPs could not exclude stroke, they did predict good neuromotor
outcome at 1-year age after neonatal stroke.

Finally, we suggest that performing SEPs simultaneously with
EEG is particularly advantageous in neonates suspected of stroke,
because it enables observing the spontaneous EEG during the SEP
examination. Coregistration of EEG makes SEP studies more effi-
cient and reliable as they allow selection of epochs not confounded
by seizures.
4.3. Limitations

Our data was collected from a large and active neurophysiology
unit at a tertiary level university hospital over five and half years,
yet the study only includes a relatively low number of neonates
with confirmed stroke. In particular, the number of neonates with
non-AIS stroke was too low to draw far-reaching conclusions.

There was also some variation in the timing and length of the
EEG-SEP recordings, which were affected by the constraints of clin-
ical care. Other limitations are the relatively short follow-up period
and outcome classification taken from medical records instead of a
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formal standardized neurodevelopmental test performed by an
experimenter blinded to perinatal data. We do believe, however,
that the follow-up information is sufficient for the robust outcome
classification used in this work, since the children with stroke
attended a clinical follow-up program that involves examinations
by a neuropediatrician at a tertiary level hospital. Nevertheless,
prospective studies using standardized follow-up protocols are
necessary to confirm the results of this study.

Regarding EEG classification, we chose to focus on the most
robust EEG features, which do not capture all fine EEG analysis
details, e.g. hemispheric asymmetry or focal abnormalities, that
have been previously reported to co-vary with some neonatal
strokes (Koelfen et al., 1995; Estan and Hope, 1997; Mercuri
et al., 1999; Rafay et al., 2009). In the future, a more detailed EEG
analysis might gain from a quantified computational EEG analysis,
which would not only be more objective but also might improve
the diagnostic and prognostic accuracies from those observed in
the present study.

5. Conclusions

Our present findings indicate a role for EEG-SEP in the early
diagnostic screening of suspected neonatal stroke. We showed that
the combination of a continuous EEG background and recurrent,
unilateral seizures in near-term neonates was highly suggestive
of stroke. Furthermore, the combination of a continuous EEG and
absence of SEPs from one or both hemispheres was indicative of
an MCA infarction and highly predictive of consequent develop-
ment of CP. Although bilaterally normal SEPs could not exclude
stroke, they did predict good short-term neuromotor outcome after
neonatal stroke. EEG-SEP could, thus, serve as a bedside screening
tool to direct prompt neuroimaging for those neonates with a
probable MCA stroke, and consequently at highest risk of develop-
ing CP. Eventually, this work-up could lead to a faster diagnosis
and open up possibilities for treatment development.
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