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Interval= dIBls) after neonatal hypoxic-ischemic encephalopathy (HIE) to favourable or
adverse neurodevelopmental outcome.

Methods: Nineteen neonates (gestational age 36—41 weeks) with HIE underwent therapeutic
hypothermia and had cEEG-monitoring. EEGs were retrospectively analyzed with a previously
developed algorithm to detect the dynamic Interburst Intervals. Median duration and ampli-
tude of the dIBIs were calculated at 1 h-intervals. Sensitivity and specificity of automated
EEG background grading for favorable and adverse outcomes were assessed at 6 h-intervals.
Results: Dynamic IBIl values reached the best prognostic value between 18 and 24 h
(AUC of 0.93). EEGs with dIBI amplitude >15 pV and duration <10 s had a specificity of
100% at 6—12 h for favorable outcome but decreased subsequently to 67% at 25—42 h.
Suppressed EEGs with dIBl amplitude <15 uV and duration >10 s were specific for adverse
outcome (89—100%) at 18—24 h (n = 10). Extremely low voltage and invariant EEG patterns
were indicative of adverse outcome at all time points.

Conclusions: Automated analysis of the suppressed periods in EEG of neonates with HIE under-
going TH provides objective and early prognostic information. This objective tool can be used
in a multimodal strategy for outcome assessment. Implementation of this method can facili-
tate clinical practice, improve risk stratification and aid therapeutic decision-making. A multi-
center trial with a quantifiable outcome measure is warranted to confirm the predictive value
of this method in a more heterogeneous dataset.

Copyright © 2018, Taiwan Pediatric Association. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).

1. Introduction

Despite therapeutic hypothermia (TH) as standard treat-
ment in neonates with hypoxic-ischemic encephalopathy
(HIE)," up to 30-50% of neonates still have adverse neu-
rodevelopmental outcome.? Early identification of those
highest risk neonates remains a challenge to optimize
therapeutic strategies, guide clinical care and counsel
families. The predictive value of clinical and serum bio-
markers have declined in the era of TH.? Moreover, several
studies highlight the importance of evaluation over time of
clinical and neurophysiological parameters since TH and
sedative medication can alter the prognostic utility of these
predictors.>> Continuous assessment of brain function by
EEG provides a sensitive and objective evaluation of
neurophysiologic health. Previous studies have proven the
prognostic value of functional neuromonitoring with
amplitude EEG (aEEG) and multichannel cEEG,*” but
interpretation remains subjective.

The EEG in neonates with HIE reflects the severity of
brain injury and evolves over time. Grading of HIE using
EEG is done by assessment of discontinuity, amplitude,
synchrony and presence of sleep—wake cycles (SWC).%? In
clinical practice, discontinuity is the most commonly used
parameter to assess the severity of HIE and it is most
useful in severe grades.'®~'? EEG features associated with
poor outcome are persistent low background amplitude,
persistent discontinuity or a burst-suppression (BS)
pattern.”®""'~13 Recovery of EEG is characterized by pro-
gressive shortening of the suppressed periods, increase in
amplitude of the suppressed periods, reactivity of the
EEG, change in burst amplitudes and timing of re-
appearance of SWC. To monitor the evolution of brain
injury more accurately and assist clinicians with an
objective, reproducible measure, our group has developed

an algorithm, which detects dynamic Interburst Intervals
(dIBls), derived from both amplitude and duration of the
suppressed periods.’*"> We have shown previously that
this algorithm is able to assess the different grades of EEG
discontinuity in high agreement with subjective pattern
recognition and is better than traditional IBI measures
based on only duration thresholds, since it deals more
accurately with the dynamic changes that can be observed
during the improvement or deterioration of the EEG in
neonatal HIE."®'® Previous studies have also used auto-
mated analysis for grading the severity of the background
abnormalities compared to subjective rating."’ " Others
have evaluated quantitative features of the aEEG for
prognostication in neonates with HIE during hypothermia
to overcome interrater-variability.'"?*** However, no
studies have used fully automated analysis of both ampli-
tude and duration of cEEG discontinuity as an objective
measure to predict outcome after HIE in the era of ther-
apeutic hypothermia. Moreover, early identification of
those at highest risk would also be useful to stratification
into future trials designed to test adjuvant therapies.
Therefore, we aimed to assess the early prognostic value
of automated derived dIBI values after neonatal HIE during
TH to predict adverse outcome in a small cohort of term
neonates.

2. Methods

2.1. Patients

All term neonates admitted to the UZ Leuven NICU and
treated with TH for HIE between January 2011 and May
2015 were retrospectively studied. Whole-body hypother-
mia was initiated according to the Dutch-Flemish cooling
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protocol?* within 6 h. Two infants with normal delivery,

who experienced a life-threatening event within the 24 h
after birth and who met the cooling criteria, were also
treated with hypothermia, as reported by Pejovic et al.?®
Infants with congenital malformations or syndromes were
excluded. Clinical data were retrospectively collected from
medical records. This study (as part of Neoguard: the
development of a neonatal EEG monitor with real-time,
bedside data visualization and automated decision sup-
port) was conducted with approval from the hospital
Ethical Review Board, for a retrospective, anonymous data
analysis.

2.2. Multichannel cEEG monitoring

After admission, multichannel cEEG was measured during
TH and rewarming. If seizures were suspected before start
of the EEG, treatment was at the discretion of the
attending clinician. Neonates received sedative drugs
throughout TH (fentanyl, tramadol or midazolam). EEG
recordings were done with 9—17 electrodes (Fp1-2, C3-4,
T3-4, 01-02, Fp3-4, Fp7-8, T5-6, P3-4, reference electrode
Cz) at a sampling frequency of 250 Hz, according to the
modified international 10—20 standard. Recordings were
done using a BRAIN RT EEG system, OSG BVBA, Rumst,
Belgium. All EEG signals were filtered using high and low-
pass filters at 0.27 Hz and 70 Hz.

2.3. Brain imaging

Cranial ultrasound was performed at admission or at day 1
and repeated at day 3 or 4. MRI was performed between
day 2 and 7. The severity of brain injury was assessed by
using conventional T1 and T2 sequences with diffusion-
weighted imaging and apparent diffusion coefficient maps.
An independent neonatologist, experienced in neuroradi-
ology (PG), and blinded to the clinical history, reviewed the
MRIs. Injury patterns were separately scored for lesions in
the basal ganglia and cortical white matter by a previously
described method.?® Normal to mild MRI injury was defined
as watershed score <3 or basal ganglia/thalamus score <2,
and moderate to severe injury was watershed injury score
>3 or basal ganglia/thalamus score >2, combined in 6
different injury patterns.

2.4. Neurodevelopmental outcome

Neurodevelopmental follow-up was performed by a trained
child neurologist at 12 and 24 months of age with the Bayley
Scales of Infant Development, version 2 (BSID-1l) cognitive
and motor score. Adverse outcome was defined as death,
cerebral palsy that impaired independent walking, re-
fractory epilepsy, deafness, bilateral cortical impairment
with no useful vision or a BSID-II cognitive and motor score
less than 70 (>2SD below the mean). Infants with better
outcome were placed in the favorable outcome group and
scored as: normal BSID-Il >85 for both motor and cognitive
score or mild disabilities with 1 subscale of the BSID-II

(cognitive/language or motor score) between 70 and 84 at
24 months.>27:28

2.5. Automated analysis of continuous
multichannel EEG

EEG analysis was performed using algorithms implemented
in MATLAB (The MathWorks, Massachusetts, USA). A flow-
chart of the automated EEG assessment is given in Fig. 1.
Whole EEG recordings were processed with the dynamic IBI
detection algorithm, comprehensively described in Matic
et al., which was developed on a different dataset and
compared with visual assessment.'® The first part of the
algorithm detects dynamic IBls, and for this single EEG
channels are initially adaptively segmented. The detected
segments are further classified based on their amplitude.
Subsequently, only segments with low amplitudes (peak-to-
peak amplitude below 25 nV) are further processed to
define dIBI labels across all EEG channels. Finally, the me-
dian duration and median amplitude of the detected dIBls
are automatically calculated within each 1 h EEG. Based on
these automated derived values, EEG background was
classified in 5 grades for each hour: 1) dIBI amplitude from
>15 uV to <25 pV and duration <10s. 2) dIBlI amplitude
from >15 pV to <25 pV and duration >10s. 3) dIBl ampli-
tude <15 pV and duration <10s (Fig. 2), 4) dIBI
amplitude < 15 pV and duration >10s and (Fig. 3) 5) dIBI
amplitude < 5 pV and duration >60s. Compared with pre-
viously reported visual rating,”'>'*?° these grades relate
to: 1) mildly abnormal pattern with transient discontinuous
activity, 2) excessively discontinuous (dIBI duration >10s)
and mildly suppressed amplitude (>15 pV but <25 pv), 3)
depressed, and undifferentiated, with marked voltage
attenuation and discontinuous EEG for <10s, 4) severe
abnormal with depressed, and undifferentiated low voltage
activity, and discontinuity for >10s or a burst suppression
pattern and 5) extremely low voltage, unreactive and
invariable pattern (iso-electric). In trace alternant, bursts
and IBls have nearly the same duration (6s, <10s) and IBls
amplitude is > 25 nV,'*?? so TA will not be detected by the
algorithm.' For each 6 h-interval, the median EEG score
was assessed based on 1 h measurements.

2.6. Statistical analysis

Patient characteristics were summarized as mean + SD or
as median and range where appropriate. Fisher’s exact
tests were used to compare dichotomous variables, inde-
pendent sample t-test for continuous variables, and non-
parametric data were analyzed with the Independent-
Samples Kolmogorov—Smirnov Test. Sensitivity and speci-
ficity of 6 h-EEG background scores related to outcome
prediction were calculated. Sensitivity and specificity were
calculated as follows: True positive (TP): an abnormal EEG
which predicts an adverse outcome. False positive (FP): an
abnormal EEG despite actually having favorable outcome.
True negative (TN): a normal EEG which predicts a favor-
able outcome. False negative (FN): a normal EEG, despite
actually having adverse outcome.
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e dIBI detection algorithm
median dIBl amplitude/h
median dIBI duration/h

EEG grading

Grade!|  15-25uV <10s
Gradell  15-25uVv >10s

Gradelll <15uV <10s
GradelV <15pVv >10s
GradeV <5V >60s

clinical outcome prediction

Figure 1  Flowchart of the automated EEG assessment for neonates with HIE undergoing therapeutic hypothermia.
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Figure 2 Male, 37 6/7 weeks GA, placental abruption. Thompson score 13. EEG at 8 h of age. Grade 4. background score based on
dIBl amplitude <15 pV and duration >10s.
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Figure 3  Male, 37 6/7 weeks GA, placental abruption. Thompson score 13. EEG at 18 h of age. Grade 3 background score based on

dIBl amplitude <15 pV and duration <10s. Favorable outcome.

The area under the receiver operating characteristic
(ROC) curve was calculated to assess the prognostic value
of EEG background at these 6 h-intervals. For this pilot
study, we did not adjust for multiple comparisons; a two-
sided p value < 0.05 was considered significant. Statistical
analyses were performed in SPSS version 24 (IBM Corp.,
Armonk, NY, USA).

3. Results

3.1. Patient characteristics

During this period, 21 neonates were treated with TH and
had cEEG monitoring. Of these, two neonates were
excluded because of the lack of cEEG in the first 24 h.
Clinical characteristics of the 19 included neonates are
presented in Table 1. Ten of the 19 patients had adverse
outcome, 9 of whom died following redirection of care. One
infant had global developmental delay with BSID-1I cogni-
tive score of 55 and motor score of 67. Nine neonates had a
favorable outcome at 24 months of age: seven infants had
normal BSID-1I cognitive and motor scores. One infant had
normal BSID-1I motor score and mild language delay due to
hearing impairment with a family history of speech and
hearing problems and one had a BSID-Il mental score of 84
and motor score of 99.

3.2. Association between EEG background score
and outcome

Video-EEG was started at a mean of 7.2 + 4.9 h of life (time
0 h = time of birth/time of presentation after the acute
life-threatening event for two cases). EEG data were
incomplete, limiting an integral comparison within the first
12 h for all patients. Of those with cEEG at 6—12 h (n = 15),
an EEG with median score 1 or 2 had a specificity of 100%
and a sensitivity of 67% for normal outcome, which
decreased to a specificity of 67% for EEG score 1, and to a
specificity of 50% and a sensitivity of 89% for EEG score 2 at
42 h of life. Of the newborns who died following redirection
of care, EEGs were discontinued prior to rewarming in 5
(<48 h). Therefore, we scrutinized the final results of the
available data between 13 and 42 h: comparison of two
different outcome groups showed significant differences in
EEG background over this 13—42 h interval, with more se-
vere EEG scores in the group with adverse outcome
(Supplementary Materials Table 2).

The EEG improved in this time period in 9 (47%),
remained the same in 7 (37%) and worsened in 3 (16%). The
best prognostic value, with the greatest sensitivity and
specificity of the automated dIBI values, was already ach-
ieved at 18—24 h, with an AUC of 0.93 (both p < 0.01)
(Supplementary Materials Table 3). A severely attenuated
background pattern (score 4, dIBI <15 pV and duration
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Table 1 Demographic and clinical characteristics of the 19 neonates with HIE treated with therapeutic hypothermia.
Favorable outcome: n = 9 Adverse outcome: n = 10 P value

Normal outcome n = 7
Mild disabilities n = 2

Moderate to severe disabilities: n = 1
Neonatal death: n = 9

Gestational age, weeks (SD) 39 +£1.6
Birthweight, grams 3374 + 718 g
Gender
Male, n (%) 6 (67%)
Female, n (%) 3 (33%)
Qutborn, n (%) 3 (33%)
5 min Apgar, median (range) 4 (2-5)

Initial pH (mean)

Thompson score, median (range) 9 (7—13)
Ventilation support, n (%) 9 (100%)
Acute kidney injury 0
Multi-organ failure 0
Electrographic seizures
(0—6 h) 2 (22%)
(6—48 h) 0
Sedatives/anti-epileptic drugs, median 2
MRI score (n) ? 9/9
Basal ganglia/thalamus (median (range)) 0 (0-3)
Cortical white matter (median (range)) 0 (0-2)
Bayley cognitive score, median (range) 96 (78—123)

Bayley motor score, median (range) 106 (92—119)

6.93 £ 0.16 (n = 7)

38.8 + 1.8 ns

3223 + 474 g ns
ns

8 (80%)

2 (20%)

7 (70%) ns

1(0—-4)(n=7) ns

6.82 & 0.19 (n = 10) ns

12 (12—14) 0.006

10 (100%)

2 ns

3 ns

1 ns

5 (50%) 0.02

2 ns

5/10

6 (3—6) 0.01

1 (0—6) ns

55 (n = 1)

67 (n = 1)

@ Brain MRI was performed in all newborns with HIE and favorable outcome. Only 5 of the 10 newborns with adverse outcome were
evaluated with MRI. Nine neonates died following redirection of care after considering the severity of a combination of clinical,

electrophysiological and neuroimaging data and parents’ opinion.

>10s), if not improved before 19—24 h, yielded a Positive
Predictive Value (PPV) of 100%. None of the infants with an
EEG background pattern with dIBI values <5 pV and dura-
tion >60 s (EEG background score 5) had a normal MRI (if
performed) and long-term outcome; moreover, this pattern
was indicative of abnormal outcome at early time points.

During 25—36 h, sensitivity and specificity values drop-
ped slightly, with AUC from 0.82 to 0.86 (both p < 0.05).
Two neonates, with normal MRI and favorable outcome and
a background score of respectively 2 and 3 at 13—18 h in-
terval, had a worsening of EEG background later on, due to
additional doses of sedative drugs (midazolam). Three ne-
onates with adverse outcome and dIBI values < 15 pV at
6—24 h had an increase of the dIBI values by mid-cooling
(25—30 h). EEG scores during 37—42 h of TH did not add
extra prognostic value. One neonate with a Thompson score
of 13 and a severely suppressed EEG at beginning of TH had
an improved EEG score of 1 by 18 h (Fig. 4). This newborn
showed moderate MRI injury with MRI basal ganglia score of
3 but still had normal developmental outcome at 24
months. Two infants with mild disabilities had an EEG score
of 1 at 13—24 h, and no signs of injury on MRI.

Three infants with an EEG score >3 throughout the
duration of monitoring presented with multi-organ failure.
One infant with uncontrollable, severe hypotension had
electrographic seizure activity within 13—24 h after birth
and a background score of 3 at that time point. Five infants
with severe background attenuation (EEG score >4) per-
sisting after 19—36 h had maximal MRI injury scores and
goals of care were redirected to comfort measures. The
surviving infant with abnormal developmental outcome and

MRI basal ganglia score of 3, had a severely attenuated
background (EEG score 4) in the first 18 h of monitoring and
an EEG grade 2 during subsequent monitoring. Due to
limited MRI data in the abnormal outcome group (5/10), the
association between the evolution of the EEG score and MRI
injury was not assessed; however, the correlation between
MRI injury and outcome proved to be high: Pearson’s
R = 0.85 (p < 0.001).

4. Discussion

This pilot study evaluates the feasibility of automated dIBI
analysis to assist clinicians in an interpretable and objec-
tive EEG assessment in neonates with HIE. The major
benefit of this method for clinical practice is that EEG re-
cordings were analyzed in an automated manner, without
any visual pre-selection, which makes the results quantifi-
able and reproducible.

Our findings suggest that integrating the dynamic
changes in both the amplitude and duration of dIBI’s can
help to differentiate between favorable and adverse out-
comes (e.g., predicting mortality). A normal or mildly
depressed EEG (respectively dIBI amplitude >15-<25 pV,
dIBl duration <10 s), is associated with no or mild MRI brain
injury and favorable outcome if already present at 12 h of
cooling but the specificity decreases after 24 h. More
interestingly, the best prognostic value, with the greatest
sensitivity and specificity of the automated dIBI values, was
already achieved between 18 and 24 h. A suppressed EEG
(dIBI amplitude <15 pV, duration >10 s) at 18 h and no
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Figure 4 Male, 40 weeks GA, home birth with complicated labour. Thompson score 13. EEG at 18 h of age. Grade 1 background
score based on dIBl amplitude >15 pV-25 pV and duration <10s. Favorable outcome.

further improvement in the next 6 h, was highly specific for
predicting mortality.

Comparable results were achieved by Shellaas et a
who used quantitative aEEG (mean EEG amplitude, aEEG
lower margin). The lower aEEG margin was significantly
higher as early as 12 h for those with good outcomes.
Recently, Dunne et al. used a novel algorithm to detect
discontinuity in aEEG."" A mean aEEG discontinuity of >30s/
min-epochs and <10 pV threshold at 24 h had a specificity of
100% and sensitivity of 71% for adverse neurodevelopmental
outcome; however; these results required visual preselec-
tion of 2 h epochs to identify seizure-free and artefact free
data. Nash et al.” evaluated qualitative cEEG data in rela-
tionship to MRI injury and reported normalization of
severely abnormal EEG (>score 4) by 12—18 h of life in in-
fants with normal MRI. This study achieved the best prog-
nostic value for burst suppression patterns and moderate-
severe injury on MRI only by mid-cooling, a slightly later
time point compared to our results. Temko et al.>® used a
multimodal predictor, including 9 quantitative EEG features
obtained from 1 h EEG recordings at 24 h after birth. This
study reported an accuracy of 84% to predict neuro-
developmental outcome at 24 months. Our results are
further substantiated by lyer et al.,?* who demonstrated the
difference in cortical burst dynamics in infants with early
signs of functional brain recovery after HIE during TH versus

LZZ

neonates with similar brain lesions and adverse outcome.
This highlights the critical first 24 h during hypothermia,
which may indicate that rapid improvement of severe
background attenuation should be achieved before the
second day of life to be spared of severe brain injury and
adverse outcome. Moreover, evidence of severe irreversible
HIE which led to basal ganglia or diffuse brain injury is
identified with high specificity within 18 h after the insult,
making additional therapeutic interventions in a selected
group of patients possible.

This study has methodological and technical limitations.
First, the time points used to determine the association
between quantitative EEG features and outcome are influ-
enced by clinical practice. Initiation of cEEG was delayed
due to the referral pattern of our NICU. Redirection of care
to comfort measures only limited also data collection.
However, there is increasing evidence that (a)EEG data
after the second day of cooling does not add extra prog-
nostic value for neonates with a devastating prog-
nosis.”’'""22:31 Qur retrospective study is biased due to the
withdrawal of intensive care in neonates believed to have
extremely poor prognosis, inducing the risk of a self-
fulfilling prophecy.>*%232  However, the automated
derived dIBI values and related background scores were not
used to guide treatment. Based on our results of clinical,
functional and imaging data, one can assume that this
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group represents a fair sample of cases encountered in
clinical practice,®® despite the fact that the culture
regarding withdrawal of intensive care may diverge in
different countries.> "3

Second, we can only present results of two extreme
outcome categories (favorable versus mortality) due to the
small sample size. Within this cohort, we cannot comment
on the predictive value of EEG features for neonates with
moderate HIE, who might present with more persistent
discontinuity after 24 h (grade 3), among whom EEG
assessment is undoubtedly more challenging and important.
This might require the integration of multiple quantitative
EEG features (e.g., dIBl, symmetry, sleep—wake cycle) and
other factors (e.g. medication, seizure burden and status
epilepticus) that could affect brain function. Multichannel
EEG has been proven to be more accurate to assess brain
maturation, capture spatial information and seizure
detection, compared to single channel EEG.>> >’ There are
some technical limitations of automated EEG analyses,
which should be considered. Repetitive patterns such as
seizure activity can disturb the adaptive segmentation of
the algorithm. Technical influences such as artefacts and
variable EEG quality (scalp oedema), are possible limita-
tions. However, to test the practical applicability of this
method, no preselection of data was performed, which
makes it straightforward to implement in a larger number
of neonates and of benefit in clinical practice.

Concern may arise due the influence of medication,
which can suppress EEG activity which we did not adjust
for. Wood and Thoresen described longer half-lives for most
sedatives during hypothermia,®® which can lead to higher
drug levels, resulting in a significant delay in improvement
of EEG background. However, the use of AED and sedative
medication might be even more accurately targeted with
video-cEEG monitoring.*° Therefore, automated EEG anal-
ysis needs to be considered as a tool for accelerating visual
assessment and supporting clinical decision-making in a
busy NICU. Interpretation in the context of co-influencing
factors and the clinical management decisions are best
left to the treating team.

In conclusion, despite TH, a significant number of neo-
nates remain at elevated risk for adverse outcome after HIE.
Early identification of persistent severe encephalopathy is a
priority in clinical care."" Automated EEG background anal-
ysis based on dIBI values can provide a reliable and objective
biomarker during the first 13—24 h for non-EEG skilled neo-
natologists. Integration of this method can improve optimal
risk stratification to identify neonates who can potentially
benefit from adjunctive neuroprotective interventions and
for whom TH might not be sufficient. It can support thera-
peutic decision-making in the ones with devastating prog-
nosis in early postnatal life. Larger multicenter trials with a
quantifiable outcome measure are warranted to validate
these results in a more heterogeneous dataset.

Funding

AD, AA, VM and SV are supported by IWT grant- TBM 110697-
NeoGuard. AA, VM, and SV are supported by: iMinds Medical
Information Technologies: Dotatie-Strategisch basis onder-
zoek (SBO-2015); Belgian Federal Science Policy Office:
IUAP P7/19/(DYSCO, ‘Dynamical systems, control and

optimization’, 2012-2017); EU: The research leading to
these results has received funding from the European
Research Council under the European Union’s Seventh
Framework Programme (FP7/2007-2013)/ERC Advanced
Grant: BIOTENSORS (n° 339804). This paper reflects only the
authors’ views and the Union is not liable for any use that
may be made of the contained information. MDV is funded
by the Wellcome Trust Centre [grant numbers 098461/Z/
12/7] (Sleep, Circadian Rhythms & Neuroscience Institute),
the RCUK Digital Economy Programme [grant number EP/
G036861/1] (Oxford Centre for Doctoral Training in
Healthcare Innovation).

Conflict of interest statement

None of the authors has any conflict of interest to declare.

References

1. Azzopardi DV, Strohm B, Edwards AD, Dyet L, Halliday HL,
Juszczak E, et al. Moderate hypothermia to treat perinatal
asphyxial encephalopathy. N Engl J Med 2009;361:1349—58.

2. Bonifacio SL, deVries LS, Groenendaal F. Impact of hypother-
mia on predictors of poor outcome: how do we decide to
redirect care? Semin Fetal Neonatal Med 2015;20:122—7.

3. Sabir H, Cowan FM. Prediction of outcome methods assessing
short- and long-term outcome after therapeutic hypothermia.
Semin Fetal Neonatal Med 2015;20:115—21.

4. Perlman M, Shah PS. Hypoxic-ischemic encephalopathy:
challenges in outcome and prediction. J Pediatr 2011;158:
e51—4.

5. Gunn AJ, Wyatt JS, Whitelaw A, Barks J, Azzopardi D,
Ballard R, et al. Therapeutic hypothermia changes the prog-
nostic value of clinical evaluation of neonatal encephalopathy.
J Pediatr 2008;152:55—8.

6. Thoresen M, Hellstrom-Westas L, Liu X, de Vries LS. Effect of
hypothermia on amplitude-integrated electroencephalogram
in infants with asphyxia. Pediatrics 2010;126:e131-9.

7. Nash KB, Bonifacio SL, Glass HC, Sullivan JE, Barkovich AJ,
Ferriero DM, et al. Video-EEG monitoring in newborns with
hypoxic-ischemic encephalopathy treated with hypothermia.
Neurology 2011;76:556—62.

8. Mariani E, Scelsa B, Pogliani L, Introvini P, Lista G. Prognostic
value of electroencephalograms in asphyxiated newborns
treated with hypothermia. Pediatr Neurol 2008;39:317—24.

9. Briatore E, Ferrari F, Pomero G, Boghi A, Gozzoli L, Micciolo R,
et al. EEG findings in cooled asphyxiated newborns and cor-
relation with site and severity of brain damage. Brain Dev
2013;35:420—6.

10. Matic V, Cherian PJ, Jansen K, Koolen N, Naulaers G,
Swarte RM, et al. Improving reliability of monitoring back-
ground EEG dynamics in asphyxiated infants. IEEE Trans Bio-
med Eng 2016;63:973—83.

11. Dunne JM, Wertheim D, Clarke P, Kapellou O, Chisholm P,
Boardman JP, et al. Automated electroencephalographic
discontinuity in cooled newborns predicts cerebral MRI and
neurodevelopmental outcome. Arch Dis Child Fetal Neonatal
Ed 2017;102:F58—64.

12. Awal MA, Lai MM, Azemi G, Boashash B, Colditz PB. EEG
background features that predict outcome in term neonates
with hypoxic ischaemic encephalopathy: a structured review.
Clin Neurophysiol 2016;127:285—96.

13. Murray DM, Boylan GB, Ryan CA, Connolly S. Early EEG findings
in hypoxic-ischemic encephalopathy predict outcomes at 2
years. Pediatrics 2009;124:e459—67.


http://refhub.elsevier.com/S1875-9572(17)30379-0/sref1
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref1
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref1
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref1
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref2
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref2
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref2
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref2
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref3
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref3
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref3
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref3
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref4
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref4
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref4
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref4
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref5
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref5
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref5
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref5
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref5
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref6
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref6
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref6
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref6
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref7
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref7
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref7
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref7
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref7
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref8
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref8
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref8
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref8
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref9
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref9
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref9
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref9
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref9
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref10
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref10
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref10
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref10
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref10
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref11
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref11
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref11
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref11
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref11
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref11
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref12
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref12
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref12
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref12
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref12
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref13
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref13
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref13
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref13

58

A. Dereymaeker et al

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

André M, Lamblin MD, d’Allest AM, Curzi-Dascalova L,
Moussalli-Salefranque F, S Nguyen The T, et al. Electroen-
cephalography in premature and full-term infants. Devel-
opmental features and glossary. Neurophysiol Clin 2010;40:
59—124.

Tsuchida TN, Wusthoff CJ, Shellhaas RA, Abend NS, Hahn CD,
Sullivan JE, et al. American clinical neurophysiology society
standardized EEG terminology and categorization for the
description of continuous EEG monitoring in neonates: report
of the American clinical neurophysiology society critical care
monitoring committee. J Clin Neurophysiol 2013;30:161—73.
Matic V, Cherian PJ, Jansen K, Koolen N, Naulaers G,
Swarte RM, et al. Automated EEG inter-burst interval detection
in neonates with mild to moderate postasphyxial encephalop-
athy. Conf Proc IEEE Eng Med Biol Soc 2012;2012:17—-20.
Korotchikova I, Stevenson NJ, Walsh BH, Murray DM, Boylan GB.
Quantitative EEG analysis in neonatal hypoxic ischaemic en-
cephalopathy. Clin Neurophysiol 2011;122:1671—8.

Stevenson NJ, Korotchikova |, Temko A, Lightbody G,
Marnane WP, Boylan GB. An automated system for grading EEG
abnormality in term neonates with hypoxic-ischaemic en-
cephalopathy. Ann Biomed Eng 2013;41:775—85.

Matic V, Cherian PJ, Koolen N, Naulaers G, Swarte RM,
Govaert P, et al. Holistic approach for automated background
EEG assessment in asphyxiated full-term infants. J Neural Eng
2014;11:066007.

Ahmed R, Temko A, Marnane W, Lightbody G, Boylan G.
Grading hypoxic-ischemic encephalopathy severity in neonatal
EEG using GMM supervectors and the support vector machine.
Clin Neurophysiol 2016;127:297—309.

Matic V, Cherian PJ, Koolen N, Ansari AH, Naulaers G,
Govaert P, et al. Objective differentiation of neonatal EEG
background grades using detrended fluctuation analysis. Front
Hum Neurosci 2015;9:189.

Shellhaas RA, Kushwaha JS, Plegue MA, Selewski DT, Barks JD.
An evaluation of cerebral and systemic predictors of 18-month
outcomes for neonates with hypoxic ischemic encephalopathy.
J Child Neurol 2015;30:1526—31.

lyer KK, Roberts JA, Metsaranta M, Finnigan S, Breakspear M,
Vanhatalo S. Novel features of early burst suppression predict
outcome after birth asphyxia. Ann Clin Transl Neurol 2014;1:
209—14.

Groenendaal F, Casaer A, Dijkman KP, Gavilanes AW, de
Haan TR, ter Horst HJ, et al. Introduction of hypothermia for
neonates with perinatal asphyxia in the Netherlands and
Flanders. Neonatology 2013;104:15—21.

Pejovic NJ, Herlenius E. Unexpected collapse of healthy
newborn infants: risk factors, supervision and hypothermia
treatment. Acta Paediatr 2013;102:680—8.

Swarte R, Lequin M, Cherian P, Zecic A, van Goudoever J,
Govaert P. Imaging patterns of brain injury in term-birth
asphyxia. Acta Paediatr 2009;98:586—92.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Palisano R, Rosenbaum P, Walter S, Russell D, Wood E,
Galuppi B. Development and reliability of a system to classify
gross motor function in children with cerebral palsy. Dev Med
Child Neurol 1997;39:214-23.

van Schie PE, Schijns J, Becher JG, Barkhof F, van
Weissenbruch MM, Vermeulen RJ. Long-term motor and
behavioral outcome after perinatal hypoxic-ischemic enceph-
alopathy. Eur J Paediatr Neurol 2015;19:354—9.

Menache CC, Bourgeois BF, Volpe JJ. Prognostic value
of neonatal discontinuous EEG. Pediatr Neurol 2002;27:93—101.
Temko A, Doyle O, Murray D, Lightbody G, Boylan G,
Marnane W. Multimodal predictor of neurodevelopmental
outcome in newborns with hypoxic-ischaemic encephalopathy.
Comput Biol Med 2015;63:169—77.

Shellhaas RA, Thelen BJ, Bapuraj JR, Burns JW, Swenson AW,
Christensen MK, et al. Limited short-term prognostic utility of
cerebral NIRS during neonatal therapeutic hypothermia.
Neurology 2013;81:249-55.

Bouwes A, Binnekade JM, Kuiper MA, Bosch FH, Zandstra DF,
Toornvliet AC, et al. Prognosis of coma after therapeutic hypo-
thermia: a prospective cohort study. Ann Neurol 2012;71:206—12.
Weeke LC, Vilan A, Toet MC, van Haastert IC, de Vries LS,
Groenendaal F. A comparison of the Thompson encephalopathy
score and amplitude-integrated electroencephalography in
infants with perinatal asphyxia and therapeutic hypothermia.
Neonatology 2017;112:24-9.

Lemmers PM, Zwanenburg RJ, Benders MJ, de Vries LS,
Groenendaal F, van Bel F, et al. Cerebral oxygenation and brain
activity after perinatal asphyxia: does hypothermia change
their prognostic value? Pediatr Res 2013;74:180—5.

Kato T, Okumura A, Hayakawa F, Tsuji T, Natsume J,
Watanabe K. Evaluation of brain maturation in pre-term in-
fants using conventional and amplitude-integrated electroen-
cephalograms. Clin Neurophysiol 2011;122:1967—72.
Shellhaas RA, Clancy RR. Characterization of neonatal seizures
by conventional EEG and single-channel EEG. Clin Neuro-
physiol 2007;118:2156—61.

Koolen N, Dereymaeker A, Rasanen O, Jansen K, Vervisch J,
Matic V, et al. Early development of synchrony in cortical ac-
tivations in the human. Neuroscience 2016;322:298—307.
Wood T, Thoresen M. Physiological responses to hypothermia.
Semin Fetal Neonatal Med 2015;20:87—96.

Wietstock SO, Bonifacio SL, McCulloch CE, Kuzniewicz MW,
Glass HC. Neonatal neurocritical care service is associated with
decreased administration of seizure medication. J Child Neurol
2015;30:1135—41.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.pedneo.2018.03.010.


http://refhub.elsevier.com/S1875-9572(17)30379-0/sref14
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref14
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref14
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref14
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref14
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref14
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref15
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref15
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref15
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref15
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref15
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref15
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref15
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref16
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref16
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref16
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref16
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref16
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref17
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref17
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref17
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref17
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref18
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref18
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref18
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref18
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref18
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref19
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref19
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref19
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref19
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref20
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref20
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref20
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref20
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref20
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref21
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref21
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref21
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref21
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref22
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref22
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref22
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref22
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref22
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref23
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref23
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref23
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref23
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref23
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref24
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref24
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref24
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref24
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref24
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref25
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref25
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref25
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref25
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref26
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref26
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref26
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref26
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref27
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref27
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref27
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref27
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref27
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref28
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref28
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref28
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref28
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref28
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref29
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref29
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref29
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref30
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref30
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref30
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref30
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref30
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref31
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref31
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref31
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref31
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref31
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref32
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref32
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref32
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref32
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref33
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref33
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref33
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref33
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref33
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref33
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref34
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref34
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref34
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref34
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref34
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref35
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref35
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref35
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref35
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref35
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref36
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref36
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref36
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref36
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref37
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref37
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref37
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref37
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref38
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref38
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref38
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref39
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref39
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref39
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref39
http://refhub.elsevier.com/S1875-9572(17)30379-0/sref39
https://doi.org/10.1016/j.pedneo.2018.03.010

	Automated EEG background analysis to identify neonates with hypoxic-ischemic encephalopathy treated with hypothermia at ris ...
	1. Introduction
	2. Methods
	2.1. Patients
	2.2. Multichannel cEEG monitoring
	2.3. Brain imaging
	2.4. Neurodevelopmental outcome
	2.5. Automated analysis of continuous multichannel EEG
	2.6. Statistical analysis

	3. Results
	3.1. Patient characteristics
	3.2. Association between EEG background score and outcome

	4. Discussion
	Funding
	Conflict of interest statement
	References
	Appendix A. Supplementary data


