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Abstract

Introduction: Prediction of neurodevelopmental outcome
in infants with hypoxic-ischemic encephalopathy remains
animportant challenge. Various studies have shown that the
predictive ability of different modalities changed after the
introduction of therapeutic hypothermia. This paper reviews
the diagnostic test accuracy of the different modalities that
are being used to predict neurodevelopmental outcomes
following therapeutic hypothermia. Methods: A systematic
literature search was performed using Embase and PubMed.
Two reviewers independently included eligible studies and
extracted data. The quality of the studies was assessed using
the Quality in Prognosis Studies Tool. Meta-analyses were
performed where possible. Results: Forty-seven articles and
3 conference abstracts were included, reporting on 3,072 in-
fants of whom 39% died or had an adverse neurodevelop-
mental outcome. A meta-analysis could be performed using
37 articles on (amplitude-integrated) electroencephalogra-
phy (EEG), conventional magnetic resonance imaging (MRI),
diffusion-weighted imaging (DWI), and proton magnetic

resonance spectroscopy ('H-MRS). Amplitude-integrated
EEG (aEEG) at 24 and 72 h showed similar high diagnostic OR,
while aEEG at 6 h and EEG performed less, both due to a low
specificity. For MRI, most studies reported scoring systemsin
which early (<8 days) MRI performed better than late (>8
days) MRI. Injury to the posterior limb of the internal capsule
on MRI or to the thalami on DWI were strong individual pre-
dictors, as was an increased lactate/N-acetylaspartate peak
on '"H-MRS. Conclusions: In the era of therapeutic hypother-
mia, the different modalities remain good predictors of neu-
rodevelopmental outcome. However, timing should be tak-
eninto account. aEEG may initially be false positive and gets
more reliable after 24 h. In contrast, MRI should be used dur-
ing the first week, as its predictive value decreases after-

wards. © 2020 The Author(s)
Published by S. Karger AG, Basel

Introduction

Hypoxic-ischemic encephalopathy (HIE) following
perinatal asphyxia is the most common cause of acquired
perinatal brain injury and may lead to death or long-term
neurologic sequelae [1, 2]. During the last decade, thera-
peutic hypothermia (TH) has become standard treatment
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for infants with moderate to severe HIE and it has been
shown to reduce both mortality and morbidity [1].

Early prognostication remains challenging but essen-
tial for parental counseling and intensive care manage-
ment, including the use of future neuroprotective strate-
gies. A wide variety of neurophysiologic and neuroimag-
ing modalities are currently available to assess the degree
of brain injury and predict long-term outcomes. The pre-
dictive value of these tests was first studied as part of large
randomized controlled trials [3-5] studying the effect of
TH on outcomes, and many studies have followed since.
Following TH, the predictive abilities of some tests have
been reported to have changed, although they remain
useful tools [6, 7]. Various factors may have contributed
to the changed predictive characteristics following TH,
including differences in inclusion criteria for studies pri-
or to and during the TH era and changes in the extent and
time course of injury following TH [7].

So far only 1 meta-analysis [8] has reported the predic-
tive characteristics of amplitude-integrated electroen-
cephalography (aEEG) regarding TH studies only, and no
meta-analysis has been performed reporting all neuro-
physiologic and neuroimaging modalities. Therefore, we
performed a systematic review and meta-analysis to pro-
vide an overview of the prognostic values of the tech-
niques that are most commonly used in clinical practice
for predicting neurodevelopmental outcomes in HIE.
Specifically, electroencephalography (EEG), aEEG, near-
infrared resonance spectroscopy (NIRS), evoked poten-
tials, different magnetic resonance imaging (MRI) mo-
dalities, and cranial ultrasound (cUS) were evaluated.

Methods

Information Sources

We conducted a systematic review and meta-analysis following
Preferred Reporting Items for Systematic Reviews and Meta-anal-
yses guidelines [9] and the Meta- Analysis of Observational Studies
in Epidemiology [10]. A systematic search was performed in
PubMed and Embase by 2 authors (L.C.A.S. and S.0.) on Novem-
ber 29, 2018, and was based on the search by van Laerhoven et al.
[11] (online suppl. Fig. 1; for all online suppl. material, see www.
karger.com/doi/10.1159/000505519). The reference lists of includ-
ed studies were screened in order to identify any additional rele-
vant studies. Conference abstracts were also eligible for inclusion
to minimize publication bias. When an article or conference ab-
stract lacked the required clinical data or data to perform a meta-
analysis, additional data was requested from the authors via e-mail.

Study Eligibility
Studies were selected based on the following inclusion criteria:
(1) studies on term and near-term infants (gestational age >35
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weeks) with HIE treated with TH; (2) relationship between neuro-
developmental outcomes and at least 1 of the following prognostic
tests described: aEEG, EEG, NIRS, evoked potentials, MRI, and cUS;
and (3) neurodevelopmental follow-up during at least 18 months.
Neurodevelopmental outcomes had to be defined by at least 1 of
the following criteria: (1) death, (2) development of cerebral palsy,
and (3) developmental outcome using validated tools such as the
Bayley Scales of Infant Development. Studies were excluded when
there were: (1) no separate results on hypothermic infants if the
study contained data on hypothermic and normothermic infants;
(2) when the number of infants with outcome data as described
above was lower than 15; or (3) when an additional treatment other
than TH was investigated. When studies from the same authors re-
ported overlapping populations for the same test, the study with few-
er infants was excluded. Studies published in a language other than
English, Dutch, French, Spanish, or German were also excluded.
Studies that did not provide data for 2 x 2 tables after a request to the
authors were included in the systematic review but not in the meta-
analysis. Conference abstracts were not included for the review if no
sufficient clinical data were available after contacting the authors.

Data Extraction

Information regarding the study design, the setting, the num-
ber of included infants and follow-up, infants’ baseline character-
istics, outcome measurements, prognostic factor methods, and re-
sults were independently extracted by 2 of the authors (L.C.A.S.
and S.0.) and discussed with a third author (N.E.A.) in case of any
doubt. When articles provided data on both abnormal Bayley III
scores <85 and <70, we used <85 as indicative of abnormal out-
comes, since Bayley III scores have been reported to be higher than
Bayley II scores [12]. When articles described separate results for
motor and cognitive or language impairment, we chose cognitive
impairment for the meta-analysis.

Quality Assessment

The quality of the included studies was assessed using the Qual-
ity in Prognosis Studies Tool on the risk of bias in the following 6
domains: patient selection, study attrition, measurement of prog-
nostic factors, outcome measurements, study confounding, and
statistical analysis and reporting [13]. Two reviewers (S.0. and
L.C.A.S.) independently rated the methodological quality of each
study and in case of disagreement a third author (N.E.A.) was con-
sulted.

Statistical Analysis

Receiver operating characteristic curve analysis using MedCalc
Software (version 19.0.7; Ostend, Belgium) was used to identify the
optimal cut-off value when the predictor was reported as continu-
ous data or with more than 2 abnormal classifications (e.g., for
MRI scoring methods).

If 3 or more studies reported a predictor of outcome, the pre-
dictor was included in the meta-analyses. Meta-analyses were per-
formed using the Meta4Diag package in R (www.r-project.org,
version 3.6.0) [14]. The Meta4Diag package allows modelling of
pooled logit sensitivity and logit specificity using a bivariate ran-
dom effects approach with a binomial distribution. This model has
been shown to perform better in meta-analysis of diagnostic test
accuracy studies, especially when including studies with small-
er sample sizes [15]. The diagnostic OR (DOR) was calculated
for direct comparison of the diagnostic utility of individual tests
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Table 1. Characteristics of the included studies

Study Design n/N°® HIE grade’ Follow-up, Adverse Defined adverse outcome Predictor
months outcome, studied
%
Aeby et al. [30]“’d R 20/20 NR 24 35 Death, BSID-III, SND aEEG, EEG
Al Amrani et al. [71] P 29/32 NR 26 17 Developmental delay, CP, PNE DWI
Al Amrani et al. [51]4 R 119/130  NR 32 23 Developmental delay, CP, PNE MRI
Alderliesten et al. [68] R 65/65 6/47/12 18 28 Death, Griffiths score <85, CP DWI
Alderliesten et al. [69]¢ R 88/88 10/62/16 24 33 Death, BSID-III <85, CP, SND DWI, '"H-MRS
Ancora [53]4 R 20/20 0/16/4 24 30 Death, Griffiths score <88.7, CP, SND MRI, DTI,
'H-MRS
Azzopardi et al. [16]d P 158/158 NR 18 42 Death, BSID-II MDI<70, CP 3-5, SND aEEG
Barta [54]d R 51/68 0/5/46 18-26 31 Death, BSID-II <70 MRI, 'H-MRS
Burton [49]4 R 19/28 NR 25 42 Mullen or Capute score <85, CP 2-5 NIRS
Cainelli et al. [41] P 35/35 0/35/0 24 57 Griffiths score <85, also on subscales EEG, SEP, VEP
Chalak et al. [55]Cl P 67175 0/80/10 20 54 Death, BSID-III <85, CP MRI
Charon et al. [56]4 R 38/43 0/17/14 24 21 Death, revised Brunet-Lezine score <70, CP 3-5 MRI, DWI
Csekd [17]d R 70/77 14/35/21 18-24 37 Death, BSID-II <70, CP aEEG
De Wispelaere [18]d R 45/45 11/23/11 24 51 Death, BSID-II/III <85, CP 2-5, SND, PNE aEEG, MRI
Del Balzo [34]4 R 20/20 NR 18 45 Death, BSID-III MDI <55, inability to walk, sit, feed =~ EEG, MRI
one’s self or use one’s hands, CP, SND
Dereymaeker et al. [42]¢ R 19/19 9 (7-13)¢ 24 53 Death, BSID-II <70, CP, SND, refractory PNE EEG
12 (12-14)
Dunne et al. [35]¢ R 43/49 NR 24 33 Death, BSID-II, Griffiths score, CP 2-5, SND, PNE EEG, MRI
Fitzgerald et al. [43]¢ R 109/132  26/77/29 23 24 Death, delays in gross or fine motor skills, also EEG
expressive or receptive language skills
Garfinkle et al. [51]4 P 26/29 0/23/3 26 19 BSID-III <80, CP 2-5, SND, PNE MRI. SEP
Gerner et al. [74] P 28/28 NR 20-32 71 Death, Mullen score <85 or specific Mullen subscale ~ cUS
t score <40
Gluckman et al. [19] P 108/116 NR 18 55 Death, BSID-II MDI <70, CP 3-5, SND aEEG
Hamelin et al. [36] R 16/16 NR 23 31 Death, transient motor delay, CP, SND EEG
Heursen et al. [70]4 P 54/54 10/29/15 24 33 Death, BSID-III <70, CP 2-5 DWI
Iyer et al. [37] R 16/18 NR 18 56 Death, CP, SND, PNE EEG
Lally et al. [20]¢ P 190/223  37/163/23 23 16 Death, BSID-III cognitive/language <85, CP 2-5, aEEG, MRI,
SND, PNE DTI, MRS
Lemmers [21]4 P 39/40 10 (7-13)¢ 18 33 Death, Griffiths score <85 aEEG, NIRS
12 (8-14)
Leroy-Terquem et al. R 40/48  0/38/2 24 25 Death, World Health Organization disability EEG, MRI
[38]4 score 0-4, CP, SND, PNE
Lietal. [39]4 R 21/21 0/16/5 50 48 Death, K-form developmental test <70, CP, SND EEG, MRI,
cUS
Liu et al. [22]d P 165/165 NR 24 30 Death, BSID-III <85, CP 3-5, SND aEEG
Massaro et al. [57] P 42/50 0/33/9 15-31 NR Continuous BSID-II score MRI, DTI
Mitra et al. [72]d R 55/55 NR 24 73 Death, BSID-III <85 DTI, MRS
Mulkey et al. [58]4 R 16/16 NR 30 69 Delayed milestones, CP, PNE MRI, DWI
Nevalainen et al. [50] R 23/24 NR 18-84 35 Death, Griffiths score, CP, PNE SEP
Niezen et al. [23]d R 39/39 10 (6-18) 30 33 Death, BSID-III <70, CP 3-5 aEEG, NIRS,
MRI
Rutherford et al. [4]4 P 63/64 NR 18 39 Death, BSID-II MDI <70, CP 3-5, SND MRI
Schreglmann etal. [59]* R 49/49 NR 27 24 BSID-III <85, CP, child behavioral checklist, MRI
quantitative checklist for autism in toddlers
Sewell et al. [24]4 P 49/80 0/66/14 18 35 Death, BSID-II <70, BSID-III cognitive <85 or aEEG
motor <80
Shankaran et al. [25]d P 57/57 0/71/37 18-22 42 Death, BSID-II MDI <85, CP 2-5, SND, PNE aEEG
Shankaran et al. [60]4 P 73173 0/54/18 18-22 30 Death, BSID-II MDI<85, CP 2-5, SND, PNE MRI
Shellhaas et al. [26] P 18/21 NR 18 28 Death, BSID-III <85 aEEG, NIRS
Sijens et al. [73] R 35/35 102+2.9 30 29 Death, BSID-III <85, CP 'H-MRS
Skranes et al. [27]d P 47/47 4/32/11 24 32 Death, BSID-III <85, CP 3-5, SND aEEG, MRI
Takenouchi et al. [28] R 29/31 0/15/14 22 52 Death, BSID-III MDI <85, CP aEEG
Thoresen et al. [6]¢ P 43/43 NR 18 40 Death, BSID-II MDI <70, CP 3-5, SND aEEG
Predictors of Outcomes following HIE Neonatology 2020;117:411-427 413
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Table 1 (continued)

Study Design n/N*® HIE grade’ Follow-up, Adverse Defined adverse outcome Predictor
months outcome, studied
%

Tokuhisa et al. [40] R 23/24 NR 18 65 Death, CP EEG
Trivedi et al. [61]d P/RP 57/57 0/46/11 18-24 39 Death, BSID-III <85 MRI
Tusor et al. [62]4 R 43/49 11 (1-20) 24 42 Death, Griffiths score <76, CP 3-5, SND MRI, DTI
Vilan et al. [31]>4 R 89/89 10.9+3.2 18 38 Death, Griffiths score <85, CP aEEG
Weeke et al. [29]4 R 122/134  16/70/36 24 39 Death, BSID-III <85, Griffiths score <88, CP, SND aEEG
Weeke et al. [63]d R 173/173  16/129/25 24 26 Death, BSID-III <85, CP 2-5 MRI

BSID-II/IIL, Bayley Scales of Infant and Toddler Development, second or third edition; CP, cerebral palsy; P, prospective; MDI, mental developmental
index; NR, not reported; PNE, postneonatal epilepsy; R, retrospective; SND, sensorineural deficits. * Conference abstract. b Combined prospective and
retrospective. “Thompson score for favorable and adverse outcomes. ¢ Included in the meta-analyses. © Number of infants with neurodevelopmental follow-
up and the total infants enrolled into this study. {Reported as mild, moderate, or severe; Thompson scores are presented as medians (range) or means + SD.

(DOR = [true positives/false positives] / [false negatives/true neg-
atives]). In contrast to sensitivity and specificity, the DOR is less
dependent on the threshold used and therefore more constant.

As the predictive value of a modality may change over time af-
ter perinatal asphyxia, separate meta-analyses were performed for
the different time points at which the modality was applied. The
results of the meta-analyses were demonstrated in forest plots. No
indicator of heterogeneity was calculated, but its potential causes
were explored.

Some predictors or time points were reported by only 1 or 2
studies. Those studies were not included in the meta-analyses but
were reported in a separate forest plot.

Results

The search identified 1,279 articles after excluding for
duplicates. Ninety-nine potentially relevant articles and
26 conference abstracts were identified based on the ab-
stract. After reading the full text, 47 of the 99 articles were
included, 41 of which contained data for 2 x 2 tables. Ad-
ditional data was sent by the contacted authors for 4 out
of 16 articles and 3 out of 22 conference abstracts. Forty-
seven articles and 3 conference abstracts were eventually
selected for this systematic review and 37 were eligible for
the meta-analysis (online suppl. Fig. 2).

The study characteristics and test classifications are
shown in Tables 1 and 2, respectively. Of all of the studies,
40% had a prospective design. Most studies scored a mod-
erate risk of bias in at least 2 of the graded categories (on-
line suppl. Table 1). The included studies concerned 3,072
infants. The degree of HIE was reported in 30 studies and
it was mild in 150, moderate in 1,182, and severe in 386
infants based on the Sarnat score. The median Thompson
scores used in 4 studies ranged between 9 and 12. The age
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at neurodevelopmental follow-up varied between 18 and
84 months and the follow-up rate was 93%. Death or an
abnormal neurodevelopmental outcome was seen in 39%
of the infants.

Amplitude-Integrated Electroencephalography

Seventeen articles reported on aEEG recordings [6,
16-31]. Nine of those articles used the classification for
background pattern by Hellstrom-Westas et al. [32], 3
used the voltage pattern of al Naqueeb et al. [33], and 3
studies used both methods. The classification by Hell-
strom-Westas et al. [32] had higher sensitivity but lower
specificity scores in studies using both methods. The pre-
dictive value of the aEEG classification was reported at
different time points, including during the first 6 h after
birth, throughout the 72 h of cooling and after rewarm-
ing. Ten studies had aEEG recordings during the whole
cooling period [6, 17, 18,21, 23, 24, 26-28, 30]. The meta-
analysis of aEEG at different time points is shown in Fig-
ure 1, and the results of individual studies not included in
the meta-analysis in Figure 2. Overall, sensitivity de-
creased after 36 h with an increase of specificity. This was
reflected by the lowest DOR at 6 h and the highest DOR
at 36 h (9 vs. 101).

Opverall, a higher voltage on aEEG was associated with
a better outcome. In a number of studies quantitative
analyses of the aEEG were performed. Shellhaas et al. [26]
used quantified aEEG margins and found that higher
lower margins and mean aEEG voltages at 24-48 h were
associated with good outcomes. Three studies quantified
the duration until normalization of the aEEG, and they
reported that longer times were predictive of poor out-
comes [6, 24, 27].
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Table 2. Characteristics of different predictors studied

Study Predictor Abnormal definition Timing of the
predictor®
Aeby et al. [30] aEEG Voltage classification: moderate or severe suppression (al Naqueeb et al. [33]) 0-96 h
EEG Moderate: discontinuous activity with an interburst interval <10 s, no clear SWC, or clear
asymmetry or asynchrony; major: interburst interval 10-60 s, severe attenuation of
background patterns, or no SWC; inactive: <10 uV or interburst interval >60 s (Murray
et al. [45]); presence of a frontal sharp transient
Al Amrani 2017 DTI ADC and FA values in the thalamus, the PLIC, the lentiform nucleus, the frontal and posterior Day 10, subset
WM, and the frontal, parietal, and occipital cortex also on days 1,
2-3,and 30
Al Amranietal. [71] MRI Injury of BGT or watershed injury on T1, T2, or DTI (Barkovich et al. [64]) Day 11.245.5
Alderliesten et al. [68] DWI ADC values in the CC <0.969 x10~> mm?/s Day 4.7+1.3
Alderliesten et al. [69] DWI ADC values in the BG <0.973 and in the thalamus <0.871 (x10~3 mm?/s) Day 5.1+0.8°
Day 3.6+1.2
'"H-MRS  Ratios of peak areas of N-acetylaspartate/choline and lactate/N-acetylaspartate (>0.40) in BGT Y
Ancora et al. [53] MRI Moderate or severe lesions in the BGT and the PLIC, or severe WM on T1, T2, or DTI (Barkovich ~ Day 8.3 (4-16)
et al. [64])
DTI FA values, mean diffusivity, radial and axial diffusivity in the supratentorial region, the posterior
cranial fossa, the genu and splenium of the CC, caudate, the PLIC, the thalamus, the lenticular
nucleus, optic radiation, and areas from the occipital, frontal, and frontoparietal WM
'"H-MRS  Ratio of peak areas of N-acetylaspartate/creatine (<0.67), N-acetylaspartate/choline (<1.82),
myo-inositol/creatine (<0.76), myo-inositol/choline, and (lactate+lipids)/N-acetylaspartate in the
left BG, and in the mid-brain parietal-occipital cortex and the left frontoparietal WM
Azzopardi et al. [16] aEEG Burst suppression, low voltage, flat trace (Hellstrom-Westas and Rosén [32], used in the meta- <6h
analysis)
Moderate or severe suppression (al Naqueeb et al. [33])
Barta et al. [54] MRI Injury to the BGT, the internal capsule, the cortex or white matter on T1, T2 ,or DWI (Barkovich 25 h (6-96)
et al. [64])
'"H-MRS  Ratio of peak height of myo-inositol/N-acetylaspartate (>0.680), N-acetylaspartate/creatine
(<0.780) and myo-inositol/creatine (>0.627) in the left thalamus; ratio of peak height and area of
N-acetylaspartate/choline, choline/creatine, myo-inositol/choline, lactate/N-acetylaspartate,
lactate/choline and lactate/creatine
Burton et al. [49] NIRS rScO, value (calculated with an ROC curve: >89%) During TH,
rewarming,
normothermia
Cainelli et al. [41] EEG Moderate: discontinuous activity with interburst intervals <10 s, other types of continuous activ- Day 7 (4-14)
ity, clear asymmetry or asynchrony; major: interburst interval of 10-60 s, severe depression, and
no SWG; inactive: activity <10 uV and interburst intervals >60 s (Pressler et al. [47])
SEP Cortical response of N20: unilateral or bilateral absence or delayed
VEP Response absent, severely depressed, poorly reproducible responses or morphology characterized
by absence of the P200 peak and presence of other peaks usually predominantly negative and at a
longer latency
Chalak et al. [55] MRI Injury of BGT, ALIC, PLIC, watershed, cerebral hemispheric devastation on T1/T2 or other cere- ~ Day 8 (4-14)
bral lesions (NICHD) (calculated with an ROC curve: score 1-3)
Charon et al. [56] MRI Injury of BGT, abnormal signal of anterior or posterior watershed, diffuse WM abnormalities, Day 4 (3-6),
PLIC on T1, T2 or DWI (Barkovich et al. [64], Rutherford et al. [65] for PLIC) day 11 (7-21)
DWI ADC values (in x10° mm?/s) in the PLIC <0.96, in the anterolateral thalami <0.82, in lentiform

nuclei in the putamen <1.01, in the head of caudate nuclei <1.21, in the frontal WM <1.53, in the
parietal-occipital WM <1.35, in the centrum semiovale <1.13 and in cerebral peduncles in the
brainstem <1.05
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Table 2 (continued)

Study Predictor Abnormal definition Timing of the
predictor®
Csek6 et al. [17] aEEG Burst suppression, low voltage, flat trace (Hellstrom-Westas [32]); no SWC 0-72h
De Wispelaere et al. aEEG Burst suppression, low voltage, flat trace (Hellstrom-Westas [32]); also seizures and SWC 6-93h
[18]
MRI Injury to the BGT, the PLIC or watershed on T1, T2, or DWI (van Rooij et al. [66]) Day 5 (4-5)
Del Balzo et al. [34] EEG Discontinuous >50% of the time without fluctuations or reactivity, inactive or low voltage pattern <72 h, day 10
and 0 tracing or paroxysmal tracing (similar to Lamblin et al. [46])
MRI Injury to the BGT, the WM, the PLIC, or the cortex on T1, T2, or DWI <7 days
Dereymaeker et al. EEG Discontinuous activity with an interburst interval <25 uV for >10 s, an interburst interval <15 uV 6-42h
[42] for <10 s or >10 s, and an interburst interval <5 uV for >60 s; also seizures
Dunne et al. [35] EEG Discontinuity: <15 uV for 6 s; discontinuity value: mean of total interval length, discontinuous 4-90h
trace: discontinuity value >30's
MRI Injury to the BGT, the PLIC, the subcortical WM on T1/T2 (Rutherford et al. [65]) Day 11 (8-14)
Fitzgerald et al. [43] EEG Discontinuity with interburst amplitudes <25 uV and a duration <30 s, interburst duration >30s, 0-72h
severely attenuated/featureless, or burst suppression (American Clinical Neurophysiology
Society); also seizures
Garfinkle et al. [51] MRI Injury to the BGT or watershed on T1, T2, or DWI (Barkovich et al. [64]) Day 7 (5-10)
SEP N19 latencies: absent or prolonged Day 11 (9-13)
Gerner et al. [74] cUS RI value, abnormal precooling value: <0.60 <6h,
>72h
Gluckman et al. [19] aEEG Severe suppression (al Naqueeb et al. [33]) <6h
Hamelin et al. [36] EEG Discontinuous >50% of the time without fluctuations or reactivity, an inactive or low voltage 10.4+2.6 h,
pattern, and 0 tracing or paroxysmal tracing (Lamblin et al. [46]) 67.2426.4 h
Heursen et al. [70] DWI ADC values (in x10~> mm?/s) in ventrolateral thalami (<86.25), the PLIC (<94.4), the centrum Day 4, 5, or 6
semiovale (<131.25), the frontal WM (<165.45), the parietal WM (<163.35), the cerebellar WM,
the center of the pons, and a transverse cross section through the middle cerebellar peduncles
Iyer et al. [37] EEG Quantitative burst suppression patterns: mean burst duration, its coefficient of variation, scaling <24h
exponent of the cumulative distribution function of burst areas; slope area based on the
relationship between burst duration and burst area
Lally et al. [20] aEEG Voltage classification: severe suppression (al Naqueeb et al. [33]) 6h
MRI Mild, moderate, or severe injury to the BGT, the cortex, or the PLIC on T1/T2 (Rutherford et al. Day 8.4+4.3
[65])
DTI FA value <0.35 in the PLIC
'TH-MRS  Concentration of N-acetylaspartate <5.6 mmol/kg wet weight in the thalamus;
ratio of peak area of lactate/N-acetylaspartate (>0.22), N-acetylaspartate/creatine (<0.129) and
N-acetylaspartate/choline (<0.85)
Lemmers et al. [21] aEEG Burst suppression, low voltage, flat trace (Hellstrom-Westas et al. [32]) 0-84h
NIRS ScO, >77% 0-84h
Leroy-Terquemetal. EEG Discontinuous without SWC or amplitude <50 uV, inactive <10 uV or low voltage plus a 6 <48 h, <7 days
[38] background (Murray et al. [45]); also seizures and asynchrony
MRI Injury to the BGT, the PLIC, the WM, or the cortex on T1, T2, or DWI Day 8 (4-12)
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Table 2 (continued)

Study Predictor Abnormal definition Timing of the
predictor®
Lietal. [39] EEG Marked: burst suppression, maximal: flat trace <5 uV (Watanabe et al. [44]) 91.2+57.6 h
MRI Injury to the BGT, the WM, or the cortex on T1/T2 Day 12£2.7
cUS RI value, abnormal on day 3: <0.46 Day 0-6 (1x/
day)
Liu et al. [22] aEEG Burst suppression, low voltage, flat trace (Hellstrom-Westas et al. [32], used in the meta-analysis) <6h
Moderate or severe suppression (al Naqueeb et al. [33])
Massaro et al. [57] MRI Injury to the BGT or watershed on T1/T2 presented as a continuous variable (Barkovich et al. Day 8 (6-16)
[64])
DTI Mean, axial, and radial diffusivity, FA values in cerebral peduncles, the PLIC, and the centrum
semiovale anterior to the central sulcus and CC
Mitra et al. [72] DTI Mean diffusivity <0.001 mm?s, FA values >0.198 in BGT Day (2-9)
'H-MRS  Ratio of lactate+threonine/total N-acetylaspartate >0.39 in left BGT
Mulkey et al. [58] MRI Injury to the BGT on T1, T2, or DWI Day 4.6+0.8
DWI Quantitative measurements in volumes of acute injury in the whole brain and CC (0.5 cm?)
Nevalainen et al. [50]  SEP Cortical response in contralateral centroparietal leads: absent or delayed >34 ms Day 2+1.3
Niezen et al. [23] aEEG Burst suppression, low voltage, flat trace (Hellstrom-Westas et al. [32]); also SWC and seizures 0-96h
NIRS rcSO, 290%
MRI Injury to the BGT (score 0-4), watershed (score 0-5), or PLIC (score 0-2), with abnormal total Day 6 (4-13)
scores 24, on T1, T2, or DWI (van Rooij et al. [66])
Rutherford et al. [4] MRI Moderate-severe BGT injury, abnormal PLIC or severe WM on T1/T2 (Rutherford et al. [65]) Day 8 (6-11)
Schreglmann et al. [59] MRI Injury of BGT or watershed on T1/T2 presented as a continuous variable (Barkovich et al. [64]) Neonatal MRI
Sewell et al. [24] aEEG Burst-suppression, low voltage, flat trace or status epilepticus (Hellstrom-Westas et al. [32]); also 10 h until
time to normal trace, time to discontinuous trace, time to cycling postrewarming
Shankaran et al. [25]  aEEG Burst suppression, low voltage, flat trace (Hellstrom-Westas et al. [32]) 6.3+1.4h
Shankaran et al. [60] MRI Injury to the BGT, the ALIC, or the PLIC or watershed infarction and additional cerebral lesions, Day 14.7£10.6
cerebral hemispheric devastation on T1/T2 (NICHD) (calculated with an ROC curve: score 2B-3)
Shellhaas et al. [26] aEEG Quantitative parameters; minimum, maximum, mean amplitudes, spectral edge frequency 0-72h
NIRS ScO, 0-72h
Sijens et al. [73] 'H-MRS  Percentage of summed peak areas in gray matter: N-acetylaspartate <0.227, lactate <0.081, choline ~ Day 6+1.8
>0.433 and creatine >0.227; In WM: N-acetylaspartate <0.289, lactate <0.083, choline >0.490,
creatine >0.281 (all calculated with ROC curves)
Skranes et al. [27] aEEG Burst suppression, low voltage, flat trace (Hellstrom-Westas et al. [32]) 6-84h
MRI Moderate-severe BGT injury, abnormal PLIC or severe WM injury on T1/T2 (Rutherford et al. Day 10 or 11
[65])
Takenouchi et al. [28] aEEG No SWC 0-144h
Thoresen et al. [6] aEEG Burst suppression, low voltage, flat trace (Hellstrom-Westas et al. [32], used in the meta-analysis); ~ 0-76 h
moderate or severe suppression (al Naqueeb et al. [33]); no SWC
Tokuhisa et al. [40] EEG Marked depression: burst suppression, maximal depression: flat trace <5 uV (Watanabe et al. <6h
[44])
Trivedi et al. [61] MRI Injury score 0-3 for the BGT, the PLIC, the WM, the cortex, and the cerebellum, score 0-2 for <2 weeks
brainstem injury on T1, T2 or DWI; mild injury: 1-11, moderate injury: 12-32, severe injury:
33-138 (Bednarek et al. [67])
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Table 2 (continued)

Study Predictor Abnormal definition Timing of the
predictor®
Tusor et al. [62] MRI Moderate-severe BGT injury, PLIC or severe WM injury on T1, T2, or DTT (Rutherford et al. Day 6
[651) (gestational age
36+5_43+1
DTI FA values in the centrum semiovale, the external capsule, the cerebral peduncle, the cingulum, weeks)
optic radiation, the inferior longitudinal fasciculus, the ALIC, the PLIC, and the CC
Vilan et al. [31] aEEG Burst suppression, low voltage, flat trace (Hellstrom-Westas et al. [32]) <6h
Weeke et al. [29] aEEG Burst suppression, low voltage, flat trace (Hellstrom-Westas et al. [32]) <6h
Weeke et al. [63] MRI Score 0-4 for the BGT, the PLIC, the brainstem, the perirolandic cortex, the hippocampus, the Day 6 (5-8)

cortex, the cerebral WM, optic radiation, the CC, punctate WM lesions, parenchymal
hemorrhage, the cerebellum, cerebellar hemorrhage, and 1 point for intraventricular or subdural
hemorrhages, or sinovenous thrombosis on T1, T2, or DWI; abnormal cut-off 9.5

Abnormal measurement as provided by the article or used for 2 x 2 tables. ALIC, anterior limb of the internal capsule; NICHD, National Institute of
Child Health and Human Development. * Timing for favorable and adverse outcomes. ® Values are presented as means * SD or medians (range).

Development of sleep-wake cycling on aEEG was re-
ported in 5 studies, in which early development of sleep-
wake cycling was significantly associated with normal out-
comes [6, 17, 18, 23, 28]. Out of the 17 aEEG studies, the
conference abstract by Aeby et al. [30] was the only study
that reported no association between the aEEG pattern
and outcomes. Aeby et al. [30] used the classification of al
Naqueeb et al. [33], which was also used by Lally et al. [20]
with lower reported sensitivities. The used classification
pattern may therefore play a role in the observed hetero-
geneity for aEEG during the first 6 h after birth.

Electroencephalography

Eleven studies reported data on EEG as a predictor of
neurodevelopmental outcomes [30, 34-43]. Different
EEG scoring systems were used (2 studies used the clas-
sification by Watanabe et al. [44], 2 used the classification
by Murray et al. [45], 2 used the classification in Lamblin
et al. [46], 1 used that of Pressler et al. [47], and another
one following the American Clinical Neurophysiology
Society guidelines [48]).

Four articles reported continuous EEG recordings
during the cooling period [30, 35, 42, 43]. When compar-
ing EEG at different time points in the meta-analysis, sen-
sitivity was comparable at 24 and 48 h after birth while
specificity was slightly lower at 48 h, resulting in a lower
DOR. While most studies reported EEG findings during
hypothermia, 4 studies reported EEG patterns after hypo-
thermia [36, 38, 39, 41], which were found to be predictive
(Fig. 2).
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Near-Infrared Spectroscopy

Four studies focused on the predictive value of NIRS
[21, 23, 26, 49], but at different time points, so no meta-
analysis was performed. Lemmers et al. [21] calculated
the optimal cutoff and found that regional cerebral oxy-
genation (rScO,) values, measured with a small adult
transducer, higher than 77% at 24-48 h were associated
with abnormal neurodevelopmental outcomes. Similarly,
Niezen et al. [23] concluded that rScO, values above 90%
at 48 h were associated with adverse outcomes. They used
a pediatric NIRS sensor. The other articles concluded that
rScO, was not associated with neurodevelopmental out-
comes [26, 49].

Evoked Potentials

The use of somatosensory evoked potentials (SEPs)
was studied in 3 articles [41, 50, 51]. Only Nevalainen et
al. [50] performed SEPs during hypothermia, which was
found to be predictive. In 2 other studies SEPs were per-
formed after rewarming, but with a lower sensitivity or
specificity [41, 51]. In the study by Cainelli et al. [41] both
visual evoked potentials and SEPs were performed around
day 7 in infants with a normal MRI. They found that vi-
sual evoked potentials were a better predictor of out-
comes than SEPs.

Magnetic Resonance Imaging

Twenty-two studies reported scoring methods to as-
sess cerebral injury using T1- and T2-weighted imaging
(4, 18,20, 23,27, 34, 35, 38, 39, 51-63]. Thirteen of those
studies also used diffusion-weighted imaging (DWI) or
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Fig. 2. Results for different modalities that were not included in meta-analyses.
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Fig. 3. Meta-analysis of MRI and DWL

diffusion-tensor imaging (DTI) to assess injury [18, 23,
34, 38, 51-54, 56, 58, 61-63]. Different scoring methods
were used, including the Barkovich score in 7 studies
[64], the Rutherford score in 6 studies [65], the National
Institute of Child Health and Human Development score
in 2 studies [60], a score by van Rooij et al. [66] in 2 stud-
ies, a score by Bednarek et al. [67] in 1 study, and a new
score in the study of Weeke et al. [63]. Four articles did
not refer to a previously described scoring method but

Predictors of Outcomes following HIE

reported injury to the basal ganglia or thalami (BGT), the
posterior limb of the internal capsule (PLIC), the cortex,
and the white matter (WM) and/or the watershed re-
gions. The postnatal age at scanning differed between
studies, with median ages ranging from the first week to
day 15.

The results of the meta-analysis of the studies using a
scoring method are shown in Figure 3 and the data of
studies not included in the meta-analysis, including those
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reporting injury to individual structures, are depicted in
Figure 2. The MRI injury scoring methods were more
predictive during the first week than in the second week,
with higher sensitivity, specificity and DOR values. This
was in line with 2 individual studies, which investigated
the timing of conventional MRI. Charon et al. [56] per-
formed MRI on days 4 and 11, and Rutherford et al. [4]
performed it before or after day 8. Both studies reported
higher predictive values for the early MRI [4, 56].

Meta-analyses could also be performed for injury to
the BGT and PLIC on conventional MRI. BGT injury
showed a low sensitivity during the first and second week
but a high specificity in the second week. Injury to the
PLIC, observed in the second week, was found to be very
predictive. Only 2 studies reported injury to the PLIC
during the first week in relation with outcomes, showing
results similar to those reported in the second week [56,
62]. Injury to the WM, watershed areas or cortex as indi-
vidual predictors was found to have a low sensitivity [20,
38,52, 54, 62].

Three studies showed a significant association be-
tween MRI injury scores and continuous Bayley scores in
cognitive, motor, and language domains [27, 57, 61],
whereas Schreglmann et al. [59] found no such associa-
tion.

Quantitative Analysis of Diffusion Imaging

Eleven studies performed quantitative analyses on dif-
fusion imaging data, i.e., 5 using DWI within the first
week of life [56, 58, 68-70] and 6 using DTI [20, 53, 57,
62,71, 72]. Multiple studies reported that lower apparent
diffusion coefficient (ADC) values during the first 7-10
days were associated with adverse outcomes. This includ-
ed lower ADC values in the basal ganglia [69, 72], the
centrum semiovale [56, 70], the caudate nucleus [53], the
PLIC [53, 56, 70, 71], the frontal or parietal WM [53, 70],
and the posterior WM [56]. DWTI of the thalami could be
included in the meta-analyses. ADC values of the thalami
were especially useful for identifying those with a good
outcome (showing normal ADC values) with a high spec-
ificity and a DOR of 119. Injury to the (posterior part of
the) corpus callosum was related to adverse outcomes in
3 studies [53, 58, 68]. ADC values in the cerebellum and
brainstem [70], as well as cortical ADC values [71], were
not related to outcomes.

Al Amranietal. [71] analyzed DTI data acquired at dif-
ferent time points during the first months after birth. In
the adverse outcome group, ADC values in the BGT and
PLIC were significantly lower on days 2-3, followed by
significantly higher values on day 10. On days 6-10, frac-
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tional anisotropy values were significantly lower in the
PLIC [20, 53, 62, 71], the anterior limb of the internal cap-
sule [62], the corpus callosum [53, 57, 62], the corticospi-
nal tract [57], the frontal WM [53, 62], and the BGT in the
adverse outcome group in 2 out of 3 studies [53, 71, 72].

Proton Magnetic Resonance Spectroscopy

Six studies used proton magnetic resonance spectros-
copy ("H-MRS) as a predictor of neurodevelopmental
outcomes with different types of metabolites and regions
of interest [20, 53, 54, 69, 72, 73]. The lactate/
N-acetylaspartate (NAA) ratio in the BGT was included
in the meta-analyses and it was associated with adverse
outcomes with a DOR of 18. NAA/choline ratios in the
BGT were not associated with outcomes in one study [69]
but it was moderately associated with outcomes in an-
other study [20]. Ancora et al. [53] also studied the basal
ganglia and reported lower NAA and higher lactate and
myo-inositol ratios in infants with adverse outcomes
[53]. Sijens et al. [73] only found significantly lower NAA
in the gray matter of infants who died [73]. A study by
Barta et al. [54] studied 36 different metabolites in the
thalamus, in which myo-inositol/NAA ratios had the
strongest correlation with outcomes [54].

Ultrasonography

Resistive indices (RI) in transfontanellar duplex ultra-
sonography as a measurement of outcome prediction was
studied in 2 articles [39, 74]. A RI below 0.60 prior to the
start of TH was significantly associated with abnormal
outcomes according to Gerner et al. [74]. In that study,
the RI after cooling was only significantly positively cor-
related to the raw gross motor function measure score but
not to abnormal outcomes. Another study demonstrated
significantly lower RI values in the adverse outcome
group, with a RI value <0.46 on day 3 [39]. No studies re-
ported on the predictive value of cerebral injury observed
using ultrasound.

Discussion

In this article we have reviewed, and where possible
performed meta-analyses of the currently used neuro-
physiologic and neuroimaging techniques for the predic-
tion of neurodevelopmental outcomes following HIE and
TH. In contrast to previous meta-analyses, we have also
statistically compared the diagnostic characteristics of the
different modalities. The best predictors of outcomes
were aEEG at 36 h, PLIC abnormalities on MRI, ADC
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values of the thalamus, and MRS of the BGT. Early MRI
was more predictive than MRI performed after the first
week of life. This is relevant for clinical practice, since
early prognostication is preferred.

According to our findings, aEEG had the highest DOR
at 36 h. The prognostic utility of aEEG at 24 and 72 h was
similar to that of EEG at 24 h. The least predictive were
aEEG at 6 h and EEG at 48 h, reflected by the lower DOR.
aEEG at 6 h did have a high sensitivity, however, which
may be more important than a high specificity at this ear-
ly stage in order to identify infants potentially at risk for
an adverse outcome.

EEG was found not to be superior to a single- or
2-channel aEEG. This could be due to differences in the
length of recording, as we found that aEEG was more of-
ten recorded continuously compared to EEG. The confer-
ence abstract by Aeby et al. [30] was the only study using
both methods, in which the aEEG was not related to out-
comes and EEG had sensitivity and specificity scores of
100 and 9%, respectively. However, that study included
only 20 infants and not all infants had an EEG.

The American College of Obstetricians and Gynecolo-
gists guideline on HIE advises MRI between 24 and 96 h
after birth to delineate the timing of the injury, whereas
MRI 10 days after birth is recommended for optimal de-
lineation of the extent of the injury [75]. While we did not
study which time point is best for identifying the extent
of the injury, we found that early MRI (up to day 7) had
a better predictive value than late MRI (beyond the first
week). As most studies used a scoring method, describing
which areas are involved, this suggests that the optimal
time point for delineation of the extent of injury may also
be in the first week.

Many studies included DWT in their injury scoring
method as it allows detection of ischemic injury during
the first 7-10 days after the hypoxic event. The age at scan
in the later MRI group ranged from 8 to 21 days. DWI
abnormalities may still be present early in the second
week, while changes in T1 and T2 will take time to evolve.
The diagnostic information of an MRI on day 8 is there-
fore different from an MRI acquired on day 14, which was
confirmed in our meta-analyses. This was also demon-
strated by 2 studies that compared early and late MRI [4,
56]. It is therefore recommended to perform MRI includ-
ing DWI and 'H-MRS during the first week after birth,
preferably after rewarming as TH slows the evolution of
diffusion abnormalities.

Injury to the PLIC diagnosed in the first or second
week after birth was found to be predictive for abnormal
outcomes. This was, however, partially influenced by the

Predictors of Outcomes following HIE

study of Charon [56], which reported no false-negative or
false-positive cases. The large study of Lally et al. [20] re-
ported a lower sensitivity of injury to the PLIC.

DWI abnormalities were quantified using ADC values
in a number of studies. Meta-analyses of decreased ADC
values in the thalami resulted in a DOR above 100. Simi-
larly, other studies reporting decreased ADC values in
other structures such as the PLIC and the corpus callo-
sum were found to be predictive (Fig. 2). It is therefore
highly recommended to include DWT in the standard
MRI protocol, as it can be used to assess the extent of in-
jury in an MRI score or quantify the ADC values.

The "H-MRS derived lactate-NAA ratio was similarly
predictive, as also reported by Alderliesten et al. [69], who
compared both methods.

Meta-analyses could not be performed for studies re-
porting evoked potentials, NIRS, or cUS. SEPs were the
most frequently reported evoked potentials and reflect
the integrity of the somatosensory pathway. Outcomes
may also be poor without injury to these pathways, which
may explain the reported low predictive value of SEPs,
especially at later time points.

The studies on NIRS reported that a high cerebral ox-
ygenation is associated with adverse outcomes. In the
studies of Lemmers et al. [21] and Niezen et al. [23], the
majority of the infants with an adverse outcome died,
most likely due to very severe brain injury resulting in a
low cerebral metabolism and high cerebral oxygenation.
The predictive value of NIRS for neurodevelopmental
outcomes in those surviving the neonatal period seems
limited.

We found no studies reporting the pattern of injury on
cUS in relation to outcomes. As cUS can be easily used at
the bedside and it can be used sequentially, it would be
interesting to study its predictive value in this population.

In this review we focused on the diagnostic modalities,
including neurophysiological or neuroimaging modali-
ties, that can be used to predict outcomes. Some studies
have also reported other predictors, such as biochemical
biomarkers, physical examinations, or heartrate variabil-
ity. We decided not to include these in the current review
but, given the increasing number of papers on these pre-
dictors, they might be included in future reviews.

Comparison to Previous Reviews

Chandrasekaran et al. [8] performed a meta-analysis
on aEEG in the cooling era concerning different postnatal
time points and included 9 studies [8]. They found the
highest diagnostic OR (i.e., 67) at 48 h after birth. This is
comparable to our results, as they only reported aEEG at
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24 and 48 h and not at 36 h. Chandrasekaran et al. [8] in-
cluded studies with less than 15 infants and a neurodevel-
opmental follow-up of 12 months. We only included
studies with at least 18 months of follow-up, as develop-
ment of motor deficits may be difficult to diagnose before
this age [76, 77].

Del Rio et al. [78] also performed a meta-analysis on
aEEG including studies with and without TH and a fol-
low-up time of 12 months. They found the optimal timing
of aEEG to be at 72 h [78]. A meta-analysis on conven-
tional MRI performed by Sanchez Fernandez et al. [79]
included 5 studies with TH and reported an OR of 14 for
an abnormal neonatal MRI predicting unfavorable neu-
rodevelopmental outcomes [79]. They did not, however,
analyze timing of MRI. A meta-analysis on "H-MRS by
Zou et al. [80] revealed potential predictive values of
NAA/creatine and NAA/choline in BGT and also myo-
inositol/choline in the cerebral cortex for adverse out-
comes [80]. However, the meta-analysis only included 2
studies with TH patients, which were also included in our
study.

Strengths and Weaknesses

This review provides an overview of the published lit-
erature up to now. However, there are several limitations
that need to be addressed. Firstly, we observed a high lev-
el of heterogeneity among the included studies. This was
mainly due to the use of different outcome classifications,
definitions of abnormal test measurements, and timing of
the test. We therefore performed the meta-analysis on
data with similar timing in an attempt to reduce hetero-
geneity. Another limitation is a small sample size, includ-
ing 28 studies with a study population of less than 50 in-
fants.

Finally, the presence of bias is also a concern when per-
forming a systematic review. To minimize bias we chose
not to eliminate studies if they were not eligible for the
meta-analysis, but we included them for the review. In-
clusion of conference abstracts for the meta-analysis
might prevent publication bias, but it also results in inclu-
sion of abstracts with limited information and of which
the study design and results have not been peer-reviewed.

Conclusions

This meta-analysis shows that aEEG at 36 h, PLIC ab-
normalities on MRI, ADC values of the thalamus, and
MRS are most predictive of adverse (neurodevelopmen-
tal) outcomes. According to our findings, aEEG at 24-
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72 h and EEG at 24 and 72 h after birth were superior to
aEEG at 6 h and EEG at 48 h. Early conventional MRI in
the first week of life was preferred over late MRI.

Future studies might benefit from combining neuro-
physiological and neuroimaging modalities such as aEEG
between 24-48 h and early MRI to further improve pre-
diction of outcomes. Combining diagnostic modalities in
the neonatal period with neurological examination on
early follow-up has been shown to result in very accurate
prediction of outcomes in other neonatal populations at
risk for adverse outcomes and warrant further studies in
infants with HIE [81].
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