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Abstract

Introduction: The brain magnetic resonance imaging (MRI)
result is a major predictor for the outcome of term infants
with perinatal asphyxia who underwent therapeutic hypo-
thermia. In daily practice, no uniform method is used to as-
sess these images. Purpose: The aim of this study was to de-
termine which MRI-score best predicts adverse outcome at
24 months of age and has the highest inter-rater reliability.
Methods: Four MRI scoring systems for term infants with
perinatal asphyxia were selected: Rutherford score, Trivedi
score, Weeke score, and NICHD NRN score. Experienced
blinded raters retrospectively evaluated the brain MR Imag-
es of 161 infants using all four scoring systems. Long-term
outcome (the composite outcome death or adverse out-
come, and its separate components) were routinely assessed

by standardized testing at the age of 24 months. The predic-
tive accuracy was assessed by logistic regression analyses
and expressed as area under the ROC curve (AUQC). The inter-
rater reliability of the scores was calculated by the weighted
Kappa or intraclass correlation. A sensitivity analysis using
only high-quality MRI scans was performed. Results: All four
MRI scoring systems demonstrated an AUC of >0.66 for the
prediction of adverse outcome and >0.80 for the prediction
of death. The inter-rater reliability analyses demonstrated
the highest reliability for the Weeke and Trivedi scores. When
only assessing the high-quality scans, the AUC increased fur-
ther. Conclusion: All four MRI brain scores proved reliable
predictors for an adverse outcome at 24 months of age. The
Weeke and Trivedi score demonstrated the highest inter-rat-
er reliability. The use of high-quality MRI further improved

prediction. © 2022 The Author(s).
Published by S. Karger AG, Basel

A complete list of study group members appears in the Acknowl-
edgments.

Karger@karger.com © 2022 The Author(s).
www.karger.com/neo Published by S. Karger AG, Basel
\l This is an Open Access article licensed under the Creative Commons
K p— Attribution-NonCommercial-4.0 International License (CC BY-NC)
a rg ers (http://www.karger.com/Services/OpenAccessLicense), applicable to

the online version of the article only. Usage and distribution for com-

B OPEN ACCESS mercial purposes requires written permission.

Correspondence to:
Timo Robert de Haan, t.r.dehaan @ amsterdamumc.nl

%202 AeN £0 uo Jasn wnjuad yosipa Aissaaiun usple Aq jpd-629225000/898192€/L LE/E/E | LAPd-8]oIE/08U WO 1ob.eN//:dRY WOl papeojumod



Introduction

Predicting neurodevelopmental outcome of term in-
fants with hypoxic-ischemic encephalopathy following
perinatal asphyxia and therapeutic hypothermia (TH) re-
mains challenging. Magnetic resonance imaging (MRI)
of the neonatal brain is an important diagnostic and prog-
nostic tool in these patients especially after the introduc-
tion of diffusion-weighted imaging (DWI), and MR spec-
troscopy (1H-MRS). For optimal detection of ischemia
with DWI, the brain of asphyxiated infants should be
scanned in the first 8 days of life [1-3].

Despite the important role of neonatal brain MRI in
predicting long-term outcome after asphyxia and hypo-
thermia, no uniform method of assessing these MR im-
ages is currently used. In daily practice, the prognosis is
made without the use of an MRI scoring system. An ob-
jective and reliable MRI scoring system might provide
more uniformity in imaging assessments, improve the
quality of multidisciplinary discussions on prognosis,
and improve benchmarking.

Multiple MRI scoring systems have been described in
the literature but to date no comparison has been per-
formed in a large cohort of asphyxiated newborns treated
with TH. It is unknown which MRI scoring system per-
forms best in predicting outcome and should be intro-
duced in clinical practice.

The main objective of this study was to assess and
compare the predictive value of four clinical currently
used MRI scoring systems when applied to MR images of
a large multicenter cohort of asphyxiated term infants
treated with therapeutically hypothermia [4]. The sec-
ondary objective was to compare the inter-rater reliabil-
ity of these selected MRI scoring systems.

Methods

Study Design and Participants

The PharmaCool study was a multicenter prospective observa-
tional cohort study performed between November 2010 and Oc-
tober 2014 in 11 neonatal intensive care units in the Netherlands
and Belgium. It investigated how TH after asphyxia influenced the
pharmacokinetics and dynamics of administered drugs. The Insti-
tutional Review Board of each participating center approved the
study [4]. The current MRI study included all infants of the Phar-
maCool study. Infants with missing or insufficient quality of MRI
images (e.g., due to movement artifacts or technical-imaging pro-
tocol errors), who were lost to follow-up or had congenital abnor-
malities of the brain were excluded.
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MRI Procedures during Initial Hospitalization

The MRI protocol and hardware specifications of each partici-
pating center are shown in online suppl. Table A1 (for all online
suppl. material, see www.karger.com/do0i/10.1159/000522629). In
the majority of infants, the MR images were collected within the
first week of life and after 72 h of controlled hypothermia treat-
ment. They consisted of T1- and T2-weighted images, DWI or Dif-
fusion Tensor Imaging, and 1H-MRS if available. In 7/11 centers,
the MR images were collected without sedation; immobilization
was achieved by vacuum matrasses or by a specialized neonatal
MRI incubator.

Study Procedures and Outcomes

Description of MRI Scoring Systems

We identified 11 MRI scoring systems [5-15] used for
perinatal asphyxia and selected four of them: the Ruther-
ford score [8], the Trivedi score (adapted Bednarak score)
[14], the Weeke score [15], and the NICHD score (Na-
tional Institute of Child Health and Human Develop-
ment) [16]. The following criteria were used for selection:
year of publication, citation number, newly published up-
date of previous scoring system, anatomical correctness,
the extent of brain injury pattern description matching
with the hypoxic-ischemic encephalopathy brain injury
patterns, the imaging sequences used and clinical appli-
cability. Online suppl. Table A2 shows further details of
these scoring systems.

Conceptually, the four selected scoring systems were
comparable, with a higher score indicating a more severe
pattern of brain damage. However, the scoring systems
differed in structure or sub-scoring items. Details for each
of the four MRI scoring systems are depicted in online
suppl. Table A2.

The quality of the MRIs was scored as high, moderate,
poor, or unable to assess. Scan quality was visually as-
sessed based on: slice thickness, the magnet field strength
(Tesla), contrast of the images, and artifacts.

Scoring the MR Images

The MR images were rated by highly experienced ex-
perts at two study locations in the Netherlands (at the
UMCU by LdV and FG; at the UMCA by SR). To calcu-
late the predictive value of each scoring system, study lo-
cation UMCU all included MR images with all four scor-
ing systems. To assess the inter-rater reliability of each
scoring system, study location UMCA scored the MR im-
ages in 100 randomly selected infants for comparison.

Raters were blinded for the center of origin, the clinical
course, and outcome. Raters did receive information on
gestational age and postnatal age at MRI examination,
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necessary for the correct interpretation of brain imaging
(e.g., development, myelination, DWI, and Diffusion
Tensor Imaging).

Outcome Definitions

All infants attended standardized outpatient follow-
up visits at 24 months of age in all centers. Neurodevel-
opmental outcome was assessed with the Bayley Scales of
Infant and Toddler Development (3rd edition, Dutch
language [BSID-III-NL]). If applicable, the level of cere-
bral palsy was classified using the Gross Motor Function
Classification System [17].

Adverse outcome in survivors was defined as a test
score of >1 standard deviation below the reference mean
on the BSID-III-NL composite cognitive score or com-
posite motor score (e.g., a score <85 points) or a Gross
Motor Function Classification System of >2, or hearing
loss requiring hearing aids or severe visual impairment
(blind of abnormal vision) at 24 months. For the statisti-
cal analyses, the binary outcomes of interest at 24 months
were the composite outcome death or adverse outcome,
and its separate components.

Bayley Scales of Infant and Toddler Development:

Corrective Measures

Almost all participating centers used the BSID-III-NL
for assessing neurodevelopmental outcome, but for 3 in-
fants the second edition of the Dutch BSID and for 49
infants the American norms for the BSID were used. To
compensate for discrepancies between these scales, an ev-
idence-based method of correction was performed as pre-
viously published [18].

Statistical Analysis

Data were analyzed in R statistical software (Version
3.6.3 for Windows) and R Studio (integrated development
for R, Boston, 2015) (R studio desktop 1.2.5033). Descrip-
tive statistics summarized patient characteristics and out-
come parameters. We reported normally distributed data
as mean with standard deviation and non-normally dis-
tributed data as median with interquartile range (IQR).

To retrieve missing data, the first author contacted the
principal investigators of each participating center. If
clinical data could not be retrieved and there was <50%
missing data, multiple imputation was performed on the
data set. For the dependent variables, passive imputation
was used. We checked possible correlations for each vari-
able. Multiple imputation results were checked for impu-
tation errors, with convergence plots, strip plots, and
checking the individual datasets [19].

Prediction of Brain MRI Scoring System
of Infants with Perinatal Asphyxia

To investigate the predictive value of each MRI scoring
system for the outcomes of interest, multivariable logistic
regression models were constructed for each outcome.
First, we assessed the predictive value of the MRI scoring
systems as a sole predictor of the outcome by calculating
the area under the receiver operator characteristics curve
(AUC). Next, we assessed the predictive value of a model
containing the following known variables impacting the
outcomes of interest: birthweight, Thompson score, am-
plitude-integrated electroencephalography (EEG) con-
firmed seizures, and baseline pH (i.e., umbilical cord pH
or first available pH in hospital). The MRI scoring sys-
tems were added individually to the initial model and the
AUCs were calculated. We compared these AUCs by cal-
culating Z-statistics, as described by DeLong et al. [20],
Z-statistics are used when comparing AUCs derived from
the same sample of infants. The larger the correlation be-
tween the diagnostic algorithm the more sensitive the
paired Z-test will be. The cutoff of a Z-statistic can then
be established using a normal distribution table [20].

The inter-rater reliability was assessed using the
weighted Cohen’s kappa coefficient (wKappa) or intra-
class correlation coefficient (ICC) depending on whether
the scoring system was numeric or categorical [21, 22].
We interpreted the kappa values following Landis et al.
[23], a value >0.6 indicated substantial agreement, a value
>0.8 indicated almost perfect agreement compared to
chance variation.

For the ICC, the two-way random effect models and
“single rater” unit were used. ICC values between 0.5 and
0.75 were interpreted as moderate agreement and be-
tween 0.75 and 0.9 as good agreement [24].

To test the robustness of the results, sensitivity analy-
ses were performed. We performed a sensitivity analysis
for both 24 months outcome and the inter-rater reliabil-
ity using only the highest quality scans.

Furthermore, we retested the predictive value of the
Rutherford score after including the DWI sequence,
which was not part of the original scoring system. This
analysis was only performed for the MR images of infants
below 8 days after birth when pseudo-normalization has
not yet occurred.

Results

Patient Flow Diagram and Characteristics

In total, 189 infants were enrolled in the PharmaCool
study. We excluded 15 (7.9%) infants and 13 (7.5%) in-
fants were lost to follow-up at 24 months of age, leaving
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192 ptin
PharmaCool
Cohort

14 pt excluded:
-3 no data
- 11 died before MRI

‘ 178 ptincluded

4 excluded:

- 1 congenital disease
- 2 poor quality

-1 MRI on day 30

174 ptincluded

P 13 loss to follow-up

161 ptincluded

[ 1 missing DWI1/ADC-mapping ‘

\J
160 for Trivedi, Weeke and ‘

161 for Rutherford score ‘
NICHD score

Fig. 1. Patient flowchart.

161 patients for analyses (Fig. 1). Table 1 shows the pa-
tient characteristics of this cohort.

The mortality during hospital stay was 29/161 (18%).
Adverse outcome was present in 28/132 (21%) and nor-
mal outcome in 79/132 (60%). Outcome assessment was
incomplete in 25/132 (19%) of the survivors.

MRI Scoring Systems and Long-Term Outcome

Table 2 shows the results of the univariable logistic re-
gression analysis for the prediction of outcome at 24
months. Since 1H-MRS could only be retrieved in 2/11
centers, the Weeke score was assessed without 1H-MRS.
All MRI scoring systems had an acceptable prediction of
adverse outcome with comparable AUCs between 0.66
and 0.71. There was an excellent prediction of death for
most scoring systems with AUCs >0.90, except for the
Rutherford score (AUC 0.84). A good prediction was ob-
served for the composite outcome death or adverse, with
all scoring systems reaching an AUC close to or above
0.80. Only the NICHD performed significantly better
than the Rutherford score for the composite outcome.

Table 3 shows the effect of adding the different MRI
scoring systems to the initial model incorporating known

314 Neonatology 2022;119:311-319
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Table 1. Patient characteristics

Total (N=161)

Sex (male), n (%) 95 (59)
Gestational age,* weeks 40.0 (3)
Birthweight,* g 3,380 (780)
Apgar at 5 min* 3(2)
Missing, n (%) 5(3.1)
pH (first)* 6.98 (0.26)
Missing, n (%) 1(0.6)
Thompson score* 9(3)
Missing, n (%) 14 (8.7)
aEEG proven seizures, n (%) 56 (34.8)
Missing, n (%) 11(6.8)
GMFCS,’n (%) 12 (9.1)
Vision,”’n (%) 3(2.3)
Hearing,’n (%) 2(1.5)
cCco* 101 (19)
CMS>* 104 (18)
Death, n (%) 29 (18.0)
Adverse outcome,’n (%) 28 (21.2)
Missing, n (%) 25(18.9)
Combined outcome, n (%) 57 (35.4)
Missing, n (%) 25(15.5)
Month of follow-up* 24(1)
Normal outcome,” n (%) 79 (59.8)
Day of MRI* 6(2)
MRI <8 days, n (%) 134 (83.2)

Nonmissingdata. GMFCS, the Gross Motor Function Classification
System (at 24 months); CCS, composite cognitive score (BSID-III);
CMS, composite motor score (BSID-IlI). * Median (IQR).” Total = 132.

clinical predictors for the different outcomes at 24
months. Adding the different MRI scoring systems re-
sulted in a (modest) improvement of the AUC for the ad-
verse outcome, with only the NICHD score reaching sta-
tistical significance when compared to the initial model.
Adding the analyses results of the MRI scoring systems
significantly improved the prediction of death; composite
outcome or adverse outcome with all scoring systems
reaching an AUC close to or above 0.90. Only the Trivedi
score did not perform significantly better than the initial
model. A plot plotting the raw MRI score points versus
the Bayley-III-NL composite cognitive score points can
be found in online suppl. Figure A2.

Inter-Rater Reliability

From the 100 randomly selected patients, two
MRIs were excluded: one because of an unexpected
existing congenital abnormality and one because the
MRI scan was performed post-mortem. As a result,
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Table 2. The prediction of the outcomes, univariate logistic regression

Univariate logistic regression

adverse death composite
AUC z-statistic pvalue AUC z-statistic pvalue AUC z-statistic p value
Rutherford 0.66 (0.54-0.76) * * 0.84 (0.72-0.91) * * 0.79 (0.70-0.86) * *
Trivedi 0.66 (0.55-0.77) -0.22 0.79 0.96 (0.92-0.98) —2.36 0.02 0.85(0.77-0.90) —1.22 0.22
Weeke 0.71 (0.58-0.81) -1.32 0.21 0.96 (0.91-0.98) —2.35 0.02 0.88 (0.80-0.93) -1.82 0.07
NICHD 0.69 (0.58-0.78) -0.69 0.51 0.95(0.91-0.98) —2.12 0.03 0.86 (0.78-0.91) —1.95 0.06
AUC, area under the receiver operating curve. * Reference.
Table 3. The prediction of the outcomes, multiple logistic regression
Multiple logistic regression
adverse death composite
AUC z-statistic pvalue AUC z-statistic pvalue AUC z-statistic  p value
Model 0.68 (0.54-0.78) * * 0.85(0.74-0.91) * * 0.81(0.72-0.88) * *
Rutherford 0.73(0.60-0.82)  —1.20 0.25 0.91 (0.83-0.96) -2.11 0.04 0.87(0.80-0.92) -2.14 0.03
Trivedi 0.72 (0.60-0.81) -1.20 0.26 0.97 (0.92-0.99) -2.82 0.01 0.89 (0.82-0.93) -1.70 0.10
Weeke 0.75 (0.62-0.84) -1.65 0.12 0.97 (0.93-0.99) -3.01 0.003 0.91 (0.84-0.95) —2.30 0.03
NICHD 0.76 (0.63-0.85) —2.03 0.05 0.97 (0.93-0.99) -3.33 0.001 0.92 (0.85-0.96) -3.32 0.001

AUC, area under the receiver operating curve (with 95% Cl); parameters used in multiple logistic regression: birthweight, pH (first),
Thompson score, seizures (during hospital stay) and MRI score. * Reference.

Table 4. The inter-rater reliability

Score Total (N =98), ICC (95% Cl)
Rutherford score 0.53 (0.34-0.66)
Trivedi score 0.76 (0.66-0.83)
Weeke score 0.74 (0.64-0.82)
NICHD score* 0.65 (0.51-0.78)

ICC, intraclass correlation. * Weighted kappa.

both study locations scored a total of 98 MRI scans
with all four scoring systems. As shown by Table 4,
the Trivedi score and Weeke score had the highest
inter-rater reliability.

Sensitivity Analyses
For 84 patients (3 centers) with a high-quality MRI
scan result, the analyses were repeated. Figure 2 illustrates

Prediction of Brain MRI Scoring System
of Infants with Perinatal Asphyxia

scan quality difference. As shown by online suppl. Table
A3, A4, the AUC of each scoring increased only when as-
sessing these high-quality scans. This was seen in the uni-
variable logistic regression as well as the multivariable lo-
gistic regression analysis.

Higher AUCs were observed when the DWI was taken
into account for the Rutherford score compared with
their original scoring system (online suppl. Table A5).
With high-quality MRI-scans analyses, the inter-rater re-
liability improved for each scoring system. An example of
the added value of DWI is shown in online suppl. Figure
Al.

Discussion

No statistically significant differences were found be-
tween the four assessed MRI scoring systems in their dis-
criminating power to predict the composite outcome and
its separate component “adverse outcome” at 24 months.
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Aaxial TTWI

Aaxial T2WI

Fig. 2. Differences in quality of the MRI, the T1-and T2-weighted images of 3 patients in 3 different centers. Clear
differences in contrast and detail. All images performed during first week of life. Patient A and B: 1.5 T (4 and 2
mm slice thickness resp.), patient C: 3 T (2 mm slice thickness).

Furthermore, our study shows that the Trivedi score and
the Weeke score had the highest inter-rater reliability.

The observed mortality (20%) in our cohort was lower
than described during the introduction of TH [25]. That
the mortality is lower than before the introduction of TH
is in accordance with the recent studies on outcome [26].

The AUCs for the prediction of death were higher than
the AUCs for adverse outcome for each scoring system.
This might be explained by redirection of care when se-
vere brain injury was diagnosed on MRI in combination
with other investigations (especially clinical exam, the
amplitude-integrated EEG and EEG). The Rutherford
score has a significantly lower discriminating power to
predict the outcome of death than the other scoring sys-
tems, when the score was performed without the use of
DWIL

The prediction of adverse outcome by the Trivedi
score approximates the predictive value as described in
the original article [14]. The AUC of the Weeke score in
this study is comparable to Swedish cohort of the original
article [15] but lower than the cohort from Utrecht. An
explanation may be that the quality of MR images differed

316 Neonatology 2022;119:311-319
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due to different imaging protocols used in the participat-
ing centers. Our finding that the AUC for all outcomes
improved when applying the Weeke score only to high-
quality scans seems to support this explanation. In addi-
tion, the original Weeke score included 1H-MRS, one of
the best predictors of an adverse outcome after asphyxia
and hypothermia [1, 3].

We were not able to compare our results statistically
with the original publications of the NICHD and Ruther-
ford et al. [8], as both publications described their predic-
tive value as sensitivity, specificity, positive predictive val-
ue, and negative predictive values [8, 16].

When selecting a reliable predictive tool for daily prac-
tice to predict outcome at 24 months independently from
the assessor, inter-rater reliability is a factor to be taken
into account. Our study demonstrated that the Trivedi
and Weeke scoring systems performed best in the inter-
rater reliability. Even when assessing only the best quality
MRT’s, the Rutherford score is still much lower than the
other scores, which may have been caused by the fact that
the Rutherford score does not take into account the DWI.
As also other important clinical variables are important

Langeslag et al.
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for outcome prediction, we also performed a multivariate
analysis taking these into account.

The results showed that adding the MRI scoring sys-
tem to these clinical characteristics significantly im-
proved the prediction of the composite outcome and
death. For the adverse outcome, only the AUC of the
NICHD score improved significantly.

The strength of our study is that we assessed four peer-
reviewed MRI scoring systems in a large multicenter co-
hort of asphyxiated infants undergoing TH. A blinded
assessment was performed, both by the neonatologists as
by a pediatric neuroradiologist.

A limitation of this study was the need to use multiple im-
putation for missing data, and the need to convert the BSID
scores in a minority of infants. Although we used previously
published conversion methods, we cannot exclude that over-
or underestimation of the outcome results occurred.

Another limitation of our study is the variable quality
of MR images which was due to heterogeneity in the MRI
protocols, differencesin scanner brandsand field strength.
On the other hand, this mirrors normal daily clinical care
and therefore improves the generalizability of our results.
Analyzing only high-quality MRI scans, led to improve-
ment of the AUCs as well the inter-rater reliability for all
scoring systems. This emphasizes the importance of high-
quality MRI in this population.

Unfortunately, the added value of performing and rat-
ing 1H-MRS could not be assessed in this study as 1H-
MRS was not performed as a standard of care at the time
of study inclusion. 1H-MRS is an important contributor
in diagnostic neonatal MRI [27]. Although it is always dif-
ficult to draw definitive conclusions, the current study
suggests that based on prediction, inter-rater reliability
and the ease of using the scoring system, the MRI scores
canberatedasfollows: (1) Weeke, (2) Trivedi, (3) NICHD,
and (4) Rutherford [28].

As the number of children with an adverse outcome at
5.5 years could differ from 24 months - a phenomenon
known as “growing into deficit,” neurodevelopmental
outcome should be assessed at different time intervals
during follow-up. For this reason, we are currently ana-
lyzing the 5.5 year follow-up data and will also see chil-
dren again at 8 year.

Conclusion
Performance was similar for all four assessed MRI scor-

ing systems in the prediction of death, adverse and com-
posite outcome at 24 months for term infants with peri-

Prediction of Brain MRI Scoring System
of Infants with Perinatal Asphyxia

natal asphyxia and treated with hypothermia. Inter-rater
reliability was best for the Trivedi and the Weeke score.
High-quality MRI using standardized protocols is essen-
tial and improves the prediction of outcome at 24 months.
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