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Abstract

Objective—To assess and contrast the incidence and severity of abnormalities on cerebral
magnetic resonance imaging (MRI) between infants with mild, moderate, and severe neonatal
encephalopathy who received therapeutic hypothermia.

Study design—This is a retrospective cohort study of infants with mild, moderate, and severe
NE who received TH at a single tertiary neonatal intensive care unit (NICU) between 2013 and
2015. Two neuro-radiologists masked to the clinical condition evaluated brain MRIs for cerebral
injury following TH using the Barkovich classification system. Additional abnormalities not
included in this classification system were also noted. The rate, pattern, and severity of
abnormalities/injury were compared across the grades of NE.

Results—Eighty-nine infants received TH and met study criteria — 48 with mild NE, 35 with
moderate NE, and six with severe NE. Forty-eight infants (54%) had an abnormality on MRI.
There was no difference in the rate of overall MRI abnormalities by grade of NE (mild NE 54%,
moderate NE 54%, and severe NE 50%, p=0.89). Basal ganglia/thalamic injury was more common
in those with severe NE (mild NE 4%; moderate NE 9%; severe NE 34%, p=0.03). In contrast,
watershed injury did not differ between NE grades (mild NE 36%; moderate NE 32%; severe NE
50%, p=0.3)

Conclusion—Mild NE is commonly associated with MRI abnormalities after TH. The grade of
NE during the first hours of life may not adequately discriminate between infants with and without
cerebral injury noted by MRI after TH.
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Figure 1; online: MRI images of an infant with mild NE- On day 4 of life, DWI changes consistent with insult to the left anterior and
posterior watershed regions, and left thalamus. By day 10, the DWI is pseudonormalized, but T2 images indicate injury in affected
regions
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Methods

Infants with moderate to severe neonatal encephalopathy (NE) are at risk for adverse
neurodevelopmental outcomes, including cerebral palsy, cognitive delay, and neuro-sensory
impairments.! Randomized, controlled trials (RCT) of therapeutic hypothermia (TH) in
term-born infants with moderate and severe NE have demonstrated a 25% reduction in the
risk of death or disability.2# Thus, TH has become a routine practice across neonatal
intensive care units (NICUs). Although TH improves outcomes for moderate and severe NE,
whether this therapeutic benefit applies also to infants with mild NE is unclear.

Mild NE has previously been considered a benign clinical syndrome with a good long-term
prognosis.: ® For this reason, and due to concerns about the potential side effects of TH,
infants with mild NE were not eligible for the previous RCTs. However, there has been an
increasing trend to provide TH to newborns with mild NE.5-2 There are several potential
explanations for this. First, the clinical examination evolves over time following brain
injury,® 10 such that a single exam within the first 6 hours of life may not reflect the full
extent of injury.1 10 Second, although the morbidity associated with mild NE has been
thought to be low,1 ® recent observational studies have demonstrated greater morbidity than
previously recognized, including both short-term”: 11 and long-term complications.12-14
However, data are lacking in this population to document systematically the incidence and
patterns of cerebral abnormalities in infants with mild NE who underwent TH. Therefore,
this study aimed to describe the MRI findings in infants with mild NE following TH and to
compare the severity of cerebral injury defined on MRI with that of infants with moderate or
severe NE following TH.

This retrospective cohort study included all infants who underwent TH between September
2013 and December 2015 in a single tertiary level NICU. Institutional Review Board
approval was obtained. The inclusion criteria for TH in our center are modified regional
center based criteria in which variables have been broadened from those used in the
RCTs.3 15 These criteria were developed due to concerns regarding the poor specificity of
some of the RCT variables for NE,16-18 along with recognition of greater morbidity in mild
NE.11. 19The adaptations have included: (1) decreasing the gestational age criteria to >34
weeks; (2) increasing the inclusion pH from < 7.0 to < 7.1; (3) reducing the base excess for
inclusion from =-16 mEg/L to =-12 mEg/L; and (4) providing TH to infants with mild NE
on clinical examination, in addition to those with moderate or severe NE (Table I). All
infants in this study were born after the change in the local criteria. The inclusion criteria
required that TH be initiated within the first 6 hours of life, in keeping with the RCTs.
Infants with confounding conditions that may have independently resulted in abnormalities
on the cerebral MRI were excluded from this analysis.
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The clinical grade of encephalopathy was assigned following combined assessment by both
a child neurologist and neonatologist. The grade of NE was defined as either mild, moderate,
or severe, based upon a well validated standardized neurological exam.* 10 The initial
neurological assessment performed in the first hours of life prior to initiation of hypothermia
is utilized here when defining severity of encephalopathy.

Following clinical assessment and encephalopathy grading, aEEG monitoring was initiated,
typically within the first hours of life. This was performed using either an Olympic Cerebral
Function Monitor (CFM) 6000 or an Olympic Brainz (Natus, San Antonio, CA), and was
prospectively graded using the amplitude classification system described by al Nageeb et
al.20 The aEEG monitoring was transitioned to continuous multi-channel video-EEG
(cEEG) after initiation of TH and remained in place for the duration of hypothermia and
rewarming. The cEEG recordings were reviewed for the presence and timing of electrical
seizures. This information was not a part of the clinical assessment of severity of NE.
However, the data were used in this cohort for secondary analysis to assess 1) whether re-
classifying mild infants with seizure activity into the moderate NE category influenced the
primary results and 2) whether incorporation of background pattern on aEEG or presence of
seizures was able to differentiate significant MRI abnormalities.

Demographic, clinical, and laboratory data, including maternal prenatal history, delivery
history, and postnatal history until discharge were collected. These included data on
potential side effects of TH that were identified from the literature,22! such as the presence
of significant arrhythmias, leukopenia (white blood cell count < 5 x 109/L),
thrombocytopenia (<150 x 10%/L), major hemorrhage (defined as bleeding necessitating
immediate transfusion of blood product), blood product use, subcutaneous fat necrosis, and
persistent pulmonary hypertension (PPHN).

Magnetic Resonance Imaging

All infants underwent at least one cerebral MRI performed after TH within the first week of
life. The clinical team caring for the infant determined whether a second MRI was required.
There was significant variation in acquisition of a second MRI, which appeared to be
influenced by the results of the first MRI (75% of infants with an abnormality on the first
MRI, compared with 44% of infants with a normal first MRI, underwent a second MRI).
Because of this variability and the potential for selection bias in the results of the second
MRI, only data from the first MRI were used for our primary analysis. However, additional
analysis was performed on the second MRI data to evaluate for differences in cerebral injury
on the second MRI across all grades of NE.

All scans were performed on a 3-T Siemens scanner (Siemens, Erlangen, Germany). The
standard clinical imaging protocol included sagittal motion corrected magnetization-
prepared rapid gradient echo (MPRAGE) T1-weighted (T1) images (repetition time [TR] of
2800 msec, echo times [TE] of 2.75, 4.68, 6.54 and 8.4 msec, flip angle 7°, voxel size of 1 x
1 x 1 mm), axial turbo spin echo [TSE] T1 images (TR of 574 msec, TE of 13 msec, flip
angle 140°, voxel size of 0.5 x 0.5 x 3 mm, echo train length of 2), axial TSE T2-weighted
(T2) images (TR of 9000 msec, TE of 150 msec, flip angle 120°, voxel size of 0.5 x 0.5 x 3
mm, echo train length of 19), and coronal TSE T2 images (TR of 9210 msec, TE of 187
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msec, flip angle 130°, voxel size of 0.4 x 0.4 x 3 mm, echo train length of 19). Diffusion
weighted imaging (DWI) using multidirectional diffusion weighted measurements (TR of
6200 msec, TE of 92 msec, 1984 Hz/Px bandwidth, 140 mm field of view, 2 x 2 x 2 mm
voxels, 30 b-directions with amplitudes ranging from 0 to 1000 s/mm2).

The images for this study were analyzed by a pediatric neuroradiologist (E.Y.) blinded to the
clinical grade of encephalopathy. The presence and type of any MRI abnormalities were
compiled. Detailed analysis of the pattern of brain injury was then performed, classifying the
findings according to the grading system developed by Barkovich et al,22 which has been
validated in neonatal encephalopathy using both conventional and diffusion weighted
sequences.?3 A score of =2 in the deep nuclear grey matter, or a score of =3 in a watershed
pattern, was considered consistent with moderate-severe MRI injury (Table 11).24 25 To
ensure validity of these results, a randomly chosen subset of 30 MRI scans was reviewed by
a second independent neuroradiologist (VMS). For MRIs assigned discordant grades,
consensus was reached in a joint reading.

Statistical Analyses

Results

Statistical analysis was performed using PASW statistics 18.0. Non-parametric data were
reported as median values with inter-quartile range (IQR) or range as specified in the text,
and comparisons performed using the Mann-Whitney U test or Kruskal-Wallis H Test, as
appropriate. The chi squared test was used when comparing proportions. Agreement
between the MRI reviewers was assessed using kappa scores, and the percentage of scans
that was agreed upon was additionally reported. Statistical significance was taken as p<0.05,
and a Bonferroni correction was applied for post hoc subgroup analysis.

Between 2013 and 2015, 136 infants were evaluated for TH and 95 were treated with TH. Of
the 41 infants evaluated but not treated, 40 were born at =36 weeks gestation and one infant
was born at 35 weeks gestation. One infant who was evaluated but not treated had mild NE
(GA = 36 weeks). Ninety-five infants were treated with TH, six of whom were excluded
from the analysis, including three who had a genetic/metabolic syndrome and three who
received ECMO. The three infants treated with ECMO had documented PPHN prior to
initiation of TH. This left a study sample of 89 infants, 48 with mild NE, 35 moderate NE,
and six with severe NE. Demographic, perinatal, and short-term clinical outcomes data are
all displayed in Table I11. Of note, despite the inclusion criteria of a gestational age >34
weeks, there were only five infants treated who were born at <36 weeks, all of whom were
35 weeks gestation at birth (one infant with mild NE, three with moderate NE, and one with
severe NE).

MRI Outcome

All 89 infants had an MRI scan within the first week of life, and 53 (59%) had a subsequent
second scan (29 with mild NE, 21 with moderate NE, and 3 with severe NE). There was no
difference between encephalopathy groups for median day of life or postmenstrual age at the
time of the first or second MRI (Table 111). Reliability testing for MRI scoring revealed good
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agreement between MRI raters for both the presence of any MRI abnormality (89%
agreement; kappa score 0.76, p<0.001) and the presence of moderate-severe MR injury on
the Barkovich score (93% agreement; kappa score 0.71, p<0.001). Forty-eight infants (54%)
had an abnormality on their first MRI scan. No difference could be detected between grades
of NE for the rate of abnormalities occurring. Twenty-six (54%) infants with mild NE,
nineteen (54%) infants with moderate NE, and three (50%) infants with severe NE had an
abnormal early MRI scan (p= 0.89). The most common finding was signal abnormality
consistent with hypoxic-ischemic injury classifiable by the Barkovich system (Table IV and
Figure; Figure available at www.jpeds.com). Of the injuries consistent with the Barkovich
criteria, 92% (31/34) demonstrated restricted diffusion, in addition to the changes on
conventional T1- and T2-weighted sequences, consistent with a recent hypoxic ischemic
injury. The three cases that did not demonstrate abnormal restriction included one infant
with mild NE, one with moderate NE, and one with severe NE.

The only difference identified between groups on the first MRI was the proportion of infants
with basal ganglia/thalamic injury (p= 0.03), with a higher proportion of infants with severe
NE demonstrating injury to the deep grey nuclei. However, this difference was not
significant on post hoc analysis (significance taken as p<0.016 with Bonferroni correction:
mild vs. moderate NE, p=0.08, mild vs. severe NE, p=0.02, moderate vs. severe NE p=0.15),
likely as a result of the small number of infants with severe NE in this cohort. Nineteen
infants (21%) had a moderate-severe MRI abnormality using the dichotomous MRI outcome
as defined in Methods. There was no difference in the rates of moderate-severe MRI
abnormality between grades of encephalopathy (p=0.62)(Table 1V). For the second MRI,
there was no difference between grades of NE for the rate of MR abnormalities (mild NE
62% [18/29], moderate NE 52% [11/2]), and severe NE 100% [3/3], p=0.28), rate of
abnormalities classifiable by the Barkovich score (mild NE 44% [13/29], moderate NE 33%
[7/21], and severe NE 67% [2/3], p=0.47), and rate of moderate-severe MRI abnormality
(mild NE 28% [8/29], moderate NE 19% [4/21], and severe NE 33% [1/3], p=0.74).

Discussion

This retrospective observational study identifies that just over half of infants with NE (mild,
moderate, or severe) and treated with TH had an abnormal MRI. More importantly, the study
could not demonstrate a difference in the incidence of moderate-severe cerebral injury
between all grades of NE. These findings are of greatest relevance to infants with mild NE,
among whom 54% had an abnormality on cerebral MRI and 23% of them had moderate-
severe cerebral injury. Finally, it is noteworthy that almost all infants with moderate-severe
MRI cerebral injury had changes on diffusion weighted sequences, highlighting the perinatal
timing of these injuries.

Although early studies suggested that severe neurological injury is infrequent in infants with
mild NE, our findings are consistent with recent studies that have found evidence of injury
among these infants.”- 11-13. 19 pypont et al found that 20% (12/60) of infants with mild NE
had an abnormal short-term outcome, including presence of seizures, abnormal neurological
examination at discharge, and feeding difficulties beyond the first week of life. Few infants
had MRIs in their cohort, nine in total, 66% of which were abnormal.11 The Children’s
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Hospital Neonatal Database reported that 59% (89/132) of infants with mild NE from their
network had an abnormality on MRI.” Additionally in a recent cohort study, Gange-
Loranger et al reported that among 13 infants with mild NE who underwent TH, 31% (4/13)
had MRI changes consistent with HI injury.26 The rate of both any MRI abnormality, and
MRI hypoxic-ischemic injury, among those with mild NE in these studies is consistent with
our own findings. However none of these studies provided sufficient details regarding the
pattern or severity of MRI cerebral injuries to allow further meaningful comparison across
studies.

In addition to short-term neurological outcomes, recent data from infants with mild NE have
documented long-term neuro-developmental morbidities in early childhood and at school
age. Several recent studies in Europe, Australia, and China, have included details on
developmental outcomes from infants with mild NE. This was not the primary aim of these
studies, and therefore the sample sizes were relatively small (combined population of mild
NE from the three studies was 103) and underpowered for neurodevelopmental assessment.
Despite this, each of the studies reported neurodevelopmental deficits at 18 to 24 months of
age among those children.

The rates of abnormal outcome following mild NE ranged from 10-30% depending on the
study.19 27. 28 Similarly, later follow-up of infants with mild NE at school age has
demonstrated that 50% of these children have abnormalities on MRI at nine to ten years of
age.29 Further, they have lower IQ scores and increased thought problems compared with
healthy controls.12Although our data exclusively focused on neonatal MRI outcomes, these
results support our findings of increased neurological risk in mild NE.

Based upon the known mechanisms of cellular injury and death following hypoxia
ischemia,® 30 and our understanding of the neuroprotective mechanisms associated with
TH,? there is biological plausibility for the use of TH among infants with milder
encephalopathy. However, the original TH RCTs did not include infants with mild NE. The
rationale for this was based on: 1) the adverse effects of TH were not yet known and it was
difficult to justify treating mildly affected infants without knowledge of risk-benefit and 2)
the effect size was likely to be greater in more severely affected infants, thereby assisting in
a definitive outcome for the RCTs. Although none of the RCTs focused on the efficacy of
TH in infants with mild NE, a small number of mildly encephalopathic infants were enrolled
in two trials (total n=79).1% 28 This may reflect the difficulty of firmly assigning the severity
of NE within the first hours of life and is consistent with what often occurs in the clinical
setting.6-8. 31 Zhou et al randomized 39 infants with mild NE, 21 to treatment with TH and
18 controls.28 Thirty-three percent (13/39) of those with mild NE were found to have a
moderately abnormal outcome (a developmental quotient between one to two standard
deviations below the mean at 18 months of age, using the Gesell Child Development Age
Scale). Stratifying by treatment group, 29% (6/21) who received TH vs. 39% (7/18) of
control infants had a moderately abnormal outcome (p=0.5). In the ICE trial, Jacobs et al
randomized 40 infants with mild NE, 16 to treatment with TH and 24 controls.1® Thirty
percent (12/40) of infants with mild NE met the composite primary outcome of death or
severe disability at two years of age. Stratifying by treatment group, 25% (4/16) who
received TH vs. 33% (8/24) of control infants met the primary outcome (p=0.7). Although
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these trials did not detect a significant difference in outcome among those with mild NE, it is
important to recognize that they were neither designed nor powered to do so.

An important consideration when choosing to provide TH to infants with mild NE is the risk
of TH administration. The literature to date has reported a relatively benign side effect
profile, with increased risks for sinus bradycardia, thrombocytopenia, leukopenia, and
subcutaneous fat necrosis reported to be associated with TH.2: 6 31 These data however, are
based exclusively upon infants with moderate and severe NE and do not include those with
mild NE. In our cohort, there were no significant cardiac arrhythmias and minimal
leukopenia. We found the incidence of thrombocytopenia to be equal to that in higher grades
of encephalopathy. However, only two infants with mild NE received a platelet transfusion
and no infant with mild NE had a major hemorrhage. Eighteen percent of infants with mild
NE did receive a blood product during their hospital course, with FFP being the most
common product administered. Although our cohort demonstrated no significant adverse
effects attributed to TH, further monitoring and study of the safety profile associated with its
use in animal and human populations must continue32 to ensure appropriate and safe therapy
is provided.

Although our study has provided new information regarding the nature and pattern of MRI
abnormalities in infants with mild NE, our does have several limitations. Our study lacked a
control sample. Secondly, our sample size was limited and the small NE subgroups might
have led to inability to a type Il error, or inability to detect a difference in cerebral
abnormalities detected by MRI. It may be suggested that the incidence of MRI abnormalities
found in infants with mild NE simply reflects that of the general population without NE.
This is very unlikely, as previously reported MRI data on healthy newborns has shown the
prevalence of any abnormality on MRI among healthy controls to be <10%, with no infants
having a moderate-severe MRI abnormality.33 In addition, the rates of moderate-severe
cerebral injury among those with moderate (17%) and severe NE (33%) reported here are
consistent with recent reports of infants with moderate-severe NE following TH. For
example, Bonficaio et al reported moderate-severe injury in 34% [12/35],24 and Skranes et al
reported moderate-severe injury in 17% [7/41] of infants with moderate-severe NE, 2
indicating that our sample could be generally representative of the current burden of MRI
injury among infants with moderate-severe NE. An additional limitation of our study is the
lack of long-term follow-up on our population, as standardized neurodevelopmental
assessment remains the gold standard for outcome in these infants. Despite this, moderate-
severe MRI abnormalities have been repeatedly shown to be a robust surrogate predictor of
long-term outcome following TH.34 35 Additionally, the rates of moderate-severe MRI
abnormality in our sample are cons i s tent with the rates of significant long-term neuro-
developmental deficits reported among infants with mild NE in alternate studies.19 28 Lastly,
it is notable that eight infants with mild NE had seizures during their hospital course, which
may suggest more significant clinical severity of NE. However, the frequency of seizures in
our mild NE group is consistent with previous studies of infants with mild NE.11
Additionally, Robertson and Finer reported that 48% of infants with mild NE in their cohort
had seizures during the newborn period and were continued to be classified as mild NE
unless their clinical neurological examination deteriorated.! A repeat of our own analysis
reclassifying these 8 cases as moderate NE, did not change our results (data not shown).
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In conclusion, we report high rates of MRI cerebral abnormalities among infants with mild
NE. We could not find in our sample any difference in the frequency of moderate-severe
MRI cerebral injury between those with mild or more severe grades of NE. Although the
significance of milder MRI abnormalities for long-term outcome is unclear, there is a strong
association between moderate-severe MRI injuries and long-term neurodevelopmental
deficits.34 35 Infants with mild NE deserve greater focus and future investigation, with
particular emphasis on the potential benefits of neuroprotective strategies.
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Table 1

Local Inclusion criteria for Therapeutic Hypothermia

A. >34 weeks’ gestation

B.  One of the following;
a.
b.

C.

C. One of the following;
a.
b.

AND

Sentinel event prior to delivery

Apgar score < 5 at 10 minutes

Prolonged resuscitation at birth- chest compressions and/or intubation and/or positive pressure ventilation at 10 minutes
pH < 7.1 from cord blood gas or blood gas within the first hour after birth

Base excess > —12 mEq/L from cord blood gas or blood gas within the first hour after birth

AND

Seizure or any clinical concern for seizure

Neonatal encephalopathy
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Grading system of MRI injury Shaded area represents moderate-severe MRI injury in dichotomized outcome

Basal Ganglia/Thalamus Watershed
Score Score
0 Normal or isolated focal cortical infarct 0 Normal
1 Abnormal signal in the thalamus 1 Single focal infarction
2 Abnormal signal in anterior or posterior watershed white
matter
2 Abnormal signal in the thalamus and lentiform nucleus 3 Abnormal signal in anterior or posterior watershed cortex
and white matter
3 Abnormal signal in the thalamus, lentiform nucleus, and 4 Abnormal signal in both anterior and posterior watershed
perirolandic cortex zones
4 More extensive involvement 5 More extensive cortical involvement
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Table 4

Association between MRI abnormalities and grade of Neonatal Encephalopathy

Mild NE | Moderate NE | Severe NE | pvalue
(n=48) (n=35) (n=6)

Normal | 22 (46) | 16 (46) | 3(50) | 0.98
Isolated IVH | 4(8) | 103) | 0 | 0.46
Isolated Cerebellar Hemorrhage | 2(4) | 2 (6) | 0 | 0.81
Isolated Sinus Venous Thrombosis | 0 | 1(3) | 0 |
Punctate white matter lesion | 2(4) | 2 (6) | 0 | 0.81
Injury Consistent with Barkovich Classification | 18 (38) | 13 (37) | 3 (50) | 0.83
Basal Ganglia/Thalamic Injury | 2(4) | 3(9) | 2 (34) | 0.032
Severity of Basal Ganglia/ThalamicInjuryf | | | |

1. Abnormal signal in the thalamus | 2(4) | | |

2. Abnormal signal in the thalamus and lentiform nucleus | | 1(3) | 1(17) |

3. Abnormal signal in the thalamus, lentiform nucleus, and perirolandic cortex

4. More extensive involvement | 2(6) | 1(17) |
Watershed Injury | 18 (36) | 11 (32) | 3 (50) | 0.33
Severity of Watershed Injury7‘ | | | |

1. Single focal infarction | 4(08) | 309) | |

2. Abnormal signal in anterior or posterior watershed white matter | 3(6) | 4(11) | 2(33) |

3. Abnormal signal in anterior or posterior watershed cortex and white matter | 5(10) | 2(6) | |

4. Abnormal signal in both anterior and posterior watershed zones | 5(10) | 1(3) | |

5. More extensive cortical involvement | 1) | 1(3) | 1(17) |
Moderate-Severe Injury on MRI 7 | 11(23) | 6(17) | 2(33) | 0.62

n (%). Analysis across groups was performed using the Chi Squared test.

fSeverity of injury defined using Barkovich grading system as detailed in methods section
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