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Early Magnetic Resonance Imaging Predicts 30-Month Outcomes after
Therapeutic Hypothermia for Neonatal Encephalopathy
Ashley M. Bach, MD, MPH'-**, Annie Y. Fang, MD“, Sonia Bonifacio, MD°, Elizabeth E. Rogers, MD?,

Aaron Scheffler, PhD, MS®, J. Colin Partridge, MD, MPH?, Duan Xu, PhD’, A. James Barkovich, MD’,
Donna M. Ferriero, MD, MS?°, Hannah C. Glass, MDCM, MAS>*® and Dawn Gano, MD, MAS?*

Objective To evaluate the association of therapeutic hypothermia with magnetic resonance imaging (MRI) find-
ings and 30-month neurodevelopment in term neonatal encephalopathy.

Study design Cross-sectional analysis of 30-month neurodevelopment (IQR 19.0-31.4) in a prospective cohort of
mild-to-severe neonatal encephalopathy imaged on day 4 (1993-2017 with institutional implementation of thera-
peutic hypothermia in 2007). MRI injury was classified as normal, watershed, or basal ganglia/thalamus. Abnormal
motor outcome was defined as Bayley-Il psychomotor developmental index <70, Bayley-Ill motor score <85 or
functional motor deficit. Abnormal cognitive outcome was defined as Bayley-Il mental developmental index <70
or Bayley-lll cognitive score <85. Abnormal composite outcome was defined as abnormal motor and/or cognitive
outcome, or death. The association of therapeutic hypothermia with MRI and outcomes was evaluated with multi-
variable logistic regression adjusted for propensity to receive therapeutic hypothermia.

Results Follow-up was available in 317 (78%) surviving children, of whom 155 (49%) received therapeutic hypo-
thermia. Adjusting for propensity, therapeutic hypothermia was independently associated with decreased odds of
abnormal motor (OR 0.15, 95% CI 0.06-0.40, P < .001) and cognitive (OR 0.11, 95% CI 0.04-0.33, P < .001) out-
comes. This association remained statistically significant after adjustment for injury pattern. The predictive accu-
racy of MRI pattern for abnormal composite outcome was unchanged between therapeutic hypothermia-treated
(area under the receiver operating curve 0.76; 95% CI 0.61-0.91) and untreated (area under the receiver operating
curve 0.74; 95% CI 0.67-0.81) infants. The negative predictive value of normal MRI was high in therapeutic
hypothermia-treated and untreated infants (motor 96% vs 90%; cognitive 99% vs 95%).

Conclusions Therapeutic hypothermia is associated with lower rates of brain injury and adverse 30-month out-
comes after neonatal encephalopathy. The predictive accuracy of MRI in the first week of life is unchanged by ther-
apeutic hypothermia. Normal MRI remains reassuring for normal 30-month outcome after therapeutic hypothermia.
(J Pediatr 2021; l:1-8).

eonatal encephalopathy affects approximately 3 newborns per 1000 live births, of which hypoxic-ischemic encephalop-
athy (HIE) affects 1.5 per 1000 live births.' Hypoxic-ischemic injury to the developing brain contributes significantly to
mortality and long-term morbidity, such that at least 25% of surviving children exhibit long-term neurodevelopmental
sequelae ranging from mild to severe, including developmental delay, intellectual disability, cerebral palsy, and epilepsy.””
Therapeutic hypothermia to 33.5°C for 72 hours, initiated within 6 hours after birth, improves neurodevelopmental out-
comes in term newborns with moderate/severe HIE.*” Smaller studies have
shown that therapeutic hypothermia is associated with decreased risk of brain
injury,” and the predominant pattern of injury on magnetic resonance imaging
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mia, MRI, and outcomes. The nested substudy of the Total
Body Hypothermia for Neonatal Encephalopathy (TOBY)
RCT found significant reduction of MRI injury score, but
the same rate of death or disability at 18 months in the ther-
apeutic hypothermia and control groups.'' The nested sub-
study of the National Institute of Child Health and Human
Development (NICHD) RCT found unchanged MRI injury
scores after therapeutic hypothermia, but lower rate of death
or moderate/severe disability at 18-22 months in the thera-
peutic hypothermia group than in the control group.'” The
nested substudy of the Infant Cooling Evaluation (ICE)
RCT found significant reduction of moderate/severe MRI ab-
normalities, and that these abnormalities predict death or
major disability at 2 years of age.”” As MRI was available
for only a subset of each cohort and the timing of MRI was
variable, it remains difficult to reliably assess the predictive
value of MRI for outcomes after therapeutic hypothermia.

To enhance our understanding of the relationship between
therapeutic hypothermia, pattern of injury on MRI, and mo-
tor and cognitive outcomes, and to assess the predictive value
of early MRI for these outcomes, we report a large cohort of
term newborns with broadly defined neonatal encephalopa-
thy presumed due to HIE prospectively imaged with MRI
around day 4 during the pre- and post-therapeutic hypother-
mia eras. This study aims to evaluate the association of ther-
apeutic hypothermia with MRI injury pattern (watershed
and basal ganglia/thalamus [BG/T]) and neurodevelopment
at 30 months, and determine the predictive value of injury
pattern for outcomes in the setting of therapeutic hypother-
mia. These findings may assist in counseling families of
infants with neonatal encephalopathy regarding the prog-
nostic significance of early MRI and specifically address the
question: how reassuring is a normal MRI after therapeutic
hypothermia?

We performed a cross-sectional analysis of the relationship
between therapeutic hypothermia, MRI findings, and neuro-
development in an ongoing prospective cohort of term new-
borns with mild-to-severe encephalopathy admitted to the
University of California—San Francisco (UCSF) Intensive
Care Nursery between December 1993 and July 2017.

Participants

Subjects were neonates admitted to the UCSF Intensive Care
Nursery with suspected HIE, with one or more of the
following: (1) 5-minute Apgar score <5, (2) umbilical artery
cord blood pH < 7.1, (3) umbilical artery base deficit < —10,
or (4) clinical brain dysfunction (abnormal tone, feeding,
alertness, respiratory status, or reflexes). Exclusion criteria
were evidence of congenital infection, metabolic disease, or
anomalies of the brain or other major organ systems. Subjects
were enrolled after voluntary informed consent was obtained
from parents following a protocol approved by the UCSF
Committee on Human Research.
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Whole-body hypothermia to 33.5°C for 72 hours was initi-
ated as standard of care at UCSF in 2007, with criteria for
therapy as follows: >236-week gestational age and <6 hours
old, clinical evidence of encephalopathy, and 1 of the
following: 10-minute Apgar <5, prolonged resuscitation,
pH <7 or base deficit <-12 on cord or initial infant blood
gas within 1 hour of life. Clinical evidence of encephalopathy
included any of the following: lethargy, stupor or coma,
hyperalert state, abnormal tone, absent or weak suck,
abnormal reflexes, clinical seizures, abnormal amplitude in-
tegrated electroencephalogram (EEG) background, and/or
electrographic seizures. Prior to therapeutic hypothermia,
EEG was obtained at the discretion of the treating physician
if there were clinical concerns for seizures. After therapeutic
hypothermia was implemented in 2007, continuous video-
EEG was obtained through rewarming.

Clinical data were prospectively collected by trained
research nurses blinded to imaging. Variables collected
included sex, gestational age, birth weight, mode of delivery,
Apgar scores at 1, 5, and 10 minutes, pH from umbilical
artery or first newborn blood gas within 1 hour of life, and
a resuscitation score reflecting amount of intervention
required at birth (scored 0-6 with score =5 indicating intuba-
tion)."* An encephalopathy score assessing mental status,
feeding ability, respiratory support requirement, tone, re-
flexes, and presence of clinical and/or electrographic seizures,
was prospectively assigned on day of life 1 (scored 0-6 with
moderate-severe defined as >4)."°

MRI
Each participant had a brain MRI during the first week of life if
clinically feasible (median day 4, IQR 3-5 days). Neonates were
transported to MRI by a neonatologist and trained research
nurses. Imaging was performed with a dedicated neonatal
head coil over 1 hour. Standard magnetic resonance sequences
were performed on 1.5T (1993-2011) and 3T (2011-2017) GE
scanners (GE Healthcare) as previously described.'”'® Sedation
was used at the discretion of the accompanying neonatologist.
A pediatric neuroradiologist blinded to the clinical course
classified the extent of injury in the basal ganglia/thalamus
(BG/T) (severity score 0-4) and watershed (severity score
0-5) regions on diffusion-, T1- and T2-weighted MRI images
using our published scoring system.'”'” Each subject was as-
signed a BG/T and watershed score, and these scores were
used to categorize injury into predominant injury pattern:
normal, watershed, or BG/T. The watershed pattern was as-
signed when the watershed score was higher than the BG/T
score. The BG/T pattern was assigned when the BG/T score
was higher than or equal to the watershed score. Any MRI ab-
normality was defined as BG/T or watershed score >1.

Neurodevelopmental Evaluation

Participants underwent follow-up at 12-18 months and/or 24-
30 months as part of routine clinical care. The last follow-up
available was included in the analysis. Follow-up evaluations
included a standardized blinded neurologic examination, neu-
romotor score (NMS, 0-5),''"” and testing with the Bayley
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Scales of Infant and Toddler Development, administered by a
clinical psychologist blinded to the child’s neonatal course, in
the child’s native language (Spanish or English). Subjects eval-
uated prior to 2007 were evaluated with the Bayley-1I and sub-
jects enrolled thereafter were evaluated with the Bayley-IIL
Bayley-II mental and psychomotor developmental index scores
<70 and Bayley-III motor and cognitive composite scores <85
were classified as abnormal.'” If Bayley psychomotor develop-
mental index or motor score were unavailable, NMS >3 was
used to classify abnormal motor outcome. NMS was assigned
by an experienced blinded pediatric neurologist with scores
>3 indicating a functional motor deficit. Composite outcome
was defined as abnormal if the subject died, or motor or cogni-
tive outcome was classified as abnormal.

Statistical Data Analyses

Analysis was performed with STATA 16 (StataCorp). Base-
line clinical characteristics, MRI findings, and neurodevelop-
mental outcomes were compared between untreated and
therapeutic  hypothermia-treated neonates using the
Kruskal-Wallis or Student ¢ test for continuous variables,
and y’or Fisher exact test for categorical variables.

Multivariate logistic regression was performed to evaluate
the association of therapeutic hypothermia and MRI injury
pattern with outcomes, adjusting for quintiles of propensity
for receiving therapeutic hypothermia. The propensity score
allows an observational study to be designed and analyzed to
mimic some of the characteristics of a randomized controlled
trial. The propensity score is the probability of treatment
assignment conditional on observed baseline characteristics
and ensures that the distribution of observed baseline covari-
ates are similar between treated and untreated subjects.”’ Co-
variates included in the propensity score were baseline
characteristics significantly different between the treated
and untreated groups that comprise eligibility for therapeutic
hypothermia and are likely to influence outcome: Apgar <5
at 10 minutes of life, intubation at resuscitation, pH <7 on
initial blood gas, presence of moderate to severe encephalop-
athy, and presence of clinical and/or electrographic seizures
in the first 24 hours of life. Covariates were balanced within
each propensity score quintile.

Predictive accuracy was determined by calculating the area
under the receiver operating curve (AUROC). Comparisons
of predictive accuracy between therapeutic hypothermia-
treated and untreated children were made by comparing
the confidence intervals of AUROC values. Sensitivity, spec-
ificity, positive predictive value (PPV), and negative predic-
tive value (NPV) of injury pattern for abnormal cognitive,
motor and composite outcomes were calculated for thera-
peutic hypothermia-treated and untreated children.

Infant Characteristics
Among 434 term infants with encephalopathy enrolled be-
tween 1993 and 2017, 204 (47%) received therapeutic
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hypothermia (Table I). Infants receiving therapeutic
hypothermia were more likely to have low 5- and
10-minute Apgar scores (P < .001), lower pH on initial
blood gas (P = .005), and more severe encephalopathy
(P < .001). Encephalopathy was classified as mild in 31 of
204 (15%) therapeutic hypothermia-treated and 107 of 230
(47%) untreated infants, and moderate to severe in 173 of
204 (85%) therapeutic hypothermia-treated and 123 of 230
(53%) untreated infants. Therapeutic hypothermia-treated
infants were less likely to be inborn or have clinical and/or
electrographic seizures detected within 24 hours of life
(P =.001).

MRI Findings

MRI was performed at a median of 4 days of age (IQR 3-5)
for both untreated and therapeutic hypothermia-treated in-
fants. Therapeutic hypothermia was associated with
decreased rates of MRI-detected brain injury (no injury:
60% vs 27%, watershed: 27% vs 47%, BG/T: 13% vs 27%j;
P < .001) and decreased injury severity within each pattern
(both P < .001) (Table I). Adjusting for quintiles of
propensity for receiving therapeutic hypothermia,
therapeutic hypothermia was independently associated with
decreased relative risk of watershed injury (relative risk
reduction 0.27, 95% CI 0.16-0.38, P < .001) and BG/T
injury (relative risk reduction 0.31, 95% CI 0.21-0.41,
P <.001) on MRI.

Neurodevelopmental Outcomes

Neurodevelopment was assessed at a median of 30 months
(IQR 19.0-31.4) in 317 of 408 (78%) surviving children
with neonatal encephalopathy. Outcome data was available
for 297 of 409 (73%) surviving children at 12-18 months
and for 240 of 408 (59%) surviving children at 24-30 months.
Infants who did not return for follow-up had younger
mothers and were less likely to have seizures on day 1 of
life (Table II; available at www.jpeds.com).

Abnormal cognitive and motor outcomes among children
with watershed or BG/T injury were significantly less com-
mon in the hypothermia group (Table III; available at
www.jpeds.com). Children treated with therapeutic
hypothermia were less likely to have abnormal cognitive
(OR 0.10, 95% CI 0.03-0.28), motor (OR 0.16, 95% CI
0.07-0.37), and composite (OR 0.21, 95% CI 0.12-0.37)
outcomes. Adjusting for treatment propensity revealed a
similar magnitude of effect. These associations were still
significant but slightly decreased in magnitude after further
adjustment for MRI injury pattern (Table IV). Restriction
of these analyses to outcomes assessed at 12-18 or 24-
30 months yielded similar results.

MRI Pattern and Outcomes

Abnormal MRI was associated with increased odds of
abnormal cognitive, motor, and composite outcomes
(Figure). BG/T-predominant injury on MRI was
significantly associated with increased odds of abnormal
cognitive (OR 26.2, 95% CI 7.26-94.6) and motor outcome

Early Magnetic Resonance Imaging Predicts 30-Month Outcomes after Therapeutic Hypothermia for Neonatal 3
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Table I. Clinical characteristics and MRI findings
Clinical characteristics and MRI findings No therapeutic hypothermia n = 230 Therapeutic hypothermia n = 204 P value
Gestational age + SD (wk) 395+ 1.8 396 +1.5 .60
Birthweight + SD (g) 3349 + 623 3383 + 561 .56
Male 132 (57%) 109 (53%) A1
Maternal age + SD (y) 301 +£7.0 299 + 6.4 .75
Inborn 95 (42%) 47 (23%) <.001
Meconium 118 (55%) 107 (57%) .65
Cesarean delivery 124 (54%) 107 (52%) .69
Apgar score at 5 min of life, median (IQR) 5 (4-7) 4 (2-5) <.001
Apgar score at 10 min of life, median (IQR) 7 (5-8) 6 (4-7) <.001
Intubated at resuscitation* 118 (51%) 122 (60%) .08
Moderate-severe encephalopathy® 123 (53%) 173 (85%) <.001
pH on initial blood gas + SD 7.05+0.2 7.00 £ 0.2 .005
Seizure detected at <24 HOL 97 (42%) 54 (26%) .001
Death at or before 30 mo of age 17 (7%) 9 (4%) 19
Median age at MR, d (IQR) 4 (2-7) 4 (4-5) 18
MRI pattern of injury <.001
No injury 54 (27%) 108 (60%)
Watershed pattern 94 (47%) 48 (27%)
BG/T pattern 54 (27%) 24 (13%)
Watershed injury severity <.001
None 76 (38%) 125 (69%)
Mild to moderate (watershed score 1-3) 49 (24%) 40 (22%)
Severe (watershed score 4-5) 77 (38%) 15 (8%)
BG/T injury severity <.001
None 114 (56%) 151 (84%)
Mild to moderate (BG/T score 1-2) 46 (23%) 22 (12%)
Severe (BG/T score 3-4) 42 (21%) 7 (4%)
v

HOL, hours of life.
Bold values indicate statistical significant (P < .05).

All subjects in the therapeutic hypothermia group were enrolled in the study in 2007 or later. One hundred ninety-four (84%) subjects in the no therapeutic hypothermia group were enrolled

before 2007.
*Resuscitation score >5.
tEncephalopathy score >4.

(OR 13.5, 95% CI 5.24-34.6). Watershed-predominant
injury on MRI was significantly associated with increased
odds of abnormal cognitive outcome (OR 7.01, 95% CI
2.00-24.6) but not abnormal motor outcome (OR 2.29,
95% CI 0.89-5.88, P = .09) (Table IV). After adjustment
for therapeutic hypothermia and propensity for therapeutic
hypothermia, all significant associations remained
significant, but with lower odds of abnormal outcome.

Predictive Value of MRI

The predictive accuracy of any MRI abnormality for
abnormal composite outcome was unchanged between
therapeutic hypothermia-treated (AUROC 0.68; 95% CI
0.56-0.81) and untreated (AUROC 0.63; 95% CI 0.57-0.68)
infants. Similarly, the predictive accuracy of MRI pattern
for abnormal composite outcome was unchanged between
therapeutic hypothermia-treated (AUROC 0.76; 95% CI

injury with outcomes at 30 months

Table IV. Univariate and multivariate regression for the association of therapeutic hypothermia and MRI pattern of

~

Abnormal cognitive outcome

Abnormal motor outcome Abnormal composite outcome

Therapeutic hypothermia and MRI pattern of injury OR (95% CI) P OR (95% CI) P OR (95% CI) P
Therapeutic hypothermia 0.10 (0.03-0.28) <.001 0.16 (0.07-0.37) <.001 0.21 (0.12-0.37) <.001
Therapeutic hypothermia* 0.11 (0.04-0.33) <.001 0.15 (0.06-0.40) <.001 0.19 (0.09-0.37) <.001
Therapeutic hypothermia’ 0.23 (0.07-0.74) .01 0.19 (0.06-0.58) .004 0.26 (0.12-0.58) .001
MRI pattern of injury

Normal Ref Ref Ref

Watershed 7.01 (2.00-24.6) .002 2.29 (0.89-5.88) .09 3.72 (1.67-8.28) .001

BG/T 26.2 (7.26-94.6) <.001 13.5 (5.24-34.6) <.001 21.1(9.17-48.3) <.001
MRI pattern of injury*

Normal Ref Ref Ref

Watershed 6.01 (1.31-27.6) .02 1.55 (0.54-4.46) 42 2.34 (0.96-5.66) .06

BG/T 20.3 (4.17-99.3) <.001 9.70 (3.25-28.9) <.001 11.7 (4.57-30.1) <.001

\ W

Bold values indicate statistical significant (P < .05).

*Adjusted for quintiles of propensity for receiving therapeutic hypothermia; covariates comprising eligibility to receive therapeutic hypothermia included Apgar <5 at 10 minutes of life, intubation at
resuscitation, pH less than 7 on initial blood gas, presence of moderate to severe encephalopathy, and presence of seizures in the first 24 hours of life.

tAdjusted for quintiles of propensity for receiving therapeutic hypothermia and MRI pattern of injury.

FAdjusted for therapeutic hypothermia and quintiles of propensity for receiving therapeutic hypothermia.
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Figure. Box-plot showing the probability of abnormal outcome predicted by the full regression model, which is adjusted for
therapeutic hypothermia and quintiles of propensity for receiving therapeutic hypothermia; covariates comprising eligibility to
receive therapeutic hypothermia included Apgar <5 at 10 minutes of life, intubation at resuscitation, pH less than 7 on initial blood
gas, presence of moderate to severe encephalopathy, and presence of seizures in the first 24 hours of life.

0.61-0.91) and untreated (AUROC 0.74; 95% CI 0.67-0.81)
infants.

Detection of any MRI abnormality in untreated infants
had a sensitivity of 92% and specificity of 33% for abnormal
composite outcome, with PPV of 44% for an abnormal
outcome and NPV of 88% for a normal outcome. The spec-
ificity of MRI among those with therapeutic hypothermia
compared with those without was higher for motor (63%
vs 31%) and cognitive (63% vs 34%) outcomes, as was
NPV for motor (96% vs 90%) and cognitive (99% vs 95%)
outcomes (Table V). The sensitivity and PPV of abnormal
MRI for abnormal outcomes was lower among those with
therapeutic hypothermia.

Among untreated infants, BG/T-predominant injury had
greater specificity than watershed-predominant injury for
abnormal cognitive (69% vs 40%) and motor (69% vs
36%) outcomes, and both injury patterns had similar sensi-
tivity for abnormal cognitive (89%) and motor (83% vs
78%) outcomes. Specificity of both injury patterns for
abnormal cognitive and motor outcomes and NPV for

normal outcomes was increased among those with therapeu-
tic hypothermia (Table V). The sensitivity and PPV of both
patterns of injury for abnormal outcomes was lower among
those with therapeutic hypothermia.

The results of this study demonstrate the association of
therapeutic hypothermia with MRI findings and neurodeve-
lopmental outcomes in a prospective cohort of term infants
with broadly defined neonatal encephalopathy spanning the
era before and after the implementation of therapeutic hypo-
thermia. In summary, we found that therapeutic hypother-
mia is associated with significantly decreased rates of brain
injury and improved outcomes at 30 months after account-
ing for injury pattern, injury patterns on MRI are signifi-
cantly associated with outcomes regardless of therapeutic
hypothermia, and early MRI remains equally predictive of
outcome after therapeutic hypothermia.

Early Magnetic Resonance Imaging Predicts 30-Month Outcomes after Therapeutic Hypothermia for Neonatal 5
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Table V. Predictive value of MRI pattern of injury at 30 months
MRI pattern of injury Sensitivity Specificity PPV NPV
Any MRI abnormality
Untreated subjects
Abnormal cognitive outcome 0.94 (33/35) 0.34 (40/119) 0.29 (33/112) 0.95 (40/42)
Abnormal motor outcome 0.89 (33/37) 0.31 (38/122) 0.28 (33/117) 0.90 (38/42)
Abnormal composite outcome 0.92 (59/64) 0.33 (37/112) 0.44 (59/134) 0.88 (37/42)
Therapeutic hypothermia-treated subjects
Abnormal cognitive outcome 0.75 (3/4) 0.63 (80/127) 0.06 (3/50) 0.99 (80/81)
Abnormal motor outcome 0.50 (3/6) 0.63 (82/131) 0.06 (3/52) 0.96 (82/85)
Abnormal composite outcome 0.73 (11/15) 0.63 (82/130) 0.19 (11/59) 0.95 (82/86)
Watershed injury
Untreated subjects
Abnormal cognitive outcome 0.89 (16/18) 0.40 (40/101) 0.21 (16/77) 0.95 (40/42)
Abnormal motor outcome 0.78 (14/18) 0.36 (38/105) 0.17 (14/81) 0.90 (38/42)
Abnormal composite outcome 0.83 (25/30) 0.39 (37/96) 0.30 (25/84) 0.88 (37/42)
Therapeutic hypothermia-treated subjects
Abnormal cognitive outcome 0.50 (1/2) 0.69 (80/116) 0.03 (1/37) 0.99 (80/81)
Abnormal motor outcome 0(0/3) 0.68 (82/120) 0 (0/38) 0.96 (82/85)
Abnormal composite outcome 0.33 (2/6) 0.69 (82/119) 0.05 (2/39) 0.95 (82/86)
BG/T
Untreated subjects
Abnormal cognitive outcome 0.89 (17/19) 0.69 (40/58) 0.49 (17/35) 0.95 (40/42)
Abnormal motor outcome 0.83 (19/23) 0.69 (38/55) 0.53 (19/36) 0.90 (38/42)
Abnormal composite outcome 0.87 (34/39) 0.70 (37/53) 0.68 (34/50) 0.88 (37/42)
Therapeutic hypothermia-treated subjects
Abnormal cognitive outcome 0.67 (2/3) 0.88 (80/91) 0.15 (2/13) 0.99 (80/81)
Abnormal motor outcome 0.50 (3/6) 0.88 (82/93) 0.21 (3/14) 0.96 (82/85)
Abnormal composite outcome 0.69 (9/13) 0.88 (82/93) 0.45 (9/20) 0.95 (82/86)
v

Our first finding that therapeutic hypothermia-treated in-
fants have significantly decreased rates of watershed and BG/
T injury and fewer adverse cognitive, motor, and composite
outcomes at 30 months supports previous literature and adds
that therapeutic hypothermia is associated with both early
MRI findings and neurodevelopmental outcomes. The
nested sub study of the TOBY RCT reported on the 40% of
infants who received MRI (n = 131) at a median age of
8 days (range 2-30), of whom 64 received therapeutic hypo-
thermia.'' Those with therapeutic hypothermia had reduced
injury on MRI, but no significant difference in death or se-
vere disability at 18 months from the untreated group. Like-
wise, the nested substudy of the NICHD RCT reported on the
65% of infants who received MRI (n = 136) at a mean age of
15 days (SD 12), of whom 73 received therapeutic hypother-
mia.'” Although injury on MRI was significantly associated
with death or moderate/severe disability at 18-22 months,
those with therapeutic hypothermia did not have signifi-
cantly different injury patterns on MRL In contrast to the
variable timing of MRI in these studies, MRI was obtained
around day 4 in the majority of our cohort, at a time when
apparent diffusion coefficient values reach their nadir after
neonatal HIE.”' Our study, thus, strengthens the evidence
that therapeutic hypothermia is strongly associated with
both early MRI findings and developmental outcomes, and
illustrates these associations in a real-world context as
opposed to a rigorous RCT.

We found that MRI injury pattern in the first week of life
was significantly associated with neurodevelopmental
outcome among therapeutic hypothermia-treated newborns.
Prior studies have reported strong associations of abnormal

6

MRI findings with major disability and mortality following
moderate/severe HIE."' " In this cohort, BG/T injury was
significantly associated with all adverse outcomes, which is
consistent with the previously reported association of BG/T
injury with poor outcomes including severe disability and ce-
rebral palsy.”>*’ Watershed-predominant injury was signifi-
cantly associated with adverse cognitive but not motor
outcomes, which is aligned with the predominantly cognitive
consequences of watershed injury previously reported.'*****
The significance of these associations was unchanged after
adjustment for therapeutic hypothermia, although the Cls
for these associations are wide, likely due to the smaller sam-
ple sizes within each injury pattern category.

To support prognosis, we calculated the predictive accu-
racy and value of MRI findings for adverse outcomes among
therapeutic hypothermia-treated and untreated infants. The
predictive accuracies of MRI findings for outcomes in thera-
peutic hypothermia-treated and untreated subjects in our
cohort were slightly lower than those reported by the
TOBY RCT subgroup study (0.84 in therapeutic
hypothermia-treated and 0.81 in untreated) and in the mag-
netic resonance biomarkers in neonatal encephalopathy
(MARBLE) study,” likely because of our inclusion of a wider
spectrum of encephalopathy and MRI injury, but support the
finding in the TOBY, NICHD, and ICE studies that therapeu-
tic hypothermia does not change the predictive accuracy of
MRI findings."'""” The overall sensitivity of any MRI abnor-
mality for abnormal composite outcome in our cohort is
comparable with that reported in the NICHD study (90%),
and BG/T injury had the highest combined sensitivity/speci-
ficity for adverse outcome, as in the ICE study.'”"” Of
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particular clinical relevance is our finding that the predictive
accuracy of early MRI is unchanged by therapeutic hypother-
mia, and normal MRI is highly reassuring for normal out-
comes at 30 months (NPV >95%).

Our data demonstrate that improved outcomes in the
post-hypothermia era are not fully explained by the reduction
in the rate of brain injury, or the severity of injury. This sug-
gests there may be effects of therapeutic hypothermia on neu-
rodevelopmental outcome mediated by changes that are not
visible on conventional MRI, for example alterations in me-
tabolomics, microstructure, and functional connectivity.
Other changes in care that coincided with the implementa-
tion of therapeutic hypothermia at our center may have
also contributed to better neurodevelopmental outcomes,
including standardization of clinical care practices, and im-
plementation of a multidisciplinary model of neonatal neuro-
critical care that includes emphasis on parent education to
support early development, as well as close developmental
surveillance and referral to early intervention services for all
therapeutic hypothermia-treated infants.”® Specialized neu-
rocritical care has been shown to improve outcomes
following acute brain injury in the adult population,”” and
our data suggest that specialized brain-focused care in criti-
cally ill newborns may be similarly beneficial.

The strength of our study is that we have examined MRI
findings and neurodevelopmental outcomes in a large pro-
spective cohort of broadly defined neonatal encephalopathy
spanning the era before and after therapeutic hypothermia.
All infants included in this analysis received a standardized
MRI per protocol, and all images were scored by a single
reader throughout the course of the study. Our images
were also consistently acquired within the first 2 weeks of
life when predictive accuracy is greatest,”® at a median of
4 days, with no differences in MRI timing between treated
and untreated infants. This allowed for appropriate compar-
ison, because postnatal age affects MRI findings after HIE."'
Because our institutional criteria for therapeutic hypother-
mia are less stringent than the inclusion criteria for the
RCTs, 15% of therapeutic hypothermia-treated infants in
our study were classified as having mild encephalopathy.
Although therapeutic hypothermia has not been proven to
be efficacious in the subgroup with mild neonatal encepha-
lopathy, RCTs are planned to address this area of uncertainty
(NCT04621279, NCT04176471).

There are limitations to our longitudinal cohort study,
including possible selection bias. In our series, there are signif-
icant differences in baseline characteristics between treated
and untreated subjects, specifically in those that determine
receipt of therapeutic hypothermia, and in birth location.
This relates in part to changes in the population available
for enrollment as therapeutic hypothermia became standard
of care and UCSF became a major referral center for therapeu-
tic hypothermia, increasing disease severity and reducing the
proportion of inborn infants in our cohort. The propensity
score used in our models directly addresses these differences
in baseline characteristics by controlling for the likelihood of
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receiving therapeutic hypothermia, and allows for compari-
sons between similar subjects within each group. Any residual
selection bias due to inclusion of more severely ill infants
transferred from outside hospitals in the therapeutic hypo-
thermia treatment group would tend to underestimate the ef-
fect of therapeutic hypothermia on outcomes, and is therefore
unlikely to change our conclusions. Infants who received ther-
apeutic hypothermia were only enrolled after 2007, and most
who did not receive therapeutic hypothermia were enrolled
prior to 2007. Unmeasured practice changes in management
of neonatal HIE from 1993 to 2017 may be a source of
bias.”””' One notable change in practice concurrent with im-
plementation of therapeutic hypothermia at our center was
routine continuous video EEG monitoring. Although we did
not statistically account for this practice difference, seizures
are accounted for in the propensity score. Our loss to
follow-up of 22% and differences between children with and
without follow-up are another source of potential bias. The
only clinical difference between these groups was that infants
without follow-up had fewer seizures within 24 hours, suggest-
ing they may represent subjects with milder illness. Finally, as
the purpose of this study is to assess long-term outcomes,
there may have been reduced enrollment of the most severely
affected infants with poor prognosis for survival, which could
result in underrepresentation of mortality and abnormal com-
posite outcome in our cohort.

An additional limitation involves our outcome measure-
ments, with restructuring of the Bayley roughly coinciding
with initiation of therapeutic hypothermia in our cohort. It
is widely reported that inherent differences between Bayley-1I
and Bayley-III preclude their direct comparison, with concerns
for underestimation of disability with Bayley-IIL."* To address
this, we defined disability using varying cut-offs for these 2 as-
sessments as recommended by multiple studies.’”” Our use of
NMS to define abnormal motor outcome when Bayley motor
evaluation was unavailable also has potential to introduce bias.
However, in our cohort, there was good concordance of NMS
and Bayley classification of motor abnormality among those
subjects with both measures available, with Bayley evaluation
tending to classify more subjects as abnormal than NMS. The
use of NMS primarily in the untreated group may underesti-
mate motor abnormality in this group and, thus, dampen the
apparent effect of therapeutic hypothermia on motor outcome,
which is unlikely to change our conclusions. Longer-term
outcome data are needed to determine the predictive value of
normal MRI at school age and beyond.

In summary, MRI in the first week of life is predictive of
30-month outcome among children who received therapeu-
tic hypothermia, though children with MRI injury who
received therapeutic hypothermia are less likely to have
adverse outcomes, at least in part due to decreased severity
of injury. The predictive accuracy of neonatal MRI is un-
changed by therapeutic hypothermia, and normal MRI is re-
assuring for normal 30-month outcomes after therapeutic
hypothermia, with negative predictive values 295%.
Together, these findings may aid in prognostic counseling
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for families of newborns with encephalopathy presumed due
to HIE. ®

We thank the neonatal nurses of the Pediatric Clinical Research Center
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Table II. Follow-up at 30 months among surviving subjects
Clinical characteristics and MRI findings Follow-up n = 317 No follow-up n = 91 P value
Therapeutic hypothermia 155 (49%) 40 (44%) A1
No MRI injury 127 (43%) 34 (56%) 19
Watershed pattern injury 119 (40%) 19 (31%)
BG/T pattern injury 50 (17%) 8 (13%)
Gestational age + SD (weeks) 395+ 1.7 395+18 74
Birthweight, & SD (g) 3348 + 586 3413 + 617 31
Male 171 (54%) 52 (57%) .59
Maternal age + SD (y) 30.6 + 6.7 282 +6.5 .001
Inborn 108 (34%) 31 (34%) 1.000
Meconium 176 (59%) 40 (49%) 11
Cesarean delivery 169 (53%) 46 (52%) 77
Apgar score at 5 min of life, median (IQR) 4 (3-6) 5(3-7) 13
Apgar score at 10 min of life, median (IQR) 6 (4-7) 7 (4-8) 14
Intubated at resuscitation* 172 (54%) 44 (48%) 32
Moderate-severe encephalopathy® 224 (71%) 72 (71%) 92
pH on initial blood gas +SD 7.03 £0.18 7.02 +0.19 50
Seizure detected at <24 HOL 115 (36%) 14 (15%) <.001
" W
Bold values indicate statistical significant (P < .05).
*Resuscitation score >5.
‘tEncephalopathy score >4.
o )
Table III. Neurodevelopmental outcomes at 30 months by MRI pattern of injury
Neurodevelopmental outcome MRI pattern of injury No therapeutic hypothermia n = 162 Therapeutic hypothermia n = 155 P value
Abnormal cognitive outcome No injury 2 (5%) 1(1%) .23
Watershed pattern 16 (21%) 1 (3%) 01
BG/T pattern 17 (49%) 2 (15%) .04
Total 35 (22%) 4 (3%) <.001
Abnormal motor outcome No injury 4 (10%) 3 (4%) .16
Watershed pattern 14 (17%) 0 (0%) .006
BG/T pattern 19 (53%) 3 (21%) .045
Total 37 (23%) 6 (4%) <.001
Abnormal composite outcome No injury 5 (12%) 4 (5%) 13
Watershed pattern 25 (30%) 2 (5%) .002
BG/T pattern 34 (68%) 9 (45%) .07
Total 64 (36%) 15 (9%) <.001
\ W

Bold values indicate statistical significant (P < .05).

Bayley-Il Mental Developmental Index and Psychomotor Developmental Index <70 and Bayley-Ill motor and cognitive scores <85 were classified as abnormal. Composite outcome was defined as
abnormal motor or cognitive outcome or death.

Denominator for the total proportion with abnormal composite outcome includes 179 untreated and 164 therapeutic hypothermia-treated infants.
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