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Hypoxic ischemic encephalopathy (HIE) affects approxi-
mately 1.5 of every 1000 live births in high-resource 

countries (1) and is responsible for nearly a quarter of neo-
natal deaths worldwide annually (2). Among survivors, 
HIE is a major cause of chronic neurologic disability, with 
long-term sequelae including developmental delay and ce-
rebral palsy (3,4). Neonates with HIE are identified at birth 
by a clinical examination characterized by abnormalities in 
categories such consciousness, activity, tone, posture, prim-
itive reflexes, and autonomic nervous system (5); laboratory 
abnormalities such as metabolic acidosis; and clinical fac-
tors predisposing them to perinatal asphyxia. Therapeutic 
hypothermia is the standard of care for neonates with mod-
erate to severe HIE (3), leading to improved survival and 

outcomes (6,7). However, approximately 35% of neonates 
who receive therapeutic hypothermia will develop moder-
ate to severe neurodevelopmental impairment (NDI) (4).

MRI plays an important role in the evaluation of neo-
nates with HIE. Several qualitative MRI scoring systems 
(8–14) have been created to classify patterns and severity of 
hypoxic ischemic injury for purposes of outcome character-
ization and prognostication and as secondary end points of 
clinical trials. These scoring systems are subject to interrater 
variability (13,15) and often require time-consuming con-
sensus scoring to achieve agreement among experts (16).

The High-dose Erythropoietin for Asphyxia and Enceph-
alopathy (HEAL) trial was a multicenter, phase 3, random-
ized, double-blinded, placebo-controlled trial conducted 

Background:  Multiple qualitative scoring systems have been created to capture the imaging severity of hypoxic ischemic brain injury.

Purpose:  To evaluate quantitative volumes of acute brain injury at MRI in neonates with hypoxic ischemic brain injury and correlate 
these findings with 24-month neurodevelopmental outcomes and qualitative brain injury scoring by radiologists.

Materials and Methods:  In this secondary analysis, brain diffusion-weighted MRI data from neonates in the High-dose Erythropoietin 
for Asphyxia and Encephalopathy trial, which recruited participants between January 2017 and October 2019, were analyzed. Volume 
of acute brain injury, defined as brain with apparent diffusion coefficient (ADC) less than 800 × 10−6 mm2/sec, was automatically 
computed across the whole brain and within the thalami and white matter. Outcomes of death and neurodevelopmental impairment 
(NDI) were recorded at 24-month follow-up. Associations between the presence and volume (in milliliters) of acute brain injury with 
24-month outcomes were evaluated using multiple logistic regression. The correlation between quantitative acute brain injury volume 
and qualitative MRI scores was assessed using the Kendall tau-b test.

Results:  A total of 416 neonates had available MRI data (mean gestational age, 39.1 weeks ± 1.4 [SD]; 235 male) and 113 (27%) 
showed evidence of acute brain injury at MRI. Of the 387 participants with 24-month follow-up data, 185 (48%) died or had any 
NDI. Volume of acute injury greater than 1 mL (odds ratio [OR], 13.9 [95% CI: 5.93, 32.45]; P < .001) and presence of any acute 
injury in the brain (OR, 4.5 [95% CI: 2.6, 7.8]; P < .001) were associated with increased odds of death or any NDI. Quantitative 
whole-brain acute injury volume was strongly associated with radiologists’ qualitative scoring of diffusion-weighted images (Kendall 
tau-b = 0.56; P < .001).

Conclusion:  Automated quantitative volume of brain injury is associated with death, moderate to severe NDI, and cerebral palsy in  
neonates with hypoxic ischemic encephalopathy and correlated well with qualitative MRI scoring of acute brain injury.

Clinical trial registration no. NCT02811263
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and severity of HIE (moderate vs severe) based on a modified 
Sarnat examination. In the parent HEAL trial, treatment with 
erythropoietin did not affect 2-year neurodevelopmental out-
come, so all infants were included in this analysis regardless of 
the treatment arm (17). This current study differs from previ-
ously published reports from the HEAL trial in that it describes 
and validates a quantitative diffusion MRI analysis pipeline and 
its correlation with 2-year neurodevelopmental outcome. Previ-
ously published articles from the HEAL cohort have used only 
expert qualitative scoring of injury.

MRI Scan Acquisition
Neonates underwent 3.0-T brain MRI at a median age of 119.5 
hours (IQR, 108.2–139.1 hours), including T1-weighted,  
T2-weighted, and 30-direction diffusion tensor imaging (DTI) 
sequences, according to a protocol harmonized across 17 study 
sites and nine MRI platforms, as previously published (16). 
Diffusion MRI data were acquired from DTI in the axial plane 
at b of 1000 sec/mm2, with specific parameters per platform 
(Table S3). The use of sedation versus feed-and-swaddle tech-
nique was not recorded. All imaging data were manually re-
viewed for quality by a neuroradiologist (Y.L.) with 5 years of 
attending experience.

Diffusion MRI Processing and Measurements
A customized automated DTI processing pipeline was imple-
mented in Python 3.8 (Python Software Foundation) using 
Neuroimaging in Python Pipelines and Interfaces (Nipype, ver-
sion 1.6 [21]) to interface with non-Python software. DTI vol-
umes were converted to Neuroimaging Informatics Technology 
Initiative, or NIfTI, format with use of dcm2niix 1.0. Subse-
quently, DTI NIfTI volumes were eddy current–corrected and 
processed using the Eddy and DTIFIT modules from FMRIB 
Software Library (version 6.0.2, FMRIB) (22), which yielded 
several parametric maps, including the ADC. All DTI-derived 
data were automatically aligned to the University of North Caro-
lina neonatal brain atlas (23) (23 regions per hemisphere, 46 re-
gions total) by using a multistep, multiresolution diffeomorphic 
registration approach implemented with Advanced Normaliza-
tion Tools 2.3.5 (24). DTI processing pipeline steps were auto-
mated, and computation time was less than 10 minutes per scan 
with use of a dedicated desktop workstation.

ADC Threshold Volume Calculation
Acute brain injury was defined as all voxels with ADC less than 
800 × 10−6 mm2/sec and corresponding diffusion MRI hyperin-
tensity (defined as diffusion-weighted trace [b = 1000 sec/mm2] 
signal intensity above the mean intensity of the whole brain pa-
renchyma). This threshold was chosen based on prior research 
investigating average mean diffusivity of acute injury in gray 
matter in the setting of therapeutic hypothermia (25–27). Sev-
eral processing steps were undertaken to avoid mislabeling voxels 
as acute injury. First, the threshold for ADC images was set at 
ADC less than 800 × 10−6 mm2/sec, yielding a binary image. 
Next, all voxels with a corresponding diffusion-weighted image 
(DWI) intensity below the whole-brain mean (corresponding 
to signal contribution from regions of T2 hypointensity) were 

between January 25, 2017, and October 9, 2019, that evaluated 
the efficacy of erythropoietin as a neuroprotective adjunct to 
therapeutic hypothermia in the treatment of neonates with mod-
erate to severe encephalopathy. The trial ultimately concluded 
that erythropoietin was not associated with a decrease in risk of 
death or NDI (17). In this secondary analysis of the multicenter 
cohort of neonates enrolled in the HEAL trial, we developed an 
automated quantitative approach to classifying acute injury based 
on apparent diffusion coefficient (ADC) analysis. We aimed to 
evaluate quantitative volumes of acute brain injury at MRI in 
neonates with HIE and correlate these findings with 24-month 
neurodevelopmental outcomes and qualitative brain injury scor-
ing by radiologists.

Materials and Methods

Study Design and Participants
This secondary analysis of the HEAL trial data was supported 
by the American Society of Pediatric Neuroradiology Guerbet 
Grant (awarded to Y.L.) funded by the Guerbet Corporation. 
The authors had sole control of the data submitted for publica-
tion, independent of the grant funding agency.

The HEAL trial (ClinicalTrials.gov identifier NCT02811263) 
enrolled 500 consecutive neonates with HIE at 17 sites after 
written informed parental consent (17–20) (Fig 1). The trial was 
approved by the institutional review boards of all participating 
sites (Table S1). All participants were born at 36 weeks gesta-
tional age or older, had moderate to severe HIE, and received 
therapeutic hypothermia. Full detailed inclusion and exclusion 
criteria for the trial are provided in Table S2. Clinical informa-
tion was acquired, including maternal race or ethnicity, neonatal 
sex, gestational age at birth, Apgar scores at 5 and 10 minutes, 

Abbreviations
ADC = apparent diffusion coefficient, DTI = diffusion tensor imaging, 
DWI = diffusion-weighted image, GMFCS = Gross Motor Function 
Classification System, HEAL = High-dose Erythropoietin for Asphyxia 
and Encephalopathy, HIE = hypoxic ischemic encephalopathy, NDI = 
neurodevelopmental impairment, OR = odds ratio

Summary
Quantitative diffusion MRI–based metrics of acute brain injury in 
neonates with hypoxic ischemic encephalopathy were associated with 
death, moderate to severe neurodevelopmental impairment, and  
cerebral palsy and correlated strongly with qualitative MRI scoring of 
brain injury by radiologists.

Key Results
	■ In this secondary analysis of the High-dose Erythropoietin for 
Asphyxia and Encephalopathy trial, quantitative analysis of 
diffusion-weighted MRI data from 416 encephalopathic neonates 
identified acute brain injury in 113 of 416 participants (27%).

	■ Global volume of acute brain injury greater than 1 mL was strongly  
associated with death (odds ratio [OR], 42.2; P < .001), moderate 
to severe neurodevelopmental impairment (OR, 2.00; P = .02), 
and cerebral palsy (OR, 2.74; P = .006) at 24 months.

	■ Automatically derived quantitative diffusion metrics showed a 
strong positive association with radiologists’ scoring of brain injury 
at neonatal MRI (Kendall tau-b = 0.56; P < .001).
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removed. Next, binary injury volumes were smoothed using 
morphologic erosion and dilation with a 3 × 3 × 3-voxel spheri-
cal kernel. Finally, all 26 connected components of fewer than 
nine voxels (corresponding to potential areas of random noise) 
were removed. Quantitative ADC analysis code was adapted 
from a prior study focused on adult patients with cardiac arrest 
(28) and is provided at https://github.com/ecalabr/neonatal_anox 
(commit ID: 0abebff).

Volume of injury in milliliters was assessed across the 
whole brain and within the thalami and white matter. These 
regional areas of interest were chosen a priori based on the high 

frequency of thalamic injury in the basal ganglia/thalamic pat-
tern of injury and the high frequency of white matter injury 
in the watershed pattern of injury (29–31). Volumes of acute 
injury were calculated for all participants with adequate imag-
ing, including those with no detectable (0 mL) acute injury.

Qualitative MRI Scoring
All MRI scans were previously scored for the presence and ex-
tent of injury with use of a validated scoring system by read-
ers blinded to clinical information (9). The scoring system 
incorporates separate scores for abnormality on each of three 

Figure 1:  Flowchart of participant exclusion criteria from enrollment to 24-month follow-up. DTI = diffusion tensor imaging, 
HEAL = High-dose Erythropoietin for Asphyxia and Encephalopathy.
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sequences (diffusion-, T1-, and T2-weighted imaging) and 
captures regional scores for five subregions per hemisphere, 
including white matter and thalami. For each sequence and 
subregion, possible injury scores include 0 (no signal abnor-
mality), 1 (signal abnormality in <25% of the region), 2 (sig-
nal abnormality in 25%–50% of the region), or 3 (widespread 
injury involving >50% of the region). The total possible score 
was 18 for thalamic and for white matter subregions. The total 
possible global injury score was 138. All studies were initially 
independently scored by two of three readers (J.L.W., with 19 
years of experience in neonatal MRI research scoring; A.M., 
with 15 years of experience in neonatal MRI research scoring; 
and R.C.M., with 24 years of experience in neuroradiology), 
who were assigned studies randomly, and all final scores were 
agreed on by consensus. The global and regional DWI scores 
were considered the reference standard for comparison with 
quantitative ADC measurements.

Neurodevelopmental Outcome Assessment
Participants were evaluated at 24 months of age with use of 
the Bayley Scales of Infant Development III, a standardized 
neurologic examination (32), and the Gross Motor Function 
Classification System (GMFCS) (18). NDI was defined as any 
of the following: GMFCS level 1 or higher, GMFCS level 0 or 
0.5 and cerebral palsy at neurologic examination, or Bayley III 
cognitive score less than 90 (0.67 SD below the mean). As in 
the parent HEAL trial, the primary outcome was death or any 
NDI at 2 years of age (22–36 months). Secondary outcomes 
were (a) death; (b) cerebral palsy, as determined by validated 
neurologic examination; and (c) moderate to severe NDI, de-
fined as GMFCS level 1 or higher and cerebral palsy, GMFCS 
level 2 or higher, quadriplegic cerebral palsy, or a Bayley III 
cognitive score less than 85 (1 SD below the mean).

Development of Quantitative Diffusion Metrics
We evaluated the relationship between the primary and sec-
ondary end points and several quantitative diffusion metrics 
on the basis of previously described patterns of injury: volume 
of acute injury in the whole brain, thalami, and white mat-
ter, as well as binary presence of acute injury (greater than  
0 mL) in the whole brain, thalami, and white matter. Due to 
the skewed distribution of injury volume (Fig S1), descrip-
tive statistics of volume of acute injury report the 75th and  
90th percentiles instead of IQR. Volume of acute injury across 
the whole brain was further evaluated using receiver operating 
characteristic analysis, and a proposed threshold for outcome 
prediction was defined as the point on the receiver operating 
characteristic curve that was easily recognized and yielded a 
minimum euclidean distance with the upper left corner of the 
receiver operating characteristic graph (Fig S2). Based on this 
analysis, we adopted presence of acute injury greater than 1 mL 
in the whole brain as an additional binary quantitative metric 
for evaluation.

Statistical Analysis
Statistical analysis was performed using Stata, version 16 
(StataCorp) by two authors (Y.L. and A.W.S., with 5 and 

10 years of experience in statistical analysis, respectively). 
Clinical characteristics and administration of erythropoi-
etin were compared between participants with and without 
acute injury with use of Wilcoxon rank-sum and χ2 tests. 
Quantitative volume of acute injury in the whole brain as 
well as in thalami and white matter was correlated with the 
corresponding qualitative MRI scores by using the Kendall 
tau-b test (33). For Kendall tau-b, absolute values less than 
0.2 correspond to weak associations, values less than 0.3 
correspond to moderate associations, and values of 0.3 and 
above correspond to strong associations (34). The propor-
tion of participants who died or had any NDI or moder-
ate to severe NDI were compared between those with and 
without acute brain injury with use of χ2 tests. ADC-derived 
quantitative imaging metrics of the entire sample and strati-
fied by those without NDI and those who died or had any 
NDI were evaluated using χ2 and Wilcoxon rank-sum tests. 
A multiple logistic regression was used to model the asso-
ciation of quantitative ADC-based metrics and DWI scores 
with the primary and secondary outcomes controlling for 
gestational age, sex, and the administration of erythropoi-
etin. The site of enrollment was included in the model as a 
site-specific random intercept, and estimation was carried 
out by means of maximum likelihood methods. In instances 
where maximum likelihood methods experienced quasi-
separation leading to unstable estimates of associations for 
predictors of primary interest, exact multiple logistic regres-
sion was used to produce less biased point estimates and 
CIs (35). Statistically significant difference was defined as  
P < .05 using two-sided tests.

Results

Participant Characteristics
Of the 500 neonates initially enrolled, 474 (95%) underwent 
brain MRI. A total of 58 neonates were excluded because DTI 
was either not available (n = 23), substantially degraded by ar-
tifact (n = 12) (Fig S3), incomplete (n = 9), or lacked whole-
brain coverage (n = 5) or because of substantial intracranial 
hemorrhage causing mass effect (n = 9) (Fig S4). The remaining 
416 neonates constituted the imaging cohort (Fig 1).

A total of 416 neonates were included in the imaging cohort 
(mean gestational age, 39.1 weeks ± 1.4 [SD]; 235 male, 181 
female), and the mean postnatal age at MRI was 119.5 hours 
(IQR, 108.2–139.1 hours). Evidence of acute brain injury was 
observed at MRI in 113 of 416 participants (27%) (Table 1). 
Within the imaging cohort, 332 of 416 participants (80%) had 
moderate HIE at clinical examination and 84 (20%) had severe 
HIE. A total of 216 of 416 participants (52%) were random-
ized to receive erythropoietin.

Outcome data at 24 months postnatal age were avail-
able for 387 of 416 participants (93%) and constituted the 
study cohort (Fig 1). Of participants in the study cohort, 
185 (48%) experienced the primary outcome of death or any 
NDI (Table 2). Among those with the primary outcome, 30 
of 387 participants (7.8%) died and 155 of 387 (40%) had 
any NDI. Among those with any NDI, 111 of 387 (29%) 
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had moderate to severe NDI and 48 of 387 (12%) had cere-
bral palsy, which were secondary outcomes of clinical interest 
and were not mutually exclusive.

Volume of Acute Brain Injury
Figure 2 shows two representative examples of correspond-
ing DWI and ADC images with and without acute brain in-
jury segmentation overlays, one from a participant with basal 

ganglia–thalamic injury pattern and one from a participant 
with watershed injury pattern. Injury volumes were calcu-
lated across the entire imaging cohort, including 303 of 416 
participants (73%) with no detectable acute injury (resulting 
in medians of 0). The median volume of acute injury in the 
whole brain was 0 mL (75th, 90th percentiles: 0, 6.2 mL). 
The proportion of participants with volume of acute brain 
injury greater than 1 mL was 66 of 416 (16%). The median 

Table 1: Clinical Characteristics of Participants Stratified by Presence of Acute Brain Injury at Neonatal MRI

Clinical Characteristic
All Participants  
(n = 416)

Participants without  
Acute Injury (n = 303)

Participants with  
Acute Injury (n = 113) P Value

Gestational age (wk)* 39.1 ± 1.4 39.1 ± 1.4 39.2 ± 1.4 .32
Sex .97
  M 235 (56) 171 (56) 64 (57)
  F 181 (44) 132 (44) 49 (43)
Birthweight (g)* 3378 ± 594 3381 ± 578 3372 ± 640 .45
Apgar score at 5 minutes† 3 (2–5) 4 (2–5) 3 (1–4) <.001
Apgar score at 10 minutes† 5 (4–7) 5 (4–7) 4 (2–5.5) <.001
Encephalopathy <.001
  Moderate 332 (80) 262 (86) 70 (62)
  Severe 84 (20) 41 (14) 43 (38)
Received erythropoietin 216 (52) 155 (51) 61 (54) .61
Age at MRI (h)† 119.5 (108.2–139.1) 120.0 (108.6–136.5) 119.0 (108.3–141.5) .55
Maternal race or ethnicity .90
  Asian 27 (6.5) 20 (6.6) 7 (6.2)
  Black 54 (13) 42 (14) 12 (11)
  White 300 (72) 215 (71) 85 (75)
  Multiple 13 (3.1) 10 (3.3) 3 (2.7)
  Unknown 22 (5.3) 16 (5.3) 6 (5.3)

Note.—Unless stated otherwise, data are numbers of participants, with percentages in parentheses. For statistical comparisons, continuous 
variables were compared using a two-tailed t test for parametric data and Wilcoxon rank-sum test for nonparametric data, and proportional 
variables were compared using a χ2 test.
* Data are means ± SDs.
† Data are medians, with IQRs in parentheses.

Table 2: Neurodevelopmental Follow-up at 24 Months Stratified by Presence of Acute Brain Injury at Neonatal MRI

Parameter
All Participants  
(n = 387)

Participants without  
Acute Injury (n = 280)

Participants with  
Acute Injury (n = 107) P Value

Death or any NDI 185 (48) 113 (40) 72 (67) <.001
  Death 30 (7.8) 3 (1.1) 27 (25) <.001
  Any NDI 155 (40) 110 (39) 45 (42) .009
Moderate to severe NDI* 111 (29) 70 (25) 41 (38) <.001
Cerebral palsy 48 (12) 24 (8.6) 24 (22) <.001
GMFCS score† 0 (0, 0.5) 0 (0, 0) 0 (1, 4) <.001
Bayley Scales of Infant Development 

cognitive score‡
89 ± 17 91 ± 15 84 ± 20 .001

Note.—Unless otherwise specified, data are numbers of participants, with percentages in parentheses. For statistical comparisons, continuous 
variables were compared using a two-tailed t test for parametric data and Wilcoxon rank-sum test for nonparametric data, and proportional 
variables were compared using a χ2 test. GMFCS = Gross Motor Function Classification System, NDI = neurodevelopmental impairment.
* One participant with NDI did not have sufficient follow-up information to assess severity of NDI.
† Data are medians, with 75th and 90th percentiles in parentheses.
‡ Data are means ± SDs.
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volume of acute injury was 0 mL (75th, 90th percentiles: 0, 
0.2 mL) in the thalami and 0 mL (75th, 90th percentiles: 0, 
1.8 mL) in the white matter. A frequency map of acute injury 
for the study cohort stratified by 2-year neurodevelopmental 
outcome is shown in Figure 3.

Whole-Brain and Regional ADC Analysis
The distribution of acute injury volume in the whole brain 
was different between outcome groups, with a median of 0 
mL (75th, 90th percentiles: 2.1, 68.4 mL) for participants 
who died or showed any NDI versus 0 mL (75th, 90th per-
centiles: 0, 0.03 mL) for those without NDI (P < .001) (Table 
3). The proportion of participants with a brain injury volume 
greater than 1 mL was higher in the death or any NDI out-
come group (54 of 185 participants [29%]) compared with 
the no-NDI outcome group (eight of 202 [4.0%]; P < .001) 
(Table 3). Furthermore, differences in the distribution of 
acute injury volume in the thalami were observed between 
participants who died or had any NDI (median volume, 0 
mL [75th, 90th percentiles: 0, 2.4 mL]) and those with no 
NDI (median volume, 0 mL [75th, 90th percentiles: 0, 0 
mL]; P < .001) (Table 3). The distribution of acute injury vol-
ume in the white matter was also different between outcome 

groups (death or any NDI median volume, 0 mL [75th, 90th 
percentiles: 0.6, 23.0 mL] vs no-NDI median volume, 0 mL 
[75th, 90th percentiles: 0, 0 mL]; P < .001) (Table 3). No dif-
ferences were observed in global and regional injury volumes 
between participants with and without available outcome 
data at 2 years (Table S4).

Association of Acute Brain Injury Volume and  
Qualitative Score with Neurodevelopmental Outcomes
Presence and volume of acute injury in the whole brain and 
regionally in the thalami and white matter were each asso-
ciated with several neurodevelopmental outcome measures 
(Table 4). An acute injury volume greater than 1 mL was 
associated with higher odds of death (odds ratio [OR], 42.2 
[95% CI: 15.3, 116.2]; P < .001), moderate to severe NDI 
(OR, 2.00 [95% CI: 1.11, 3.61]; P = .02), and cerebral palsy 
(OR, 2.74 [95% CI: 1.3, 5.6]; P = .006). The presence of any 
acute injury in the whole brain, thalami, and white matter 
was also associated with death, moderate to severe NDI, and 
cerebral palsy (Table 4).

Expert reader DWI scores for the whole brain, thalami, and 
white matter were also associated with death, moderate to se-
vere NDI, and cerebral palsy (Table 4).

Figure 2:  Representative examples of MRI-based diffusion-weighted images (left) and corresponding apparent diffusion coefficient (ADC) maps (right) without (top row) 
and with (bottom row) automated acute injury segmentation color overlays. (A) Axial diffusion-weighted and ADC images at the level of the thalamus demonstrate a basal 
ganglia–thalamic pattern of injury in a participant with basal ganglia–thalamic predominant pattern of acute injury (arrowheads). This male participant was born via emergent 
Cesarian section at 40+6 weeks after uterine rupture with Apgar scores of 1, 3, and 4 at 1, 5, and 10 minutes of life, respectively. The participant was initially treated for 
pulmonary hypertension, systemic hypotension, and disseminated intravascular coagulation. Subsequent electroencephalography consistently showed low voltage burst sup-
pression, and the participant died on day of life 5 after transition to comfort care. (B) Axial diffusion-weighted and ADC images at the level of the centrum semiovale show a 
watershed pattern of injury in a participant with cortical and subcortical predominate watershed pattern of acute injury (arrowheads). This male participant was born at 40+0 
weeks gestation via unassisted vaginal delivery and was noted to have a tight nuchal umbilical cord. Apgar scores were 2, 3, and 3 at 1, 5, and 10 minutes of life, respectively. 
The participant was treated for systemic hypotension and subclinical seizures with good response and was subsequently discharged home off all antiseizure medication.
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There were eight neonates with volume of acute injury 
greater than 1 mL who had no NDI. Further evaluation of 
the MRI data revealed that these participants had injury 
patterns different from hypoxic ischemic injury, including 
perinatal arterial ischemic stroke (n = 6), focal right splenial 
reduced diffusion (n = 1), and bilateral occipital cortical and 
white matter reduced diffusion suggestive of neonatal hypo-
glycemia (n = 1).

Correlation between Quantitative and Qualitative Injury 
Metrics
Quantitative whole-brain acute injury volume was strongly as-
sociated with expert qualitative scoring of global DWI signal 
abnormality (Kendall tau-b = 0.56; probability of rank agree-
ment = 0.78; P < .001). Similarly, acute injury volume in the 
white matter correlated strongly with the qualitative white 
matter DWI score (Kendall tau-b = 0.62; probability of rank 

Figure 3:  Acute injury frequency map for the two primary outcome groups displayed as colorized heat maps. Frequency 
maps for participants who did not die or have neurodevelopmental impairment (NDI) at follow-up are shown in the top two 
rows. The top row shows superior, lateral, and anterior projection views of volume rendered injury maps, with cool colors indi-
cating relatively low injury frequency. The second row shows coronal, axial, and sagittal sections of the population-averaged 
neonatal brain atlas with colorized heat map overlays using the same color scale. The location of the displayed sections is 
indicated on the volume rendered projections with a dotted line. Brain regions where there was no acute injury in this outcome 
group are displayed as clear to show the underlying brain atlas anatomy (gray scale). Rows 3 and 4 are identical to rows 
1 and 2 except that they represent frequency of acute injury in participants who died or had NDI at follow-up. Warm colors 
indicate a relatively higher frequency of acute injury and correspond to typical locations of acute brain injury described in the 
setting of hypoxic ischemic encephalopathy.
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agreement = 0.81; P < .001), and acute injury volume in the 
thalamus correlated strongly with the thalamic DWI score 
(Kendall tau-b = 0.67; probability of rank agreement = 0.84; 
P < .001).

Discussion
Neonatal hypoxic ischemic injury is a major cause of neonatal 
death and chronic neurologic disability and an area of active re-
search into new therapeutic adjuncts to therapeutic hypothermia. 
At present, standard-of-care neonatal MRI can be used to iden-
tify children at highest risk for major disability but is limited in its 
ability to discriminate between degrees of neurodevelopmental 
impairment (20). Over the years, multiple qualitative MRI scor-
ing systems (8–14) have been created to classify patterns and se-
verity of hypoxic ischemic injury in an effort to predict outcome 
and to serve as a secondary end point for clinical trials. These 
scoring systems are all subject to interrater variability (13) and, 
for purposes of clinical trials, require time-consuming consensus 
scoring to achieve agreement among experts. This highlights the 
important need to create an objective, automated, quantitative 
method for capturing injury severity in neonates with hypoxic 
ischemic encephalopathy. The specific benefits of automated im-
age quantification include objectivity of results, reproducibility 
across sites and users, and flexibility to adjust injury thresholds 
and incorporate results into statistical or predictive models.

In this secondary analysis of the HEAL randomized con-
trolled trial, we performed automated, quantitative, volumetric 
ADC analysis of neonatal brain MRI scans in 416 participants 
with HIE. We identified acute injury in 113 of 416 partici-
pants (27%). A global volume of acute injury greater than 1 mL 
was strongly associated with death (OR, 42.2 [95% CI: 15.3, 
116.2]; P < .001), moderate to severe NDI (OR, 2.00 [95% CI: 
1.11, 3.61]; P = .02), and cerebral palsy (OR, 2.74 [95% CI: 
1.3, 5.6]; P = .006) at 24 months. An acute injury volume of 1 

mL is clinically relevant and visually detectable 
(examples in Fig S5) and corresponds to ap-
proximately 10 × 10 × 10 abnormal pixels in a 
1-mm3 isotropic image.

The distribution of volume of acute injury 
was different between participants with an 
outcome of death or any NDI (0 mL [75th, 
95th percentiles: 2.1, 68.4 mL]) versus those  
with an outcome of no NDI (0 mL [75th, 
95th percentiles: 0, 0.03 mL]; P < .001). Fur-
thermore, a higher proportion of participants 
with acute brain injury than without experi-
enced outcomes of death or any NDI (67% 
with acute injury vs 40% without acute in-
jury; P < .001), death (25% with acute injury 
vs 1.1% without acute injury; P < .001), mod-
erate to severe NDI (38% with acute injury 
vs 25% without acute injury; P < .001), and 
cerebral palsy (22% with acute injury vs 8.6% 
without acute injury; P < .001) at 24-month 
follow-up.

Our automated quantitative acute injury 
assessment showed a strong positive correla-

tion with radiologists’ qualitative scoring of injury on DWIs 
(Kendall tau-b = 0.56; P < .001), which we used as a refer-
ence standard. Because our study aimed to determine the as-
sociation between automated acute injury scores and HIE 
outcomes, a direct comparison of the predictive value of our 
automated quantitative method versus the predictive value of 
the qualitative injury scores is beyond the scope of this study. 
We did, however, find that the automated acute injury vol-
ume in the thalamus was very strongly associated with death 
or any NDI (OR, 61.3). In contrast, the qualitative MRI score 
in the thalamus was also associated with death or any NDI, 
but with a more modest OR of 2.2. This study contributes 
to the current body of literature in neonatal HIE by describ-
ing a new method for automated quantification of acute brain 
injury that is closely associated with expert human consensus 
injury scoring and is highly correlated with patient outcomes. 
Further studies that focus on predictive modeling are needed 
to determine the specific quantification method that will more 
accurately predict outcomes after HIE.

Several smaller prior studies have explored the association 
of quantitative ADC values with outcome in neonatal HIE. 
Unlike our study, these prior studies explored the magnitude 
of ADC reduction in association with outcome, not volume of 
acute injury as defined by thresholded ADC values. Vermeulen 
et al (36) found that in neonates imaged 0–4 days after birth, 
those with poor motor outcome (defined as death or 2-year 
Bayley Scales of Infant Development motor score less than 70) 
had lower ADC values in multiple brain regions that corre-
sponded to the basal ganglia/thalamic pattern of injury. Our 
study builds on the findings of this prior study, with several ad-
vancements: We used an automated quantitative technique to 
evaluate volume of acute injury instead of magnitude of ADC 
reduction in a manually drawn region of interest, thus pro-
viding a more comprehensive and objective measure of injury 

Table 3: Automated Quantitative Neonatal MRI–based Apparent 
Diffusion Coefficient Metrics of Brain Injury Stratified by 
Neurodevelopmental Outcome at 24-month Follow-up

Metric
All Participants  
(n = 387)

No NDI  
(n = 202)

Death or Any  
NDI (n = 185) P Value

Acute injury volume (mL)*
  Whole brain 0 (0, 6.2) 0 (0, 0.03) 0 (2.1, 68.4) <.001
  Thalamus 0 (0, 0.2) 0 (0, 0) 0 (0, 2.4) <.001
  White matter 0 (0, 1.8) 0 (0, 0) 0 (0.6, 23.0) <.001
Presence of acute injury
  Whole brain 107 (28) 35 (17) 72 (39) <.001
  Thalamus 45 (12) 1 (0.5) 44 (24) <.001
  White matter 84 (22) 20 (10) 64 (35) <.001
Volume of global acute  

injury >1 mL
62 (16) 8 (4.0) 54 (29) <.001

Note.—Unless otherwise specified, data are numbers of participants, with 
percentages in parentheses. For statistical comparisons, continuous variables were 
compared using Wilcoxon rank-sum test, and proportional variables were compared 
using a χ2 test. NDI = neurodevelopmental impairment.
* Data are medians, with 75th and 90th percentiles in parentheses.
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severity. Furthermore, our primary and secondary neurodevel-
opmental outcomes capture a wider, more nuanced spectrum 
of developmental abnormality, with analysis of cognitive im-
pairment and differing degrees of NDI, all of which were not 
assessed in this prior study. In a similar study, Hunt et al (37) 
explored the lowest ADC values in the posterior limb of the in-
ternal capsule in neonates with HIE and found the lowest ADC 
values to be different between neonates who survived versus 
those who died and to be different across neuromotor outcome 
groups, with lower ADC values in those with severe neuromo-
tor impairment. Our study again improves on this prior study 
by providing an automated calculation of acute injury volume 
and exploring its association with a wider range of clinically 
important neurodevelopmental outcomes. Mulkey et  al (25) 
used manually delineated regions of interest to manually cal-
culate a whole-brain volume of acute injury and found that 
higher volume of acute injury correlated with lower 12-month 
neurodevelopmental scores. Our study advances this by using 
an automated volumetric method for acute injury volume cal-
culation and correlating with longer-term, 24-month neurode-
velopmental outcomes.

All participants in our study were prospectively enrolled in 
the HEAL trial based on a clinical picture of moderate to severe  
encephalopathy and suspected HIE. Nonetheless, some of 
these participants may have experienced neonatal encepha-
lopathy secondary to other causes, some of which (such as 
perinatal stroke) are known to have relatively better outcomes 
(38). In our evaluation of patients with greater than 1 mL of 
acute injury with relatively favorable outcomes, we found these 

patients had patterns of injury that were atypical for hypoxic 
ischemic injury. Thus, the greater than 1 mL threshold of acute 
injury volume that is associated with death and NDI may not 
be as generalizable to infants who have causes of neonatal en-
cephalopathy other than HIE.

Our study has several limitations. First, nondiffusion MRI 
signal abnormalities (eg, T1- and T2-weighted) that could 
represent subacute or chronic injury were not considered. 
Analysis of signal abnormality at multisequence neonatal 
MRI (ie, including T1-, T2-, and susceptibility-weighted 
imaging) will be an important future area of research. Sec-
ond, since approximately half of participants in this cohort 
received erythropoietin, the results may be confounded by 
this intervention, although the parent HEAL trial found 
no therapeutic benefit to erythropoietin (17) and we found 
no difference in the presence of acute injury between treat-
ment groups. Third, as our study was performed primarily 
for validation of our automated method, we did not explore 
the association of volumes of acute injury in all regions with 
outcome, but intentionally only analyzed two regions defined 
a priori based on prior research. This does, however, limit our 
ability to detect other regions of the brain that may influence 
developmental outcome. Fourth, ADC can be heterogeneous 
across multiple sites. To mitigate this potential variability, we 
calculated ADC values from DWI by using third-party soft-
ware (FMRIB Software Library) instead of relying on vendor 
ADC maps. Finally, participants with substantial acute intra-
cranial hemorrhage and incomplete DTI data were excluded. 
While the number of excluded participants was relatively low 

Table 4: Multiple Logistic Regression Evaluating Association between Neonatal MRI–based Apparent Diffusion Coefficient 
Metrics and Neurodevelopmental Outcome at 24-month Follow-up

Metric

Death or Any NDI  
(n = 185) Death (n = 30)

Moderate to Severe  
NDI (n = 111)

Cerebral Palsy  
(n = 48)

OR P Value OR P Value OR P Value OR P Value
Acute injury  

volume (mL)
  Whole brain 1.45 (1.07, 1.97) .02 1.0 (1.0, 1.0) <.001 1.0 (1.0, 1.0) .38 1.0 (1.0, 1.0) .39
  Thalamus* 61.3 (10.1, 369.4) <.001 3.9 (2.7, 6.2) <.001 0.84 (0.64, 1.10) .20 1.0 (0.74, 1.39) .95
  White matter 1.45 (1.07, 2.0) .02 1.06 (1.04, 1.08) <.001 1.0 (0.98, 1.0) .42 1.0 (0.99, 1.02) .40
Volume of global  

acute injury  
>1 mL

13.9 (5.93, 32.45) <.001 42.2 (15.3, 116.2) <.001 2.00 (1.11, 3.61) .02 2.74 (1.3, 5.6) .006

Presence of  
acute injury

  Whole brain 4.5 (2.6, 7.8) <.001 32.3 (9.3, 111.5) <.001 1.45 (1.36, 3.79) .002 3.4 (1.8, 6.5) <.001
  Thalamus 89.8 (11.7, 692.2) <.001 48.3 (17.9, 147.4) <.001 1.88 (0.96, 3.68) .07 3.67 (1.67, 8.04) .001
  White matter 6.3 (3.4, 11.7) <.001 34.5 (11.6, 102.7) <.001 2.33 (1.37, 3.98) .002 3.9 (2.0, 7.7) <.001
DWI score
  Whole brain 1.18 (1.12, 1.23) <.001 1.22 (1.1, 1.3) <.001 1.02 (1.00, 1.05) .04 1.06 (1.03, 1.09) <.001
  Thalamus 2.2 (1.7, 2.8) <.001 2.9 (2.2, 3.7) <.001 1.15 (1.02, 1.31) .03 1.45 (1.24, 1.69) <.001
  White matter 1.5 (1.3, 1.7) <.001 2.1 (1.7, 2.7) <.001 1.18 (1.05, 1.32) .03 1.36 (1.17, 1.56) <.001

Note.—Data in parentheses are 95% CIs. All regressions were adjusted for sex, gestational age, and erythropoietin administration, with site 
of enrollment as a random effect. DWI = diffusion-weighted image, NDI = neurodevelopmental impairment, OR = odds ratio.
* Exact multiple logistic regression was used due to issues of quasi-separation of the predictor among outcome groups.
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(58 of 474 [12%] overall and nine of 474 [1.9%] for intracra-
nial hemorrhage), our results may not be relevant to cohorts 
with substantial intracranial hemorrhage.

Automated quantitative diffusion MRI–based metrics of 
acute brain injury in neonates with hypoxic ischemic encepha-
lopathy were strongly associated with subjective grading of 
brain injury at MRI by expert radiologists. Additionally, the 
presence of any acute brain injury as well as volume of acute 
injury greater than 1 mL were associated with death, moderate 
to severe neurodevelopmental impairment, and cerebral palsy. 
Future research in this field should explore quantitative mul-
tiparametric analysis of different sequences in association with 
neurodevelopmental outcome.
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