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Abstract

BACKGROUND—MRI is a surrogate biomarker for major neurodevelopmental disabilities in

survivors of perinatal hypoxic-ischemic encephalopathy as injury to the basal ganglia/thalami is

highly predictive of major neuromotor and cognitive problems. Major disabilities and the

appearance of neonatal (R2-2) MRI are improved with therapeutic hypothermia. We evaluated

neurodevelopmental outcomes when conventional MRI showed minimal or no brain injury.

METHODS—IRB-approved series of 62 infants (≥36 weeks; ≥1800 g; 34 male/28 female) cooled

for hypoxic-ischemic encephalopathy from 2005-11 who underwent neonatal (R2-2) MRI and

Bayley Scales of Infant and Toddler Development-III 22 +/− 7 (R2-9) months of age. MRI at 5–14

(mean 8) days was scored as normal (score=0), showing focal grey or white matter injury only

(score =1), or basal ganglia/thalamic and/or watershed lesions with or without more extensive

hemispheric injury (score =2). Sensitivity, specificity, and positive (PPV) and negative predictive

values (NPV) for MR scores 0 and 1 and statistical interaction between MRI score and age at MRI

were determined.

RESULTS—MR score=0 was seen in 35/62 patients; 26/35 (74%) were typically developing, 7

(20%) had moderate and 2 (6%) had severe delay. MR score=1 was seen in 17/62 (27%) patients;

5/17 (29%) were normal, 11/17 (65%) had moderate delay, and 1/17 (6%) had severe

neurodevelopmental delay. Of the 52 patients with MR scores 0 and 1, 40% were abnormal. The

NPV of a normal MRI was 74%. For score 1, sensitivity was 95% [CI 63%–83%], specificity 84%

[CI 70%–90%], PPV 84% [CI 71%–93%], and NPV 74% [CI 62%–82%].
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CONCLUSIONS—Caution is warranted when prognosticating about neurodevelopmental status

in early childhood after HIE with cooling and longer follow-up studies are needed to determine the

prognostic significance of a neonatal MRI (R2-4) showing no or minor degrees of brain injury.
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Introduction

Perinatal hypoxic ischemic encephalopathy (HIE) continues to be an important cause of

cerebral palsy and neurodevelopmental delay and pediatric neurologists may be called upon

to prognosticate in this clinical setting (1). Therapeutic hypothermia is now widely used in

term neonates with moderate-to-severe [HIE as several large trials have shown that cooling

within 6 hours lowers mortality and lessens major neurodevelopmental disability at 18–24

months of age with a relative risk reduction of 0.76 (0.65– 0.89) (1–10). As in non-cooled

infants, perinatal MRI is widely used as a short-term surrogate outcome measure, and as a

biomarker of the treatment efficacy of cooling (11–15). Cooling appears to lessen the

frequency and improve the severity of basal ganglia/thalami (BG/T) abnormalities compared

to non-cooled term infants with HIE and may also be protective of the cerebral cortex (12–

15). The patterns of brain injury in HIE relate to the degree and duration of the perinatal

hypoxia and hypotension and have been extensively described by Barkovich, Rutherford,

and others (16–18). The classic pattern of BG/T injury is due to profound hypotension and

primarily affects the thalami, posterior putamen, hippocampi, and sensorimotor pathways

with relative sparing of the remaining cortex while mild-moderate hypotension is reflected

as injury to watershed regions of the brain (16–18). There has been extensive reporting on

the high sensitivity and positive predictive value for disorders of tone, movement, and

cognition seen with basal ganglia/thalamus (BG/T) and watershed injury (16–18). However,

the clinical significance of a perinatal MRI showing no or minor degrees of brain injury; e.g.

focal white matter and cortical injury, in cooled survivors of HIE has not been so well

defined. The aim of this study was therefore to investigate the predictive value of no or

minor degrees of brain injury for neurodevelopmental status in the domains of language,

cognition, and motor at 24 months.

Materials and Methods

From 2005-11, there were 90 consecutive inborn term infants (50 males/40 females, ≥36

weeks gestation, birth weight ≥1800 g) with HIE who had been admitted to our neonatal

intensive care unit. This NNICU serves an underinsured population for whom English is not

the primary language spoken in the home. Whole body cooling is the standard of care for

moderate and severe HIE and pediatric neurologists are often consulted to prognosticate

prior to patient discharge. Newborns with perinatal acidemia had been screened for HIE

using the National Institute Child Heath and Human Development Neonatal Research

Network biochemical and clinical criteria (1). The criteria include: (1) a pH <7.0 or a base

deficit > 16 mEq/L on umbilical cord blood or any postnatal blood sample within 1 hour of

age; or (2) history of an acute perinatal event and either: (1) no blood gas available or (2) a
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pH from 7.01–7.15 or a base deficit from 10–15.9 mEq/L, along with a 10-minute Apgar

score <5, or assisted ventilation initiated at birth and continued for at least 10 minutes. With

documented or suspected seizures, total body cooling therapy was begun irrespective of

neurological exam. In the absence of seizures, the indication for cooling were moderate or

severe HIE as defined by a neurologic examination showing alterations in level of

consciousness; lack of spontaneous activity; abnormalities of tone, posture, or primitive

reflexes; and/or autonomic system dysfunction. The neurologic examinations were done by

neonatologists with specific training in neurologic evaluation of neonates at risk for HIE.

The infant and maternal medical records of the infants were reviewed and pertinent

demographic, clinical, and laboratory data were recorded. Infants were cooled within 6

hours of life for 72 hours using a cooling blanket (Blanketrol II, Cincinnati Sub-Zero) and

maintaining the esophageal temperature at 33.5°C. Informed parental consent was obtained

for entry into the cooling study and for subsequent use of clinical and imaging data for

research purposes; this study was IRB approved.

MRI

As part of clinical protocol, all neonates with HIE undergo MR imaging at an adjacent

children’s hospital after rewarming, when clinically stable, and prior to discharge to depict

the pattern and extent of brain injury; as close to 5 days of age as possible. MR imaging was

done in the initial 40 patients using a 1.5T and the next 40 patients were imaged at 3T,

which is now standard of care for neonates at our institution. MR was done after feeding and

swaddling the infant (“bundle and feed”) with vacuum pillows (MedVac-Kohlbrat & Bunz,

Radstadt, Austria); neonatal ear muffs (MiniMuffs; Natus Medical, San Carlos, CA) were

used to dampen sound. A registered nurse continuously monitored heart rate and peripheral

oxygen saturations. In cases where sedation was needed, a pediatric anesthesiologist

administered propofol infusions and monitored the patient for the duration of the study.

Images were acquired using a 6 or 8-channel head coil and parallel imaging. Sequences

included sagittal and axial T1; coronal and axial T2 fast spin echo; and axial diffusion

weighted images (DWI) with b=1000. Although axial T2 gradient echo or susceptibility

weighted images, diffusion tensor imaging (DTI), and MR spectroscopy were acquired in

many infants, these sequences are not acquired in all patients and results derived from these

techniques are beyond the scope of this report. Images were scored by 3 pediatric

neuroradiologists who reached consensus blinded to clinical outcome scoring MR findings

as 0 = normal; 1= focal cortical or white matter lesions without involvement of BG/ T, WS

lesions, or infarction; and 2 = BGT and/or watershed lesions with or without additional

cerebral lesions.

Neurodevelopmental follow-up

Neurodevelopmental assessment was done using the Bayley Scales of Infant and Toddler

Development-III (BSID-III) [19] at approximately 24 months of age, administered by a

trained pediatric developmental specialist with 11 years of experience, in conjunction with a

neurodevelopmental pediatrician with > 25 years’ experience. Both were blinded to the

patients’ MR findings and neonatal course and were assisted by a certified translator-

interpreter for non-English speaking subjects. Neurodevelopmental assessment was

encouraged at follow-up well-child clinic visits for all patients regardless of the clinical
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status and without knowledge of MRI results. For those subjects who underwent serial

neurodevelopmental assessments, the BSID-III closest to 24 months was used for this study.

A moderate delay was defined by a BSID-III which was 1–2 standard deviations below the

norm; i.e. the worst composite score of 70–84 in one or more of 3 domains: cognitive,

language, and motor. Severe delay was defined as a BSID-III > 2 standard deviations below

the norm; e.g. any of 3 composite scores < 70, or an inability to assign a score due to severe

mental deficiency or cerebral palsy as assessed using the Gross Motor Function

Classification System (20).

Statistics

Statistical analysis was performed using Sigma Plot 11.0 (SPSS, Chicago, IL). The

predictive values of MR scores 0 and 1 for delay in 1 or more domains were calculated using

sensitivity, specificity, and positive and negative predictive values. The statistical interaction

between MRI score and age at time of scan was evaluated using the Kruskal-Wallis test.

Inter-rater agreement (kappa) was determined for interpretation of MR studies. (R2-7)

Results

Of the 90 patients with HIE cooled over this time period; 10 died in the early perinatal

period and prior to MR imaging. Of the 80 survivors, 10 (12.5 %) had moderate-severe HIE

and 70 (87.5%) had moderate HIE; 2 patients were excluded from the study due to

congenital brain malformations diagnosed on the neonatal MR study. Of the 78 patients who

underwent neonatal MRI and were eligible for inclusion in this study, 62 (79%) patients (34

males/28 females) also underwent BSID-III, which was done at 22 +/− 7 months (mean 22

months); 16 of 78 patients were lost to follow-up. Neonatal MRI was done at 5–14 (mean 7)

days.

Examples of MR scores 1 are illustrated in Figures 1a–d. WMI was usually as seen regions

of T1 shortening with or without corresponding areas of diminished signal intensity on T2

images, most often in the periventricular white matter and with variable areas of restricted

diffusion. The cortical lesions were single in 2 and multiple in 7.

Table 1 summarizes the degree of developmental delay seen in patients with MR scores 0–1.

MR score=0 was seen in 35/62 patients; 26/35 (74%) had normal BSID-III, 7 (20%) had

moderate and 2 (6%) had severe developmental delay. MR score=1 was seen in 17/62 (27%)

patients; 5/17 (29%) were normal by BSID-III, 11/17 (65%) had moderate delay, and 1/17

(6%) had severe neurodevelopmental delay. Of the 52 patients with MR scores 0 and 1, 40%

were developmentally delayed; 11 had isolated cognitive or language delay with normal

motor skills and 10 had delays in cognitive and motor domains. Patients with MR score=2

consistently had abnormal outcomes with neuromotor deficits and abnormalities of tone.

The NPV of a normal MRI was 74%; sensitivity 71%; specificity 84% and PPV 81%. For

score 1, sensitivity was 95% [CI 63%–83%], specificity 84% [CI 70%–90%], PPV 84% [CI

71%–93%], and NPV 74% [CI 62%–82%]. For MR score 2, sensitivity was 28% [CI 19%–

28%], specificity was 100% [CI 90%–100%], PPV was 100% [CI 68%–100%], and NPV

was 54% [CI 48%–54%]. There was no statistical association between MRI score and age at

MRI; exact Kruskal-Wallis p=0.24 [95% CI, 0.2352, 0.2520]. Kappa value was 0.89. (R2-7)
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DISCUSSION

We report herein an observational case series of 62 term infants with predominantly

moderate HIE who underwent therapeutic whole body cooling, perinatal MRI, and

standardized assessment of neurodevelopmental status in early childhood. MR studies were

retrospectively scored by experienced pediatric neuroradiologists blinded to outcome and

correlated with clinical outcome in early childhood to determine the negative predictive

value of a normal MRI and the frequency with which seemingly minor degrees of brain

injury by MR were associated with measurable deficits in either cognitive, language, or

motor domains. A normal MRI; e.g. score 0, was seen in almost 56% of the 62 patients who

underwent neurodevelopmental assessment and had a negative predictive value of 74%. MR

score 1 was seen in about 27% of patients who underwent BSID-III and had PPV of 84% for

developmental delay in early childhood which was most often mild-moderate, consistently

involved cognitive domains, and which were usually not associated with cerebral palsy.

Focal cortical injury with or without white matter lesions was more common than isolated

focal white matter injury but was associated with similar incidence and severity of

neurodevelopmental delay as focal isolated white matter injury. The classic patterns of HIE

(score 2) were seen 13% of patients and had a PPV of 100% for deficits which were usually

severe and associated with abnormalities of tone and motor. We found no statistical

interaction between MRI score and day-of-life at time of scan although there is ongoing

debate about optimal imaging time in neonatal HIE (11, 21–23). Given the imaging

manifestations of HIE may vary even among patients of the same gestational age and day of

life, serial MR imaging would be preferable but is impractical and cost-prohibitive.

We found lower NPV for a normal MRI in term neonates who had undergone cooling for

HIE than has been reported non-cooled survivors of HIE (17, 23–25). Miller reported 20

non-cooled survivors with normal MR studies; all were developmentally normal by

standardized testing at 12–30 months (17). Orkerafor reported 9/10 non-cooled infants with

perinatal HIE and a normal perinatal MR appeared normally developing around12 months

although not all underwent standardized neurodevelopmental assessment and 1 patient had

obvious developmental delay (23). In Mercuri’s series of 12 non-cooled survivors with a

normal MRI acquired between 1–4 weeks of life; all had normal developmental status at 12

months of age (25). In contrast, van Kooij found 61.5% of non-cooled survivors of HIE with

no or mild white matter lesions on perinatal MR were found to have neurodevelopmental

disabilities at 9–10 years of age and emphasized that standardized neurodevelopmental

assessment before 18 months may be questionable (26). As developmental delays apparent

in early childhood may resolve, especially with early childhood intervention, additional

assessment later in childhood should be considered in these patients..

In 1998, Barkovich proposed a scoring system in perinatal asphyxia based on patterns of

injury seen in circulatory arrest and less severe anoxic injury and included aspects of both

patterns of injury (16). Higher points on the scoring system correlated with neuromotor and

cognitive deficits in early childhood. Rutherford expanded on the Barkovich classification

and suggested some infants with HIE may have focal white matter injury in the absence of

basal ganglia/thalami lesions and that these white matter lesions give rise to tissue atrophy

and cognitive impairment (21). The clinical significance of focal white matter injury has
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received comparatively less emphasis than BG/T and watershed injury in HIE; both in non-

cooled and cooled patients with less emphasis on the clinical significance of focal cortical

injury in cooled survivors of HIE (27–31). Barrett described a cohort of 36 non-cooled term

infants with HIE; 4 (11%) had acute non cystic white matter and findings on follow-up MR

studies were typical for the pattern of white matter injury seen in preterm infants and were

associated with a poor outcome (27). Li described white matter injury in 11 of 48 non-

cooled term newborns with HIE but did not provide details about neurodevelopmental

outcome (28). In Li’s study, white matter injury varied from minimal to severe; more severe

white matter injury was associated with earlier gestational ages. We did not observe any

correlation between white matter injury and younger gestational ages in our cohort. Cowan

reported isolated white matter injury in 16% of non-cooled infants with HIE; “mild” injury

was associated with either a normal outcome at 2 years or mild language delay; “moderate”

injury with cognitive delays and behavior problems but not with debilitating neuromotor

problems and “severe” injury with more severe neuromotor problems and a higher incidence

of seizures and behavioral problems (31). Mercuri described white matter abnormalities in

14 of 52 non-cooled term infants who underwent developmental assessment at 12 months

(25). Of the 5 patients in Mercuri’s study with moderate white matter lesions, 2 (40%) were

abnormal at 1 year while 100% of the 9 patients with severe white matter lesions were

developmentally abnormal (25). There are at present no defined MR biomarkers for

developmental delay or intellectual impairment in later childhood in cooled survivors of HIE

with minor degrees of brain injury by MRI as hypothermia is relatively new, although now

the standard of care for perinatal HIE in many neonatal intensive care units. Despite

statistically significant improvements in the primary outcome measures used in clinical trials

of therapeutic hypothermia; e.g. death or major neuromotor disability, newer studies have

suggested cooling does not significantly affect developmental delay or intellectual

impairment in later childhood (32) (R2-5) and the absence of neurologic deficits at time of

hospital discharge and a MR showing no or minor degrees of brain injury does not equate

with normal early childhood development.

Limitations of this study are the small number of subjects with focal white matter and/or

cortical injury, lack of follow-up beyond early childhood, and lack of quantitative

assessment of white matter integrity using techniques such as diffusion tensor imaging and

MR spectroscopy. The effect of variable patient age at time of MR imaging on the

sensitivity of MR is not clear and it would have been preferable to have all patients imaged

on the same day of life. However, this was a retrospective study and age at time of imaging

was beyond our control. Neonatal MR studies may be difficult to interpret for

neuroradiologists who do not have a large volume of neonatal MRI but the pediatric

neuroradiologists who reached consensus on the MR findings in this report have together

>40 years collective experience.

In conclusion, in this longitudinal cohort study we investigated the predictive value of a

simple scoring system for perinatal MRI acquired in term infants after cooling for HIE and

found lower scores were associated with fewer motor and tone problems but a normal MRI

did not consistently equate to normal cognitive and language measures around 24 months of

age. That mild degrees of brain injury may be associated with developmental disabilities in

early childhood suggests the pediatric neurologist should be cautious when counseling
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parents about prognosis after HIE with cooling, especially when perinatal MR showed

seemingly mild degrees of focal white matter and cortical injury, and that these patients

should be referred for standardized assessment of neurodevelopment in early childhood.
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Fig. 1.
Examples of MRI showing minimal brain injury (score=1). White matter lesions most often involved the deep parietal white

matter and tended to be bilateral.

a. Axial T1 image of a 7 day old infant shows multiple punctate areas of T1 shortening within the parietal white matter. The

basal ganglia and thalami are normal

b. White matter lesions (arrows) were occasionally unilateral.

c. Isolated focal cortical infarct in 39 week infant imaged at day of life 7.
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d. In another patient, there are scattered areas of restricted diffusion within the cerebral cortex.
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Table 1

MR scores vs. neurodevelopmental status around 24 months for perinatal MR showing no or minor degrees of

brain injury

MRI Normal
(BSID-III ≥85)

Moderate Delay
(BSID-III 70–84)

Severe Delay
(BSID-III <70)

Score 0 (n=35) 26 (74%) 7(20%) 2 (6%)

Score 1 (n=17) 5 (29%) 11 (65%) 1 (6%)
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