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Abstract

Neuroimaging is widely used to aid in the diagnosis and clinical management of neonates with
neonatal encephalopathy (NE). Yet, despite widespread use clinically, there are few published
guidelines on neuroimaging for neonates with NE. This review outlines the primary patterns of
brain injury associated with hypoxic-ischemic injury in neonates with NE and their frequency,
associated neuropathological features, and risk factors. In addition, it provides an overview of
neuroimaging methods, including the most widely used scoring systems used to characterize brain
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injury in these neonates and their utility as predictive biomarkers. Last, recommendations for
neuroimaging in neonates with NE are presented.
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1. Introduction

Neonatal encephalopathy (NE) in the term neonate is defined as a clinical syndrome of
disturbed neurological function [1]. Of affected neonates, a substantial portion will present
with perinatal acidosis and a degree of neurological dysfunction and meet diagnostic
criteria for neonatal hypoxic-ischemic encephalopathy (HIE). Other neonates will present
with NE due to other underlying etiologies, including perinatal stroke, genetic/metabolic
syndromes, and infections. The incidence of NE is estimated as 3.0 per 1000 live births
in high-income countries, with 1.5 per 1000 live births due to HIE and the remaining

due other etiologies [2]. This incidence rises to 9.8-26.5 per 1000 live births in low-

and middle-income countries [3]. NE is a major cause of morbidity and mortality [4].
While therapeutic hypothermia has improved the likelihood that neonates with NE due to
moderate to severe HIE will survive with improved outcomes through at least school-age
in high-income countries, the diagnosis and management of neonates with NE remains a
challenge [5].

Neuroimaging is widely employed as both a diagnostic and prognostic tool for NE [6,7].
Over the last three decades, the role of neuroimaging for NE has progressed in parallel with
advances in both research and clinical practice. Nearly 40 years ago, Magnetic Resonance
Spectroscopy (MRS) first demonstrated that hypoxic-ischemic brain injury evolves, and that,
critically, most neurons survive the primary insult only to die in the days and weeks that
follow [8]. Indeed, this observation that there was a transient period — a latent phase — before
cells died paved the way for neuroprotective therapies, which aim to interrupt the underlying
injury cascade, thereby mitigating cell death and long-term neurodevelopment disabilities.
Today, therapeutic hypothermia — the first empirically-supported neural rescue therapy for
NE - is the standard of care for neonates with moderate to severe NE in high-income
countries. Still, even with therapeutic hypothermia, 30% or more of these neonates suffer
adverse outcomes [5,9]. What is not known is why these neonates are so severely injured.
Avre they suffering from subacute or chronic injuries at the time of birth? How does the
trajectory of brain development after NE shape long-term neurodevelopmental outcomes?
Neuroimaging studies can help address these questions.

The goal of this review is to provide an overview of the utility of neuroimaging for the
diagnosis and management of term neonates with NE, concluding with recommendations.
Although the focus of this review will be centered on the population of neonates with HIE,
the neuroimaging recommendations are broadly applicable to all neonates with NE.
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2. Injury patterns on neuroimaging and their relation to neuropathology

Hypoxia-ischemia is associated with several hallmark patterns of brain injury that have been
characterized by neuroimaging and neuropathology. These patterns vary in accordance with
numerous clinical factors, including the gestational age of the affected neonate, nature and
severity of the insult, and timing and efficacy of interventions. Furthermore, these patterns
inform our understanding of injury mechanisms and long-term prognosis.

The susceptibility of the developing brain to hypoxic-ischemic injury varies by cell type,
with neurons and oligodendroglia typically more susceptible to hypoxia-ischemia, as well
as associated astrogliosis and microgliosis [10]. The most common injury observed on
neuropathology is selective neuronal necrosis. This term refers to necrosis of neurons in a
characteristic, often widespread, distribution, with the topography depending in part on the
nature and severity of the insult and gestational age of the neonate.

In this section, patterns of hypoxic-ischemic brain injury are discussed, along with their
frequency, the associated neuropathological features, and the risk factors — providing an
overall summary in Table 1. In later sections, the relation between these neuroimaging
findings and the long-term neurodevelopmental outcomes will be described.

A. Central/basal ganglia — thalamus (BGT) injury pattern.

This pattern is characterized by injury to the BGT and may extend to the cerebral cortex,
usually localized to the perirolandic region. On neuropathology, it is often referred to

as the “cerebrocordcal-deep nuclear pattern ”. The BGT pattern is typically bilateral and
symmetric. The predominant neuropathological features include selective neuronal necrosis
in the basal ganglia and thalamus (especially ventrolateral nuclei of the thalamus and
lentiform nuclei) and perirolandic cortex, as well as the hippocampus (pyramidal neurons),
in particular, in Sommer’s sector (CA1) in term neonates and the subiculum in preterm
neonates [11]. On neuroimaging, the predominant features include injury to the BGT and
perirolandic cortex (Fig. 1A). Hippocampal injury is more difficult to detect acutely, even
by diffusion-weighted imaging (DWI) [12]; nevertheless, it may be detected chronically
as reduced volume by quantitative morphometry [13]. Clinically, the central/BGT pattern
is commonly observed following perinatal sentinel events [14,15] and moderate to severe,
relatively prolonged insults [11], while experimental studies in primates suggest that this
pattern results from a combination of anoxia (e.g., near-total asphyxia) and hypoxia (e.g.,
partial asphyxia), which may be incurred during a single event or across serial events
[16,17].

B. Watershed injury pattern.

The parasagittal pattern is characterized by injury to the cerebral cortex and/or subadjacent
white matter in a parasagittal distribution along the vascular borderzone between the

major cerebral arteries (Fig. 1B). For this reason, this pattern is also referred to as the
“parasagittal” or “borderzone*injury pattern. The injury is typically bilateral, although

it may be asymmetric. The predominant neuropathological feature is selective neuronal
necrosis involving cortical neurons along the parasagittal convexity [11]. Neurons in deeper
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cortical layers, and, in particular, localized in the depths of sulci are especially affected [18].
In the most severe cases, the area of necrosis extends across the entire parasagittal convexity;
however, more commonly, it is localized to posterior parietal-occipital regions. This pattern
is among the least common observed at autopsy, especially in isolation, considering many of
the neonates with NE presenting with this injury pattern survive; however, it is among the
most common patterns by neuroimaging. In clinical and experimental studies, parasagittal
injury is associated with prolonged maternal hypotension [11,16], hypoglycemia [19], or
sepsis [20].

C. Punctate white matter injury.

White matter injury may be primary or secondary, such as Wallerian degeneration. The
primary white matter injury patterns are characterized by injury to the parasagittal white
matter (described above) and the periventricular white matter. On neuropathology, this injury
is often termed “periventricular leukomalacia (PVL)” and characterized by focal necrotic
lesions in the periventricular white matter surrounded by larger areas of diffuse reactive
gliosis. On neuroimaging, these are often referred to as “punctate white matter injury” or
the “focal/multifocal injury pattern“[21], and may be visualized on cranial ultrasound,

or more often on MRI, as punctate foci of high signal on T1-weighted imaging with or
without concomitant restricted diffusion (Fig. 1C). This pattern is relatively common, in
particular, among premature neonates and those with a milder degree of NE [21]. Clinically,
white matter injury in term neonates with NE has been associated with chorioamnionitis,
decreased placental maturation [22], and hypoglycemia [23], as well as pathological genetic
mutations [24]. Experimental studies in primates suggest that white matter injury, including
PVL, results from clinical circumstances that lead to hypoxia, but without a significant
degree of acidosis [16]. A recent study showed that the majority of term neonates with
punctate white matter lesions have normal outcomes or mild and non-specific neurologic
deficits. The ones who are severely affected usually have an underlying genetic disorder
[24].

D. Global injury pattern.

The global pattern, also referred to as “near-total” injury pattern, is the most severe,
characterized by diffuse brain injury. The predominant neuropathological feature is
widespread neuronal necrosis across essentially all levels of the neuraxis (cortex, deep
nuclear gray, midbrain, brainstem). On neuroimaging, the global pattern in characterized
by diffuse signal abnormalities in the BGT, cortex, brainstem, and white matter (Fig. 1D).
The cerebellum may appear relatively normal; however, quantitative imaging metrics (e.qg.,
apparent diffusion coefficient) may be abnormal [25,26]. Clinically, the global pattern has
been associated with very severe and prolonged insults and experimentally with prolonged
asphyxia [11,16].

E. Brainstem injury.

This pattern is characterized by injury to the brainstem tegmentum, often associated with
injury to the BGT, as described above. The predominant neuropathological features include
selective neuronal necrosis in select brainstem nuclei, including the inferior colliculus,
nuclei of the 3rd, 4th, 5th (motor), 7th, 8th (cochlear), 9th and 10th cranial nerves as well
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as the substantia nigra, reticular formation, pontine nuclei, inferior olive, and cuneate and
gracilis nuclei, with involvement of the inferior olivary nuclei being the most common
brainstem finding in both term and preterm neonates [11]. Injury to the BGT and brainstem
tegmentum may be visualized on neuroimaging, in particular on MRI (Fig. 1E) [27];
however, damage to individual nuclei cannot be readily detected using conventional MRI
sequences at clinical field strength. Furthermore, while isolated injury to the brainstem +
BGT is well documented on neuropathology, this pattern is relatively rare in neuroimaging
studies; more commonly, there is also injury to the cerebral cortex [28]. Experimental
studies in primates suggest that injury to the deep nuclear gray and brainstem results from an
acute total hypoxic-ischemic event [11].

F. Cerebellar injury.

Cerebellar injury has been largely under-recognized in neonates with NE. Although
experimental studies in primates and neuropathological studies in neonates have both
demonstrated that cerebellar neurons are vulnerable to hypoxic-ischemic injury [11,26,29],
this insult has received less attention in clinical studies. However, recent studies have
demonstrated cerebellar abnormalities on DWI as well as a correlation between these
abnormalities and microglia activation on neuropathology among neonates with NE (Fig.
1F) [25,26,30].

G. Perinatal arterial ischemic stroke.

A small proportion of neonates with NE display perinatal arterial ischemic stroke on
imaging. Perinatal arterial ischemic stroke is characterized by an acute ischemic lesion
localized within a cerebral artery distribution, most commonly the middle cerebral artery.
On neuropathology, these lesions are characterized as infarcts, affecting all cell types. On
neuroimaging, these lesions are best seen on diffusion-weighted imaging on early scans (i.e.,
first week), indicating they were acquired in the perinatal period and are readily recognized
due to their wedge-like shape and localization to a vascular distribution (Fig. 1G). While
seizures are the most common clinical manifestation of perinatal arterial ischemic stroke

in the neonatal period, some neonates present with clinical features of NE. Clinically, the
risk factors for perinatal arterial ischemic stroke include pregnancy complications (e.g.,
gestational diabetes, preeclampsia) and delivery complications (e.g., vacuum extraction,
emergency cesarian section) [31]. Genetic polymorphisms such MTHFR (C677T), Factor
V Leiden (G1691A), and prothrombin (G20210A) are no longer considered as risk factors
[32].

H. Other injury.

In addition to the hallmark patterns of injury described above, other injury patterns have
been identified by neuroimaging in neonates with NE. Mamillary body injury has been
recently characterized in this context [33,34]. Other injury include hemorrhages [35], focal
ischemic lesions (Fig. 1G) [21], venous infarcts, and sinovenous thrombosis [36].

Finally, it should be acknowledged that while A-H above are presented as distinct patterns,
neonates with NE may evidence more than one pattern of injury at once. Furthermore,
there is mounting preclinical evidence that inflammatory mechanisms may play a role in the
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pathogenesis of perinatal brain injury, including NE. Preclinical studies have demonstrated
associations between neuroimaging findings and neuropathological features of inflammation
[37,38]; however, further work is needed to validate these associations in neonates with NE.

3. Neuroimaging methods

3.1. Ultrasound

Currently, cranial ultrasound (cUS) is not the primary neuroimaging modality in neonates
with NE due to presumed perinatal asphyxia. However, it is commonly used in the neonates
with NE, with over 50% of all neonatal centers recently surveyed (n = 94) by the Newborn
Brain Society (https://newbornbrainsociety.org/news/nncc-sig-survey-cus-ne/) reporting at
least one cranial ultrasound during therapeutic hypothermia. The most frequent indication
was related to concerns for major intracranial hemorrhage as a potential exclusion criterion
for therapeutic hypothermia and to assess for lesions of antenatal onset or abnormalities
suggestive of NE mimics.

Importantly, in relation to its neuroimaging diagnostic value, several studies compared cUS
and MRI and showed good agreement. Leijser et al. compared data in 23 neonates with NE
and found complete agreement in 12 and the same pattern, but more extensive injury, on
MRI in 8 neonates [39]. Epelman et al. prospectively compared cUS and MRI performed
within 2 h of each other in 76 neonates; MRI examinations were conclusive in 70 neonates
and cUS was regarded as positive in 67 with a diagnostic accuracy of 96% [40]. The
population, however, was mixed and only 53 neonates with NE showed patterns consistent
with NE.

When cUS is performed as part of the admission procedure, it will help identify lesions that
developed before birth (e.g., atrophy, porencephaly, ventriculomegaly, germinolytic cysts,
lenticulostriate vasculopathy) and may suggest an underlying problem. In the study by
Annink et al., these abnormalities were found in 14/83 neonates (17%) [15]. Furthermore,
when severe echogenicity in the white matter is clearly present prior to the start of
hypothermia, this is suggestive of onset of the insult prior to delivery, and this was
significantly associated with an adverse outcome on univariate logistic regression analysis
(OR =5.0; 95% CI 1.4-18.4) [15].

Predominant injury to the thalami and basal ganglia can be recognized with cUS (Fig. 2), but
this will take 48-72 h to develop and will not be present on the admission cUS examination
if the insult occurred in the perinatal period. This may explain why the cUS data from the
Vermont-Oxford database were rather disappointing when compared to MRI, as cUS was
performed at a median of 2 days (IQR 1-3) [41]. In this study, deep nuclear gray matter
abnormality was seen by early cUS in 140/1994 (7.0%) neonates, compared to 603/2671
(22.6%) on MRI. Increased echogenicity will first become apparent in the thalami and may,
in severe cases, subsequently also be visible in the basal ganglia, resulting in the so called
“four column” appearance with a line of reduced echogenicity of the PLIC in between (Fig.
2). This appearance is strongly associated with a poor outcome, similar to an abnormal
(absent) signal intensity from myelin in the PLIC on MRI [15,42]. In neonates who show

a near total pattern of injury on MR, loss of gray-white matter differentiation with diffuse

Semin Fetal Neonatal Med. Author manuscript; available in PMC 2022 October 29.


https://newbornbrainsociety.org/news/nncc-sig-survey-cus-ne

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wisnowski et al.

Page 7

increased echogenicity and slit-like ventricles will be seen at 48-72 h (Fig. 2). A cUS score
for neonates with NE was recently developed and validated and has been shown to be easy
to use and predictive of an adverse outcome when performed on day 3-7 with an AUC of
0.90 [43].

Doppler ultrasound can additionally be used to see whether there is luxury perfusion
with an increased diastolic flow. The predictive value of the resistance index (S-D/S)
during hypothermia is not as high as known from normothermia studies, but becomes
comparable following rewarming [44,45]. A recent study performed dynamic colour
Doppler sonography during hypothermia to study basal ganglia perfusion, with increased
perfusion reported in those who died [46].

3.2. CT scan

Since the Quality Standard Subcommittee of the American Academy of Neurology (AAN)
and the Practice Committee of the Child Neurology Society (CNS) jointly published a
consensus statement referred to as the Practice Parameter [47] in 2002 suggesting CT as
the first-line brain imaging modality in a subgroup of neonates with NE, MRI has been
increasingly used in investigations of NE [41]. Although CT is sensitive to blood and
calcifications, this modality provides less detailed evaluation of cerebral injury in areas

of prognostic importance compared to MRI. Even if the risk of cancer due to radiation
exposure has decreased by 50-70% due to dose reduction over the years, radiation-related
malignancies and cognitive impairments remain of concern in the pediatric population
[48,49]. CT should now be used only in urgent situations, such as evaluation for significant
intracranial hemorrhage with midline shift needing a neurosurgical intervention, or for
herniation or very severe injury to aid early direction of care, and only when cUS and MRI
are not readily available. The 2002 Practice Parameter has since been retired in 2018 by the
AAN and CNS.

3.3. Magnetic resonance imaging (MRI)

MRI is the most widely used technique for evaluating brain injury in neonates with NE.

The application of MRI may provide the clinicians with the best diagnostic information with
exclusion of other causes of NE, such as metabolic disorders or neonatal stroke, and provide
help with prognostication and, thereby, guide clinical decision-making and counseling of
families.

Conventional MRI sequences for the neonatal brain include anatomic sequences (T1-

and T2-weighted imaging) and diffusion-weighted imaging (DWI). T1-weighted sequences
assist in assessing myelination and detecting ischemia, subacute hemorrhage, and subacute
venous sinus thrombosis. T2-weighted sequences are useful for delineating the gray and
white matter interface in the neonatal brain and identifying any white matter signal intensity
abnormalities [50]. The presence of acute injury is usually subtle on conventional imaging
during the first few days of life, but the findings are gradually more apparent as the T1
hyperintense signal changes and T2 prolongation can be seen 6-10 days after the insult [50].
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Diffusion-weighted imaging takes advantage of the random motion of water molecules
within the brain to provide an indirect measure of the regional cerebral microstructure.
When a strong and rapidly acting magnetic gradient is applied, the motion of water
molecules causes a loss of signal on apparent diffusion coefficient (ADC) maps. DWI
enables the detection of cytotoxic edema [51], sometimes days before the lesions can be
identified with conventional T1 and T2 sequences [52]. Furthermore, quantification of ADC
values improves prediction of outcome after a hypoxic-ischemic insult [53]. Diffusion-tensor
imaging (DTI) utilizes the same principles as standard DWI, but samples a larger number
of diffusion-encoding directions, and in some instances, b-values, to quantify the changes
of the diffusion coefficient (mean diffusivity) and the overall directionality (fractional
anisotropy [FA]) of the water diffusion to characterize brain microstructure. With increasing
maturity, mean diffusivity decreases [54,55] presumably due to a decrease in water content
and the development of cell membranes that restrict water diffusion [54,56]. In cortical
gray matter, FA is high early in the third trimester (due to the radial organization of the
cerebral cortex) and becomes undetectable by term [57,58]. In the white matter, it increases
with maturation [59,60]. FA describes the degree of anisotropy of the diffusion signal and
correlates with the structural integrity of white matter tracts. Decreases of FA in white
matter tracts predict poor outcome after NE [61,62] and may even be sensitive to occult
injury not apparent on conventional MRI sequences [63], as well as long-term changes to
white matter microstructure [64,65].

In contrast to MRI, which measures the signal from protons in water, magnetic resonance
spectroscopy (MRS) detects the signal from protons in different chemical metabolites.
Among the metabolites measured by MRS, N-acetylaspartate (NAA) and lactate are the
most useful in assessing metabolic changes associated with brain development and injury. In
normal conditions, NAA is found in high concentrations in neurons and its level increases
further with cerebral maturation [66,67]. With injury, however, the levels of NAA decrease
in proportion to neuronal mitochondrial dysfunction and cell death [68]. Lactate is a
byproduct of anaerobic metabolism and increases in concentration due to disturbances in
the delivery of cerebral energy substrates and oxidative metabolism [69]. In neonates with
NE, NAA declines over days to weeks and then remains low. In contrast, lactate peaks
during the first few days after acute brain injury and then declines toward “normal” by the
end of the first week of life [70]. Both NAA and the ratio of lactate to NAA show good
accuracy for detecting brain injury in NE and predicting long-term outcomes [71-74]. In

a recent retrospective study examining the prognostic accuracy of each MR biomarker, the
concentration of tNAA (NAA + N-acetylaspartylglutamate) in the deep gray matter was
the most accurate quantitative MR biomarker. Although ADC values, lactate levels, and
lactate/tNAA ratios also showed high prognostic value during the first 24-96 h of life, only
tNAA retained high prognostic value in the second week of life [75]. Other metabolites
showing transient changes following NE includes phosphocreatine, myoinositol, glutamine,
and choline [8,76-78].

Susceptibility-weighted imaging (SWI) is sensitive to venous blood, hemorrhage, and iron
content (all of which cause increased susceptibility in affected brain tissue). Clinically, it is
often used to demonstrate intraparenchymal, intraventricular, and extra-axial hemorrhages
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in neonates with NE. However, there is mounting evidence that SWI may have broader
utility. A recent study demonstrated that SWI can depict abnormal cerebral venous contrast,
indicative of abnormal perfusion in neonates with NE [79].

4. Timing of neuroimaging

Hypoxic-ischemic brain injury evolves over days and serial imaging has demonstrated this
evolution is associated with varying signal abnormalities on cUS as well as conventional
T1- and T2-weighted MRI, DWI, and MRS. As such, it is important to consider the timing
of neuroimaging when interpreting it. The most common time-points are: (1) immediately
following TH (~days 4-5 of life) and (2) during the second week of life (days 10-14 of
life). Early imaging takes advantage of the diffusion signal as ADC reaches its nadir during
the first week of life prior to pseudonormalizing early in the second week [80]. Importantly,
injury may continue to evolve over the first days to week(s) and thus early imaging may not
fully document the extent of brain injury [81]. However, studies comparing early (~4 days)
to late (>7 days) scans have shown strong agreement, indicating that for most neonates,
early MRI provides sufficient diagnostic and prognostic information [7,82-87]. Moreover,
early MRI may be a more reliable predictor of adverse neurodevelopmental outcomes [88],
and brain injuries identified during this early time appear to represent irreversible changes
[83,87].

At the same time, several centers have demonstrated that MRI may be obtained safely

even earlier during TH (days 2-3 of life) [87,89]. Methods to safely maintain hypothermia
during the scan have been developed [90]. The American College of Obstetricians and
Gynecologists in partnership with the American Academy of Pediatrics published a task
force report referred to as the ACOG guidelines in 2014 and included recommendations for
early MRI in the context of NE as it may be beneficial for identifying antenatal injuries, as
well as cerebral hemorrhages and other pathologies, e.g., congenital infections or cerebral
malformations. However, it is important to recognize that the full extent of hypoxic-ischemic
injuries may not yet be well visualized on cUS or MRI, in particular during the first 24 h

of life, thereby limiting the negative predictive value of a normal imaging during this period
[83,87,91,92].

If a severe intraventricular hemorrhage is the primary concern, a head ultrasound at the
bedside should be the first choice as it is not only more accessible, but also sensitive to
intraventricular hemorrhage and other acute blood.

Late imaging (e.g., beyond one month of life) is rarely obtained clinically, unless there are
ongoing clinical concerns. However, as a research tool, it may help elucidate the trajectory
of neurodevelopment after NE, including repair and reorganization.

5. Predictive value of MRI

Brain MRI in neonates with NE was quickly recognized as an important tool for
prognostication. Studies of early, serial imaging resulted in the development of various
scoring systems [42,93-97].
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The Barkovich system described two patterns of injury that correlated with the
pathophysiology of acute profound and partial prolonged hypoxia-ischemia (see above),
i.e., the BGT and Watershed (WS) patterns [93]. This system, initially based on T1- and
T2-weighted images, later incorporated DWI and has been shown to be associated with
outcome before but also during the cooling era [98-100].

In contrast, the Rutherford scoring system did not utilize DWI and was applied to imaging
predominantly acquired after the 1st week of life. In this system, the BGT, posterior

limb of the internal capsule (PLIC), white matter, and cortex are scored [94]. Abnormal
signal intensity in the PLIC was demonstrated as an easy to interpret finding with high
interobserver agreement and was a good predictor of motor outcome [42]. The predictive
value of PLIC abnormalities for abnormal developmental outcome has been shown to

be high (sensitivity 0.9, specificity 1). Further, almost all neonates with normal signal
intensity in the PLIC had normal motor outcomes, and three with mild motor outcomes
had white matter abnormalities. Neonates with equivocal PLIC findings had abnormal motor
outcomes, but also had BGT injury. Finally, neonates with abnormal PLIC signal all had
abnormal motor outcomes, and all had accompanying BGT injury. However, the use of
this scoring system is limited by the fact that the abnormal PLIC signal only consistently
becomes apparent at the end of the first week.

The Neonatal Research Network (NRN) developed a scoring system based on increasing
amounts of injury (0 = normal, 1A = minimal cerebral lesions, 1B = more extensive lesions,
2A =BG, Thalamus or PLIC injury, 2B = 2A plus cerebral lesions, and 3 = cerebral
hemispheric devastation) [95]. DWI results were not included. Imaging occurred late with
mean age at scan of 15 + 12 days. Images were also scored using the Barkovich and
Rutherford systems. All three systems were associated with death or death/disability at 18
months of age. This system retained its predictive ability for outcome at 6-7 years of age
[101].

Two additional systems, one developed at Washington University in St. Louis and one

in Utrecht, the Netherlands, are more comprehensive and detailed. The score developed

at Washington University in St. Louis by Bednarek et al. incorporates T1, T2, and DWI

and evaluated five brain regions (deep gray matter (GM) and PLIC, white matter, cortex,
cerebellum, and brainstem). Each region was scored by hemisphere and by sequence. The
scores were summated for a final score ranging from 0 to 138. Scores can be categorized as
no injury (0), mild (1-11), moderate (12-32), and severe (33-138) with increasing severity
associated with increased odds of abnormal outcome [96]. An ROC curve for the score

to predict outcome identified an AUC of 0.72 (95% CI 0.57-0.86), p = .007, with MRI
score cut-off of 10.5-11.5 [96]. Cortical and white matter scores were associated with
lower cognitive scores; deep gray nuclei, cortical and white matter scores were associated
with lower motor scores [96]. The system proposed developed in Utrecht by Weeke et

al. includes T1, T2, DWI and MRS. Regions scored included gray matter (including

BGT, PLIC, perirolandic cortex, brainstem, and hippocampus), white matter/cortex (cortex,
periventricular white matter, optic radiations, and corpus callosum), and cerebellum, with
additional findings (e.g., hemorrhage) also noted [97]. This system was developed and tested
using two international cohorts (N = 173), with the majority imaged in the first postnatal
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week and follow-up at 18-24 months and school age. The gray matter sub-score was the best
predictor of outcome at both 18-24 months and school age.

Regardless of the scoring system applied, gray matter injury + abnormal PLIC are
consistently predictive of poor motor outcome. Extent of watershed injury is linked to
cognitive outcome. When performed in the first week of life, DWI added to conventional
sequences can facilitate the identification of injury. When implementing a scoring system
to evaluate extent of brain injury, it is important to consider the expertise of the interpreter,
availability of different modalities and timing of the imaging. MRS may be utilized as
both a qualitative biomarker, as in the Weeke scoring system, or a quantitative biomarker
based on measure neurometabolite concentrations (mmaol/kg) or ratios. NAA and lactate
are the primary predictive MRS metabolites and are typically measured from the BGT,

as well as parietal white matter, in neonates with NE as shown in Fig. 3 (top panel). Of
note, in a recent prospective multicenter study, decreases in NAA, as well as increases in
the lactate/NAA ratio measured in the thalamus, were predictive of adverse outcomes at
age 2 years (sensitivity 1.00 [95% CI 0.16-1.00]; specificity 0.95 (95% CI 0.84-0.99))
[74]. Overall, NAA and the ratio of lactate/NAA are among the most accurate predictive
biomarkers, outperforming most, if not all, conventional imaging findings in meta-analyses
and most recently, in the multicenter prospective Magnetic Resonance Biomarkers in
Neonatal Encephalopathy (MARBLE) observational study [74].

Table 2 summarizes the MR biomarkers and their accuracy in predicting the combined
outcome of death and neurodevelopmental disability at ages 18—-30 months.

6. Future directions

6.1. Areas of research

There is mounting evidence that neonates with mild NE are at risk for adverse
neurodevelopmental outcomes. These neonates were excluded from the first trials because
the available data at that time suggested that neonates with mild NE were not at high

risk for death or neurodevelopmental impairment. Recent data have shown this assumption
to be incorrect. Nearly 20% of neonates with mild NE have evidence of brain injury

on neonatal brain MRIs [102], with up to 25% showing clinically significant delays in
cognitive, language, and/or motor development in the long-term [103]. What is not known
is whether neonates with mild NE would benefit from therapeutic hypothermia. Moreover,
it remains to be determined whether NE is a single continuum from mild to severe or
whether mild NE represents a distinct subtype arising from different underlying cellular and
molecular processes. While neuroimaging alone cannot address all of these questions, it can
be used to better characterize mild NE with regard to nature and severity of the apparent
injury, alterations in chemical metabolites, perfusion, tissue microstructure, and connectivity,
and in turn, help to guide the development of neuroprotective therapies for this population.

There are now several adjuvant neuroprotective and neurorestorative therapies under
development for NE, several of which have now been studied in phase 1/11 [104] or phase
I11 clinical trials [105]. Yet, it is important to recognize that it took two decades and
multiple clinical trials to translate therapeutic hypothermia from the laboratory into clinical
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practice [106], and it is neither practical nor feasible to replicate this approach for each

of the potential therapies under development. It remains to be determined which are the
most promising therapies and for which neonates. This type of targeted, and ultimately
personalized, approach will rely heavily on neuroimaging biomarkers — not only to help
identify candidate neonates, but also to provide surrogate endpoints, thereby eliminating the
need to retain large samples over a long follow-up period.

6.2. MR biomarkers

While neuroimaging in neonates with NE has been widely used to investigate direct brain
injury secondary to hypoxic-ischemic insults, MRI is now being used as a surrogate to
predict long-term neurodevelopment [85], especially in trials testing alternative treatments
for NE [107-110]. The most used markers for such trials are lactate/NAA ratio in the
thalamus or fractional anisotropy in the PLIC [107-109]. While these markers may be useful
to assess the efficacy of neuroprotective treatments, it may be necessary to develop further
neuroimaging markers to test the efficacy of neurorestorative treatments that are currently
under development.

Emerging biomarkers, including measures of structural connectivity such as tract-based
spatial statistics (TBSS) [61], are being increasingly used in clinical research as diagnostic
and prognostic biomarkers. Likewise, measures of functional connectivity have the potential
to not only detect injury, but also elucidate the trajectory of recovery and reorganization after
perinatal brain injury.

6.3. Emerging neuroimaging techniques

Avrterial spin labeling (ASL) is a non-invasive sequence that can be used in neonates with NE
to understand alterations of brain perfusion [111,112]. In the first 24 h after birth, ASL may
show transient hypoperfusion in injured brain regions, which then evolves to hyperperfusion
by days 2-3 of life [113]. Importantly, systemic cooling using current clinical guidelines
does not mitigate brain injury in neonates who demonstrate perfusion abnormalities on early
MRI, suggesting that ASL may be especially useful as an early prognostic biomarker [113].

Resting-state functional MRI (fMRI) uses blood-oxygenation-level-dependent (BOLD)
imaging to identify synchronous changes in local blood oxygenation levels, which are
used to infer the organization of intrinsic functional brain networks. Initial studies

have demonstrated that canonical Resting State Networks (RSNs), including auditory,
somatomotor, visual, and default mode networks are identifiable in neonates with NE,
although they are more likely to be unilateral and/or localized, with limited long-range
interhemispheric and intrahemispheric correlations [61]. Likewise, a recent study showed
disrupted brain networks in the left rolandic operculum, left supramarginal gyrus, bilateral
superior temporal gyrus, and right middle temporal gyrus among neonates with severe NE
[114].

Neurite orientation dispersion and density imaging (NODDI) is another technique newly
applied to neonates to study in more detail their white matter microstructure [115]. The
advantage of NODDI over other diffusion-weighted imaging techniques is that it may be
more sensitive to changes in the gray matter [116]. Likewise, NODDI and other DTI
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techniques can be used to interrogate the structural connectome — the macrostructural
organization of structural connections in the human brain. Recent studies have demonstrated
alterations in the connectome of neonates with NE, with these early disruptions in
connectivity predictive of abnormal neurodevelopmental outcomes [117,118].

Another emerging technology is MR Thermometry, which provides a direct measure of
brain temperature based on chemical shift differences observed by MRS [119-121]. This
technique has already demonstrated applicability for monitoring brain temperature during
therapeutic hypothermia and detecting brain injury; however, many unknowns remain, e.g.,
whether brain temperature is higher during seizures.

Many studies have previously detailed the types and patterns of brain injuries in neonates
with NE (treated or not) with hypothermia. However, few studies have described how these
injuries affect ongoing brain development (e.g., brain growth and myelination) during the
first months/years of life in these neonates. Development of new MRI techniques is now
allowing further study of this issue [122-124], and first studies have now been published
demonstrating myelination abnormalities in these neonates [125].

In addition, portable MRI techniques are also emerging and may be available in the future to
scan the critically ill neonates with NE at the bedside.

6.4. Neuroimaging harmonization

Because NE is a relatively rare disorder, it is extremely challenging to amass large sample
sizes needed to characterize NE subgroups or treatment response using data from a single
institution. At the same time, carrying out quantitative analyses of multisite MRI data
requires harmonization. The primary goal of harmonization is to reduce measurement error
by maximizing the consistency of neuroimaging data withinand across sites. Minimizing
measurement error is important because it will increase the standardized effect size and,
therefore, statistical power [126]. Presently, there is no national or international standard for
a neonatal MRI protocol or standardized sequences or sequence parameters for NE. While
the development of such protocols would have a substantial impact on clinical research,
there are both prospective and retrospective techniques that can be deployed to help
maximize harmonization, in particular, in multisite studies. Prospectively, it is important

to ensure consistency and compliance, as protocol compliance cannot be addressed post hoc
using standard statistical techniques. Retrospectively, it is possible to include “site” as a
covariate in statistical models, although these effects are often non-linear and non-uniform
across the brain, as well as sequence-specific and thereby requiring advanced statistical
methods such as ComBat (“combating batch effects when combining batches™) [127].

In addition, innovative machine learning and artificial intelligence methods are showing
considerable promise for harmonizing diverse image sets, but none of these methods are
currently ready for clinical use [128].
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Recommendations

Neuroimaging has a key role to play in the diagnosis and management of neonates with NE.
Still, despite widespread use clinically, there are few published guidelines on neuroimaging
for NE.

The first joint practice parameter from the Quality Standard Subcommittee of the American
Academy of Neurology (AAN) and Practice Committee of the Child Neurology Society
(CNS)was published in 2002, an era in which computed tomography (CT) was the imaging
modality of choice. These parameters were formally retired by the AAN and CNS in 2018
[47]. More recently, the American College of Obstetricians and Gynecologists in partnership
with the American Academy of Pediatrics published a task force report in 2014, which was
reaffirmed in 2019 [129]. Likewise, the Canadian Pediatric Society published a position
statement in 2018. Main recommendations from each of these guidelines are summarized in
Table 3.

In line with the scientific evidence presented in this review, updated recommendations for
neuroimaging of neonates with NE are presented here (Table 3). MRI is recommended

as the preferred neuroimaging modality; however, cUS may be beneficial early, in
particular, to rule-out major intracranial hemorrhage and to assess for lesions of antenatal
onset or abnormalities suggestive of NE mimics. The MRI protocol should include at

least conventional T1- and T2-weighted sequences, DWI with ADC maps, and MRS.
Collectively, these sequences provide the best sensitivity for detecting acute as well as
subacute and chronic brain injury. MRS is beneficial not only for its sensitivity to hypoxic-
ischemic brain injury, but also because it can provide evidence of other syndromes including
inborn errors of metabolism. Timing of MRI is important, and early MRI (days 2-5 of life)
is optimal for diagnosis and prognosis. The ADC signal reaches its nadir within the first
few days of injury, increasing thereafter with pseudonormalization early in the second week.
To maximize the utility of DWI and its sensitivity to acute brain injury, MRI should be
performed between 2 and 5 days when possible. Within this window, MRI during TH (i.e.,
days 23 of life) may be especially beneficial to inform the direction (or possible redirection)
of care, even though the full extent of brain injury may not yet be visible, while MRI
immediately after TH (i.e., days 45 of life) may be more practical in routine clinical practice.
Repeat MRI is recommended at days 1014 of life when clinical concerns persist, including
discrepancies between the early neuroimaging findings and the clinical condition of the
neonate. The MRI images should be interpreted by a trained and experienced radiologist or
other qualified physician with expertise in pediatric neuroimaging. When such expertise is
not available, images should be sent electronically for interpretation to a center with such
clinician.

The day of the MRI is an important day for parents of neonates with NE treated with
hypothermia. However, interpreting and communicating brain MRI results for neonates
with NE remains a challenging task for clinicians and parents. Developing a systemic and
interdisciplinary approach to prognostication, standardizing reporting of brain MRI results
and training further clinicians in their interpretation may help facilitate difficult decision-
making discussions and make them more meaningful for parents.
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Neuroimaging plays a crucial role in the diagnosis and management of neonates with NE.

It can provide information on the nature and potential timing of brain injury, including

important prognostic information, which may allow the clinicians to better counsel families,
and if a severe outcome is expected, to assist in delineation of care models. Quantitative
MRI techniques may play a more significant role in the future by refining our ability to
prognosticate and help us study the prevention of secondary brain injury and the response to
experimental treatment. The harmonization of imaging within and across institutions would
facilitate international collaborations and ultimately improve care.
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NICHD National Institute of Child Health and Human Development
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Practice points

Neuroimaging in the term neonates with neonatal encephalopathy (NE) is
useful to identify patterns consistent with hypoxic-ischemic brain injury, to
inform management decisions, to prognosticate long-term outcome, and to
rule out other etiologies than hypoxic-ischemic brain injury.

Magnetic resonance imaging is the preferred imaging technique for
examining the brain of term neonates with NE. Sequences should include
at least T1- and T2-weighted sequences, DWI with ADC maps, and MRS.

An early MRI (days 2-5 of life) is recommended for diagnosis and prognosis.
MRI during TH may be especially beneficial to inform the direction (or
possible redirection) of care, even though the full extent of brain injury may
not yet be visible, while MRI immediately after TH may be more practical in
routine clinical practice.

Repeat MRI is recommended at days 10-14 of life when clinical concerns
persist, including discrepancies between the early neuroimaging findings and
the clinical condition of the neonate.

Early ultrasound may be useful during the first day of life as a screening
tool to rule-out major intracranial hemorrhage and to assess for lesions of
antenatal onset or abnormalities suggestive of NE mimics.
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Research directions

New neuroimaging techniques are emerging to further study alterations
of brain perfusion, intrinsic functional brain networks, white matter
microstructure, myelination, and brain growth in the context of NE.

MRI is now being used as a surrogate to predict long-term neurodevelopment,
especially in trials testing alternative treatments for NE. While these markers
may be useful to assess the efficacy of neuroprotective treatments, it may

be necessary to develop further neuroimaging markers to test the efficacy of
neurorestorative treatments that are currently under development.

Presently, there is no international/national standard for a neonatal MRI
protocol or standardized sequences or sequence parameters for NE. The
development of such protocols would have a substantial impact on clinical
research. Innovative machine learning and artificial intelligence methods are
showing considerable promise for harmonizing diverse image sets.
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A) Central / Basal Ganglia - Thalamus (BGT) E) Brainstem - Deep Nuclear Gray

F) Cerebellar Injury

C) Punctate White Matter Injury G) Perinatal Arterial Ischemic Stroke

s

H) Other (Parenchymal Lesion)

D) Global Injury

Fig. 1.
Patterns of brain injury in neonates with NE as shown on DWI images obtained at days

4-5 of life. Details regarding the patterns and associated neuropathological findings and
clinical risk factors are found in the text and summarized in Table 1. Note that the
parenchyma lesion (H) is associated with a subpial hemorrhage, which is better visualized
on T2-weighted images (center) and SWI (right).

Semin Fetal Neonatal Med. Author manuscript; available in PMC 2022 October 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wisnowski et al. Page 27

Fig. 2.
cUS performed on day 2 of life, including coronal (A) and parasagittal (B) views. Increased

echogenicity is seen in the thalami and to a lesser degree in the basal ganglia, with reduced
echogenicity in between suggestive of involvement of the PLIC. The ventricles are slit-like
and there is increased echogenicity of the white matter as well. The axial MRI-DWI,
performed on day 3 of life (C), shows extensive diffusion restriction in the thalami as well as
in the subcortical white matter and cortex.
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Fig. 3.

M??I and MRS biomarkers indicate the degree of injury to the BGT, cortex, and white
matter. The top panel depicts Trace-DTI, ADC, and T2-weighted images obtained at

the level of the parietal white matter (pWM, upper) and BGT (lower) from a typically
developing term neonate, with the major metabolite peaks labeled for reference. Short-echo
MRS spectra obtained from the corresponding voxels (red boxes on the anatomical images)
in the BGT and pWM are shown to the right. The lower panels depict Trace-DTI, ADC,
T2w and MRS spectra from six neonates with NE imaged at days 4-5 of life. Note how the
lactate-lipid signals in the BGT and pWM voxels increase in line with the degree of injury
to the BGT-cortex and white matter, respectively, while NAA decreases. Cho = choline; Cr =
creatine; NAA = nacetylaspartate; lac + lip = combined signal from lactate and lipids.
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Table 1

Brain injury patterns observed in neonates with neonatal encephalopathy (NE).
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Pattern of injury

Neuropathological
findings

MR Imaging

*
Frequency

Associated risk
factors

Central/BGT (also
known as
“cerebrocortical-deep
nuclear”)

Neuronal necrosis in BGT,
perirolandic cortex and
hippocampus

Injury to BGT and
perirolandic cortex, with
hippocampal injury less
well detected

Common 25-75%
cases

Sentinel events; severe
partial asphyxia with
prolonged duration or
combination of partial
and near-total asphyxia

Watershed (also known
as “parasagittal” or
“borderzone”)

Neuronal necrosis in cerebral
cortex in a parasagittal
distribution along the borderzone
between major cerebral vessels

Injury to the cerebral cortex
and/or subadjacent white
matter along a parasagittal
convexity (intervascular
borderzone)

Common
15-45% cases

Hypotension

Punctate white matter
(also known as “focal/

Focal necrotic lesions in the
periventricular white matter and

Punctate white matter
lesions

Non-cystic white
matter lesions:

Prematurity, but also
well documented in

multifocal”) surrounded by larger areas of 10-20% term neonates with
diffuse reactive gliosis Severe, cystic NE; hypoxia without
lesions: very significant acidosis;
uncommon. inflammation
Global (also known as Widespread neuronal necrosis Diffuse injury (almost 5-10% Profound or prolonged
“near-total”) across the entire neuraxis always includes BGT) insult
Brainstem + deep Neuronal necrosis in select Brainstem tegmentum + 5-20% Acute total hypoxic-
nuclear gray brainstem nuclei and BGT BGT ischemic insult
Cerebellum Cytotoxic edema; reduced Focal areas of restricted 9% Unknown
neuronal cell density diffusion in severe cases;
lower ADC values in vermis
and dentate nuclei
Perinatal arterial Focal arterial distribution infarct Perinatal ischemic infarct. <1-5% Multifactorial
ischemic stroke Rarely hemorrhagic.
Other Unknown Mamillary body injury; Unknown Unknown
hemorrhagic lesions;
venous infarcts; sinovenous
thrombosis
Note:

*
Frequency estimates are based on published studies of neonates with moderate to severe NE treated or not with hypothermia. 11,27,74,94,95,130

Abbreviations: BGT, basal ganglia — thalamus; NE, neonatal encephalopathy.
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