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Abstract

Background—Despite the benefits of whole-body hypothermia therapy, many infants with
hypoxic-ischemic encephalopathy (HIE) die or have significant long-term neurodevelopmental
impairment. Prospectively identifying neonates at risk of poor outcome is essential but not
straightforward. The cerebellum is not classically considered to be a brain region vulnerable to
hypoxic-ischemic insults; recent literature suggests, however, that the cerebellum may be involved
in neonatal HIE. In this study, we aimed to assess the microstructural integrity of cerebellar and
linked supratentorial structures in neonates with HIE compared to neurologically healthy neonatal
controls.

Methods—In this prospective cohort study, we performed a quantitative diffusion tensor imaging
(DTI) analysis of the structural pathways of connectivity, which may be affected in neonatal
cerebellar injury by measuring fractional anisotropy (FA) and mean diffusivity (MD) within the
superior, middle, and inferior cerebellar peduncles, dentate nuclei, and thalami. All magnetic
resonance imaging (MRI) studies were grouped into 4 categories of severity based on a qualitative
evaluation of conventional and advanced MRI sequences. Multivariable linear regression analysis
of cerebellar scalars of patients and controls was performed, controlling for gestational age, age at
the time of MRI, and HIE severity. Spearman rank correlation was performed to correlate DTI
scalars of the cerebellum and thalami.

Results—Fifty-seven (23 females, 40%) neonates with HIE and 12 (6 females, 50%) neonatal
controls were included. There were 8 patients (14%) in HIE severity groups 3 and 4 (injury of the
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basal ganglia/thalamus and/or cortex). Based on a qualitative analysis of conventional and DTI
images, no patients had evidence of cerebellar injury. No significant differences between patients
and controls were found in the FA and MD scalars. However, FA values of the middle cerebellar
peduncles (0.294 vs. 0.380, p < 0.001) and MD values of the superior cerebellar peduncles (0.920
vs. 1.007 x 1073 mm/s2, p=0.001) were significantly lower in patients with evidence of moderate
or severe injury on MRI (categories 3 and 4) than in controls. In patients, cerebellar DTI scalars
correlated positively with DTI scalars within the thalami.

Conclusion—Our results suggest that infants with moderate-to-severe HIE may have occult
injury of cerebellar white-matter tracts, which is not detectable by the qualitative analysis of
neuroimaging data alone. Cerebellar DTI scalars correlate with thalamic measures, highlighting
that cerebellar injury is unlikely to occur in isolation and may reflect the severity of HIE. The
impact of concomitant cerebellar injury in HIE on long-term neurodevelopmental outcome
warrants further study.

Keywords

Hypoxic-ischemic encephalopathy; Neonatal cerebellum; Magnetic resonance imaging; Diffusion
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Introduction

Hypoxic-ischemic encephalopathy (HIE) occurs in approximately 1-3 newborns per 1,000
live full-term births and is a major cause of neonatal death and neurodevelopmental
disability [1]. Whole-body therapeutic hypothermia is widely recognized as one of the few
effective treatments for HIE to mitigate secondary injury [2]. However, approximately 45%
of infants with HIE die or have significant neurodevelopmental disability [3, 4].
Prospectively identifying which infants will have poor outcomes is not straightforward and
reliable objective predictors are needed [5].

Magnetic resonance imaging (MRI) is the neuroimaging technique of choice in the
diagnostic work-up of neonatal HIE. Conventional MRI sequences may show lesions 1-2
days after injury. These findings gradually become more conspicuous within the first week
after birth [6]. Conventional MRI sequences, however, may underestimate the extent of
injury, particularly in the first few days after HIE [7]. In addition, the ability of conventional
MRI to predict neurodevelopmental outcome is limited [8-10] , and up to one-quarter of
patients with an apparently normal MRI study will have moderate or severe long-term
developmental delay [11]. Advanced MRI sequences such as diffusion tensor imaging (DTI)
provide additional valuable information for the diagnosis and prognostic outcome of
neonatal HIE [12, 13]. The early identification of asphyxiated neonates at risk for poor
neurodevelopmental outcome is critical to ensure targeted treatments, follow-up, and
appropriate intervention.

Four topographic neuroimaging patterns of brain injury have been delineated in neonatal
HIE including cerebral cortex, subcortical and central white matter, deep nuclear structures
(especially the putamen and thalamus), and brainstem tegmentum [14]. Correlations have
been shown between these distinct imaging patterns of injury and severity, temporal
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characteristics of hypoxic-ischemic insults, and neurodevelopmental outcome [14]. The
cerebellum is not classically considered a brain region vulnerable to hypoxic-ischemic
insults, and the literature about cerebellar involvement in neonatal HIE is consequently
limited. However, recent data have suggested cerebellar injury in neonatal HIE. Alderliesten
et al. [15] found neuropathological evidence of cerebellar injury in 19 of 23 (83%) neonates
with HIE who died; much of this injury was not evident on qualitative evaluation of
conventional and advanced MRI sequences. In a cohort of 172 asphyxiated neonates,
advanced neuroimaging techniques increased the detection rate of cerebellar involvement in
neonatal HIE which was identifiable on matching conventional MRI sequences in only 4%
of the cases [16].

In this prospective cohort study, we analyzed cerebellar DTI data in newborns with HIE
treated with therapeutic whole-body hypothermia and in neonatal control patients, in order
to assess the microstructural integrity of various cerebellar structures and structurally linked
brainstem and supratentorial structures.

Material and Methods

This study was approved by the Johns Hopkins Institutional Review Board and a consent
waiver was obtained.

Patients and Controls

The inclusion criteria for the neonates were (1) a diagnosis of HIE and fulfillment of criteria
for therapeutic hypothermia [17] and (2) the availability of DTI data without artifacts
enabling high-quality post-processing. Exclusion criteria included (1) the discontinuation of
therapeutic hypothermia prior to 72 h, (2) an alternative or additional diagnosis based on
conventional brain MRI studies, and (3) the presence of cerebellar injury on qualitative MRI
assessment. Patients were prospectively enrolled in an ongoing research cohort that included
all neonates with HIE who underwent therapeutic hypothermia between 1 January 2010 and
31 December 2014, in the Johns Hopkins Neuro Intensive Care Nursery. Neonatal controls
were selected from our pediatric MRI database, which includes all children at our institution
with brain MRI and DTI sequences between September 2010 and 31 December 2014
(approx. 10,000 DTI studies). The following inclusion criteria were used: (1) an age at MRI
of between 1 and 28 days, (2) a gestational age at birth of between 36 and 41 weeks, (3)
normal brain anatomy, (4) an absence of known or suspected neurological disorders, and (5)
the availability of DTI raw data without artifacts, thus enabling high-quality post-processing.
All neonatal controls who met the inclusion criteria were included in this study. Brain MRI,
including DTI data of the neonatal controls, was performed for clinical indications, such as
facial skin lesions or evaluation of soft-tissue pathologies confined to the head and neck
region.

Demographic data and clinical information were prospectively collected and included
maternal and birth history, Apgar score, and cord-blood gas measurements (pH and base
eXcess).
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Acquisition of MRI Data

All brain MRI studies were performed on a 1.5-tesla clinical scanner (Siemens, Erlangen,
Germany) and included isotropic three-dimensional T1-weighted and axial T2-weighted
images, susceptibility-weighted imaging, and a single-shot spin echo, echo planar axial DTI
sequence with diffusion gradients along 20 non-collinear directions (effective high b value
of 1,000 ss/mm?2). We performed an additional measurement without diffusion weighting (6=
0 s/mm2). For the acquisition of DTI, the following parameters were used: repetition time
8,500 ms, echo time 86 ms, slice thickness 2.0 mm, field of view 240 x 240 mm, and matrix
size 192 x 192. A parallel-imaging integrated parallel acquisition technique 2 with
generalized autocalibrating partial parallel acquisition reconstruction was used. The
acquisition was repeated twice to enhance the signal-to-noise ratio. Imaging was typically
performed with the advantage of an MRI-compatible incubator (LMT, Germany). The DTI
acquisition protocol was assessed weekly and was stable throughout the study period.

Qualitative MRI Analysis

All patients were grouped into 4 degrees of HIE severity based on conventional and
advanced (trace of diffusion and apparent diffusion coefficient [ADC] maps) sequences by a
pediatric neuroradiologist (T.B.) and a pediatric neurologist (A.P.) in consensus: (1) normal,
(2) injury of the periventricular white matter (T2-hyperintense signal or restricted diffusion)
= mild injury, (3) injury of the basal ganglia/thalamus or cortex = moderate injury, and (4)
injury of the basal ganglia/thalami and cortex = severe injury (modified from Barkovich et
al. [18]). In addition, all studies were qualitatively assessed for the presence of cerebellar
injury (focal ischemia, hemorrhage, or edema).

Quantitative DTl Analysis

DTI raw data were transferred to an off-line workstation for further post-processing.
DTIStudio, DiffeoMap, and ROIEditor software were used. The raw DTI data were first
coregistered to at least 1 image and corrected for eddy current and subject motion using a
12-mode affine transformation. The following maps were generated: fractional anisotropy
(FA), color-coded FA, and trace of diffusion. Regions of interest (ROIs) were manually
drawn, covering the bilateral thalami, superior (SCP), middle (MCP), and inferior (ICP)
cerebellar peduncles, and the dentate nucleus using axial trace of diffusion and color-coded
FA maps (Fig. 1). For each structure analyzed, 3 different ROIs on contiguous slices were
placed, and the mean FA and trace-of-diffusion values were calculated. ROIs were placed
manually by 1 blinded study team member (M.W.W.) and confirmed by a second blinded
study team member (A.P.). Mean diffusivity (MD) values were subsequently calculated
using the following formula: MD = trace of diffusion/3.

Statistical Analysis

First, paired ftests were used to test for differences between the right and left side in the FA
and MD values of the thalami, SCP, MCP, ICP, and dentate nuclei. No differences were
found. Therefore, averages of the right and left values were used for further analysis. In
order to control for gestational age, age at the time of MRI, and MRI category, multivariable
linear regression analysis of cerebellar DTI scalars of all neonates with HIE and
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hypothermia and neonatal controls was performed. A subgroup analysis of neonates with
severe HIE and hypothermia (categories 3 and 4 based on the qualitative analysis) and
neonatal controls, which was not adjusted for MRI category, was also performed. The
Spearman rank correlation was performed to correlate cerebellar DTI scalars with DTI
scalars of the thalami, partialling out gestational age, age at MRI, and MRI category.
Analyses were performed using SAS software v9.3 (SAS Institute, Inc., Cary, NC, USA).
All tests were 2-sided, and observed differences were considered statistically significant
when p < 0.05. No adjustment was made for multiple comparisons. The statistical analysis
was performed by a certified statistician (K.A.C.).

Patients and Controls

Between 1 January 2010 and 31 December 2014, 125 neonates with HIE underwent
therapeutic whole-body hypothermia treatment in our tertiary pediatric hospital. Sixty-eight
neonates were excluded due to lacking DTI data (n7 = 65), significant artifacts (#7= 1), or the
premature discontinuation of hypothermia (n7= 2). Fifty-seven fulfilled the inclusion criteria
for this study (23 females), and the median gestational age was 39 weeks (range 35-42
weeks). Twelve neonatal control patients were eligible for inclusion. Brain MRIs of the
patients were performed at a median age of 9 days (range 4-15 days); brain MRIs of the
controls were performed at a median age of 7.5 days (range 1-15 days). Characteristics of
patients and controls are shown in Table 1.

Qualitative MRI Analysis

The MRI studies of the neonates with HIE and hypothermia were grouped as following: 11
(19%) in category 1 (normal), 38 (67%) in category 2 (mild injury), 3 (5%) in category 3
(moderate injury), and 5 (9%) in category 4 (severe injury). No patients had evidence of
cerebellar injury, based on a qualitative analysis of conventional and DTI images. The MRI
category for all controls was 0.

DTI Analysis

The cerebellar DTI scalars for the patients and controls are summarized and compared in
Table 2. There were no significant differences in FA and MD between HIE patients and
neonatal controls for the studied anatomical structures. However, there were significant
differences in FA of the MCP (0.294 vs. 0.380, p < 0.001) and MD of the SCP (0.920 vs.
1.007 x 1073 mm/s2, p= 0.001) between the subgroup of patients with moderate-to-severe
HIE (categories 3 and 4 based on a qualitative analysis of the MRI studies) and neonatal
controls (Table 3).

Patients' median values of FA and MD of the thalami were 0.166 (range 0.114-0.230) and
1.039 x 1073 mm/s? (range 0.704-1.389 x 103 mm/s?), respectively. The results of the
correlation between thalamic and cerebellar involvement are shown in Table 4. There were
significant positive correlations between (1) FA values within the thalami and SCP, ICP, and
dentate nuclei (Fig. 2 a), and (2) MD values within the thalami and MCP, ICP, and dentate
nuclei (Fig. 2 b). These correlations were most robust for the dentate nuclei.
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Discussion

The human cerebellum has been thought to be resistant to pre- and perinatal HIE. The
typical reported patterns of injury in HIE involve the cerebrum and brainstem, and have been
extensively described [6, 14]. Reports of cerebellar involvement in HIE are rare [19-21].
Recently, 2 studies revealed a high rate of cerebellar injury in neonatal HIE, using
neuropathology and advanced MRI sequences. Aderliesten et al. [15] performed a
histopathological analysis of the brains of 23 neonates with HIE who died within 7 days
after birth. Activated microglia and macrophages were found in the cerebellar cortex and
white matter in the majority (83%) of cases. Building on these results, Kwan et al. [16]
described abnormal DTI measurements, i.e., increased ADC and decreased FA, in the
cerebellar peduncles of asphyxiated neonates. Like these studies, we have shown that
cerebellar injury, undetectable by qualitative MRI evaluation alone, can be detected using
advanced MRI sequences. We additionally show that for patients with severe HIE, DTI
metrics differ from those of neonatal control patients.

Cerebellar injury in neonatal HIE has also been shown in animal studies. In piglets, models
of perinatal hypoxia demonstrate cerebellar injury [22-24]. In fetal sheep, Purkinje cell
death and reduced cerebellar strata occur following hypoxia/asphyxia insults [25]. In mice,
reduced cerebellar volumes occurred at postnatal day 18 (p18) in male mice with HIE that
were treated with therapeutic hypothermia on p10 [26]. In rats, the data on cerebellar injury
in neonatal HIE are mixed. In p16-18 rats, Purkinje cells were shown to be vulnerable to
injury and HIE, in part due to increased autophagy [27]. In a slightly less-mature rodent
model of HIE, with injury induced at p7, the cerebellum was largely spared [28, 29]. In
animal studies, the presence of cerebellar injury likely depends on the type of animal, its age
at injury, and the study design.

Our results show that severe neonatal HIE may affect the cerebellar peduncles. Significant
differences in DTI scalars were found between the subgroups of neonates with moderate and
severe HIE (injury of the basal ganglia/thalamus and/or cortex) and neonatal controls. In
addition, FA and MD measurements in the cerebellar peduncles and dentate nuclei showed a
positive correlation with thalamic DTI scalars. This suggests a correlation between
cerebellar and thalamic injury, as a marker of HIE severity, and that cerebellar injury in HIE
is unlikely to occur in isolation. Our results are in agreement with previous work. Sargent et
al. [19] showed atrophy of the cerebellar vermis on follow-up MRI studies of patients who
had severe acute neonatal HIE with thalamic involvement, while vermian atrophy was not
seen in patients who had a prolonged partial asphyxia. Connolly et al. [21] reported an
abnormal T2-hyperintense signal in the anterior lobe of the cerebellar vermis in 18 of 30
patients who had acute neonatal HIE, and also a positive correlation between vermian injury
and the severity of HIE based on neuroimaging findings and extremely low Apgar scores (0—
1). All neonates with cerebellar injury reported by Alderliesten et al. [15] died; these
patients had likely suffered from severe neonatal HIE.

In our study, no patients had evidence of cerebellar injury by qualitative (“eye balling™)
evaluation of conventional MRI sequences and DTI (trace of diffusion and ADC) maps.
Quantitative DTI analysis, however, revealed significant differences in DTI scalars of the
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cerebellar structures when comparing the neonates with severe HIE and the neonatal
controls. For the purpose of this study, a systematic qualitative evaluation of the cerebellum
was performed by 2 physicians with extensive experience in the field of pediatric
neuroimaging. It is unlikely that obvious cerebellar injuries were overlooked. Instead, it is
likely that cerebellar injuries were subtle and/ or diffuse and unable to be detected by
qualitative evaluation alone. With other conditions, including cerebral palsy, Williams
syndrome, and Rett syndrome, quantitative evaluation of DTI data has been shown to detect
mild abnormalities that remain undetected by qualitative image evaluation alone [30].
Quantitative, objective DTI scalars can additionally be studied as predictors of motor,
cognitive, and behavioral outcome. Quantitative analysis of DTI data should be included in
the neuroimaging evaluation of neonates with severe HIE, so as to fully assess the extent of
injuries and provide potential predictors of outcome.

This study is limited by its small sample size and warrants confirmation in a larger cohort.
Furthermore, while our control cohort was carefully screened for possible neurologic
abnormalities, we cannot ensure that all neonates had normal baseline DT measurements.
ROIs were drawn manually, making the analysis observer-dependent; future studies are
warranted to ensure our results hold true with automated techniques. More advanced
analysis techniques, including neurite orientation dispersion and density imaging, may offer
additional insight into the nature of FA changes. Nonetheless, we are confident that none of
these limitations impacted our primary result: that cerebellar DTI measures are abnormal in
neonates with severe HIE. Patients in our clinical cohort were identified and treated using
previous published criteria that have been widely adopted internationally; we expect these
results to be generalizable to other clinical cohorts of severely encephalopathic neonates.

In summary, our results suggest that infants with severe HIE may have injury of the neonatal
cerebellar white-matter tracts, which appears undetectable by the qualitative analysis of
neuroimaging data alone. Cerebellar DTI scalars correlate with thalamic measures,
highlighting that cerebellar injury is unlikely to occur in isolation and may be linked to the
severity of HIE. The impact of cerebellar injury on long-term neurodevelopmental outcome
warrants further study.
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Fig. 1.

a i\xial trace of diffusion map shows the positioning of the regions of interest (ROISs)
covering the bilateral thalami. b—d Axial color-coded fractional anisotropy maps show the
positioning of the ROIs within the bilateral superior cerebellar peduncles (b), dentate nuclei
(c), and middle and inferior cerebellar peduncles (d) in 1 representative neonate with
hypoxic-ischemic encephalopathy and hypothermia therapy.
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Fig. 2.

Scatterplots showing changes in fractional anisotropy (FA) (a ) and mean diffusivity (MD)
(b) of the dentate nuclei in relation to the thalami. A positive correlation is seen between FA
and MD within the dentate nuclei and thalami, respectively.
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Table 1
Demographic and clinical characteristics of neonates with HIE and hypothermia therapy

and controls

Characteristics HIE (n =57) Controls (n =12)
Females, n 23 (40%) 6 (50%)
Gestational age, weeks 39 (35-42) 39 (36-41)

5-min Apgar score 4 (0-9) 9 (4-9)

10-min Apgar score 6 (2-10) n.a.

Cord pH 6.96 (6.60-7.44) n.a.

Base excess, mmol/L 15 (5-30) n.a.

Values denote median (range), unless otherwise indicated. HIE, hypoxic-ischemic encephalopathy; n.a., not available.
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Table 2
Differences in cerebellar DTI scalars between 57 neonates with HIE and hypothermia
therapy and 12 neonatal controls
DTl scalars Anatomical region HIE, mean (95% CI)  Controls, mean (95% CI) pvalue
FA scp 0.337 (0.324-0.350)  0.325 (0.298-0.351) 0.38
MCP 0.317 (0.300-0.333)  0.339 (0.305-0.372) 0.21
ICP 0.267 (0.247-0.287)  0.296 (0.255-0.336) 0.17
Dentate nuclei 0.143 (0.131-0.156)  0.149 (0.124-0.174) 0.64
MD, x103 mm/s?>  SCP 0.970 (0.933-1.007)  0.994 (0.919-1.070) 0.53
MCP 1.109 (1.076-1.142)  1.074 (1.008-1.141) 0.31
ICP 0.995 (0.948-1.041)  0.991 (0.897-1.085) 0.94
Dentate nuclei 1.185(1.144-1.227)  1.232 (1.147-1.317) 0.28

DTI scalars have been adjusted for gestational age, age at the time of MRI, and MRI category by linear regression; least-squares means are

presented. DTI, diffusion tensor imaging; FA, fractional anisotropy; HIE, hypoxic-ischemic encephalopathy; ICP, inferior cerebellar peduncle;
MCP, middle cerebellar peduncle; MD, mean diffusivity; SCP, superior cerebellar peduncle.
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Table 3
Differences in cerebellar DT scalars between 8 neonates with severe HIE and
hypothermia therapy and 12 neonatal controls
DTl scalars Anatomical region HIE, mean (95% CI)  Controls, mean (95% CI) pvalue
FA ScP 0.347 (0.319-0.374)  0.328 (0.306-0.350) 0.28
MCP 0.294 (0.259-0.328)  0.380 (0.352-0.408) <0.001
ICP 0.277 (0.237-0.316)  0.289 (0.258-0.321) 0.60
Dentate nuclei 0.140 (0.118-0.161)  0.156 (0.138-0.173) 0.24
MD, x103 mm/s2  SCP 0.920 (0.884-0.956)  1.007 (0.977-1.036) 0.001
MCP 1.106 (1.061-1.151)  1.090 (1.053-1.127) 0.57
IcP 0.988 (0.944-1.033)  0.981 (0.945-1.017) 0.78
Dentate nuclei 1.184 (1.083-1.285)  1.199 (1.117-1.281) 0.82

Statistically significant differences are in bold type. DTI scalars have been adjusted for gestational age and age at the time of MRI by linear
regression; least-squares means are presented. DTI, diffusion tensor imaging; FA, fractional anisotropy; HIE, hypoxic-ischemic encephalopathy;
ICP, inferior cerebellar peduncle; MCP, middle cerebellar peduncle; MD, mean diffusivity; SCP, superior cerebellar peduncle.
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Table 4
Results of the Spearman rank partial correlation of cerebellar DTI scalars with DTI

scalars of thalami in 57 neonates with HIE and hypothermia therapy

DTl scalars Anatomical region  Spearman corr. coefficient 5 y5)ye@

FA SCP 0.33 0.01
MCP 0.23 0.09
ICP 0.34 0.01
Dentate nuclei 0.59 <0.001

MD, x1073 mm/s?  SCP 0.26 0.06
MCP 0.37 0.006
ICP 0.35 0.01
Dentate nuclei 0.45 <0.001

Statistically significant correlations are in bold. DTI, diffusion tensor imaging; FA, fractional anisotropy; HIE, hypoxic-ischemic encephalopathy;
MD, mean diffusivity.

aAdj usted for gestational week, age at MRI, and MRI category.
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