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Cerebellar injury in term neonates with hypoxic—ischemic
encephalopathy 1s underestimated
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BACKGROUND: Postmortem examinations frequently show cerebellar injury in infants with severe hypoxic-ischemic

encephalopathy (HIE), while it is less well visible on MRI. The primary aim was to investigate the correlation between cerebellar
apparent diffusion coefficient (ADC) values and histopathology in infants with HIE. The secondary aim was to compare ADC values
in the cerebellum of infants with HIE and infants without brain injury.

METHODS: ADC values in the cerebellar vermis, hemispheres and dentate nucleus (DN) of (near-)term infants with HIE (n = 33)
within the first week after birth were compared with neonates with congenital non-cardiac anomalies, normal postoperative MRIs
and normal outcome (n = 22). Microglia/macrophage activation was assessed using CD68 and/or HLA-DR staining and Purkinje cell
(PQ) injury using H&E-stained slices. The correlation between ADC values and the histopathological measures was analyzed.
RESULTS: ADC values in the vermis (p = 0.021) and DN (p < 0.001) were significantly lower in infants with HIE compared to controls.
ADC values in the cerebellar hemispheres were comparable. ADC values in the vermis were correlated with the number and

percentage of normal PCs; otherwise ADC values and histology were not correlated.
CONCLUSION: Histopathological injury in the cerebellum is common in infants with HIE. ADC values underestimate

histopathological injury.

Pediatric Research (2021) 89:1171-1178; https://doi.org/10.1038/s41390-020-01173-z

IMPACT:

® ADC values might underestimate cerebellar injury in neonates with HIE.
® ADC values in the vermis and dentate nucleus of infants with HIE are lower compared to controls, but not in the cerebellar

hemispheres.

® Abnormal ADC values are only found when cytotoxic edema is very severe.
® ADC values in the vermis are correlated with Purkinje cell injury in the vermis; furthermore, there were no correlations between

ADC values and histopathological measures.

INTRODUCTION

Despite therapeutic hypothermia, hypoxic—ischemic encephalo-
pathy (HIE) following perinatal asphyxia is still an important cause
of mortality and morbidity in term-born neonates.' HIE can lead to
different long-term neurodevelopmental deficits, such as motor
impairment, cognitive and behavioral problems, and epilepsy.'™
Future neurodevelopmental outcome can be predicted based on
early injury patterns seen on neuroimaging.**> Magnetic resonance
imaging (MRI) is a very accurate and reliable neuroimaging
technique to visualize supratentorial patterns of hypoxic—ischemic
brain injury.>® Especially, diffusion weighted imaging (DWI) is a
frequently used MRI sequence in HIE, which has shown to be
accurate in detecting brain injury in infants with HIE.” DWI can
visualize the diffusion restriction of water molecules caused by
acute cytotoxic edema.® Furthermore, diffusion restriction can be
quantified by lower apparent diffusion coefficient (ADC)

measurements.® Research until now has shown that supratentorial
DWI is very well correlated with histopathology.® Furthermore,
ADC values of the basal ganglia and thalami are predictive for
neurodevelopmental outcome in HIE.'®"!

During the past decades, the main focus of neuroimaging in HIE
has been on the supratentorial brain structures. However, recent
literature has emphasized the vulnerability of the developing
cerebellum for hypoxic-ischemic events.'*'® The cellular and
network organization in the cerebellum change rapidly in the
third trimester and first months after birth.”*"'® The cerebellar
cortex receives afferent inputs from the cerebrum, spinal cord, and
vestibular nuclei via mossy and climbing fibers."””'® The Purkinje
cells (PC) are the only output neurons of the cerebellar cortex'?
and are connected to the cerebellar nuclei (the largest is the
dentate nucleus (DN)), which predominantly via thalamus are
connected back to the cerebral cortex.'®
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Historically, the cerebellum is especially known for its role in
motor control because cerebellar damage leads to impairments in
motor control and posture. However, it has become apparent that
the cerebellum also plays an important role in various cognitive
functions.’®?' Multiple studies have shown that there is an
association between peripartum cerebellar injury and autism
spectrum disorders in preterm born infants.?? In a meta-analysis
including preterm born infants, hemorrhages in the vermis led to
cognitive problems in 80% of the infants.”> Nevertheless, studies
about cerebellar injury on MRI in term neonates with HIE are
scarce. Clinical MR sequences as DWI and T1-weighted imaging
found little cerebellar injury in neonates with HIE.'>**** More
advanced MRI studies have identified cerebellar injury in HIE using
diffusion tensor imaging (DTI) in the first month after birth. Also
during follow-up, between 5 and 19 months, atrophy of the vermis
was seen in children with perinatal HIE on conventional
imaging.2'**

Only a few postmortem histopathological studies have been
performed, which all showed extensive cerebellar injury in infants
with severe HIE.>'>?° Especially PCs appear to be vulnerable to
hypoxia, which leads to altered morphology or necrosis of these
cells following perinatal hypoxia.'***?” Also the cerebellar nuclei,
e.g. DN, are vulnerable and this is probably important for
cerebellar functioning, since the connections between the
cerebellar hemispheres and cerebral cortex converge through
these nuclei.”®

There seems to be a discrepancy in cerebellar injury in infants
with HIE based on MRI and histology. It is important to elucidate
whether DWI can reliably diagnose cerebellar injury in infants with
HIE, because cerebellar injury might be associated with behavioral
and cognitive problems. Therefore, the primary aim of this study
was to investigate the correlation between the cerebellar ADC
values in the vermis, cerebellar hemispheres and DN on DWI and
the extent of histological cerebellar injury (cell death and
inflammation) in infants with HIE. The secondary aim was to
compare ADC values in the cerebellum of infants with HIE to
neonates without brain injury.

METHODS

Study population

In this retrospective study, we included (near-)term-born neonates
diagnosed with HIE, who died in the neonatal period and of whom
histological material was available and underwent an antemortem
DWI of the brain. All infants had to fulfill the therapeutic
hypothermia inclusion criteria, although half of them were born
before therapeutic hypothermia became standard of care in
2008." Exclusion criteria were a gestational age <36 weeks,
suspected genetic abnormalities, absence/poor quality of histolo-
gical material of the cerebellum, or absence/poor quality of the
DWI scan.

For the analysis of the DWI scans, we also included a group of
neonates with congenital non-cardiac anomalies, without under-
lying syndromes, with a normal postoperative MRI (range 3-13;
median 7.5 days after birth) and normal neurodevelopmental
follow-up at 18-24 months of age as a “control group”.

Parental consent for postmortem histopathological examination
of the brain was obtained for all patients. This study was approved
by the medical ethical committee (#18-167) as a “non-Medical
Research Act” study and the Biobank of the University Medical
Centre Utrecht approved to use the rest biomaterial for this
research (biobank #18-284).

Magnetic resonance imaging

MRI was conducted in the first week after birth in the HIE group
and within the first 2 weeks after birth in the control group using a
1.5 or 3.0 Tesla (T) MRI scanner (Philips Medical Systems, Best, The
Netherlands). Standard scan protocols included at least axial DWI
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Fig. 1 Region of interest template. The template for ADC
measurements at the level of the pons and vermis that was copied
to all scans and slightly adapted per patient.

and T1-weighted and T2-weighted images. ADC maps were
created as described in Alderliesten et al.’® The slice thickness was
4 mm for both 1.5 and 3.0 T MRI.

ADC values were measured in the vermis, cerebellar hemi-
spheres, and the left and right DN using Horos Imaging software
(The Horos Project, available at https://www.horosproject.org). A
region of interest (ROI) template was developed and copied to all
scans (Fig. 1). The ROl was manually adapted per patient if
necessary, because of the anatomical variances between patients.
The anatomy was verified using T1-weighted and T2-weighted MR
images and inclusion of cerebrospinal fluid in the ROl was avoided
at all times. ADC values were automatically measured within the
ROl. Two independent raters (KV.A. and L.M.) measured ADC
values in all patients to analyze interrater variability.

Postmortem analyses

The histopathological examination of the brains of the infants with
HIE was performed in the UMC Utrecht using the following
protocol: sections of various brain regions, including cerebellum
and vermis, were obtained after removing and fixing the brains in
4% buffered formalin for 3-4 weeks. After fixation, a transverse
section of the vermis and central section of the cerebellar
hemisphere with DN were sampled and embedded in paraffin.
Histological sections of 5-6 um thick were cut and mounted on
coated slides. Slides were stained with hematoxylin and eosin
(H&E) or with monoclonal antibodies against CD68 (Novo Castra,
Newcastle, UK) and HLA-DR (Dako, Glostrup, Denmark). The H&E
staining was used to study the morphology and number of PCs.
The CD68 and HLA-DR stains were used to visualize microglia and
macrophages activation.'> The tissue was photographed and
analyzed using a standard light microscope (Zeiss AXIO Lab.A1,
Oberkochen, Germany) and the ZEN 2.3 Lite software (Zeiss).

H&E staining—scoring Purkinje cells
Pictures were taken at six different locations in the vermis and
cerebellar hemispheres: (1) at the apex and (2) the base of the
anterior lobe, (3) at the apex and (4) the base of the posterior lobe
and (5) at the apex and (6) the base of the flocculonodular lobe. All
pictures were taken and analyzed at a magnification of 63 times.
PCs were scored as normal or abnormal (Fig. 2). A PC was scored
normal when the nucleus was clearly visible, light stained with a
clear nucleolus, and the cellular cytoplasm was slightly eosino-
philic and uniformly stained. A PC was scored abnormal when the
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Fig.2 Examples of histopathology. This figure shows examples of normal PCs (2a) and abnormal PCs (2b) in lobe 2 of the vermis of a patient
with severe HIE who died five days after birth and examples of CD68 staining (c) and HLA-DR staining (d).

nucleus was intensively dark stained and shrunken and when
there was dark stained, hyper-eosinophilic cytoplasm. PCs were
not included in the analyses when we were unable to identify a
nucleus, because it was unclear whether this was due to
hypoxic—ischemic injury or due to the way the slices were cut.

In every picture the number of normal and abnormal PCs were
counted, as well as the total number of PCs. The mean number
and percentage for all the analyzed locations within the vermis
and hemispheres were used for further analysis. PCs were counted
manually and the length of the PC layer was measured using
ImageJ (ImageJ program 1.47; National Institutes of Health, USA).
The number of PCs per 1000 um is reported in the main text.

H&E staining—scoring DN

The DN pictures were taken at three different locations spread
throughout the structure, also with a magnification of 63 times.
Neurons in the H&E-stained slices of the DN were also scored
normal or abnormal using the same criteria as for PC scoring (see
above). Only cells with a somatic diameter of at least 14 um were
taken into account, because cell characteristics were not reliably
assessable in smaller cells. The DN cell counts (normal, abnormal,
and total) were corrected for the measured surface in 0.1 mm?.

H&E staining—cytotoxic edema

The H&E-stained slices of the vermis, cerebellar hemispheres, and
DN were visually scored for cytotoxic edema. Cytotoxic edema
was scored as absent (no, 0 points), minimal, or focal cytotoxic
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edema (mild, 1 point), diffuse cytotoxic edema (moderate, 2
points), or very extensive cytotoxic edema (severe, 3 points) by an
experienced neonatal pathologist.

HLA-DR and CD68 staining

The slices stained with monoclonal antibodies for HLA-DR and
CD68 were scored according to a previously published method.’
The slices of the vermis, cerebellar hemispheres, and DN were
scored based on the magnification that was necessary to visualize
the stained microglia/macrophages: 0 points were given if there
was no staining visible (no staining), 1 point when staining was
visible with a magnification of x200 (mild staining), 2 points in
case a magnification of X100 was sufficient to visualize staining
(moderate staining), and 3 points if the staining was visible with a
magnification of x25 (severe staining).

Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics for
Windows, version 25 (IBM Armonk, New York, USA). The
correlation between the ADC measurements of the two raters
was calculated using intraclass correlation coefficient. Mean ADC
values between infants with HIE and controls were compared
using the independent t-test for parametric data and
Mann-Whitney U test for non-parametric data. The histopatholo-
gical measurements (number of normal PC per 1000 um and
percentage of normal PC of the total PC) were compared between
the different locations in the vermis and hemispheres using
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repeated measures ANOVA (between lobes). The correlation
between ADC values and the percentage and count of normal
PCs were analyzed with Pearson’s r coefficient for parametric and
Spearman’s rho for non-parametric data. The differences in mean
ADC values and count and percentage of normal PCs between the
different HLA-DR, CD68, and cytotoxic edema categories were
calculated with one-way ANOVA or Kruskal-Wallis H test. P values
below 0.05 were considered statistically significant.

RESULTS

Study population

Thirty-six term neonates with HIE who died and underwent cranial
autopsy in the Wilhelmina Children’s Hospital between 2000 and
2016 were included in this study. Of those infants, 33 infants were
included in the final analysis, two infants were excluded because
their antemortem MRI was of poor quality, and one because the
postmortem brain tissue was not available from the pathology
department. Twenty-two controls were included. Patient char-
acteristics are described and compared in Table 1.

Interrater variability ADC measurements

The interclass correlation of the ADC values between the two
different observers was good for the vermis (Cronbach’s a =0.95,
p <0.001), cerebellar hemispheres (Crohnbach’s a=0.95, p<
0.001), and DN (Cronbach’s a=10.92, p <0.001).

ADC values

Mean ADC values of cerebellar vermis (HIE: 785 + 113 x 106 mm?/s;
controls: 859 + 72 x 10~® mm?/s; p = 0.009) and the DN (HIE: 1004 +
152x 10 °mm?/s; controls: 1140+82x 10 ®mm?/s; p <0.001)
were significantly lower in neonates with HIE compared to controls,
but there were no significant differences in ADC values of the
cerebellar hemispheres (HIE: 1072+ 121 x 1079 mm?/s; controls:
1115 £89x 10" mm?/s; p = 0.162) (Fig. 3a, b). ADC values in the
infants with HIE were not correlated with postnatal age at MRI.

Histopathology

The count of normal PCs per 1000 um and the percentage of
normal PCs were similar in the anterior, posterior, and flocculo-
nodular lobe of the vermis (p=0.21) as well as in the anterior,

Table 1. Patient characteristics.
Patient characteristics Hypothermia No hypothermia P value HT Controls P value HIE vs.
(n=20) (n=13) vs. non HT (n=22) controls
Gender, n males (%) 12 (60.0%) 9 (69.2%) 0.59 13 (59.1%) 0.73
Gestational age in weeks, mean (SD) 39.8 (1.6) 40.1 (1.3) 0.64 39.6 (1.5) 0.49
Apgar 1 min, median (IQR) 1 (0-3) 2 (1-4) 0.91 9 (8-9) p <0.001
Apgar 5 min, median (IQR) 3 (0-4) 5 (2-6) 0.06 10 (9-10) p <0.001
Birth weight in grams, mean (SD) 3406 (523) 3363 (455) 0.81 3272 (686) 0.49
pH, mean (SD) 6.86 (0.19) 7.05 (0.19) 0.01 n/a n/a
Sarnat, n (%) 0.52 n/a
Moderate 7 (35.0%) 6 (46.2%) n/a
Severe 13 (65.0%) 7 (53.9%) n/a
Predominant type of supratentorial 0.99 n/a
brain injury, n (%)
Watershed 3 (15.0%) 2 (15.4%) n/a
Basal ganglia thalami 12 (60.0% 8 (61.5%) n/a
Near total injury 5 (25.0%) 3 (23.1%) n/a
Field strength MRI, n (%) <0.001 0.002
1.5 Tesla 0 (0.0%) 11 (84.6%) 0 (0.0%)
3.0 Tesla 20 (100.0%) 2 (15.4%) 22 (100.0%)
Postnatal age at MRI in days, 4.0 (3.0-4.8) 2.0 (1.0-4.5) 0.02 7.5 (5.0-9.0) p <0.001
median (IQR)
Postnatal age at death in days, 4.5 (3.0-5.0) 4.0 (2.0-6.0) 0.95 n/a n/a
median (IQR)
Days between MRI and death, 0.0 (0.0-1.0) 1.0 (0.5-1.0) 0.05 n/a n/a
median (IQR)
a b
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Fig. 3 Differences in ADC values between infants with HIE and controls. Mean ADC values in infants with HIE (n = 33) and controls (n = 22)

in the vermis (a) and the DN (b).
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posterior, and flocculonodular lobe of the cerebellar hemispheres
(p =0.75). There was no correlation between the timing of death
and number of normal PCs per 1000 um (r; =0.08, p = 0.67) and
percentage of normal PCs (r, = 0.07, p = 0.68).

The median histological cytotoxic edema score was 2 (IQR 1-2)
in the vermis, 1 (IQR 0-2) in the cerebellar hemispheres, and 1.5
(IQR 1-2) in the DN. There were no differences in number and
percentage of normal PCs between infants with no, mild,
moderate, and severe cytotoxic edema in the vermis and
cerebellar hemispheres. In the DN, the number of normal neurons
(p=0.001) and percentage of normal neurons (p=0.01) were
lower in case of more severe cytotoxic edema. Also see
Supplementary Fig. 1. The postnatal age of death was not
significantly different between infants with no, mild, moderate,
and severe cytotoxic edema based on the H&E-stained slices.

The median CD68 score in the vermis was 2 (IQR 2-3) and HLA-
DR score 2 (IQR 0-3). In the cerebellar hemispheres the median
CD68 score was 2 (IQR 2-3) and the median HLA-DR score 1 (IQR
0-3). In the DN the median CD68 score was 2 (IQR 0-3) and HLA-
DR score 0 (IQR 0-3). The count of normal PCs per 1000 um and
percentage of normal PCs in the cerebellar vermis were
comparable between the HLA-DR and CD68 categories in the
cerebellar vermis. The same applied to the PCs in the hemispheres
and the neurons in the DN. Also see Supplementary Fig. 1. Infants
with HIE that had more activation of microglia and macrophages
did not have more PC injury compared to infants with HIE with
less activation.

The postnatal age at death was not significantly different
between the different HLA-DR and CD68 categories, except for the
CD68 staining in the DN (p =0.024) in which the patients with
score 0 died at a median of 5 days after birth and the infants with
score 3 at a median of 3 days after birth.

ADC values vs. histopathology

The ADC values in the vermis were significantly correlated with
the amount of normal PC per 1000 um and the percentage of
normal PCs in the vermis. In the cerebellar hemispheres and DN
there was no correlation between the ADC and the neuron/PC
measures (Fig. 4a, ¢, e).

ADC values in the cerebellar hemispheres, vermis, and DN did
not differ between no, mild, moderate, and severe CD68-stained
slices of these structures (Fig. 4b, d, f). The same is applied to HLA-
DR staining. The patients with low ADC values in the hemispheres
did have severe CD68 staining of the hemisphere and the patient
with low ADC values in DN did have severe CD68 and HLA-DR
staining of the DN (Fig. 4d, e).

The median ADC values in the vermis were not significantly
different between infants with no, mild, moderate, and severe
histopathological cytotoxic edema of the vermis (p =0.08). The
mean ADC values in the cerebellar hemispheres were also not
significantly different between infants no, mild, moderate, and
severe histopathological cytotoxic edema of the hemispheres
(p =0.36). The ADC values in the DN were comparable between
the cytotoxic edema categories in the DN (p = 0.70). See Fig. 5.

DISCUSSION

This study showed that infants with HIE had lower ADC values in
the vermis and DN compared to controls, but not in the cerebellar
hemispheres. ADC values in the vermis were correlated with the
number of normal PCs in the vermis; furthermore, there were no
correlations between ADC values and histology measures.

The lower ADC values, suggestive of cytotoxic edema, in the
vermis and DN imply that it is possible to detect hypoxic injury in
these structures with ADC maps. There were two patients with
clear abnormalities on both the DWI and ADC map, so when
cytotoxic edema is very severe, the ADC map will detect this.
However, in the hemispheres there were no differences between
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the HIE group and controls; although in case of severe HIE severe
cytotoxic edema in the hemispheres is to be expected.” We
hypothesize that only parts of the hemispheres show diffusion
restriction and that by measuring the whole hemisphere, this
effect is levelled out. Though ADC values did not reveal cerebellar
injury in the majority of the cases, there was cerebellar
histopathological injury in most of the patients. As expected, PC
injury was histologically confirmed in the neonates with HIE. PCs
fire action potentials at high frequencies of ~100 Hz, and can even
achieve frequencies up to 500 Hz when triggered by climbing
fibers.?® This high firing rate combined with a large membrane
surface sums up to an extraordinary high metabolic demand of
PCs and high vulnerability for hypoxic-ischemic injury.3® In
addition, the high susceptibility of cerebellar PCs for
hypoxic-ischemia, as evidenced by the present study, can be
explained by their decreased ability to minimize excitotoxic
glutamate release in the acute hypoxic-ischemic state.®>'

Infants with HIE also showed signs of neuroinflammation, in
that we found macrophages and microglia stained with mono-
clonal antibodies for CD68 and HLA-DR in the cerebellar vermis,
hemispheres, and DN. However, PC injury was not associated with
the severity of macrophage and microglia activation. This implies
that the inflammation is not (solely) caused by PC injury. The PCs
are the main output cells of the cerebellum and therefore very
important. However, granular cell injury is also described after
hypoxic-ischemia and this process might lead to additional
inflammation.'>'® CD68-stained macrophages and microglia were
in an earlier study especially found in the granular layer and white
matter and less frequently in the PC layer, which supports this
theory.3? Another explanation might be that the inflammation
markers are time dependent.”*?> We did not find an effect of
postnatal age at death in our study, except for CD68 staining in
the DN, but this effect was the opposite of what we expected
based on earlier studies.>? The effect of timing between the
ischemic insult and death on these CD68 and HLA-DR results
cannot be ruled out because of the small sample size. The same is
applied for histopathological cytotoxic edema: additional anti-
bodies, such as calbindin, are valuable to further investigate
cerebellar injury in the future.'?

ADC values and histopathological injury of the cerebellum were
not correlated, except for ADC values in the vermis and number
and percentage of normal PCs. This means that even if the DWI
and ADC values are in the reference range, this does not rule out
cerebellar injury. An underestimation of cerebellar injury with MRI
in neonates with HIE is in agreement with earlier literature.>2>>334
Kwan et al.?® studied 172 infants with HIE that were treated with
therapeutic hypothermia and found cerebellar injury in only 4% of
this group using conventional imaging. However, histopathologi-
cal cerebellar injury was found in 72% of the 14 infants that
underwent autopsy. This study does support that conventional
imaging underestimates cerebellar injury even more than DWI.
Alderliesten et al.? reported cerebellar abnormalities in 61% of the
patients with HIE based on DWI and in 83% of the patients based
on histopathological analysis. In the same study there was a very
good correlation between DWI and histopathology for the
supratentorial brain structures.® The reason for the underestima-
tion of cerebellar injury with MRI is not entirely clear. We found
that ADC values did not significantly differ between infants with
no, mild, moderate, and severe cytotoxic edema based on
histopathology. The two patients with severe histopathological
cytotoxic edema in the vermis and DN did have very low ADC
values. So, cytotoxic edema is only detectable on DWI if the
edema is severe and diffuse. Furthermore, histopathological
cytotoxic edema was not associated with PC injury, so even
without cytotoxic edema there still might be cerebellar injury. Our
study suggests that ADC values of the vermis are most reliable; it
does show differences between the HIE and control group and it is
associated with the count and percentage of normal PCs. When
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Fig. 4 Comparisons between ADC values and histopathology in infants with HIE. The percentage of normal PCs/neurons is presented at
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hemispheres. d The ADC values in the cerebellar hemispheres were not different among the CD68 categories (p = 0.59) and the HLA-DR
categories (p = 0.64) in the hemispheres. e ADC values in the DN were not correlated with the count of normal neurons per 0.1 mm? in the DN
(rs=0.29, p = 0.11) nor with the percentage of normal neurons (r; = 0.25, p = 0.17). f The ADC values in the DN were comparable between the
different CD68 categories (p = 0.46) and the HLA-DR categories (p = 0.26) in the DN.
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interpreting the ADC values, it is important to realize that
pseudonormalization of ADC values occurs about a week after
the hypoxic-ischemic event in the cerebrum in infants without
therapeutic hypothermia, and a few days later in infants with TH.>®
The timing of pseudonormalization of ADC values in the
cerebellum is unknown. Despite the fact that timing of MRI and
death was not significantly associated with the ADC values, the
effect of pseudonormalization cannot be ruled out.

Other MR sequences might be more useful to diagnose
cerebellar injury in neonates with HIE. For example, Lemmon
et al?* showed that fractional anisotropy based on DTl was
associated with cerebellar injury and outcome. Including DTl in a
future prospective study and comparing this to histopathology
would be interesting.

There are some limitations to this study. First, this was a
retrospective study, meaning that not all microscopic slices were
cut at the same position in the cerebellar hemispheres or vermis
and only one slice per structure was available. Also, different
protocols for DWI were used. Both might have caused some
variability in the results. In addition, the control group of infants
with a surgical intervention is not a healthy control group.
However, by verifying that their MRI showed no supratentorial or
infratentorial abnormalities and their neurocognitive follow-up
was normal at 24 months of age, it is justifiable to use this group
as a control group. Furthermore, for the histopathological group, it
would be useful to have a control group; however, there is no
autopsy tissue of healthy term-born neonates available. Finally,
our study population was rather small; especially the number of
slices of the vermis was limited. A larger study population with
sufficient tissue of all patients would have provided more
statistical power and would have enabled us to investigate, for
instance, the effect of the postnatal age of death on the results.
Nevertheless, to the best of our knowledge, this is one of the
largest studies to date comparing MRI to histopathology in
neonates with HIE. It is a unique dataset with neonatal human
postmortem tissue and we were able to use quantitative MRI
measurements, which was proven to be reproducible by different
raters.

Future research should focus on elaborate staining of the
cerebellum to study the injury in infants with HIE in more depth.
Additionally, it would be interesting to explore the pattern of PC
injury in the cerebellum in more detail. Finally, more research is
needed to study the association between ADC values of the
cerebellum and neurocognitive outcome. Prospective research is
necessary to answer this question.

CONCLUSIONS

In conclusion, ADC values were lower in the vermis and DN of
infants with HIE compared to controls, but similar in the cerebellar
hemispheres. Only very severe cytotoxic edema can be detected
with ADC measurements. ADC values in the vermis were
significantly correlated with PC injury; therefore, abnormal ADC
values in the vermis are in the current study, the most
representative for histopathological injury. Furthermore, there
were no correlations between ADC values and histopathological
measures, though histopathological injury was found in all
quantified cerebellar structures, implying that normal ADC values
do not guarantee a lack of injury to the cerebellum.
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