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Abstract: Premature birth globally affects about 11.1% of all newborns and is a risk factor for neurode-
velopmental disability in surviving infants. Histology has suggested that hindbrain subdivisions grow
differentially, especially in the third trimester. Prematurity-related brain injuries occurring in this
period may selectively affect more rapidly developing areas of hindbrain, thus accompanying region-
specific impairments in growth and ultimately neurodevelopmental deficits. The current study aimed
to quantify regional growth of the cerebellum and the brainstem in preterm neonates (1 = 65 with
individually multiple scans). We probed associations of the regional volumes with severity of brain
injury. In neonates with no imaging evidence of injury, our analysis using a mixed-effect linear model
showed faster growth in the pons and the lateral convexity of anterior/posterior cerebellar lobes.
Different patterns of growth impairment were found in relation to early cerebral intraventricular
hemorrhage and cerebellar hemorrhage (P < 0.05), likely explaining different mechanisms through
which neurogenesis is disrupted. The pattern of cerebellar growth identified in our study agreed excel-
lently with details of cerebellar morphogenesis in perinatal development, which has only been
observed in histological data. Our proposed analytic framework may provide predictive imaging bio-
markers for neurodevelopmental outcome, enabling early identification and treatment of high-risk
patients. Hum Brain Mapp 37:678—688, 2016.  © 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Premature birth is an established risk factor for motor,
cognitive, and behavioral disability in surviving infants; it
affected approximately 520,000 newborns (11.1%) in 2010
[Blencowe et al., 2012]. Magnetic resonance imaging (MRI)
is increasingly used to provide in vivo high-resolution
images of the brain parenchyma in preterm newborns.
Imaging evidence of supratentorial intraventricular hemor-
rhage, white matter injury, hydrocephalus and cerebellar
hemorrhage is often found in preterm newborns, and has
been associated with neuromotor and cognitive deficits in
early childhood [Hoekstra et al., 2004; Miller et al., 2005].
However, association of low-grade injuries with neurode-
velopmental outcome has not been evident [Imamura
et al., 2013; Payne et al., 2013]. Delayed cerebellar growth
in preterm newborns has been associated with imaging
evidence of supratentorial and infratentorial hemorrhage.
Cerebellar volumes have also been used as a predictor of
short- and long-term developmental outcomes in preterm
born children [Barkovich et al., 2001; Lind et al., 2011;
Parker et al., 2008; Skiold et al., 2014; Van Kooij et al.,
2012].

The cerebellum grows dramatically from 4 weeks post-
conception through the early postnatal period. In particu-
lar, its growth rate is quite rapid when compared with the
cerebrum during the last half of gestation and the first
postnatal year [Knickmeyer et al., 2008; Rakic and Sidman,
1970; Sidman and Rakic, 1973]. Cerebellar cells initially
develop from two germinal zones: the ventricular zone of
the fourth ventricle, where the GABAergic Purkinje cells
develop, and the rhombic lip that develops in the lateral
walls of the roof of the fourth ventricle and produces glu-
tamatergic granule cells [Gilthorpe et al., 2002; ten Donke-
laar et al., 2003; Wang and Zoghbi, 2001]. In early embryo
stages, granule cells migrate over the cerebellar surface to
form the external granular layer (EGL), which is stimu-
lated to generate new cells during late embryogenesis and
early perinatal/postnatal period by sonic hedgehog
secreted by Purkinje cell neurites that extend into the EGL.
Thus, the EGL also functions as a germinal zone for gran-
ule cells and other glutamatergic neurons [Sotelo, 2004].
The granule cells in the EGL begin migration to their
deeper definitive site, the internal granular layer, in late
fetal development and early postnatal development until
the second postnatal year [ten Donkelaar et al., 2003]. Ani-
mal studies have suggested that cerebellar subdivisions of
EGL grow differentially due to distribution of Purkinje
cells that spread primarily in the anteroposterior plane
and cluster distinctively through differential molecular sig-
naling [Dastjerdi et al., 2012]. A fetal histological study has
also confirmed the different growth trajectories of cerebel-
lar lobes, especially during the third trimester [Nowakow-
ska-Kotas et al., 2014]. Brain injuries that occur in this
period may have a greater effect upon cerebellar areas that
grow more rapidly, resulting in region-specific impair-
ments in cerebellar growth.

Animal and pathologic studies have revealed complex
polysynaptic connections between the various cerebral
cortical regions, deep gray cerebral nuclei, brainstem and
cerebellum through cortico-ponto-cerebellar projections.
Dysfunction in the cerebrum, brainstem or cerebellum,
anywhere along these pathways, may thus disrupt such
pathways [Geva et al, 2014; Van Braeckel and Taylor,
2013]. However, brainstem development has been rarely
studied [Holland et al., 2014] and differences in premature
infants are not well understood.

In vivo MRI with advanced image processing and mor-
phometry is capable of assessing regional brain growth.
Particularly, surface-based morphometry approaches dem-
onstrate sensitivity to macroscopic changes of structural
boundaries [Joo et al., 2014; Kim et al., 2013].

The goal of this study was to quantify the regional
growth of the hindbrain in preterm neonates, and subse-
quently determine associations of growth perturbations
with conventional imaging patterns of injury. As perinatal
and postnatal clinical factors may affect cerebellar growth
[Tam et al., 2011a], we also assessed their effects and
included those with significant effects as covariates in our
model in order to identify independent effects of imaging
evidence of brain injury.

METHODS
Subjects

We studied 65 preterm newborns (mean postmenstrual
age [PMA]= 28.6*+2.0 weeks; range 24.1-32.2 weeks)
admitted to the neonatal intensive care nursery at the Uni-
versity of California, San Francisco (UCSF) between July
2011 and March 2015. Exclusion criteria included (i) clini-
cal evidence of a congenital malformation or syndrome,
(if) congenital infection, and (iii) newborns too clinically
unstable for transport to the MRI scanner. Parental consent
was obtained for all cases following a protocol approved
by the institutional Committee on Human Research. Cus-
tomized MRI-compatible incubators with specialized head
coils were used to provide a quiet, well-monitored envi-
ronment for neonates, minimizing patient movement and
improving the signal-to-noise ratio. All patients were
scanned postnatally as soon as clinically stable, and 38
patients were rescanned before discharge at late preterm
age (34-39 weeks corrected gestational age). Due to severe
motion artifact, 9 baseline scans and 6 follow-up scans
were excluded, leaving 56 baseline (PMA=324+1.9
weeks) and 32 follow-up (36.1 = 1.6 weeks) scans. No sub-
ject was however excluded among the initial 65 newborns
who had an acceptable baseline or follow-up scan or both.
Sedation was used only with parental consent and when
subjects moved, resulting in imaging artifact. Approxi-
mately 50% of the cohort received sedation, usually pento-
barbital in small doses.
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MRI Acquisition

MRI scans were acquired on a 3-Tesla General Electric Dis-
covery MR750 system (GE Medical Systems, Waukesha, WI,
USA) using a specialized high-sensitivity neonatal head coil
built within a custom-built MRI-compatible incubator. T1-
weighted images were acquired using sagittal 3-dimensional
inversion recovery spoiled gradient echo (3D IR-SPGR) (repe-
titon time [TR]=minimum; echo time [TE]=minimum;
inversion time of 450 ms; field of view [FOV]=180 mm; num-
ber of excitations [NEX]=1.00; Flip angle [FA]=15°), and
were reformatted in the axial and coronal planes, yielding
images with 0.7x0.7xImm? spatial resolution, to look at sur-
face anatomy and brain distortions due to malformation or
prior (subacute to chronic) injury. Axial FSE-XL T2-weighted
images were acquired to look for areas of encephalomalacia
or malformations using the parameters TR=5000 ms;
TE=120 ms; FOV=200 mm; NEX=2.0; slice thickness=3mm.
Susceptibility-weighted images (SWI) were acquired to look
for hemorrhages and calcifications with the parameters
TR=46 ms; TE=28 ms; FA= 20°; FOV=180 mm; NEX=1.0;
slice thickness=2.0 mm. The scan times for T1lw, T2w and
SWI were approximately 3.5, 2.5 and 5 minutes, respectively.

Diagnosis of Neonatal Brain Injuries

Two pediatric neuroradiologists (A.].B., M-L.H) blinded
to patient history reviewed patient MRI scans including 3-D
T1 and axial T2-weighted sequences, as well as SWI when
available (n = 30). Presence and severity of intraventricular
hemorrhage (IVH), hydrocephalus (= ventriculomegaly),
white matter injury (WMI), and cerebellar hemorrhage
(CbH) was evaluated. Consensus scores were generated for
IVH using the scoring system of Papile (0: absent; 1: germi-
nal matrix hemorrhage; 2: intraventricular hemorrhage; 3:
intraventricular hemorrhage with hydrocephalus; 4: paren-
chymal hemorrhage, usually periventricular hemorrhagic
infarction) (Papile et al, 1978) and WMI (0: absent; 1: <3
foci, <2 mm; 2: >3 foci, >2 mm; 3: >5% hemisphere) using
established criteria (Miller et al., 2003; Papile et al., 1978).
The grading system for CbH was defined as: 0 (absent
hemorrhage), 1 (<3 foci/<2 mm), 2 (>3 foci/3-5 mm), or 3
(>6 mm/<5% hemisphere). Subsequently, IVH scores
were binarized with “mild” representing grades 1-2, and
“severe” representing grades 3-4; WMI was categorized as
“mild” for grade 1 and “severe” for grades 2-3. For subjects
with multiple MR examinations, the highest (most severe)
score in each category was used for analysis.

Image Preprocessing

Each image underwent automated correction for inten-
sity non-uniformity [Sled et al., 1998] and was then spa-
tially normalized using linear registration to a NIH-
pediatric template for neonates at 0 to 2 months [Almli
et al., 2007] using an unbiased framework for the construc-
tion of nonlinear average templates [Fonov et al., 2011].

Segmentation of the Hindbrain

Using the three-dimensional T1-weighted image data reg-
istered to standard stereotaxic space, boundaries of the
hindbrain (pons, medulla and cerebellum) were manually
delineated (Fig. 1). On sagittal images, a straight line con-
necting the caudalmost aspect of the inferior colliculus and
rostralmost superior pons was used to define the superior
border of the hindbrain. A horizontal line at the level of the
top of the obex was used to define the inferior border of
the hindbrain. We measured the inter-rater agreement
between two imaging physicists using kappa-statistics
(inter-rater agreement: x =91 = 3% for randomly chosen 15
cases). For the optimal segmentation, the two raters created
a consensus of labeling each individual hindbrain for all
cases.

Surface-Based Mapping of Hindbrain Growth

Using a nearest-neighborhood interpolation, hindbrain
labels were mapped back to their native imaging space. A
previously validated surface-based approach [Kim et al,
2008] was used to measure local volume changes by com-
puting Jacobian determinants on surface-based displace-
ment vectors between a given subject and a template
surface [Styner et al., 2006]. Hindbrain segmentations were
converted to surface meshes using a spherical parameteriza-
tion (SPHARM) based on area-preserving, distortion-mini-
mizing mapping. Using a uniform icosahedron-subdivision
of the SPHARM, we obtained a point distribution model
(PDM) to allow shape-inherent point correspondences
across subjects (1,962 vertices). Each individual SPHARM-
PDM surface was rigidly aligned to a template constructed
from the mean surface of all subjects with respect to the
centroid and longitudinal axes of the first-order ellipsoid
[Gerig et al., 2001]. Vertex-wise displacement vectors were
calculated between each individual and the overall template
[Styner et al., 2006]. Displacement vectors were diffused
within the volume enclosed by the surface using a heat
equation, yielding a displacement vector field. To assess
local volume changes, we calculated Jacobian determinants
from these vector fields [Kim et al., 2008]. Jacobian determi-
nants were projected back onto the template surface using
tri-linear interpolation and, subtracting 1, we obtained a
metric of growth (J>0) or shrinkage (J<0) in a unit-size
cube defined on each vertex.

Statistical Analysis

Analysis was performed using SurfStat (http://www.
math.mcgill.ca/keith/surfstat/) [Chung et al., 2010]. Mixed-
effect linear models were used to address both inter-subject
effects and within-subject changes between serial MR
examinations by permitting multiple measurements per
subject thereby increasing statistical power. We assessed
hindbrain growth in patients with no imaging evidence of
brain injury (n = 30) by correlating point-wise Jacobian
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Figure I.
Segmentation and surface extraction of the hindbrain, including the cerebellum, medulla, and pons.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

metrics with postmenstrual age (PMA) at the time of
scanning.

To assess associations between hindbrain growth and
cerebral injury (IVH/WMI/hydrocephalus: binarized as
none/mild vs. moderate/severe) or CbH (binarized as 0-1
vs. 2-3), at each surface point we analyzed an interaction
term of IVH, WMI, CbH or hydrocephalus with the
dependent variable set as volumes. For each form of
injury, other types of injury were included as covariates in
the model to account for possible confounding effects.
Finally, the analysis of interaction term between an injury
variable and PMA will assess the association of the given
injury type to hindbrain growth.

For the analyses mentioned above, we also included
covariates of the clinical variables that resulted in a signifi-
cant correlation or association with hindbrain growth
(when using univariate tests). This model was designed to
control for the possible confounding effects of clinical vari-
ables in correlation.

Correction for Multiple Comparisons

In all surface analyses, significances were thresholded
using the false discovery rate procedure [Benjamini and
Hochberg, 1995], with FDR < 0.05.

Surface Mapping of Hindbrain Parcellation

Manual tracing of hindbrain subdivisions [Sato et al., 2015]
was performed on two individual MRI examinations
scanned at relatively late PMAs (39.7, 40.2 weeks), when
regional anatomic boundaries were best delineated. The
traced boundaries were interpolated on each subject’s surface
and subsequently transposed onto the surface template using
the SPHARM-PDM point correspondence. The two tracings
were averaged to approximate the final borders. To note, the
entire hindbrain segmentation described in the previous sec-
tion was used for subsequent surface extraction and regional
volume measurement. The subdivisional labeling was, on the
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TABLE I. Imaging data

Demographic
Subjects (1) 65
MRI scans (1) 88
Sex: male (1) 32
GA at birth (wk, mean = SD) 28.5+20
PMA at MRI
First scans 324+1.8
Second scans 36.1*t1.6

Babies with imaging evidence of 35
brain injuries (1)
IVH (mild/severe) (n) 10/7 (59/41%)
WHI (mild/severe) (n) 10/7 (59/41%)
Cerebellar hemorrhage (1) 25
Grade (1/2/3) (n) 14/7/4 (56/28/16%)
Laterality: unilateral /bilateral (1) 9/16 (36/64%)
Number of CbH (1-2 foci/3-5 7/8/10 (28/32/40%)
foci/> 6 foci)
Size of primary CbH
(€2 mm/3-5 mm/>6 mm)

14/6/5 (56/24/20%)

other hand, used to project it onto the template surface and
interpret findings according to the traced subregions.

RESULTS
Demographics and Clinical Parameters

Detailed demographics and clinical characteristics of the
subjects were described in Tables I and II. The occurrence of
moderate/severe CbH was not associated with that of mod-
erate/severe IVH (Fisher’s exact test; P > 0.1), with that of
moderate/severe WMI (P > 0.2) or that of hydrocephalus
(P > 0.2). Univariate analyses showed that the following
clinical factors were associated with overall hindbrain
growth (P < 0.05 adjusted using Bonferroni): birth weight,
duration of mechanical ventilation, infection, and exposure
to postnatal steroids. We therefore included these clinical
variables as covariates in the following statistical tests.

Pattern of Hindbrain Growth in Preterm
Neonates With no Brain Injury

Preterm neonates without imaging evidence of cerebral
or cerebellar injuries demonstrated overall cerebellum and
brainstem growth rates correlating with PMA (mean
0.7 mm?®/voxel per week; t = 12.7; P < 0.0001). Normal
growth was faster in the pons and the anterior/posterior
cerebellar lobes (0.8-0.9mm?>/voxel/week), and slower in
the tonsils and vermis (0.3-0.6 mm?/voxel/week; Fig. 2).

Association of Severe Brain Injury With
Hindbrain Growth

Moderate/severe IVH and CbH were associated with
slower cerebellar growth relative to no/mild injury types.

Growth impairment due to brain injury was noted to affect
the entire hindbrain relative to the growth without injury
(IVH: —0.2 mm?>/voxel/week, t = 2.5, P = 0.01; CbH:
—0.3mm>/voxel/week, t = 3.4, P < 0.001). In cases of
moderate/severe IVH, growth restriction mapped mainly
to the dorsal superior lobe and pons (Fig. 3A). In patients
with moderate/severe CbH, growth restriction was exten-
sive across regions (t > 2.8; P < 0.05) and affected primar-
ily the posterior inferior lobe, posterior vermis, and tonsil
(t > 5.5; P < 0.0001; 0.1 mm®/voxel/week; Fig. 3B). These
were the regions involved by parenchymal hemorrhage,
the distribution of which was more pronounced in superfi-
cial layers (0-3.5 mm in depth; Fig. 4). There was no sig-
nificant association between cerebellar growth, and WMI
or hydrocephalus (P > 0.1).

DISCUSSION

Our study investigated regional growth of the hindbrain
in preterm born neonates and its impairment in relation to
perinatal brain injuries. In neonates with no imaging evi-
dence of supra- and infra-tentorial injuries, our analysis
using a mixed-effect linear model showed faster growth in
the pons and the lateral convexity of anterior/posterior
cerebellar lobes. The postnatal hindbrain growth was

TABLE Il. Clinical characteristics

Characteristic® Number (%)

Maternal/antenatal factors

Maternal age (yrs) 29.6*+7.0
Placenta previa 8 (12.3)
Maternal srnokingb 3 (4.6)
Magnesium sulfate 44 (67.8)
Exposure to prenatal steroids 47 (72.3)
Placental abruption 9 (13.8)
Chorioamnionitis 14 (21.5)
Delivery /perinatal factors
Twin 29 (44.0)
Birth weight (g) 1,088 + 340.3*
Caesarean section delivery 41 (63.0)
Postnatal factors
Exposure to postnatal steroids 6 (9.2)*
Hypotension 37 (56.9)
Infant infection 26 (40.0)*
Patent ductus arteriosus 35 (53.8)
Necrotizing enterocolitis® 3 (4.6)
Duration ventilation (d) 3 (0-20)*
Chronic lung disease 13 (20.0)

“Data presented as number (%), or mean = standard deviation.
PAll subjects with maternal smoking (based on self-report) were
exposed to marijuana, one was also exposed to tobacco.

‘It was diagnosed based on Bell’s stage II criteria [Kliegman et al.,
1982].

*Statistical significance with respect to association with hindbrain
growth (P < 0.05).
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Figure 2.

Hindbrain growth in preterm neonates without brain injuries
(n=30). A. Significant mean growth estimated using a mixed-
effect model. Gray lines represent serial scans of individuals, and
red line represents overall group correlation. B. Normal growth
rates (mm>/wk). Voulme changes are shown within significant

impaired in association with moderate/severe intraventric-
ular hemorrhage (IVH) and cerebellar hemorrhage (CbH).

Pattern of Hindbrain Growth in Preterm Born
Neonates Without MR Evidence of Brain Injury

Based on phylogenetic and functional criteria, the cerebel-
lum is primarily divided into three parts: vestibulocerebel-
lum (consisting of flocculonodular lobe), spinocerebellum
(consisting of vermis, paravermis, and fastigial/globose/
emboliform nuclei), and cerebrocerebellum (consisting of
cerebellar hemispheres and dentate nuclei). These regions
are involved in different functions including regulation of
motor tone, coordination, and cognition.

In the current study, cerebellar and brainstem growth in
infants without MR evidence of brain injury varied across
regions, which has been suggested by previous human
postmortem and animal histological studies [Apps and
Hawkes, 2009; Nowakowska-Kotas et al., 2014; Wang and
Zoghbi, 2001]. The embryonic cerebellum develops from
the dorsal region of the most rostral segment of the meten-
cephalon (which will become the pons). Outgrowths in
this area form the first elements of the cerebellum, which
further develop towards the midline and merge in a
rostral-to-caudal direction. These primitive hemispheres

areas (corrected P<0.05). AL/PL: anterior/posterior lobe; AV/
PV: anterior/posterior vermis; Ts: Tonsil; Bs: brainstem
(medulla); 4th: 4th ventricle; icp: inferior cerebellar peduncle.
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

contact each other in the midline, forming the superior
and inferior portions of the vermis. The lateral elements
from this fusion finally develop into the cerebellar hemi-
spheres [Wang and Zoghbi, 2001]. In our study, the pat-
tern of postnatal cerebellar growth in which more rapid
volume expansion is primarily mapped on the lateral sur-
face, and corresponds well to the cerebellar morphogenesis
that depicts development occurring earlier in the spinocer-
ebellum and later in the lateral hemispheres. A recent
study of human fetuses [Nowakowska-Kotas et al., 2014]
has observed that the largest expansion of cerebellar sur-
face at 26 to 30 weeks PMA occurs in the inferior region of
anterior/posterior lobes. In this age range, the expansion
of the posterior lobar surface was seen to be larger than in
the anterior lobe. Our in vivo MRI data of preterm-born
neonates confirm such characteristics of cerebellar growth
that has been previously seen only in fetal postmortem
data. We further observed a similar pattern of regional
growth maintained postnatally up to 40 weeks PMA.

Relationship of Hindbrain Growth Impairment
With Cerebral and Cerebellar Hemorrhage

We initially hypothesized that areas with fast growth
postnatally may be more vulnerable to growth

* 683 ¢


http://wileyonlinelibrary.com

¢ Kim et al. ¢

A. Slower growth related to IVH

o2}

— no/mild
=| = moderate/severe .
5 .
S| PMAxIVH type; T=2.5; p=0.01 .
£
E
(]
E
=
S : ;
Superior Inferior
-3
28 postmenstrual age (weeks) W S—
B. Slower growth related to CbH
6| Severity .
— - 01 —2-3 o Pons Pons
[3]
5| PMAXx CbH type; T=3.4; p<0.001 _e
2 . \ Bs
m ~
E
>
S
3 Superior Inferior
28 Postmenstrual age (weeks) 4
Figure 3.

Association between brain injuries and hindbrain growth. A
mixed-effect model was used to account for multiple measure-
ments per subject. Significantly slower growth related to severer
intraventricular hemorrhage (IVH) was observed globally (A,
left) and this change was mapped primarily to the posterior
superior lobe and pons (A, right). Slower hindbrain growth was
also associated with grade 2 and 3 of cerebellar hemorrhage

impairment. Our observations confirmed that the regions
displaying growth impairment were included in the
regions displaying significant postnatal growth. However,
they were not necessarily those with faster growth. We
also found that the patterns of growth impairment varied
depending on the type of related brain injuries (cerebral
intraventicular hemorrhage versus cerebellar hemorrhage)
as well as the sites of lesions (Figs. 3, 4). It is thus sug-
gested that the mechanism involved in a given injury type
may play a more important role in patterning of hindbrain
dysplasia than postnatal growth rate.

In our study, the presence of CbH resulted in global cere-
bellar growth impairment, and the growth impairment was
more pronounced in areas of hemorrhage. We showed that
the pattern of CbH distributed mainly within shallow sur-
face layers of the cerebellum in our patient cohort. Such a

(CbH) (B, left). Comparing the growth between neonates with
grade 0 to | and those with grade 2 to 3, significantly slower
growth in patients with severe CbH was observed extensively
across regions (B, right). The largest changes were mapped to
the posterior inferior lobe, posterior vermis, and tonsil. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

superficial zone likely represents hemorrhage from the
external granular layer (EGL) which, as discussed earlier, is
the germinal matrix for granule cells and other glutamater-
gic cells, which proliferate into the second postnatal year
[Rakic and Sidman, 1970; Sidman and Rakic, 1973] and,
therefore, requires a substantial blood supply [Sotelo, 2004;
Wang and Zoghbi, 2001]. Neurogenesis in the EGL, particu-
larly in the areas of posterior lobe and inferior cerebellar cor-
tex that displayed a high frequency of CbH, is most active
during the early third trimester [Sotelo, 2004; ten Donkelaar
et al., 2003], at a postconceptional age equivalent to that of
babies born prematurely. Although it is not clear whether
these hemorrhages are primary (due to abnormal vessel
walls) or secondary (with the primary injury, ischemic or
otherwise, to the parenchyma), it must be assumed that local
parenchymal hemorrhage reduces perfusion of the affected
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Figure 4.

Mapping of frequency of individual cerebellar hemorrhage
(CbH). Volumes of the CbH graded 2 or higher are labeled and
projected on to the surface sampled at every 0.7 mm (=size of
a voxel) in depth from the original surface. For each individual
the union was obtained between 0 and .4 mm, between 2.1
and 3.5 mm and between 4.2 and 5.6 mm. Shown are the fre-

parenchyma. Therefore, neurogenesis in the EGL is likely to
be disrupted in the presence of the hemorrhage, resulting in
smaller regional volumes [Tam, 2013]. A study modeling
postnatal CbH in mice [Yoo et al., 2014] showed a reduced
rate in cerebellar growth during early postnatal develop-
ment, associated with a decrease in granule cells, and persis-
tent neurobehavioral abnormalities. Another possible
mechanism for cerebellar growth impairment related to
CbH is the neurotoxicity of blood products, including heme
and free iron, which has been reported after intraparenchy-
mal or subarachnoid hemorrhage in rodent models [Grojean
et al., 2000; Nakamura et al., 2004; Yan et al., 2008].

Slower cerebellar growth was also associated with
supratentorial hemorrhages and consequent IVH. How-
ever, the different pattern of impaired hindbrain growth in
patients with cerebral IVH suggests a different mechanism
than that related to CbH. It has been shown that cerebral
IVH is associated with decreased cerebellar size at term
and at age of 2 years in survivors of preterm birth. It is
hypothesized that blood deposition in the fourth ventricle

quencies of the projection of CbH in %. The CbH primarily dis-
tributes within superficial zones (0-3.5 mm) and the pattern
largely overlaps with the pattern of growth impairment related
to CbH shown in Figure 3B. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

as a consequence of movement of blood after undergoing
IVH has an effect on the cerebellar germinal zones that
include the ventricular zone which produces GABAergic
neurons, and the rhombic lips/external granular layer,
which produce glutamatergic neurons [Tam et al., 2011b;
Van Kooij et al., 2012]. The location of significant growth
impairment related to IVH in our study included the supe-
rior lateral lobe and pons, which are relatively proximal to
the fourth ventricle. Subarachnoid hemorrhage may also
have an effect on the bone morphogenetic protein 2 and 4
(BMP2,4), which promotes cerebellar granule cell (glutama-
tergic neurons) formation in the rhombic lips and external
granular layers [Haldipur et al., 2014]. Work of Haldipur
et al. [2014] showed that impairment of function of FOXC1
in leptomeninges surrounding the developing cerebellum,
SDFlalpha in developing cerebellum, or CXCR4 in ventricu-
lar zone (VZ) reduce VZ proliferation, leading to reduced
production of Purkinje cells and the radial glial cells that
direct Purkinje cell migration to the cerebellar cortex. Fur-
thermore, low-grade IVH may result in cerebellar diaschisis
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via Wallerian degeneration of white matter pathways to the
cerebellar cortex and nuclei, leading to small cerebellar size
[Morita et al., 2015].

Cerebellar growth could also be affected by cerebral
injury, as loss of the numerous projections from the cere-
bral cortex to the cerebellar cortex (via the thalamus and
pons) almost certainly has an effect on cerebellar develop-
ment [Kiss et al., 2014]. The magnitude of this effect is cur-
rently unknown.

We found that the rate of hindbrain growth could be
reduced with some clinical conditions, in particular expo-
sure to postnatal steroid, duration of ventilation and birth
weight. The association with the use of postnatal steroids
in our latest 3 T MRI confirms the association found in
our previous 1.5 T imaging study [Tam et al., 2011a]. Pre-
vious studies have also identified that cardiorespiratory
factors such as consecutive intubation, hypotension, and
patent ductus arteriosus are associated with hindbrain
growth impairment [Argyropoulou et al., 2003; Messersch-
midt et al., 2008]. Such compelling evidence suggests that
the aforementioned clinical factors should be taken into
account as potential covariates to clarify patterns of hind-
brain growth impairment in prematurity and the related
neurodevelopmental outcome although the pathophysiol-
ogy remains to be investigated.

Technical Considerations, and Limitation of the
Current Study and Future Direction

We recognize the following limitations to the current
study. The analyzed local volume metric was relative to
the constructed template, which limited a direct compari-
son with growth pattern reported in fetal ultrasound or
postmortem studies. Many of the infants did not have
MRI scans at the second time point due to back transport
to their home facilities. For the second scan, most new-
borns were imaged a few days before their discharge.
However, the discharge was sometimes made at the ear-
liest day when the babies were deemed clinically stable,
yielding a very few second scans near the term equivalent
PMA. As a result the hindbrain growth reported here
matches growth during the late third trimester. Another
limitation is our inability to know which cells are affected
in the cerebellar cortex (glutamatergic vs. GABAergic),
whether the hemorrhages are cortical (as we presume) or
subcortical, and precisely which parts of the brainstem
and cerebrum are connected to the areas that are atrophic.
We are currently investigating these questions by a wide
angle of collaboration with neuropathologists who study
the brains of premature infants in order to learn more
about the histologic state of the premature cerebellar cor-
tex and the location of the hemorrhages. Our on-going
analysis of functional connectivity determined by resting-
state fMRI may also yield information about the link
between the location of hemorrhages and the type of the
affected cells.

A very small proportion of babies had a conversion
from “mild” injury on the initial MRI to “moderate” on
the follow-up MRI (IVH = 0; WMI = 2; hydrocephalus = 1;
CbH = 0). There was also one who had moderate WMI ini-
tially and was observed with mild WMI for the second
scan. Because some supratentorial white matter injuries
are quite small, and the identification, or lack thereof, of a
single white matter lesion can result in a changed score,
slight differences in the quality of the scan can result in
change of the white matter score. However, because scans
with significant motion artifact were excluded, this
appeared to have no effect upon the study. In an addi-
tional analysis excluding those with converted severity,
the WMI and hydrocephalus did not correlate with the
pattern of hindbrain growth, and the effect of severity con-
version upon our analysis was minimal. Finally, due to
the very small sample size, we did not have the statistical
power to assess the association between timing of injury
and resultant hindbrain growth.

Investigation of the predictive values of the imaging
measurements that proposed in the current study is of
clinical importance. However, precise evaluation of neuro-
developmental outcome requires a long-term follow-up.
Often, cognitive deficits in preterm-born survivors do not
manifest until school age [Anderson et al., 2003; Bhutta
et al., 2002]. We are currently evaluating neuromotor/cog-
nitive performance in our cohort at serial time points and
plan to continue long-term follow-up into adolescence.

CONCLUSION

This study is the first investigation of patterns of cere-
bellar growth in preterm newborns using in vivo MRL
The advanced morphometric analysis employed in the cur-
rent study successfully identified different alterations of
the normal cerebellar developmental trajectory that appear
to result in different developmental outcomes in preterm
infants with cerebellar (CbH) and cerebral (IVH) injuries,
The patterns of altered cerebellar growth identified in our
study confirm characteristics of cerebellar morphogenesis
in perinatal development during the third trimester up to
term-equivalent ages, previously observed only in histo-
logical data. Our proposed analytic framework has the
potential to provide predictive imaging biomarkers for
neurodevelopmental outcome, enabling early identification
and treatment of high-risk patients.
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