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ABSTRACT: We have shown that cerebellar injury in the premature
infant is followed by significant growth impairment of the contralat-
eral cerebral hemisphere evident as early as term adjusted age. In this
study, we hypothesize that this remote growth restriction is region
specific in the cerebrum. In a prospectively enrolled cohort of 38
expreterm infants with isolated cerebellar injury by neonatal MRI, we
performed follow-up volumetric MRI studies at a mean postnatal age
of 35.5 £ 13.8 mo. We measured volumes of cortical and subcortical
gray matter, and cerebral white matter within eight parcellated
regions for each cerebral hemisphere. Unilateral cerebellar injury
(n 24) was associated with significantly smaller volumes of
cortical gray and cerebral white matter in the following regions of the
contralateral (versus ipsilateral) cerebral hemisphere: dorsolateral
prefrontal, premotor (PM), sensorimotor, and midtemporal regions
(p < 0.001 for all except midtemporal cortical gray, p = 0.01), as
well as subcortical gray matter in the PM region (p < 0.001).
Conversely, in cases of bilateral cerebellar injury (n = 14), there was
no significant interhemispheric difference in tissue volumes for any
of the cerebral regions studied. These findings suggest that regional
cerebral growth impairment results from interruption of cerebelloce-
rebral connectivity and loss of neuronal activation critical for devel-
opment. (Pediatr Res 68: 145-150, 2010)

rain injury in the extremely premature infant occurs most
frequently within the first days after birth (1), preceding
major developmental events in the cerebral hemispheres that
normally occur during the third trimester of gestation. It is
increasingly clear that long-term neurodevelopmental conse-
quences of extreme prematurity are mediated not only by
acute destructive events but also by disruptive effects on
subsequent brain development in regions adjacent to and
remote from the original injury (2). Normal brain development
proceeds along a sequence of precisely programmed events.
Normal structural and functional development of the cerebral
cortex and its connectivity are critically dependent on appro-
priate neuroaxonal activation. In the normal mature brain,
numerous neural circuits, mostly closed loop, connect a spec-
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trum of motor and nonmotor regions of the cerebral cortex
with the cerebellum. Development and consolidation of infra-
structure critical for these circuits begin during late fetal and
early postnatal life.

Cerebellar injury is a previously under-recognized form of
prematurity-related brain injury (3-5) occurring most com-
monly among extremely premature infants born before 28-wk
gestation, thus before the onset of the third trimester (3).
Cerebellar injury in the premature infant is associated with
impaired growth of the uninjured contralateral cerebral hemi-
sphere, with significant impairment evident as early as the end
of the third trimester, i.e. at term equivalent age (6). The
regional specificity of such crossed cerebellocerebral diaschi-
sis has not been studied in the immature developing brain, and
the regional specificity of these remote growth effects in the
cerebrum after prematurity-related cerebellar injury remains
unknown.

In this study of a cohort of children with prematurity-related
brain injury confined to one or both cerebellar hemispheres,
we used a quantitative, three-dimensional volumetric MRI
technique, with regional parcellation and tissue segmentation,
to test several hypotheses: that unilateral cerebellar injury in
the premature infant would be associated with decreased
volumetric growth in specific cerebellar projection areas of the
contralateral cerebral hemisphere; that both cerebral gray and
white matter volumes would be reduced in these regions; and
that bilateral cerebellar injury would be associated with sym-
metric volume reduction in these same supratentorial regions.

METHODS

This prospective study identified all preterm infants born before 32-wk
gestation between January 1998 and December 2005 diagnosed with isolated
cerebellar injury by cranial ultrasound studies in the newborn period. We
confirmed the presence and extent of cerebellar parenchymal injury, as well as
the absence of supratentorial parenchymal abnormalities by cranial ultrasound
and early postnatal MRI studies performed on all infants at a mean age of
442 + 5.2-wk postconceptional age (early MRI). The cerebellar lesions were
all encephaloclastic; no dysgenetic lesions were identified. The susceptibility-
weighted MRI studies in all cases showed blood products in/around the
cerebellar lesions. We excluded all infants with supratentorial parenchymal

Abbreviations: DLPF, dorsolateral prefrontal; IQ, inferior occipital; OF,
orbitofrontal; PM, premotor; SG, subgenual, SM, sensorimotor; MT, midtem-
poral; PO, parietooccipital
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injury, grade IIT intraventricular hemorrhage, or posthemorrhagic ventriculo-
megaly. Sixteen children were excluded for these reasons.

We also excluded preterm infants with dysmorphic features or chromo-
somal anomalies suggestive of a genetic syndrome, metabolic disorders, or
central nervous system infections. The study was approved by the Children’s
Hospital Boston Committee on Clinical Investigation. After obtaining written
informed consent, follow-up quantitative brain MRI studies were performed.

MRI data acquisition methods. All studies were performed on a 1.5 Tesla
General Electric Signa System MR scanner (Milwaukee, WI), using an
eight-channel phased array head coil. MRI sequences included conventional,
spin echo T, -weighted, fast spin echo T,-weighted images, multiplanar
gradient recalled echo susceptibility sensitive sequence, three-dimensional
Fourier-transtorm spoiled gradient recalled (SPGR) sequence (1.5-mm coro-
nal slices; flip angle: 45 degrees; repetition time: 35 ms; echo time: 3 ms; field
of view: 20 cm; matrix: 256 X 256; 116 slices), and double-echo (proton
density and T,-weighted) spin-echo sequence (3-mm axial slices; repetition
time: 5000 ms; echo times: 50 ms; field of view: 20 cm; matrix: 256 X 256,
interleaved acquisition; 58 slices).

MRI Data Analysis Methods

Qualitative MRI analyses. The MRI findings were analyzed qualitatively
by an experienced neuroradiologist (R.L.R.) blinded to the infants’ perinatal
history, previous MRI findings, and outcome data, using conventional, spin
echo T, -weighted, and fast spin echo T,-weighted MRI scans. Cerebellar
parenchymal lesions were categorized as unilateral or bilateral (Fig. 1).

Quantitative volumetric MRI analysis. Postimage analysis was under-
taken on Linux Workstations. A six-parameter linear transformation algo-
rithm was applied to align the T,-weighted images to the SPGR images for
tissue classification. Each MRI study was first registered to Talairach space
(7); the brain was then automatically segmented into three tissue classes: gray
matter, white matter, and cerebrospinal fluid, using a previously validated
probabilistic classification method (8). Subcortical gray matter was delineated
manually using similar procedures described by Srinivasan ef al. (9) (Fig. 2).
To obtain separate measurements for cerebral volumes [i.e. cerebral gray
matter, cerebral white matter, and total cerebral volume (cerebral gray matter
volume + cerebral white matter volume)], cerebellar volumes [i.e. cerebellar
gray matter volumes, cerebellar white matter volumes, and total cerebellar
volume (cerebellar gray matter volume + cerebellar white matter volume)]
were subtracted from total brain volume by manually outlining the cerebellum
onto the ICBM-152 template (10) (using in-house developed Display soft-
ware); the invert of the nonlinear registration was then applied to transform
the cerebellar mask onto the subject’s native space. Tissue segmentation was
performed by a single operator (N.G.). Intrarater reliability for tissue segmen-
tation, evaluated in a blinded manner using 10 segmentations each from five
subjects, showed the following intraclass coefficients for segmentation of
different tissue types: cerebrospinal fluid 0.95; cerebral gray matter 0.97;
cerebral white matter 0.93; subcortical gray matter 0.96; total cerebellar
volume 0.96; cerebellar gray matter 0.95; and cerebellar white matter 0.93.

Each brain image was registered into Talairach space by interactive
rotation and translation in the left/right, anterior/posterior, and inferior/
superior directions. The cerebellum was divided into right and left hemi-
spheres by selecting the midsagittal plane to ensure that the vermis was
divided with a consistent approach for all MRI studies (6). Regional compar-
isons in the cerebrum were made using a previously described and validated
Talairach scheme (11). Each cerebral hemisphere was further divided into
eight anatomical regions (Fig. 3): dorsolateral prefrontal (DLPF), orbitofron-
tal (OF), premotor (PM), subgenual (SG), sensorimotor (SM), midtemporal
(MT), parietooccipital (PO), and inferior occipital (IO) using the axial plane
passing through the anterior commissure and posterior commissure (AC-PC)
line and three limiting coronal planes. The parcellation scheme was performed

Figure 1. Example of a unilateral (A) and bilateral (B) cerebellar hemor-
rhagic injury on coronal SPGR images.

Figure 2. Brain segmentation depicting the cortical gray matter and cere-
bellar gray matter (light gray), cerebral and cerebellar white matter (white),
subcortical gray matter (dark gray), and cerebrospinal fluid (black).

Figure 3. Parcellation of the cerebral hemispheres into 16 regions (eight
right hemisphere, eight left hemisphere).

four times on the MRI data of seven individual subjects by a single operator
(N.G.). Intrarater reliability for regional volumes calculated using intraclass
correlations averaged 0.94 and ranged between 0.89 and 0.98.

Statistical analyses. Statistical analyses were performed using SAS statis-
tical software. Descriptive statistics were performed to characterize the clin-
ical features of the population and to describe their cerebellar, brainstem, and
cerebral growth. Subjects were categorized into two groups, unilateral cere-
bellar injury and bilateral cerebellar injury, based on clinical interpretation of
the MRI studies. To assess the difference between unilateral and contralateral
cerebral volumes, a cerebellar volume difference score was obtained as the
difference between total left (cerebellar gray matter volume + cerebellar
white matter volume) and total right (cerebellar gray matter volume +
cerebellar white matter volume) cerebellar hemisphere volumes. A three-way
ANOVA model with repeated measures on two factors was carried out to
analyze the data. The ANOVA models were analyzed using SAS repeated
measures mixed modeling procedure and included two within-subject effects
region (eight levels), cerebral growth side (ipsilateral versus contralateral),
and between-subject factor cerebellar growth impairment group (unilateral
versus bilateral). Variance Components covariance structure was defined
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allowing covariances to vary due to the subject (cerebellar group), region, and
cerebral growth side.

Separate multiple regression analyses of clinical and demographic factors
potentially associated with cerebral volume were carried out for gray matter,
subcortical gray matter, and white matter volumes for right and left cerebral
hemispheres, and for total brain volume. Residual plots were inspected to
verify linearity, normality, and homoscedasticity assumptions. Collinearity
was assessed based on tolerance, variation of inflation, and Eigen values. In
addition, Jackknife residuals and Cook’s D statistics were used to identify
potential outliers and influential observations. Model diagnostic (adjusted R?
and Mallow’s Cp), heuristic (stepwise selection), information criteria (Akaike
Information Criterion), and Schwarz Bayesian Criteria statistical techniques
were compared with select final regression models.

RESULTS

Subject characteristics. Forty-five expreterm children born
1998-2005 met our inclusion criteria. Four subjects died in
the early postnatal period and three were lost to follow-up.
The remaining 38 subjects (93% recruitment) underwent fol-
low-up MRI studies. The study cohort consisted of 26 boys
and 12 girls born at mean gestational age 26.3 £ 1.9 wk.
Follow-up MRI studies were performed at mean postnatal age
35.5 = 13.8 mo. On the basis of MRI findings, subjects were
categorized into unilateral (n = 24) and bilateral (n = 14)
cerebellar injury groups. Table 1 summarizes the descriptive
characteristics of the cohort.

Relationship between cerebellar injury groups (unilateral
versus bilateral) and regional cerebral volumes. Mixed mod-
els of repeated measures for cerebral gray matter and white

Table 1. Descriptive characteristics of our cohort (N = 38)

Cerebellar injury

Bilateral Unilateral All
N (%) N (%) N (%)
n=14) (n =24) (n = 38)
Clinical characteristics
Gender
Male 5(35.7) 21 (87.5) 26 (68.4)
Female 9 (64.3) 3(12.5) 12 (31.6)
Number of children
Singleton 10 (71.4) 21 (87.5) 31 (81.6)
Multiple 4 (28.6) 3(12.5) 7(18.4)
Mean (SD) Mean (SD) Mean (SD)
Gestational age (wk) 259(1.6) 26.6 (2.1) 26.3(1.9)
Birth weight (g) 654.4 (158.6) 813.2(201.2) 754.7 (200.1)
Age at MRI (wk) 34447 36.8 (10.6) 35.5(8.8)
MRI volumes (mL)
Total cerebral 790.9 (71.7) 926.8 (95.8) 876.7 (109.2)
volume
Total cerebral gray 548.8 (58.0) 630.3 (56.1) 600.2 (68.7)
matter volume
Total white matter 222.4 (18.1) 275.2 (42.3) 255.7 (43.5)
volume
Total subcortical 19.7 (2.1) 21.8 (2.7) 21.02.7)
gray matter
volume
Total cerebral spinal 44.0 (3.3) 51.0(5.3) 484 (5.8)
fluid volume
Total cerebellar 43.5(22.7) 65.9 (13.0) 59.5(21.2)
volume
Total cerebellar gray 29.5(8.6) 43.5(4.8) 39.2(12.5)
matter
Total cerebellar 13.8 (3.5) 21.3(1.8) 15.8 (4.7)

white matter

matter volumes demonstrated similar results. For all models, a
three-way interaction (group-by-region-by-side) was statisti-
cally significant along with the main effects (p < 0.001).
Further, Tukey-Kramer’s post hoc analysis of simple effects of
the interaction term revealed a consistent trend of the results
for cortical gray matter and white matter volumes (Fig. 4). In
the unilateral cerebellar injury group, cortical gray matter
volumes were significantly smaller in the contralateral DLPF,
PM, SM (p < 0.001 for each), and MT (p = 0.01) regions
compared with volumes in these regions of the ipsilateral
cerebral hemisphere; there were no significant differences in
the volumes of OF, SG, 10, and PO regions between the
cerebral hemispheres (Fig. 4). The effects of unilateral cere-
bellar injury on regional cerebral white matter volumes were
similar, with significantly lower white matter volumes in the
contralateral DLPF, PM, SM, and MT regions (p < 0.001 for
each). Conversely, after bilateral cerebellar injury, there was
no significant difference between the ipsilateral and contralat-
eral gray matter or white matter volumes in any of these
cerebral hemispheric regions.

Subcortical gray matter volume mixed model showed sta-
tistically significant two-way interactions (group-by-region,
group-by-side, and region-by-side). Tukey-Kramer’s post hoc
analysis showed statistically significant lower contralateral
subcortical gray matter volumes compared with the ipsilateral
volumes after unilateral cerebellar injury (p = 0.001). Simi-
larly, contralateral cerebral volumes were statistically signif-
icantly lower compared with the ipsilateral volumes in the PM
region (p < 0.001). Table 2 summarizes the results of the least
square means difference estimates with corresponding Tukey-
Kramer adjusted 95% CI for all three ANOVA models de-
scribed earlier.

Supplemental statistical analysis was carried out for the
cerebrospinal fluid volumes. Again the three-way interac-
tion (group by region by side) was shown to be statistically
significant (p < 0.001). Additional Tukey-Kramer’s post
hoc analysis of simple effects of the interaction term re-
vealed that within the unilateral cerebellar injury group,
average contralateral cerebrospinal fluid volumes were sig-
nificantly larger (p < 0.0001) compared with ipsilateral
volumes in the DLPF, PM, SM, and MT regions. For
children with bilateral cerebellar injury, there was no sta-
tistical difference in any of parcellated region between
ipsilateral and contralateral sides.

Multivariate analyses. Predictor variables assessed in the
initial model were gestational age at birth, gender, chrono-
logical age at MRI, and cerebellar left and right hemisphere
volumes. Results of the multivariate analysis are summa-
rized in Table 3. Predictors included in the final models
explained 52-87% of the variation in total cortical gray
matter (left and right), total white matter (left and right),
total subcortical gray matter (left and right), and total
cerebral volumes. In all 7 final models presented in Table 3,
age at MRI and cerebellar volumes were found to be key
indicator variables. All selected independent variables were
positively associated with the corresponding contralateral
cerebral volume outcome measure.



148

>
g§3

«3ray Matter
b3 % - 3
o & g8 8

Cerebrim Yolume

w

Cerebrum Yolume
~YWhite Matter
=B X g8 88

DLFF 0 T OF PM PG 36 M
Region

LIMPEROPOULOS ET AL.

Cergbrum Yolurme
~ Gray Matter

Cerebrum Vohime D

~White Matter
8 8 8
Y

:

OLPF IO Mr OF 2] PO sG SM
Region

Figure 4. Cerebellar injury groups and ipsilateral vs. contralateral regional cerebral gray and white matter volumes in eight regions. A, Unilateral cerebellar
injury, gray matter regions. B, Unilateral cerebellar injury, white matter regions. C, Bilateral cerebellar injury, gray matter regions. D, Bilateral cerebellar injury,
white matter regions. Dark boxes indicate ipsilateral volumes, white boxes indicate contralateral volumes. *indicate findings that were statistically significant.
The p values are based on the Tukey-Kramer’s post hoc analysis of simple effects of the interaction term (cerebellar growth impairment group-by-region-by-

cerebral growth side).

Table 2. Least squares means differences between cerebral volumes (contralateral minus ipsilateral side) based on cerebellum
group-by-region-by side interaction for cerebral gray and white matter volumes, and on region-by-side interaction for subcortical gray
matter volume-estimate (95% CI) and p value with Tukey-Kramer adjustment

Cerebellum injury group-by-region-by cerebral growth side interaction

Regions
Unilateral cerebellum injury group DLPF (o} MT OF
Cerebral gray matter volume (mL) —4.7(—=5.6to —3.7) —4.6 (—5.6to —3.6) —2.0(—29to —1.0) —23(—32to—1.3)
p < 0.001 p < 0.001 p < 0.001 p < 0.001
Cerebral white matter volume (mL) —25(—33to —1.8) —33(—4.1to —2.6) —04(—1.1to —04) —1.0(—1.7to —0.2)
p < 0.001 p < 0.001 p =099 p = 0.008
Region-by-side interaction
Subcortical gray matter volume (mL)* 0.00 (—0.13 to 0.14)
p=10
Regions
Unilateral cerebellum injury group PM PO SG SM
Cerebral gray matter volume (mL) —4.0(—5.0to —3.0) —04(—14t0 —0.6) —0.02(—1.0to —1.0) —34(—441t0 —2.5)
p < 0.001 p =099 p=10 p < 0.001
Cerebral white matter volume (mL) —2.8(—3.5t0 —2.0) —0.3(—1.1to0.4) —03(—1.1to0.4) —3.0(—33to0 —1.8)
p <0.001 p =099 p =099 p < 0.001

Region-by-side interaction
Subcortical gray matter volume (mL)*

—0.2(—0.35 to —0.08)
p < 0.001

—0.02 (—0.15 t0 0.11)
p=10

—0.02 (—=0.16 to 0.11)
p=10

—0.11 (0.2 to 0.03)
p =023

* Based on region-by-side interaction. Because there were no subcortical gray matter volumes in the three parcellated regions DLPF, IO, and OF, the ANOVA
model for the regional subcortical gray matter analyses included the five regions MT, PM, PO, SG, and SM.

DISCUSSION

Our earlier studies in premature infants focused on third
trimester brain development using quantitative MRI at term-
adjusted age (6,12). These studies showed that prematurity
was associated with impaired cerebellar volumetric growth,
even in the absence of obvious brain injury (12), and that
direct injury to the cerebellum impaired cerebellar growth and
also growth of the uninjured contralateral cerebral hemisphere
(6). This study extends our observations of the developmental
effects of prematurity-related cerebellar injury to a mean age
of 3 y and measures contralateral regional cerebral tissue
volumes using advanced MRI parcellation and tissue segmen-
tation techniques. Gray and white matter volumes of the
contralateral cerebral hemisphere were significantly decreased
in specific target regions for cerebellar projection pathways,

supporting the notion that regional cerebral growth impair-
ment is due to interruption of cerebellocerebral pathways with
loss of neuronal activation critical for development in these
cerebral regions. There were only two independent predictors
of regional cerebral hemispheric volume. First, the volume of
the contralateral cerebellar hemisphere, presumably reflecting
the degree of initial injury, independently predicted cerebral
volume in the affected regions. Second, the significant asso-
ciation between age at follow-up quantitative MRI suggests
that the growth-restricting impact of cerebellar injury in these
regions persisted over the age range studied, with neither
catch-up nor parallel growth; this notion must, however, be
qualified by the cross-sectional nature of the study.
Transtentorial diaschisis occurs when primary injury to the
cerebrum or cerebellum results in secondary functional im-
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Table 3. Summary of multiple regression analysis

Outcome measure (mL) Final model* Parameter estimates 95 % CI P R?
Left cerebral gray matter volume (total) Age at MRI (wk) 191 (1.36-2.45) <0.001 67.3
Right cerebellum (mL) 0.82 (0.40-1.23) 0.003
Right cerebral gray matter volume (total) Age at MRI (wk) 2.05 (1.45-2.65) <0.001 69.5
Left cerebellum (mL) 0.64 (0.14-1.13) 0.01
Left cerebral white matter volume (total) Age at MRI (wk) 1.35 (1.06-1.64) <0.001 74.1
Right cerebellum (mL) 0.30 (0.08-0.53) 0.008
Right cerebral white matter volume (total) Age at MRI (wk) 1.39 (1.08-1.71) <0.001 77.9
Left cerebellum (mL) 0.33 (0.08-0.59) 0.01
Left subcortical gray matter volume (total) Age at MRI (wk) 0.06 (0.04-0.08) <0.001 524
Right cerebellum (mL) 0.02 (0.002—-0.04) 0.03
Right subcortical gray matter volume (total) Age at MRI (wk) 0.07 (0.05-0.09) <0.001 63.2
Left cerebellum (mL) 0.02 (0.004-0.04) 0.02

* Age at MRI represents chronological age.

pairment in contralateral transtentorial projection targets of
the primary region of injury (13—16). This phenomenon is best
described after primary cerebral injury (usually stroke) in the
adult (17), although a number of reports have described
cerebral effects after primary cerebellar injury (18-20). Per-
fusion studies after cerebellar stroke in adults have shown
decreased regional activation in contralateral frontal (predom-
inantly PM) (21) and parietal cortices (20,22,23). Functional
MRI studies in normal subjects have shown connectivity
between the cerebellum and the prefrontal and parietal lobes
of the cerebrum (24). Transneuronal viral vectors in nonhu-
man primates have delineated projection pathways of the
cerebellum to the cerebral cortex (25,26). Pathways from the
dentate pass through the contralateral thalamus to the frontal
cortex (prefrontal, PM, and primary motor) and to the poste-
rior parietal cortex (25,26), whereas a pathway from the
vermis and fastigial nuclei (the limbic cerebellum) passes via
the hypothalamus to the cerebral limbic centers (27). The
topography of these normal cerebral target regions of cerebel-
lar projection pathways underlies the distribution of decreased
cerebral activation after cerebellar injury. In the mature brain,
such functional deactivation may evolve to structural changes,
presumably due to synaptic, dendritic, or neuronal loss after
withdrawal of neurotrophic stimuli normally maintained by
afferent input from the contralateral cerebellum. Understand-
ing of the cerebral effects of prematurity-related cerebellar
injury remains limited (6,28). Over the third trimester, in-
crease in functional neural activation is a fundamental stimu-
lus for the normal development of brain connectivity. It is
reasonable to assume that cerebellar injury occurring during
this critical development period, and resulting deafferentation
to specific regions of the cerebral cortex, would result in
atrophy of existing structures and in impaired subsequent
cortical development in these regions.

In this cohort of children with prematurity-related cerebellar
injury, volumetric MRI showed significantly reduced cerebral
gray matter and white matter volumes in the DLPF, PM, MT, and
SM regions of the cerebral hemisphere contralateral to the pri-
mary cerebellar injury. These regions are known projection areas
of the contralateral cerebellar hemisphere. Bilateral cerebellar
injury was not associated with significant asymmetry in the
regional volumes of the cerebral hemispheres. A major cerebel-
locerebral pathway passes through the contralateral thalamus en

route to the cerebral cortex. It is therefore of interest that our
measures of subcortical gray matter volume in the contralateral
PM region were also significantly reduced. Conversely, in our
subjects there was no significant volume difference between the
OF, SG, IO, and PO regions of the cerebral hemispheres. Of
these areas, the posterior parietal region is a major projection area
of the cerebellum. The reason for the lack of asymmetry between
the PO regions following unilateral cerebellar injury is not clear.
One possible explanation is that the large size of the PO parcel
makes it insensitive to smaller regions of growth restriction. This
study used an established parcellation technique previously used
by Peterson et al. (11) in expremature children to compare
regional cerebral development between children born prema-
turely or at term. Ex-premature subjects demonstrated region
specific but symmetric volume reductions in the SM, MT, PM,
and PO regions of premature infants compared with term-born
infants (11).

We postulate that the region-specific growth impairment in the
contralateral cerebral hemispheres after prematurity-related cer-
ebellar injury results from disruption of transtentorial neural
systems with failure of activation-dependent trophic stimulation.
An important difference in crossed cerebellocerebral diaschisis
between the adult brain and that of the expremature infants
described here is that the cerebellar injury and loss of remote
activation in the contralateral cerebral hemisphere occurs during
a period of cerebral cortical development before critical recipro-
cal pathways for normal motor and nonmotor learning are firmly
established. We propose that these mechanisms form the basis for
the striking long-term motor, social, behavioral, cognitive, and
language impairments described in survivors of extreme prema-
turity and cerebellar injury (4,5,29). Specific relationships be-
tween regional cerebral growth impairment and the spectrum of
neurodevelopmental disabilities (4,29) after prematurity-related
cerebellar injury remain poorly understood and are the focus of
ongoing studies.

This study has several potential limitations. Although we
selected subjects with injury isolated to the cerebellum on the
basis of early life conventional MRI studies, it is possible that
subtle supratentorial parenchymal injury below the resolution of
current clinical MRI went undetected. Although our study is
unable to prove a causal relationship, several features are sup-
portive of such a relationship. First, the cerebral growth impair-
ment is regionally specific in projection areas of the contralateral
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injured cerebellar hemisphere. Second, early life MRI studies in
all cases showed no evidence of injury in these (or any other)
cerebral parenchymal regions. Several potential limitations re-
garding the parcellation technique warrant mention. First, oper-
ator inconsistency is possible when placing images into standard
Talairach orientation; however, our intraobserver reliability mea-
sures were all consistently >0.89. Second, the subcortical gray
matter volume parcel used in our study does not differentiate
between the basal ganglia and thalamic nuclei. Third, in this
study, we did not parcellate the cerebellum; future studies will
explore the more specific functional topography of the develop-
ing cerebellum (30). Certain regions of the parcellation scheme
used in this study, such as the PO region, are large and may lack
sensitivity for isolating regional cerebral effects of cerebellar
injury. Future studies may overcome this limitation by using
newer techniques such as voxel-based morphometry. Finally, the
functional significance of our structural measurements remains to
be determined. Follow-up studies are currently underway to
examine the impact of impaired regional cerebral growth on
neurodevelopmental outcome.

In conclusion, this study of the developmental consequences
of prematurity-related cerebellar injury provides the first in vivo
evidence of region-specific growth impairment in known target
projection areas of the normal cerebellum on the contralateral
cerebral hemisphere. These findings support the important role of
disturbed development following injury to the premature brain, a
notion that is increasingly recognized as an important determi-
nant of neurodevelopmental outcome. The role of this regional
cerebral growth impairment in the high prevalence of pervasive
neurodevelopmental dysfunction (4,29) experienced by these
children is currently under investigation.
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