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Abstract

Brain abnormality in surviving premature infants is associated with an enormous amount of
neurodevelopmental disability, manifested principally by cognitive, behavioral, attentional, and
socialization deficits, most commonly with only relatively modest motor deficits. The most
recognized contributing neuropathology is cerebral white matter injury. The thesis of this review is
that acquired cerebellar abnormality is a relatively less recognized but likely important cause of
neurodevelopmental disability in small premature infants. The cerebellar disease may be primarily
destructive (eg, hemorrhage, infarction) or primarily underdevelopment. The latter appears to be
especially common and relates to a particular vulnerability of the cerebellum of the small premature
infant. Central to this vulnerability are the extraordinarily rapid and complex developmental events
occurring in the cerebellum. The disturbance of development can be caused either by direct adverse
effects on the cerebellum, especially the distinctive transient external granular layer, or by indirect
remote trans-synaptic effects. This review describes the fascinating details of cerebellar development,
with an emphasis on events in the premature period, the major types of cerebellar abnormality
acquired during the premature period, their likely mechanisms of occurrence, and new insights into
the relation of cerebellar disease in early life to subsequent cognitive/behavioral/attentional/
socialization deficits.
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Brain abnormality in surviving premature infants is manifested by an enormous amount of
neurodevelopmental disability. This disability consists of significant cognitive, behavioral,
attentional, and socialization deficits in approximately 25% to 50% and serious motor deficits
(ie, cerebral palsy) in 5% to 10%.1~7 Notably, therefore, contrary to many writings, the
principal subsequent neurological syndrome in the large majority of premature infants involves
cognitive deficits without major motor deficits.

The overall magnitude of this problem of neurodevelopmental disability relates to the large
number of affected infants. Thus, approximately 63 000 infants are born yearly in the United
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States with a birth weight <1500 g (very low birth weight).8 This group represents 1.5% of all
live births, a proportion that has increased gradually over the past decade. With current survival
rates at approximately 90%, the yearly number of new cases of significant cognitive
disturbances is at least 10 000 to 20 000, and the number of infants with cerebral palsy
approaches 5000. Of particular importance in this context is the increasing number of extremely
low-birth-weight infants, including those born between 24 weeks’ and 28 weeks’ gestation,
that is, at the interface of the second and third trimesters of gestation. Because of sharply
increased survival rates of these infants (50%-70%) and rates of disability of over 50% in most
series, their contribution to the overall burden of neurodevelopmental disturbance is increasing.
4,9—14

The neuropathology of the brain abnormality in surviving premature infants involves both
white matter and gray matter disease.” For decades, the principal disturbance has been
considered to involve cerebral white matter. Indeed, periventricular leukomalacia, a primarily
nonhemorrhagic cerebral white matter lesion, occurs to varying degrees in about 50% of very
low-birth-weight infants. The major hemorrhagic lesion, that is, germinal matrix-
intraventricular hemorrhage, is quantitatively less frequent (approximately 20%), and the
clinically most important variety of intraventricular hemorrhage, associated with
periventricular hemorrhagic infarction, is still less frequent (approximately 5%). However, in
the smallest infants (eg, <750 g birth weight), this severe type of intraventricular hemorrhage
is more common, with incidence of 20% or more.15:16 Moreover, in these very immature
infants, other lesions, for example, cerebellar hemorrhage, become prominent (see later). In
recent years, a diverse spectrum of neuronal/axonal disturbances involving thalamus, basal
ganglia, and cerebral cortex has been shown to be frequent in premature infants, usually though
not exclusively in association with periventricular leukomalacia.’ It is now apparent that an
additional and clinically important component of this neuronal/axonal constellation is the
involvement of the cerebellum and the cerebellar relay nuclei in brain stem (ie, base of the
pons and inferior olivary nuclei).

Thus, the focus of this review is the cerebellar abnormalities of the premature infant,
particularly the extremely low-birth-weight infant. The discussion will emphasize the
cerebellar disorders characteristic of prematurity and acquired during the premature period and
of course will not include dysgenetic, infectious, and other cerebellar lesions seen in infants
of any gestational age. The principal themes of this review will be that the cerebellum (1) is
an extraordinarily rapidly developing structure during the premature period, (2) because of this
rapidity of development, it is vulnerable to the multiple insults to which the premature infant
is exposed, and (3) because of this vulnerability, it sustains distinctive structural abnormalities
likely to be of major clinical importance. In the following, first | review cerebellar development,
with an emphasis on events occurring in the premature period, then the principal cerebellar
abnormalities acquired during this maturational stage, and finally, the likely later clinical
correlates.

Cerebellar Development

Overall Growth

From 24 weeks to 40 weeks of gestation, the cerebellum undergoes a rate of growth nearly
unparalleled elsewhere in the brain. When assessed in vivo by 3-dimensional volumetric
ultrasound, the cerebellar volume increases 5-fold from 24 weeks to 40 weeks postconception
(Figure 1).17 When assessed in vivo by 3-dimensional volumetric magnetic resonance imaging
(MRI), cerebellar volume increases approximately 3.5-fold from 28 weeks to 40 weeks
postconception.18 Decades ago, the rapidity of cerebellar growth during this period of human
brain development was described postmortem in terms of increase in weight and DNA content,
by Dobbing and coworkers19721 as well as by many others.22 The structure also shows
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exponential growth in foliation during this period (Figure 2), and as a consequence, the surface
area of the cerebellar cortex increases more than 30-fold (from 448 mm? to 15 200 mm?) from
24 weeks of gestation to term.22

Histogenetic/Cytogenetic Events

The major histogenetic and cytogenetic manifestations of human cerebellar development
provide substance to the gross measurements described above (Table 1). Prior to 20 weeks, the
earliest events occur in the first month and involve the development of the cerebellar primordia
and related pontine structures from the rostral hindbrain by the action of the isthmus organizer
at the midbrain-hindbrain boundary.242> The major initial events in development of the
cerebellum per se involve the establishment of 2 proliferative zones (Figure 3 Table 1).23~
21 The first of these is the dorsomedial ventricular zone that gives rise, by radial migration, to
interneurons of the deep (roof) nuclei and to the Purkinje cells. Neurons originating in the
ventricular zone are y-aminobutyric acid (GABA)ergic. The ventricular zone later gives rise
to other GABAergic neurons, that is, Golgi cells of the internal granular layer and basket and
stellate cells of the molecular layer. The second proliferative zone is the dorsolateral
subventricular zone of the rhombic lip (Figure 3). Neurons originating in the rhombic lip are
glutamatergic and those in the upper portion of the rhombic lip give rise to granule precursor
cells and some neurons of the deep nuclei. The granule cell precursors initially migrate
tangentially over the surface of the cerebellum to form the external granular layer (Figure 4).
It is noteworthy in this regard that at their site of origin in the rhombic lip, the neuronal
precursors have close access to the cerebellar surface because the pial and ventricular surfaces
are nearly apposed (Figure 3). Later, the external granular layer cells migrate radially inward
along Bergmann radial glial fibers to form the dense internal granular layer (see later).
Additionally, rhombic lip precursors give rise to the projection (glutamatergic) neurons of the
deep nuclei.8 These cells migrate initially tangentially beneath the pial surface before
migrating to the deep nuclei (Figure 3). The precursors in the lower portion of the rhombic lip
also migrate tangentially, here along the ventrolateral surface of the pons and rostral medulla
to form the pontine nuclei (basis pontis) and inferior olivary nuclei, critical cerebellar relay
nuclei. The latter 2 later provide crucial excitatory afferent input to the cerebellum, the former
via mossy fibers to internal granule cells and the latter via climbing fibers to Purkinje cells (see
later).

From 20 weeks to 30 weeks, cerebellar development accelerates. This acceleration is apparent
grossly by the prominent increase in surface foliation (Figure 2).22:23:26 At the microscopic
level, the external granular layer reaches its peak thickness by 25 weeks, approximately 6 to 9
cells thick and is highly proliferative. The latter conclusion is based in part on supravital
autoradiography studies performed by Rakic and Sidman.22 Proliferation in the external
granular layer occurs principally in the outer half, and thus these rapidly proliferating cells are
directly exposed to the cerebrospinal fluid (Figure 4; see later).23:27 Proliferation of external
granular layer neuronal precursors is under potent positive control by Sonic hedgehog, which
is secreted by the differentiating Purkinje cells (Figure 4).27

From 30 weeks to 40 weeks, cerebellar growth and differentiation continues at a peak (Figure
4).19,20,22=25 |ndeed, proliferation of granule precursor cells of the external granular layer
(followed by inward migration to form the internal granular layer) is by far the dominant
cellular determinant of cerebellar growth. During this period, because the external granular
layer maintains its vertical thickness essentially constant but expands horizontally to
accommodate the more than 30-fold increase in hemispheral surface area, the increase in
number of cells must be extraordinary.

The importance of this proliferative phase for the ultimate growth of the cerebellum is perhaps
best understood by considering that in the adult cerebellum, the total number of granule cells
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accounts for more than 95% of all neurons in the structure.2? Indeed, the ratio of Purkinje cells
to granule cells is 1:3300 and of dentate nuclear cells to granule cells, 1:21 000. Moreover, the
number of granule cells in the mature cerebellum, about 1011, exceeds the total number of
neurons in the entire cerebral cortex by 4-fold and the total number of all neurons in the human
body in aggregate. Thus, occurring on the surface of the cerebellum during the premature
period, especially at the interface of the second and third trimesters of gestation, is a remarkably
important series of events essential for the structural and functional integrity of the cerebellum.
Not only must the granule precursor cells proliferate and migrate inward but on their way
through the molecular layer to their final placement in the internal granular layer they make
critical initial contacts to establish cerebellar circuitry. Thus, prior to the granule cell migration,
Purkinje cell dendrites have begun elaboration in the molecular layer. During their migration
through the molecular layer, guided by the Bergmann radial glial fibers, the granule cells extend
horizontal parallel fibers that contact Purkinje cell dendrites. The deepest parallel fibers derive
from the first granule cells to migrate and those closest to the surface from the last.26 Shortly
after their arrival in the internal granular layer, these cells are contacted by mossy fiber input
from the pons.

After 40 weeks’ gestation, cerebellar growth decelerates and the external granular layer
gradually dissipates (Figure 4). However, this deceleration is not abrupt and a thinned external
granular layer is apparent throughout the first postnatal year. During this period, neuronal
differentiation throughout the cerebellar cortex is active, and axonal input (via the inferior
cerebellar peduncle [climbing fibers] from dorsal spinocerebellar, vestibulocerebellar, and
olivocerebellar tracts, and via the middle cerebellar peduncle [mossy fibers] from the pontine
nuclei) and output (from the roof nuclei) increase. Thus, it is not surprising that in the first
postnatal year as the external granular layer dissipates, the internal granule cell layer continues
to increase in size, and with the associated elaboration of granule cell axons, that is, parallel
fibers, and Purkinje cell dendrites, the molecular layer enlarges several-fold.22 Indeed, the
events during the premature period are essential for the occurrence of this subsequent
maturation.

Cerebellar Abnormalities of Prematurity

Cerebellar abnormalities acquired during the premature period and leading to structural
cerebellar deficits on follow-up include disorders that appear to be primarily destructive or
primarily impaired development (underdevelopment; Table 2). It is highly likely that there is
overlap between these 2 categories but currently the distinction seems most rational. The overt
destructive disorders are hemorrhagic or ischemic in basic nature. The disorders characterized
by underdevelopment likely are much more common and relate primarily either to direct effects
on cerebellum and relay nuclei or to remote trophic effects (see later).

Destructive Cerebellar Lesions

Hemorrhage

Cerebellar hemorrhage is the best studied destructive cerebellar lesion of prematurity. Several
reports used ultrasonographic imaging through the posterolateral fontanel (“mastoid window™)
or MRI to show that cerebellar hemorrhage in premature infants is more common than
previously revealed by ultrasonographic imaging through the anterior fontanel.30733
Moreover, the incidence is strikingly dependent on the degree of prematurity. Thus, in the last
3 years of study (2000-2002) of the largest reported series, the incidence in infants <750 g
birth weight was 17%, and in those >750 to 1499 g, only 2%.32

Cerebellar hemorrhage is usually unilateral, hemispheric in location (71%) and associated with
ultrasonographically detectable supratentorial lesions, primarily intraventricular hemorrhage
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(77%). The hemorrhages are followed by cerebellar atrophy, detectable about 2 months later,
in 37%; atrophy is focal in the unilateral lesions and more generalized in the minority of
hemorrhages that are bilateral. Notably, reduction in contralateral cerebral volume has been
defined and may reflect impaired remote trans-synaptic trophic effects (see later).

The likely origin and pathogenesis of cerebellar hemorrhage have been reviewed.” The
common focal unilateral hemispheric lesions may originate in the external granular layer, a
germinal matrix, whereas the less common vermian hemorrhages may originate in the residual
germinal matrix of the ventricular zone in the roof of the fourth ventricle. Etiology is likely
multifactorial, as with supratentorial germinal matrix-intraventricular hemorrhage.’
Circulatory factors related to impaired cerebrovascular autoregulation, large patent ductus
arteriosus, and other parameters of a compromised cerebral circulation seem important in
pathogenesis, as in supratentorial germinal matrix-intraventricular hemorrhage.’+32

Cerebellar infarction is a recognized complication of prematurity, especially extreme
prematurity. Mercuri and colleagues initially described 9 cases of focal, unilateral cerebellar
atrophy evident on MRI, among 73 premature infants, months to several years following birth;
at birth, the affected infants weighed 600 to 1200 g.3# Although several infants were studied
in the first postnatal year, no obvious evidence for previous hemorrhage was reported. The
authors offered the reasonable proposal that the lesions represented infarction, and thus 10%
to 15%of this relatively unselected premature population was affected.

A series of subsequent seminal reports by Johnsen, Bodensteiner, and colleagues described a
high frequency of MRI evidence of cerebellar parenchymal loss in a selected population of
former premature infants, that is, children with cerebral palsy whose birth weight was <1000
g and gestational age <28 weeks.35738 In their most recent series of such children (n = 50),
64% had MRI evidence for cerebellar parenchymal loss. Of these, the loci involved (ie, bilateral
inferior in approximately 60% and focal/unilateral in 10%) suggested vascular distributions,
especially involving inferior cerebellar arteries.3® Although no clear evidence of ischemic
events could be found, the scans were done several years after the neonatal period. The nearly
invariable association of the cerebellar lesions with supratentorial white matter injury, that is,
cystic periventricular leukomalacia and/or cerebral white matter volume loss, raised the
possibility that the pathogenesis of the cerebellar and cerebral lesions is similar. The relation
of cerebral white matter injury to ischemia and infection/inflammation has been reviewed
elsewhere.7:39 Thus, it is possible that at least some of these cases were related to a generalized
ischemic insult or insults rather than to a vascular occlusive event. Finally, the likelihood that
infants with this combined cerebellar and cerebral lesion represent the severe end of the
spectrum of cerebellar parenchymal destructive disease is suggested by the severity of the
clinical features, that is, severe mixed spastic-dystonic-ataxic cerebral palsy (100%),
microcephaly (63%), epilepsy (42%), and mental retardation (68%). The subsequent
observation of a bilaterally small cerebellum could reflect an initial destructive ischemic event
followed by cerebellar underdevelopment, as described in the next section.

The relation of the bilateral cerebellar parenchymal loss discussed in this context to the
cerebellar underdevelopment discussed later is an important topic for future research. Most
critically needed is a large-scale prospective analysis from the first days of life, with a focus
on the cerebellum that is comparable in detail to the usual emphasis on supratentorial structures.
Such an approach is required to elucidate evolution and mechanisms and allow distinction
between the relative roles of destructive and dysmaturational influences.
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Cerebellar Underdevelopment

Cerebellar underdevelopment, unrelated to overt destructive parenchymal disease from
hemorrhage or infarction, may represent the most common type of cerebellar abnormality of
the premature infant (Table 2). The considerable prevalence of this abnormality has been
illustrated by numerous neuroimaging studies, principally MRI, carried out generally either
weeks later at term equivalent age or months or years later.18:40=50 The cerebellar involvement
has consisted most often of bilateral, generally symmetric deficits in cerebellar hemispheric
volumes (Figure 5). The abnormality is most characteristic of infants within the gestational
age range of 24 to 32 weeks, generally with the mean of 26 to 28 weeks. In the largest reported
series (n = 75), decreased cerebellar volume at term equivalent age correlated with decreasing
gestational age.18 A strong association of the cerebellar underdevelopment with supratentorial
lesions, especially periventricular leukomalacia and intraventricular hemorrhage, and with
MRI evidence for hemosiderin over the surface of the cerebellum is apparent (see later). These
findings raise important possibilities concerning the mechanism of the cerebellar
underdevelopment, as discussed later.

The neuropathological basis of the decreased cerebellar volume remains to be elucidated. The
largest autopsy study of modern-day premature infants (n = 41) involved infants with mean
gestational age of approximately 32 weeks, that is, just beyond the period of greatest cerebellar
vulnerability.51 Neuronal loss was noted in dentate nucleus, cerebellar cortex or the brain stem
cerebellar relay nuclei, basis pontis, and inferior olive, in only 5% to 15%of infants.51
However, the neuronal loss was essentially confined to those infants with periventricular
leukomalacia (nh = 17), in whom the neuronal deficit occurred in 25% to 30% of infants.
Similarly, gliosis in these structures was more common in the presence of periventricular
leukomalacia and, in this group, the incidences were 43% in dentate, 29% in cerebellar cortex,
100% in basis pontis, and 92% in inferior olive. The pathological findings could be secondary
to direct insults or a trophic effect or both (see below). Most importantly, specific studies of
the external granular layer, quantitative study of cerebellar cortical layers, or more detailed
mechanistic study (eg, caspase or other staining for apoptosis) were not carried out. More
detailed neuropathological study of the cytological characteristics of the cerebellum of the
premature infant is needed.

Two broad mechanisms appear most plausible to explain the disturbance of cerebellar
development after premature birth (Table 2). The first of these involves direct effects on the
rapidly growing cerebellum, and the second, remote effects operating via altered trophic trans-
synaptic interactions. Although these mechanisms are not mutually exclusive, and indeed may
operate simultaneously, they will be discussed separately for clarity.

Direct effects—More than 3 decades ago, Dobbing and coworkers postulated that brain
structures undergoing most rapid growth (ie, during a “growth spurt”) were most vulnerable
to the negative effects of an insult.19:52 Cerebellum was considered particularly vulnerable in
the developing animal because of its very rapid growth at that time, a period comparable to the
perinatal human. The concept of a particular vulnerability of the cerebellum during its phase
of rapid growth was documented in the late 1960s and early 1970s in experimental models of
undernutrition, glucocorticoid exposure, and x-irradiation.19:20:52754 Diminished DNA
content, indicative of diminished cell number, was the principal outcome assessed.
Glucocorticoid exposure and undernutrition could play an important contributory role in the
human premature infant (see later).
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Blood products, hemosiderin: The possibility that the cerebellar underdevelopment in
premature infants may be related to adverse effects of blood products has been raised
principally by the observations of Messerschmidt and coworkers, who have described the
severe end of the spectrum of the acquired cerebellar growth failure.#4:49:50 In their series of
35 infants (mean gestational age, 27 weeks; mean birth weight, 900 g), after an initially normal
cerebellar ultrasonographic examination in the first week of life, subsequent ultrasound and
then MRI scans identified a gradual deficit in volume, without any apparent injury pattern,
over the ensuing weeks (Figure 6). The pons and medulla also were found to be small
subsequently. Using MRI sequences optimal for detection of hemosiderin, they identified
infratentorial hemosiderin deposition in 70% of infants.0 The deposition was particularly
prominent on the cerebellar surface but was also noted on the surface of the brain stem and in
the fourth ventricular region (Figure 6). Hemosiderin in the posterior fossa conveyed a
sensitivity of 0.70 (95% confidence interval [CI], 0.48-0.86) and a specificity of 0.95 (Cl,
0.84-0.99), with a positive predictive value of 0.88 and a negative predictive value of 0.87, for
cerebellar underdevelopment.®0 Nearly all infants had experienced intraventricular
hemorrhage and 69% had posthemorrhagic hydrocephalus. In other reports, which included a
less severe portion of the spectrum of cerebellar underdevelopment, intraventricular
hemorrhage occurred in only a minority of infants and, as an isolated factor, was not clearly
correlated with cerebellar volume.18:45:46 However, it is important to recognize that
subarachnoid hemorrhage, in the absence of intraventricular hemorrhage, is common in
premature infants.7 Indeed, in one older series of premature infants studied by computed
tomography (CT) after the finding of bloody cerebrospinal fluid by lumbar puncture, 29% had
subarachnoid hemorrhage without evidence for intraventricular hemorrhage’ (an additional
63% had intraventricular hemorrhage with associated subarachnoid blood). Thus, the presence
of blood products in the cerebrospinal fluid of premature infants is not uncommon, even in the
absence of overt intraventricular hemorrhage.

Avrelation between hemosiderin deposition and cerebellar atrophy is well documented in adults.
55,56 \With subarachnoid hemorrhage, hemosiderin deposits, as well as nonheme iron, are
deposited particularly over the cerebellar surface, and infiltration of the cerebellar cortex is
especially severe.®® A predilection for cerebellar cortex and brain stem may relate in part to
cerebrospinal fluid flow patterns. In adult brain, the cellular structures disturbed are axons in
the molecular layer and Purkinje cells. A related phenomenon probably accounts for the
unexpected subsequent cerebellar atrophy described in children with traumatic brain injury.
57 Similarly, older premature infants with posthemorrhagic hydrocephalus have been shown
at autopsy to have subarachnoid blood products over the cerebellar surface, ferritin-positive
glia in the molecular layer, and loss of Purkinje cells and inferior olivary neurons.®® Studies
of small premature infants at the interface of the second and third trimesters of gestation are
needed.

Nevertheless, taken together, the data raise the strong possibility that the key targets for the
adverse effects of blood over the surface of the cerebellum of the small premature infant are
the granule precursor cells of the external granular layer. The proliferating cells of the external
granular layer are located directly at the interface with the subarachnoid space (see Figure 4).
Impairment of the survival or proliferation, or both, of these cells could result in the cerebellar
underdevelopment as evidenced by MRI. The effect on the external granular layer would result
not only in deficient generation of internal granule cells but also in disturbance of the granular
excitatory input to Purkinje cells and other cells of the molecular layer. The result would be
deficient development of the full spectrum of cerebellar circuitry (Figure 7).

The mechanisms of disturbance to the external granular layer in the context of hemosiderin
deposition almost certainly would relate to the generation of free radicals, especially reactive
oxygen species. Hemosiderin is derived from blood by the following sequential steps:
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hemolysis of red blood cells, formation of heme, conversion of heme to free iron (and
biliverdin, carbon monoxide) by heme oxygenase, and formation of ferritin and then
hemosiderin.>® Free iron is toxic because it leads to the generation of reactive oxygen species,
especially the hydroxyl radical by the Fenton reaction.7 In one adult study of brain with
hemosiderin deposits, free iron was increased 2.5-fold in cerebellar cortex and 14.5-fold in
medulla.>® In experimental models, intracortical injections of free iron lead to lipid
peroxidation products and epileptogenic necrotic foci.59=62 Additionally, hemosiderin,
although a storage form of iron, may also release iron from its protein matrix.>® The central
nervous system has limited ability to discharge iron, and thus the accumulated iron can produce
a chronic deleterious effect. Notably, studies of cerebrospinal fluid of infants with
posthemorrhagic hydrocephalus show persistence of copious amounts of nonprotein-bound
iron for weeks after intraventricular hemorrhage.53

Other mechanisms could contribute to the cerebellar disturbance with subarachnoid blood.
Thus, neuropathological studies of cerebellar subarachnoid hemorrhage in preterm infants
show a decrease in the glutamate transporters, excitatory amino acid transporter 4 (EAAT4)
in Purkinje cell dendrites, and glutamate/aspartate transporter (GLAST) in Bergmann glia.64
The effects of these 2 transporter disturbances could lead to an increase in extracellular
glutamate and excitotoxic Purkinje cell death. Additionally, subarachnoid blood in piglets has
been shown to lead to enhanced pial vasoconstrictor responses and thus the potential for local
ischemia at the cerebellar surface.65

Hypoxia-ischemia and infection/inflammation: A possible relation of the cerebellar
underdevelopment to hypoxia-ischemia or infection/inflammation or both is suggested by the
strong correlation in vivo of the cerebellar abnormality with MRI-demonstrated periventricular
leukomalacia.18:41:43:45-47 As noted earlier, neuronal loss or gliosis or both in the cerebellum
were noted at postmortem examination almost exclusively in premature infants with
periventricular leukomalacia.®! These correlations raise the possibility that the cerebellar
underdevelopment could be secondary to the action of one or more of the pathogenetic insults
operative in periventricular leukomalacia, that is, hypoxia-ischemia and infection/
inflammation.” In this context, it is noteworthy that there is ample experimental evidence that
either hypoxia-ischemia or infection/inflammation can lead to deleterious effects on the
developing cerebellum.56—68

Regarding hypoxia-ischemia, in studies of fetal sheep early in gestation so that the cerebellum
contains an external granular layer roughly comparable to that in the human infant at the
interface of the second and third trimesters, hypoxemia (induced by restricting uteroplacental
blood flow) resulted in a 25% decline in mitotic cells in the external granular layer and a 3-
fold increase in pyknotic (apoptotic) cells.68 Slightly later in development, Purkinje cell injury
was identified66; this finding raises the possibility that the production and secretion of Sonic
hedgehog by Purkinje cells, an event critical for proliferation in the external granular layer (see
earlier), could be impaired. The result would be deficient proliferation in the external granular
layer and a failure of development of the internal granule cell layer, with its critical connections
for cerebellar circuitry (Figure 7).

The possibility that hypoxia-ischemia is operative in the human premature infant to lead to
cerebellar abnormality is suggested indirectly in studies of premature infants by the correlation
with diminished cerebellar volume of clinical factors consistent with hypoxia-ischemia. In 1
large study (n = 145), these factors included duration and intensity of mechanical ventilation
and presence of patent ductus arteriosus.18 In another report (n = 35), the need for “early
intubation” and “catecholamine support” was significantly associated with cerebellar
underdevelopment.50 Additionally, direct exposure of proliferating cells in the outer half of
the external granular layer to free radicals in cerebrospinal fluid could occur, in view of the
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observation by Inder and colleagues of elevated free radical products in the cerebrospinal fluid
of very low-birth-weight infants with MRI evidence of periventricular leukomalacia.69

A strong relation of maternal intrauterine infection with systemic fetal inflammation or of
postnatal neonatal infection with systemic inflammation and the occurrence of periventricular
leukomalacia is well documented.”:7%:71 Potential relevance to cerebellar underdevelopment
is suggested by experimental studies of systemic inflammation in fetal sheep that show
apoptosis of Purkinje cells and injury to their dendrites.56 These effects appeared to be mediated
by attack by free radicals, perhaps principally generated by microglia, a mechanism operative
in human cerebral white matter in periventricular leukomalacia.” The experimental studies
were carried out later in cerebellar development than occurs in the human very low-birth-
weight infant, although some of the findings may be relevant. Currently, there are no direct
data on the role of infection/inflammation in the genesis of cerebellar abnormality of the human
premature infant.

Glucocorticoid exposure: Concerning glucocorticoid exposure, none of the aforementioned
reports of premature infants with cerebellar underdevelopment has shown a clear relation of
cerebellar volume to antenatal or postnatal glucocorticoid exposure. However, the prevalence
of these exposures is so high, often 85% to 100%, that “control” comparison groups are difficult
to define with sufficient statistical power for analysis. It is well known that postnatal
dexamethasone administration to premature infants for prevention or treatment of
bronchopulmonary dysplasia is associated with adverse neurologic outcome.”2~76 Moreover,
this therapy is associated with diminished cerebral cortical gray matter volume at term.””
Specific study of the cerebellum in this context would be of particular interest.

Indeed, a recent experimental study is especially noteworthy and potentially relevant to the
human infant.78 Thus, in the developing mouse, studied at an age when the external granular
layer is prominent (postnatal day 7), as in the human premature infant, a single injection of
dexamethasone or corticosterone led to rapid (within 4 hrs) and selective, caspase-3-dependent
apoptotic death of granule precursor cells in the external granular layer and permanent
reductions in neuronal cell counts of their progeny, the internal granular layer neurons.”® This
effect was lost after postnatal day 10 when the external granular layer dissipates in the mouse,
as in the human infant (see earlier). Importantly, immunocytochemical studies showed that
glucocorticoid receptor immunoreactivity is dramatically upregulated in the granule precursor
cells at this time (Figure 8). Activation of the receptor activates a death pathway regulated by
the proapoptotic molecule, Bcl-2 family member Puma.78 The experimental data define a
previously unknown window of vulnerability when a single glucocorticoid exposure at
clinically relevant doses leads to granule precursor cell apoptosis and a permanent cerebellar
deficit.”® The findings raise the possibility that glucocorticoid administration could play a role
in cerebellar underdevelopment in the human. Of additional importance in this context are the
findings (1) that in premature infants, basal and peak serum cortisol responses in the first 2
weeks of life are highly variable, (2) that high serum cortisol levels documented in certain
premature infants probably represent “continuing stress” from a variety of respiratory and
related disorders, and (3) that such high levels are associated with neonatal morbidity (chronic
lung disease, retinopathy of prematurity).’® Taken together, the data suggest that the
cerebellum of the sick small premature infant may be exposed to high glucocorticoid levels
from a variety of sources, endogenous and exogenous, and that these compounds may play a
critical additive and/or central role in impaired proliferation of the external granular layer and
thereby cerebellar underdevelopment.

Undernutrition: Concerning undernutrition, both earlier and recent reports indicate a strong

need to address a potential relation of cerebellar underdevelopment in premature infants to
undernutrition. As noted earlier, abundant experimental data show that during its phase of rapid
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growth, the cerebellum is especially vulnerable to undernutrition.19->2 Current information
indicates a clear relationship between undernutrition and disturbed structural and functional
human brain development (see below). Earlier reports demonstrated that early postnatal
undernutrition in term infants may lead to subsequent cognitive deficits and disturbances of
total brain growth.80794 A seminal later study by Lucas and coworkers showed that just a 4-
week exposure to a “standard-“ or “high-nutrient” diet in preterm infants (<30 weeks’
gestational age) was followed by more rapid somatic and brain growth, subsequent cognitive
performance, and caudate volumes.95797 In another prospective study, Hayakawa and
colleagues showed in 21 infants of 24 to 27 weeks’ gestational age that those with early-
established enteral feeding (<3 weeks) had at 15 postnatal weeks improved somatic growth,
brain growth (head growth), and electroencephalography (EEG) maturation compared with
infants with delayed establishment of enteral feeding (>3 weeks).% Although detailed studies
of the relationship of nutrition and cerebellar development are needed, notably Limperopoulos
and coworkers in their study of 169 preterm infants did show that cerebellar volume correlated
significantly both with weight percentile and head circumference percentile at term equivalent
age.18 Thus, this important initial observation is consistent with the notion that postnatal
undernutrition could play a role in the cerebellar underdevelopment of prematurity.

Further supportive of a deleterious effect of undernutrition on brain development in the
premature infant is recent work concerning structural and functional outcome in small-for-
gestational age very low-birth-weight infants. Small-for-gestational age premature infants are
of considerable interest in this context because intrauterine undernutrition likely occurs
particularly during phases of rapid brain development, including especially cerebellar
development, in the last one half of gestation. Outcome studies have documented impaired
cognitive development in childhood among small-for-gestational age premature infants, %9~
102 and volumetric MRI research has shown diminished overall brain volume, as well as
decreased cerebral cortical gray matter and hippocampal volumes in similar infants.103:104
Cerebellum was not studied separately in the MRI studies. A potential relation of intrauterine
undernutrition to the adverse effects of excessive glucocorticoid, described above, seems
possible because undernutrition during pregnancy has been shown to alter expression of the
placental steroid dehydrogenase that metabolizes maternal cortisol, thereby exposing the fetus
to excess cortisol.1957107 |n this context, it is noteworthy that studies of placental insufficiency
and intrauterine growth restriction in fetal sheep and guinea pigs showed restricted cerebellar
growth and differentiation.198=113 |n the models in which cerebellar histologic development
appeared to be most closely comparable to the human cerebellum of approximately 24 weeks,
a subsequent 25% reduction in overall cerebellar growth and a 22% reduction in volume of the
granule cell layer were documented.109 The external granular layer was not specifically
studied, but in view of the ultimate decrease in volume of the internal granule cell layer, an
impairment of proliferation in the external granular layer is a likely possibility.

Remote effects—A second mechanism potentially involved in the cerebellar
underdevelopment of the small premature infant involves remote trans-synaptic effects
primarily involving neuronal connections between cerebrum and cerebellum (Figure 9). This
mechanism would represent a maturation-distinctive form of diaschisis, a term initially used
by Von Monakow!14 and subsequently by others to characterize a loss of function in a brain
area neurally connected to but remote from a separate lesioned brain area. The evidence
supporting a role for diaschisis in cerebellar underdevelopment includes the strong relation of
the abnormality with periventricular leukomalacia and other cerebral lesions in recent MRI
volumetric studies in premature infants, as outlined in the next section.

Association with cerebral lesions: A strong relation of cerebellar underdevelopment with
cerebral white matter lesions is supported by several large-scale studies using volumetric MRI.
18,43,45,46,50 Although most often the MRI abnormalities have been consistent with diffuse
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noncystic periventricular leukomalacia, such other lesions as periventricular hemorrhagic
infarction and posthemorrhagic hydrocephalus have been observed. In one study in which
severity of white matter injury was evaluated relative to cerebellar volume deficit, a direct
correlation was observed.*6 Notably also concerning remote effects (see later), in 2 MRI studies
that analyzed pontine size, pontine diameter as well as cerebellar volume was found to be
reduced in premature infants with periventricular leukomalacia.*1:47

Crossed cerebral and cerebellar effects: The association of cerebellar underdevelopment
with supratentorial abnormalities may involve multiple remote trophic transneuronal
interactions (Figure 9). The most detailed and systematic study of the structural relations of
cerebrum and cerebellum in very low-birth-weight infants (n = 74) used 3-dimensional
volumetric MRI (Table 3).43 Notable findings were first that infants with bilateral diffuse
periventricular leukomalacia had bilateral symmetric decreases not only in cerebral volumes
but also in cerebellar volumes, raising the possibility that the cerebral lesions had an adverse
effect on cerebellum. This possibility is supported further by the finding that with unilateral
periventricular hemorrhagic infarction, there was not only the expected prominent loss of
ipsilateral cerebral volume but also a marked loss of contralateral cerebellar volume (Table 3).
The finding of crossed cerebellar “atrophy” in children who had been born prematurely and
had had unilateral cerebral lesions was made initially by qualitative imaging of 7 former
premature infants (gestational age 25 to 28 weeks) by Rollins and colleagues.11> Additionally,
however, in the study of Limperopoulos and colleagues,43 with bilateral cerebellar
hemorrhage, there was not only a symmetric decrease in cerebellar volume but also a symmetric
decrease in cerebral volume, suggesting that the cerebellar lesions had an adverse effect on the
cerebrum (Table 3). Further supportive of this possibility, with unilateral cerebellar
hemorrhage, in addition to the expected sharp decrease in ipsilateral cerebellar volume, there
was a statistically significant decrease in contralateral cerebral volume.

Maturation-distinctive diaschisis: As noted above, diaschisis is a term most commonly used
in adult neurology to refer to a loss of function in a neurally connected region remote from a
brain lesion. The remote disturbance of function has generally been a decrease in blood flow
or metabolism or appearance of neurologic signs referable to the remote region.116-123 Most
commonly, the primary lesion has been in cerebral cortex (eg, infarction), and the remote effect,
in contralateral cerebellum, leading to the term crossed cerebellar diaschisis (or crossed
cerebrocerebellar diaschisis). In the adult, a structural consequence is unusual. Thus, mild
cerebellar atrophy has been documented several years after the primary lesion in only about
30% of cases.118 The crossed cerebellar diaschisis has been attributed to the loss of excitatory
input from cerebrum via corticopontine tracts, which synapse on pontine nuclei, the fibers of
which cross the pons and ascend in the contralateral cerebellar peduncle to the contralateral
cerebellar hemisphere (Figure 9). Notably, crossed cerebellocerebral diaschisis has been shown
in adults with cerebellar lesions; the contralateral cerebral abnormality has been manifested by
a decrease in perfusion or development of relevant cerebral neurological signs.119-123
Cerebellocerebral diaschisis has been attributed to loss of feedback from the cerebellar
hemisphere via the crossed dentato-rubro-thalamic-cortical pathway to the contralateral
cerebral cortex (Figure 9).

The findings of Limperopoulos and colleagues (Table 3)43 are consistent with both crossed
cerebrocerebellar diaschisis and crossed cerebellocerebral diaschisis. The structural volumetric
growth deficits in small premature infants appear to be considerably greater and more frequent
than the mild atrophy observed only in a minority of adults. A possible reason for a maturation-
distinctive diaschisis in the small premature infant may relate to the phase of rapid cerebellar
development; thus, careful studies of the developing rat (14-day old) show that unilateral
forebrain injury is followed after hours by increased apoptosis in cerebellar granule cells.6’
(The external granular layer could not be studied because at 14 postnatal days in the rat, the
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layer has disappeared.) Moreover, the fact that apoptosis is a much more active process in
developing than in adult neurons suggests that the apoptotic stimulus could have more profound
effects on the rapidly developing cerebellum of the small premature infant than on the adult
cerebellum.

Potential mechanisms underlying the cerebrocerebellar and cerebellocerebral diaschisis in
premature infants are apparent in Figure 9. In the crossed cerebrocerebellar deficits, the loss
of corticopontine input could relate to cerebral white matter disease or associated cerebral
cortical abnormality or both. Loss of excitatory pontocerebellar input to the contralateral
cerebellar hemisphere would follow, although a role for possible primary injury to pontine
nuclei should also be considered (see earlier regarding pontine pathology in premature infants
at autopsy). In the crossed cerebellocerebral deficits, the loss of cortical input could relate to
cerebellar disease and disturbance of the dentato-rubro-thalamic-cortical pathway (Figure 9).
Additionally, the high frequency of diffuse thalamic disease in the premature infant, as recently
described,>1:124 could further interrupt the reverberating cerebral cortical input from
cerebellum at the level of the thalamus (Figure 9).

To conclude, cerebellar underdevelopment in the small premature infant exists on a continuum
of severity from a mild volumetric deficit to an extraordinary cerebellar deficiency. The origin
of the disorder appears to be primarily at the interface of the second and third trimesters of
gestation and to be acquired postnatally. The most vulnerable site appears to be the external
granular layer, located on the surface of the cerebellum, although other elements of cerebellar
cortex may be affected. The 2 most likely operative pathogenetic mechanisms involve either
direct effects on the cerebellum, especially the external granular layer, or remote trans-synaptic
trophic effects. Concerning the direct effects, leading negative effectors are hemosiderin
deposition, as a marker of iron accumulation and free radical attack, hypoxia-ischemia or
infection/inflammation or both, glucocorticoids, and undernutrition. The first of these effectors
may be the most important, but each may be operative, with the degree depending on the
gestational age of the infant, postnatal illness, drug exposures, and so on. Importantly, 2 or
more of the effectors may be synergistic or at least act in concert. Concerning remote trans-
synaptic effects, it appears that cerebellar growth and development can be impaired by deficits
in excitatory input from cerebrum and also, importantly, by failure of cerebellar output to
cerebrum. An intact reverberating circuit between cerebrum and cerebellum and vice versa
may be especially critical for normal growth during this critical phase of development. Again,
the remote trans-synaptic effects may operate in concert with the direct effects in an additive
or synergistic manner. Both the direct and remote effects may operate postnatally over a
prolonged period, possibly sufficiently prolonged for deleterious effects to be interrupted by
appropriate interventions and prevention thereby effected.

Clinicopathological Correlations

Clinicopathological correlations in cerebellar disease of the premature infant are especially
difficult to make because of the frequent lack of detailed neurodevelopmental follow-up and
the frequent confounding presence of associated lesions of supratentorial structures, especially
periventricular leukomalacia, severe intraventricular hemorrhage, and periventricular
hemorrhagic infarction, all of which can lead independently to subsequent neurological
deficits. Additionally, many of the studies of cerebellar abnormality have not included MRI in
the neonatal period or subsequently, and thus the presence of supratentorial lesions, especially
diffuse noncystic periventricular leukomalacia, cannot be assessed. Nevertheless, some
tentative conclusions seem warranted, and the initial data suggest that cerebellar abnormality
acquired in the premature period is associated with clinically diverse and somewhat unexpected
sequelae. In the following sections, clinicopathological correlations are discussed separately
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for the 2 categories of cerebellar abnormality (see earlier), that is, primarily destructive disease
and primarily impaired development.

Primarily Destructive Disease

Cerebellar Hemorrhage—The most detailed study of the neurodevelopmental correlates
of cerebellar hemorrhage involved 35 premature infants (mean gestational age, 26 weeks), who
were compared with 35 age-matched premature infants without hemorrhage and 16 infants
with cerebellar hemorrhage plus supratentorial parenchymal injury.125 The clinical correlates
of isolated cerebellar hemorrhage were serious. Thus, 66% exhibited subsequent neurological
abnormalities, including significant neuromotor disabilities, some expected as a consequence
of cerebellar affection, that is, hypotonia, gait abnormalities, and extraocular disturbances.
Other deficits broadened the scope of apparent cerebellar-related sequelae, that is, impaired
receptive (37%) and expressive (42%) language, cognitive deficits (40%), socialization-
behavioral deficits (34%), and abnormal results on autism screener measures (37%). These
deficits were uncommon or absent in the infants without cerebellar hemorrhage and could not
be clearly accounted for by associated cerebral injury. Deficits were distinctly worse in those
with bilateral or unilateral hemispheral involvement, and notably infants with vermian
involvement almost exclusively accounted for those with socialization difficulties and
abnormal autism screening. Cerebellar lesions, particularly in the vermis, have been described
in neuropathological and neuroimaging studies of children with autism.1267129 Overall, the
observations implicate the cerebellum in a broad spectrum of cognitive-behavioral-
socialization functions (see later).

Infarction—For clinicopathological correlations, cerebellar infarction in premature infants is
best considered in terms of unilateral focal and bilateral lesions. Limited information is
available on unilateral focal lesions that appear most clearly to be infarctions, but in general,
focal ataxia and hypotonia have been observed.3* Accompanying supratentorial parenchymal
injury has been associated with bilateral neurological signs. Clinicopathological correlations
attributable specifically to the cerebellar disease in these generally severe cases are particularly
difficult in bilateral cerebellar lesions, because of the frequent presence of major supratentorial
disease (periventricular leukomalacia, periventricular hemorrhagic infarction, white matter
“volume loss,” posthemorrhagic hydrocephalus). Thus, in the interesting series of
Bodensteiner, Johnsen, and colleagues3538 selected from children with cerebral palsy whose
birth weight was less than 1000 g (mean, approximately 750 g) and gestational age less than
28 weeks (mean, approximately 26 weeks), 85%had supratentorial abnormalities.
Approximately 65% later exhibited microcephaly, consistent with severe bilateral cerebral
disease. The clinical outcome was poor—40% had epilepsy and 70% had mental retardation.
38 The pattern of cerebral palsy was distinctive and consisted of a mixed motor deficit with
spasticity, dystonia, and ataxia, unlike the predominantly “pure” spasticity in infants without
cerebellar disease. Per the authors’ experience, this distinctive motor pattern and cerebellar
disease accounted for 15% of the patients with cerebral palsy in a large regional rehabilitation
facility from which the children were derived.38 The principal anatomic pattern of cerebellar
injury was generally symmetric with preferential involvement of inferior cerebellar
hemispheres. It is likely that the cerebellar involvement is crucial in determination of the mixed
type of cerebral palsy, in view of its role in generation of appropriate patterns of limb
movements and adjustment of locomotor output.139 However, the role of the cerebellum in the
genesis of the other deficits, separate from the role of the supratentorial disease, is unclear.

Primarily Impaired Cerebellar Development

Those disorders with primarily impaired cerebellar development, that is, underdevelopment,
occur on a spectrum of severity. The most severely affected infants, for example those described
by Messerschmidt and coworkers,*+49:%0 exhibited severe cerebellar underdevelopment by
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term equivalent age (with no intervening evidence of injury) and subsequently had severe
neurological features, comparable to those described above by Bodensteiner, Johnsen, and
colleagues (see above). Thus, all infants (n = 31) exhibited a distinctive mixed pattern of
cerebral palsy (spastic-ataxic-dyskinetic), 94% had severe cognitive deficits, 90% were
microcephalic, and 55% had epilepsy.*® Concerning accompanying cerebral injury,
posthemorrhagic hydrocephalus occurred in approximately 70%, but noncystic periventricular
leukomalacia was not included in their analysis.49:%0 Thus, distinguishing the relative roles of
cerebral white matter injury versus cerebellar abnormality vis-a-vis the neurological sequelae
is difficult. It is likely that the cerebellar abnormality contributes importantly to the distinctive
cerebral palsy pattern. The potential role of cerebellar deficit in the cognitive deficits could be
considerable but is difficult to dissect conclusively in the absence of more detailed analysis of
accompanying cerebral involvement.

The less severely affected infants with cerebellar underdevelopment, that is, the large
population of infants described in the aforementioned MRI volumetric studies,18:40:45,46,48
may be those particularly likely to exhibit deficits related to cerebellar abnormality per se.
Thus, these infants in general do not have as severe confounding cerebral disease as observed
in those with the severe cerebellar underdevelopment described above. The cerebellar deficits
may be “unmasked” as a result. Concerning the clinical correlates of the less severe cerebellar
underdevelopment, the studies of human infants are still confounded to some extent by
associated cerebral white matter disease, albeit less so than for those with severe cerebellar
underdevelopment. In one report of 83 premature infants, cerebellar volume correlated with
Bayley Psychomotor Developmental Index scores, but, as the authors acknowledge, the test is
unlikely to be sensitive enough to detect cerebellar-related deficits in higher level cognitive
function.?® In a study of premature infants at adolescence, there were significant associations
between cerebellar volume and various cognitive scores, including deficits in executive and
visual-spatial functions and language.?® As noted earlier, follow-up studies of infants with
cerebellar hemorrhage without cerebral disease suggest that disturbances of language,
cognition, socialization, and affect may occur.12> Comparable follow-up studies of the
cerebellar underdevelopment discussed here are limited. Thus, more detailed data in premature
infant populations studied by MRI, to assess cerebral as well as cerebellar disease, and by
careful neuropsychological analysis, to evaluate the full cognitive spectrum, are needed.

The potential clinical correlates of cerebellar abnormality in premature infants can be derived
from studies of children and adults with cerebellar disease (Table 4).1317137 The topographic
aspects of the role of the cerebellum in these functions have been elucidated by neuroanatomical
and functional neuroimaging studies that emphasize the reverberating connections of cerebellar
outflow, via the dentato-rubro-thalamic circuit, to the prefrontal cortex (executive functions),
posterior parietal cortex (spatial cognition), superior temporal cortex (language and complex
auditory and visual processing), and cerebellar input from these cortical regions via the
corticopontine tracts and pontocerebellar fibers (Figure 9). Recent careful neuropsychological
study of children with cerebellar malformations support the correlation of cerebellar
abnormality with cognitive and affective disturbances, such as those noted in Table 4.132 Of
particular note, malformations of cerebellar hemispheres are especially associated with
selective neuropsychological deficits involving mainly executive functions and visuospatial
and linguistic abilities, whereas malformations affecting the cerebellar vermis are especially
related to affective and social disorders and often an autistic syndrome.32 In some ways, these
observations are reminiscent of the so-called cerebellar cognitive affective syndrome well
described in adults with acquired cerebellar lesions.138 Relevance to the premature newborn
is suggested by the aforementioned findings of Limperopoulos and colleagues.125 On follow-
up of premature infants with cerebellar hemorrhage, it was found that those infants with
socialization difficulties and positive autism screening were almost exclusively the infants with
involvement of the vermis. Additionally noteworthy is that among the infants with cerebellar
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malformations, motor deficits are less severe than cognitive deficits and, importantly, improve
progressively.132 This constellation is similar on follow-up of premature infants (see earlier).

Clearly, the stage is now set for detailed follow-up studies of small premature infants from the
perspective of cognitive/linguistic/affective/socialization functions, as a function of cerebellar
volume and other structural manifestations of underdevelopment. There are sufficient data to
hypothesize that cerebellar abnormality, especially acquired underdevelopment, is an

important determinant of higher level cognitive outcomes in surviving small premature infants.
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Figure 1.

Cerebellar volume as a function of gestational age. The three curves are the 5th, 50th, and 95th
percentile values of cerebellar volume obtained by 3-dimensional volumetric ultrasonography.
Data obtained from 231 studies of fetuses from 20 to 40 weeks’ gestation and expressed as
percentage of cerebellar volume at 40 weeks’ gestation. The 100% value is the 50th percentile
value at 40 weeks’ gestation (absolute value, 17.6 mL). Note the dramatic increase in cerebellar
volume from 24 to 40 weeks’ gestation.

SOURCE: Adapted from Ultrasound Med Biol. 2000;26(6):981-988.17
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Figure 2.

Growth of the cerebellar surface from 24 to 40 weeks. Drawings were made in the mid-sagittal
plane. Note the extraordinary increase from 24 weeks to 40 weeks in cerebellar surface area,
related primarily to increased foliation but also to increased overall cerebellar growth.
SOURCE: Adapted from J Comp Neurol. 1970;139(4):473-500.23
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Figure 3.

Two proliferative zones in cerebellar development. Transverse section of the rhombencephalon
at approximately 14 weeks’ gestation. Note the dorsally placed ventricular zone (VZ, blue)
and the dorsolaterally placed rhombic lip (RL, red). Arrows indicate directions of migration.
The VZ gives rise to interneurons of the deep nuclei, for example dentate (De), and to the
Purkinje cells. The RL has 2 portions divided by the choroid plexus (cpl) of the fourth ventricle
(4V); the upper portion gives rise to granule precursor cells of the external granular layer (EGL)
and to projection neurons of the deep nuclei, and the lower portion gives rise to neurons of the
basis pontis and inferior olive (OL).

SOURCE: Adapted from Brain Res. 1973;62(1):1-35.26
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Figure 4.

Major events in the histogenesis of the cerebellum in 4 major time periods from 9 weeks of
gestation to 7 months postnatal (pn). The 2 zones of proliferation are the ventricular zone (VZ)
and the external granule cell layer (EGL). Three directions of migration are indicated by arrows,
that is radial from the VZ, tangential over the surface of the cerebellum to form the EGL, and
later, inward to form the internal granular layer (IGL). Proliferation in the outer half of the
EGL is under positive control by Sonic hedgehog (Shh) secreted by Purkinje cells (P-cells).
Note the markedly active proliferation and migration of the granule precursor cells of the EGL
during the premature period. Not shown is the marked increase in size of the molecular layer
(ML) during the postnatal period. De, dentate; 1Z, intermediate zone; pn, postnatal; WM, white
matter.

SOURCE: Adapted from J Comp Neurol. 1970;139(4):473-50023; Brain Res. 1973;62(1):1-
3526: and J Neurol. 2003;250(9):1025-1036.24
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Figure 5.

Cerebellar underdevelopment as evidenced by magnetic resonance imaging at 7 months of age
in an infant born at 29 gestational weeks. Sagittal image (A) shows markedly small vermis and
pons below the inclined tentorium. Coronal image (B) shows small cerebellar hemispheres
immediately below the tentorium.

SOURCE: Reproduced with permission from AJNR Am J Neuroradiol. 2005;26(7):1659—
1667.44
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Figure 6.

Cerebellar underdevelopment and hemosiderin deposition by magnetic resonance imaging
(MRI) in a newborn at term equivalent age. Sagittal T2-weighted MRI (A) from a 13-week-
old infant born at 26 weeks’ gestation shows small vermis, enlarged fourth ventricle, reduced
dimensions of the brain stem, and inclined tentorium; hemosiderin deposition is apparent on
the surface of the pons and the lining of the fourth ventricle (black arrows). Horizontal MRI
(B) shows reduced volume of cerebellar hemispheres with hemosiderin deposition in both
hemispheres (black arrows).

SOURCE: Reproduced with permission from Eur J Paediatr Neurol. 2008;12(6):455-460.%0
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Figure 7.

Likely mechanisms by which direct adverse effects on the external granule cell layer lead to
diminished volumetric development of cerebellum and pontine and olivary nuclei. See text for
details.
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Figure 8.

Glucocorticoid (GC) receptor immunoreactivity in the external granular layer (EGL) of the
developing cerebellum. Glucocorticoid receptor immunohistochemistry in the postnatal day 7
mouse pup shows specific, dramatically elevated levels of immunoreactivity in the EGL. At
this specific time point, a single GC injection in vivo leads to marked degeneration. IGL,
internal granular layer; ML, molecular layer; PCL, Purkinje cell layer; WM, white matter.
SOURCE: Reproduced with permission from Cell Death Differ. 2008;15(10):1582-1592.78
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Major afferent and efferent connections between cerebrum and cerebellum. In premature

infants, the most likely disturbances of afferent connections occur at the level of the cerebrum
(cerebral white matter and cortex) and of efferent connections at the levels of the cerebellum

and thalamus. See text for details.
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Table 1

Major Features of Human Cerebellar Development

<20 weeks

Two proliferative zones established: dorsomedial ventricular zone and dorsolateral subventricular zone of the
rhombic lip

Ventricular zone gives rise, by radial migration, to the deep (eg, dentate) nuclei and Purkinje cells, which are y-
aminobutyric acid (GABA)ergic

Rhombic lip (rostral portion) gives rise, by tangential migration, to the external granular layer (and ultimately
the internal granular layer by inward radial migration), neurons of which are glutamatergic

Rhombic lip (caudal portion) gives rise, by tangential migration, to the pontine and inferior olivary nuclei, which
are glutamatergic

20 to 30 weeks
External cortical surface of the cerebellum begins rapid expansion and foliation

External granular layer reaches peak thickness, approximately 6 to 9 cells thick and highly proliferative, and can
be divided into inner and outer halves: proliferative neurons in outer half and neurons preparing to migrate in inner
half

External granular layer neurons begin inward radial migration along radial glial (Bergmann glia) fibers to begin
formation of the internal granule cell layer

Purkinje cell neurons are differentiating and secrete Sonic hedgehog; granule precursor cells of the external
granular layer express molecules of Sonic hedgehog-signaling pathway; Sonic hedgehog strongly stimulates
proliferation of granule precursor cells of the external granular layer

30 to 40 weeks
External granular layer proliferation and inward migration to form the internal granular layer continues at a peak

External granular layer continues rapid expansion as thickness remains essentially constant, while cortical surface
area increases markedly, requiring a remarkable increase in number of external granule cells

>40 weeks

External granular layer gradually dissipates throughout first postnatal year and internal granule cell layer becomes
greatly compacted

Purkinje cells enlarge and differentiate further as major outflow to dentate nuclei

Molecular layer enlarges several-fold with Purkinje cell differentiation and elaboration of granule cell input

SOURCE: Adapted from J Comp Neurol. 1970;139(4):473-50023; J Neurol. 2003;250(9):1025-103624; Brain Res. 1973;62(1):1-3525; and
Neuroscientist. 2008;14(1):91—100.27
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Table 2

Cerebellar Abnormalities of Prematurity

Primarily destructive
Hemorrhage
Infarction

Primarily impaired development

Direct effects on cerebellum (hemosiderin-blood products; hypoxia-ischemia/infection-inflammation;
glucocorticoids; undernutrition)

Remote effects on cerebellum (impaired trans-synaptic trophic effects)
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Table 4

Potential Clinical Correlates of Cerebellar Abnormality in Premature Infants?

Motor disturbances
Spectrum from incoordination to overt ataxia (“mixed cerebral palsy”)
Deficits in motor planning and execution
Cognitive deficits
Involving visual-spatial abilities, verbal fluency, reading, memory, and learning
Attentional deficits
Involving regulation of shifts in attention
Social/affective disturbances
Socialization deficits
Mood abnormalities

Autistic behavior

a
See text for references.
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