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Disorders of early postnatal 
cerebellar development in preterm 
neonates: chronological factors

Trastornos del desarrollo posnatal 
temprano del cerebelo en neonatos 
prematuros:	factores	cronológicos

ABSTRACT

Background. It is well known that preterm birth has a negative im-
pact on the postnatal development of the cerebellum. Several studies 
have described the clinical features and related topography and have 
concluded that, when such changes reach a certain magnitude, the 
final common pathway leads to an undersized cerebellum in preterm 
neonates. The early stages and precise mechanisms of this process, 
however, remain unclear.

Materials and Methods. We analyzed the gross and histologic find-
ings of cerebellar hemispheres in 111 preterm neonates (27-35 weeks 
gestational age, 1-41 days postnatal age) using an injury assessment 
scale. Through statistical analysis, those data were compared with each 
other as well as with chronological factors (gestational and postnatal 
ages), brain findings, systemic infections and clinical features.

Results. Findings included alterations in the cerebellar weight and 
morphometry of the cerebellar layers; apoptosis/necrosis in the Purkinje 
cells and in the internal granular layer; reactive astrocytosis, microglio-
sis, and microcystic changes in the white matter. Infarcts, infections, 
and hemorrhages were infrequent. The cases with prolonged survival 
showed severe lesions associated with delayed development of the 
cerebellar cortex. These lesions correlated with low body and brain 
weight, postnatal (>7 days) and gestational (30–33 weeks) ages, brain 
pathology (hypoxic-ischemic encephalopathy), systemic and neurologic 
infections, and low body weight for gestational age.

Conclusions. Severe lesions of cerebellum could be attributed to both 
direct and indirect mechanisms suggesting that delayed development 
was a secondary phenomenon. The chronological influence (gestational 
and postnatal ages) added to injury during hospitalization proved to be 
key in the pathogenesis of the small cerebellum in this group of cases.

Key words: cerebellum, hypoxic-ischemic encephalopathy, neuropatho-
logy, preterm, development.
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RESUMEN

Antecedentes: el impacto negativo que ejerce el nacimiento pretérmino 
sobre el desarrollo postnatal del cerebelo es un fenómeno ampliamente 
documentado. Diversos estudios han detallado el cuadro clínico y la 
topografía y concuerdan en que, cuando esas alteraciones  alcanzan 
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The anatomical and histological evidence that 
preterm birth is associated with cerebellar injury 
has been documented for many years.1–4 Those 
data were later recognized by MRI, through a 
decrease in the volume of the posterior fossa 
content in children and adolescents with neu-
rological and neuropsychological disorders and 
a history of preterm birth.5–11 Moreover, autopsy 
studies showed that preterm neonates at term-
equivalent postnatal age had smaller cerebella 
than those of term neonates, providing histologic 
and morphometric evidence of alterations in 
growth and development.12

With the objective of presenting a hypothesis 
on the impact of preterm birth on cerebellar 

development, Haldipur and colleagues analyzed 
quantitatively the changes in the cerebellar-
cortical layers of preterm neonates that had no 
infratentorial lesions.13 The conclusion was that 
the prematurity itself, and perhaps the compli-
cations that follow premature birth, modify the 
growth of that organ. These findings provided evi-
dence on the nature of the cellular mechanisms 
that operate during the first days of postnatal 
life, and lay the ground for more investigations 
that may elucidate the pathogenesis of the small 
cerebellum in this group of patients.

In this report we make particular emphasis on the 
study of the injured cerebellum. Whether through 
the effects of immaturity, the abrupt transition 

cierta magnitud, la vía final común es el así llamado cerebelo pequeño 
del recién nacido pretérmino. Las etapas iniciales y los mecanismos 
íntimos de ese proceso, sin embargo, no se conocen con exactitud. 

Material y método: se analizaron los hallazgos macromicroscópicos de 
los hemisferios cerebelosos de 111 recién nacidos pretérmino (27-35 
semanas de edad gestacional y 1-41 días de edad postnatal) usando 
una escala para graduar las lesiones. Mediante análisis estadístico se 
compararon los resultados y se relacionaron con factores cronológicos 
(edades gestacional y postnatal), hallazgos cerebrales, infecciones 
extraneurológicas y antecedentes clínicos.

Resultados: se hallaron alteraciones en el peso y la morfometría de 
las capas cerebelosas, apoptosis/necrosis de las células de Purkinje 
y apoptosis de la capa granular interna, astrocitosis, microligosis, y 
disolución microquística de la sustancia blanca. Los infartos, infec-
ciones y hemorragia fueron infrecuentes. Los casos con sobrevida 
prolongada mostraron lesiones severas y retardo en el desarrollo de 
la corteza cerebelosa relacionados con bajo peso corporal y cerebral, 
factores cronológicos (edades gestacional y postnatal), encefalopatía 
hipóxico-isquémica, infecciones neurológicas y sistémicas, y bajo peso 
para edad gestacional.  

Conclusiones: las lesiones severas del cerebelo podrían ser atribuidas 
a mecanismos directos e indirectos sugiriendo que el retardo del de-
sarrollo es un fenómeno secundario. Los factores cronológicos (edad 
gestacional y postnatal) influyeron en las lesiones ocurridas durante 
la hospitalización, y resultaron ser clave en la patogenia del cerebelo 
pequeño en estos casos.

Palabras clave: cerebelo, encefalopatía hipóxico-isquémica, neuropa-
tología, pretérmino, desarrollo.



3

Jones M, et al. Disorders of early postnatal cerebellar development

Revista latinoamericana

into an extrauterine environment, or compli-
cations arising during the postnatal period, the 
frequency of cerebellar alterations in premature 
births is significant and clearly evident. As a 
matter of fact—and perhaps in relation to the 
so-called vulnerability windows—14–16 in our 
series those lesions appear to be enclosed within 
a certain gestational period and in direct relation 
to postnatal age. Although cerebellar changes 
are consistent with the previously published cli-
nical, neuropsychological, and MRI data,6,8,10,11 
the mechanisms underlying those processes are 
poorly understood, and the neuropathological 
basis of the preterm neonate’s small cerebellum 
is still unresolved.

To address this question we analyzed the cere-
bella of preterm neonates from the first day of 
life until about a month and a half thereafter 
searching for the early alterations, time of their 
appearance and further development, their re-
lationships with cerebral findings and clinical 
features, and how they correlated with chronolo-
gical factors. Finally, we developed a hypothesis 
on the etiology and pathogenesis of the small 
cerebellum of preterm neonates.

MATERIALS AND METHODS

Cases

One hundred and eleven cerebella coming from 
preterm neonates (gestational age 27-35 weeks, 
postnatal age 1-41 days, postconceptional age 
27-36 weeks) were studied. All autopsies were 
performed at the Superiora Sor María Ludovica 
Children’s Hospital, La Plata, Argentina, bet-
ween 1978 and 2010. The cases were selected 
according to gestational and postnatal ages. 
Particularly excluded were those preterm neo-
nates that managed to attain a postconceptional 
age equivalent to term. Also excluded were 
cases with genetic or disruptive malformative 
syndromes of the central nervous system, cases 

with evident compromise of the central nervous 
system arising from prenatal infections, and cases 
with multimalformative syndromes.

Data recorded were gestational, postnatal, and 
postconceptional ages; body weight at birth; 
obstetric and perinatal clinical data; and diseases 
developed during the postnatal period. Low body 
weight was defined as birth body weight between 
1000 to 1500 g, and extremely low body weight 
when less than 1000 g, regardless of gestational 
age. Additionally, birth body weight was analy-
zed in relation to gestational age.

Pathology

a) Procedures

The material under study came from the files 
(samples had been fixed in 10% formaldehyde 
(Merck) in 0.2 M Ringer-lactate buffer, pH 7.4 for 
at least 7 days and then were either (66 cases) 
sagittally sectioned as previously described17 or 
transversely sectioned (45 cases). The samples so 
obtained were processed for paraffin embedding 
according to standard methods. Five-µm thick 
sections were stained with hematoxylin and eosin.

b) Measurements

Gross. We analyzed the macroscopic charac-
teristics found at autopsy along with the body, 
cerebrum, and cerebellum weight. 

Histological. Measurements in the folia of the 
cerebellar hemispheres were performed as pre-
viously described12 and included (for Tables S1 
to S9 please consult Supporting information at 
www.pretermcerebellum.org): 1) the thickness 
of the external granular layer, 2) the thickness of 
the molecular layer, 3) the number of Purkinje 
cells per segment, and 4) the density of the in-
ternal granular layer. Folia height and foliation 
degree were not measured since those values 



Patología Revista latinoamericana

4

Volumen 52, Núm. 1, enero-marzo, 2014

The results as related to the degree of lesion 
and survival time for each week of gestational 
age (WGA) (Table S3) enabled grouping of the 
cases (3 groups of gestational age and 2 groups 
of post-natal age) (Table 1).

are directly related to the cerebellar weight.12 
Likewise, morphometry on the white matter or 
the vermis were not included in this study.

All measurements were compared with the nor-
mal standards for gestational or corresponding 
postconceptional age (Tables S1 and S2).13,18-27

c) Neuropathological findings

The following data were carefully evaluated:  pre-
sence of (1) apoptosis (by morphology: nuclear 
pyknosis), necrosis, (2) infarcts, (3) hemorrhage, 
(4) infectious processes, and (5) microcystic 
changes in the white matter, as well as astrocytic 
and microglial reactions. In the external and 
internal granular layer, and in the white matter, 
apoptosis was considered to be present when 
either isolated nodules or large confluent areas 
of apoptotic cells were found in a high powered 
field (hpf; 400×). The presence of isolated apop-
totic cells within a given high-magnification field 
did not qualify as positive for that condition.28 On 
the contrary, in the stratum of Purkinje cells such 
a finding was considered positive for apoptosis.

d) Scoring system for gross and histological 
measurements, and neuropathological findings

Degree of lesion; postnatal and gestational age 
groups.

The 3 gross measurements (body, cerebral, and 
cerebellar weights), 4 histological measurements 
(external and internal granular layers, molecular 
layer, and Purkinje cell layer), and 5 neuropatho-
logical findings (apoptosis/necrosis, infarcts, 
hemorrhage, inflammation through infection, 
and microcystic changes), making a total of 12 
data, were organized into two degrees: mild (up 
to 4 positive data) and severe (with 5 or more 
positive data). (Supporting information related 
to the concept of apoptosis and necrosis at  
www.pretermcerebellum.org).

Table 1. Number of cases with respect to postnatal age within 
groups of gestational age in preterm neonates (n = 111; 
WGA, 27-35)

WGA 27-29 30-33 34-35
(n) 35 

(cases 1-35)
54 

(cases 36-89)
22 

(cases 90-111)

PNA (*) <7d      >7d <7d      >7d  <7d      >7d
(n) 19          16 24          30 13           9

WGA: weeks of gestational age; PNA: postnatal age; d: 
days.
(*) Total number of cases with PNA <7d, 56; > 7d: 55.

e) Clinical data and cerebral findings

The relationships between clinical data (both 
obstetric and neonatal), gross and histological 
findings, cerebellar lesions (mild and severe), 
and gestational- and postnatal-age groups were 
also recorded.

f) Statistical analyses

The relationships between the different categories 
of variables were studied through contingency 
tables and chi-square test, the value of p<0.05 
considered as statistically significant.

RESULTS

a) Cerebellar lesion, postnatal age and 
gestational age

cerebellar lesions in Preterm neonates of 27–35 
WGa varied accordinG to Postnatal and Gestatio-
nal aGes. The percentage of severe lesions proved 
to be greater in the cases living more than 7 
days (84%; 46/55) than those living less (36%; 
20/56; p < 0.001) (Table 2). When grouping the 
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cases according to postnatal and gestational ages 
(Table 3), it was observed that within the 27-29 
WGA group that lived less than 7 days only a 
single case had severe cerebellar lesions, while 
among the cases having longer lifetimes 69% 
presented with lesions (p < 0.001). In the 30-
33–WGA group those figures increased to 58% 
(14/24) and 97% (29/30; p = 0.001), respectively. 
In the 34-35–WGA group, differences in the 
results were not statistically significant (p = NS).

b) Weight measurements

cerebellar WeiGht in Preterm neonates of 27–35 
WGa varied accordinG to the severity of the 
lesion and to Postnatal and Gestational aGes. A 
greater frequency of low cerebellar weight was 

Table 2. Cerebellar lesion with respect to postnatal age in 
preterm neonates (n = 111; 27-35 WGA)

Postnatal age (n)

lesion
(n)

< 7d
(56)

> 7d
(55)

mild
(45)

36
64%

9
16%

 severe
(66)

20
36%

46
84%

p-value<0.001

WGA: weeks of gestational age; d: days.

Table 3. Cerebellar lesion with respect to postnatal age 
within gestational age groups in preterm neonates (n = 111; 
27-35 WGA)

Gestational age (n)

lesion (n) 27-29
(35)

30-33
(54)

34-35
(22)

<7d
(19)

> 7d 
  (16)

<7d
 (24)

> 7d
  (30)

<7d
(13)

> 7d
(9)

mild (45) 18 
95%

5
31%

10
42%

1
3%

8 
62%

3 
33%

severe (66) 1
5%

11
69%

14
58%

29
97%

5
38%

6
67%

p-value <0.001 =0.001 NS

WGA: weeks of gestational age; d: days.

observed in cases living longer than 7 days (75%; 
41/55) than in those that did not (36%; 20/56; p 
< 0.001) (data not shown). Moreover, in the cases 
that lived for more than 7 days and exhibited 
severe lesions, 83% (38/46) had low cerebellar 
weight (Table 4). As related to gestational age, 
the greatest percentage of low cerebellar weight 
corresponded to those of 30–33 WGA (70%; 
38/54; p = 0.006); moreover, in this group those 
who lived for more than 7 days presented low 
cerebellar weight in 87% of the cases (26/30; 
p = 0.003) (data not shown). If in this same 
group (30–33 WGA, > 7 days of postnatal age) 
only the cases that exhibited severe cerebellar 
lesions are considered, the percentage of low ce-
rebellar weight reaches 90% (26/29; p = 0.014) 
(Figure 1).

In the 27-29–WGA group that lived for less than 
7 days only a single case had severe cerebellar 
lesions (5%; 1/19) and exhibited low cerebellar 
weight as well. Within that same group the rest 
of the cases (95%; 18/19) had only mild lesions 
and just 3 were with underweight cerebella 
(17%; 3/18); whereas in the group that lived for 
more than 7 days 69% (11/16) presented severe 
lesions and had low cerebellar weight as well 
(73%; 8/11) (Figure 1). In the 34-35–WGA group 
the differences between the two postnatal-age 
groups were not statistically significant.

Table 4. Frequency of low cerebellar weight with respect to 
cerebellar lesion within groups of postnatal age in preterm 
neonates (n = 111, 27-35 WGA)

 Postnatal age (n)

lesion
(n)

< 7d
(56)

> 7d
(55)

mild
(45)

9/36
25%

3/9
33%

severe
(66)

11/20
55%

38/46
83%

p-value 0.025 0.002

WGA: weeks of gestational age; d: days.
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body and cerebral WeiGht. The frequency of low 
body and cerebral weight directly correlated 
with the postnatal and gestational ages and the 
severity of the cerebellar lesion, particularly in 
the 30-33–WGA group cases (Table S4).

c) Histological studies: measurements of the 
cerebellar cortical layers (Table S5)

External granular layer. Two morphologic patterns 
were recognized: 1) a reduced thickness of the 
layer either with or without images of apoptosis/
necrosis (Figures 2 and 3), 2) an increased height 
of the layer (Figure 4). (Please, find high resolution 
images at www.pretermcerebellum.org).

Molecular layer. The only pattern indicating le-
sion was a decrease in the thickness of the layer, 
which was found at an increasing frequency with 
the gestational age (Figures 5A,B).

Purkinje cells. Two morphologic patterns were 
found in this layer (Figures 5C,D): 1) a reduction 
in the number of  Purkinje cells per segment, 

either with or without images of apoptosis, and 2) 
an increased number of those cells per segment.

Internal granular layer. There was a unique pat-
tern consisting in a decrease in the number of 
granular cells along with two associated images: 
1) isolated apoptotic figures without evidence of 
destructive lesion (Figures 6A,B), or 2) isolated 
groups or confluent areas of cells with apoptosis 
(Figures 6C,D).

morPhometric chanGes in the cerebellar cortex in 
Preterm neonates of 27–35 WGa varied accordinG 
to Postnatal- and Gestational aGes, and to the affec-
ted cortical layer. The frequency of morphometric 
changes grew up with increasing postnatal age. 
The most greatly affected was the Purkinje cell 
layer, (Figure 5C, D) with a frequency of 59% 

Figure 1. Frequency of cases with low cerebellar 
weight (dark green) and severe lesions of the cere-
bellum according to postnatal age within groups 
of gestational age. Abbreviations: WGA, weeks of 
gestational age; PNA, postnatal age.

Figure 2. Diminished thickness of the external granu-
lar layer were mild to moderate in the 27-29-WGA 
group and more pronounced in the 30-33-WGA 
group. A. Diminished thickness (black lines). B. Nor-
mal external granular layer thickness for comparison. 
C. Diminished thickness and cellularity in the external 
granular layer, along with apoptosis/necrosis in Pur-
kinje cells and internal granular layer, and microcystic 
change in the white matter. D. Normal external granu-
lar layer thickness for comparison. H&E. Scale bar, 
50 mm (A-D). Abbreviations: grext, external granular 
layer, w, week; d, day.
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Figure 3. Absence of external granular layer. Destruc-
tive changes at this level were associated with gliosis 
of molecular layer, replacement of the Purkinje cells 
by Bergman glia and frequent images of apoptosis at 
the internal granular layer. H&E. x100. Abbreviations: 
w, week; d, day.

Figure 4. Increased thickness of the external granular 
layer were particularly observed in the 34-35 WGA 
group. A. High strata were observed in some cases of 
the 30-33 WGA group. B. Normal layer thickness for 
comparison. In A and B black lines show the site of 
measurement. C. However, increased thickness was 
the only change observed in the 34-35 WGA group. 
D. Normal thickness for comparison. H&E. Scale bar, 
50 mm (A-D). Abbreviations: grext, external granular 
layer; w, week; d, day.

(33/56) of the cases living less than 7 days versus 
84% (46/55) in those surviving longer (Table 5 
I A). The greatest frequency of changes was no-
ticed in the 30-33 WGA group, the percentage 
of affected cases varying according to a specific 
layer. The most compromised was the Purkinje-
cell layer (85%; 46/54; Table 5 I B). In contrast, 
the lowest gestational ages tended to exhibit 
fewer morphometric alterations, as evidenced 
particularly in the internal granular layer of 
the 27-29–week gestational group (2/35; 6%). 

Meanwhile, the morphometric changes in the 
molecular layer occurred more frequently in the 
34-35–WGA group (Table 5 I,B).

When taking into account both the gestational 
and postnatal ages, the most greatly affected 
was the Purkinje-cell layer of the 30-33–WGA 
group with more than 7 days of postnatal life 
(90% of the cases). Remarkably, from week 30 
of gestation the morphometric changes were 
frequent after the first day of postnatal life; while 
this phenomenon was less frequent in the cases 
of the 27-29–WGA group (Table S6, 1-3).

d) Histologic studies: neuropathology

Cerebellar cortex

Apoptosis/necrosis in the external and internal 
granular layers and the Purkinje cells was the 
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Figure 5. Molecular and Purkinje cell layers showed 
frequent changes particularly in preterm neonates 
from 30 to 35 WGA. A. Diminished thickness was the 
only pattern found in the molecular layer. Black lines 
show the site of measurement. B. Normal molecular 
layer thickness for comparison. C. Increased number 
of Purkinje cells per segment. D. Reduction in the 
number of Purkinje cells per segment was frequently 
associated with necrosis and occasional apoptosis. 
H&E. Scale bar, 50 mm (A,B), 100 mm (C), 20 mm (D). 
Abbreviations: mol, molecular layer; Purk, Purkinje 
cell layer; P, Purkinje cell; w, week; d, day.

Figure 6. Hypocellularity in the internal granular 
layer was mainly associated with apoptosis in the 
longer survival time group. A. Hypocellularity with 
isolated apoptotic cells. B. Hypocellularity without 
cellular changes. C. Extreme reduction of the inter-
nal granular layer with apoptosis and severe lesions 
throughout the rest of the cortex. D. From 27 to 33 
WGA most severe changes were associated with 
longer survival time. H&E. Scale bar, 50 mm (A, 
insets B-D), 1000 mm (B), 500 mm (C,D). Abbrevia-
tions: w, week; d, day.

most common lesion occurring in at least one of 
these three layers in 85% of the cases (94/111; 
Table S7, Figure 7), and increasing to 92.4% 
(61/66; data not shown) in the group with severe 
lesions. These severe cases were characterized 
by reactive astrocytosis and microgliosis along 
with diffuse gliosis in the most chronic.

occurrence of aPoPtosis/necrosis in Preterm neonates 
of 27–35 WGa varied accordinG to Postnatal and 
Gestational aGes and the affected cortical layer. All 
layers exhibited and increase in the frequency of 
apoptosis/necrosis with postnatal age, but after the 
first week of postnatal life the most greatly affected 
were the Purkinje cells and the internal granular 
layers (84% and 82% of the cases) (Table 5 II A). 
The most affected among the three gestational 
groups was the one of 30–33 WGA with 92.5% 

Table 5 I. Frequency of cases with morphometric changes in 
cerebellar cortical layers of preterm neonates. According to: 
A) postnatal age; B) gestational age (n = 111; 27-35 WGA)

A PNA grext mol Purk grint
<7d
(56)

18
32%

12
21%

33
59%

12
21%

p-value 0.017 0.021 0.004 0.002
>7d
(55)

30
55%

23
42%

46
84%

27
49%

B WGA grext mol Purk grint
27-29 
(35)

11
31%

7
20%

20
57%

2
6%

30-33 
(54)

28
52%

17
31%

46
85%

27
50%

34-35 
(22)

9
 41%

11
50%

13
59%

10
45%

p-value 0.160 0.060 0.006 0.001

WGA: weeks of gestational age; PNA: postnatal age; d: days; 
grext: external  granular layer; mol: molecular layer; Purk: 
Purkinje cell layer; grint: internal granular layer.
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Figure 7 A-L. Cerebellar neuropathology in preterm neonates from 27 to 33 WGA. Increasing lesions along 
postnatal and gestational age. Apoptosis in internal granular layer (A, D; arrows), and  necrosis in Purkinje cells 
(G, J; arrows) in the first days of life become increased during subsequent days (B, C, E, F, H, I, K, L; arrows). 
Arrows in (C, F, I, K, L) show microcystic change of the white matter, along with reactive astrocytosis in (H, I, J, 
L; short arrows). Morphometric changes in different layers were evident in (C, E, L), and   delayed maturation was 
also noted as small and numerous Purkinje cells in (C, E, K, L), and persistence of the lamina dissecans in (C, K, 
L). H&E. Scale bar: 50 mm . Abbreviations: E, edema; N, necrosis; MC, microcystic change of the white matter.
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Figure 7 M-Q. Cerebellar neuropathology in preterm neonates from 34 to 35 WGA. Changes were less evident 
in this group of preterm neonates. Apoptosis in internal granular layer and necrosis in Purkinje cells in (M,O; 
arrows). Diffuse apoptosis (arrows), microcystic change of the white matter, and reactive astrocytosis (short arrows) 
in (N). Edema is seen in (P). These changes were accompanied by alterations in the morphometry of the different 
layers and by images of delayed maturation (N, Ñ, Q); persistence of the lamina dissecans was also observed 
(M, N, Ñ, Q). H&E. Scale bar, 50 µm. Abbreviations: E, edema; MC, microcystic change of the white matter.

Table 5 II. Frequency of cases with apoptosis/necrosis in 
cerebellar cortical layers in preterm neonates. According to: 
A) postnatal age; B) gestational age (n = 111; 27-35 WGA)

A PNA grext Purk grint
<7d
(56)

21
38%

26
46%

39
70%

>7d
(55)

39
71%

46
84%

45
82%

p-value 0.001 0.001 0.135
B WGA grext Purk grint

27-29 
(35)

9
26%

20
57%

21
60%

30-33
 (54)

43
80%

39
72%

46
85%

34-35 
(22)

8
36%

13
59%

17
77%

p-value 0.001 0.284 0.025

WGA: weeks of gestational age; PNA: postnatal age; d: days; 
grext: external  granular layer; Purk: Purkinje cell layer; grint: 
internal granular layer.

(50/54) of the cases showing apoptotic/necrotíc 
figures (Table S7). Within this period the internal 
granular layer was the most greatly altered (85%; 
46/54) (Table 5II B), with a peak of 100% of the 
cases along week 31 (data not shown).

White matter

Microcystic change of the foliar, subfoliar and 
central white matter was observed in 57/111 
cases (51%; Table S7, Figure 8). This frequency 
grew up to 70% (46/66) in the cases with seve-
re lesions (data not shown), where microcystic 
change along with necrosis of the white-matter 
components (cells of the oligodendroglial series) 
(not shown in the figures), reactive astrocytosis, 
and macrophagic microglia were common 
findings (Figure 7 H–J, L, N). The postnatal age 
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Figure 8. Pathology of the white matter in preterm neonates. Microcystic changes, reactive astrocytosis and 
macrophagic microgliosis were frequent findings in cases with severe lesions. A. Necrosis and hemorrhage (short 
arrows and inset) as well as pallor of white matter (long arrowand inset); folia look long but very thin. B. Short 
and thin folia, with pallor of white matter; microcystic change (inset). C. Delayed maturation seen as short folia; 
pallor of the white matter with microcystic change. A-C show apoptosis in external and internal granular layers 
and necrosis in Purkinje cells, along with hypocellularity of internal granular layer; B and C are examples of 
destructive lesions associated with delayed maturation. H&E.

correlated with those lesions, 69% (38/55) of the 
cases being more than 7 days. The 30-33 WGA 
group was the one most greatly affected (61%; 
33/54) (Table S7). 

Infarcts, hemorrhagic foci, or infections resulting 
in abscess formation affecting both the gray and 
the white matter were less frequent changes 
(Table S7; Figures 9 and 10). Multifocal areas of 
hemorrhage were found in 12/111 cases (11%; 
data not shown), with 9 corresponding to cases 
with severe lesions.

Of the cases under investigation, 74% (82/111) 
agreed with the hypothesis that lesions in preterm 
neonates increase with postnatal age and that, de-
pending on the compromised area, they likewise do 
so with increasing gestational age (Figure 7 A–O). 

Relationship between the morphometric and the 
neuropathologic changes. 

Neuropathologic changes were more frequent 
than morphometric alterations. The percentage 
of cases with cellular lesions was greater than 
that registered for morphometric changes. This 

was particularly evident in the internal granular 
layer after the first week of postnatal life, and that 
tendency increased from gestational-week 30 on.

The most frequently neuropathologic change 
associated with morphometric alterations was 
apoptosis. The layer that most often exhibited 
that association was the internal granular with 
respect to both gestational and postnatal age. 
(Tables S6-2 and S6-3). In contrast, particularly 
in the external granular layer and in the Purkinje 
cells, morphometric alterations occurred without 
accompanying evidence of pathology, and con-
versely, apoptosis/necrosis was also recorded in 
absence of morphometric changes.

e) Relationship between the cerebellar lesions, 
the clinical data, and the cerebral pathology

Cerebellar lesion. Cases with severe lesion most 
frequently presented with low body weight for 
gestational age, systemic infections, hypoxic-
ischemic encephalopathy and cerebral infections 
(Table 6); while mild lesions were more fre-
quently accompanied by minimal changes in 
the supratentorial area of the brain.
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Figure 9. Cerebellar infections were usually found in 
cases with sepsis. A, B. Multiple abscesses (arrows), 
in these cases with Candida. Microcystic changes and 
reactive astrocytosis in the white matter. H&E. Scale 
bar, 1000 mm.

Figure 10. Multifocal hemorrhage. Diffuse apoptosis; 
delayed maturation in the external and molecular 
layers; pallor of the white matter with microcystic 
change in the folia at the center of the picture. H&E.

Postnatal age. The cases surviving postnatally for 
less than 7 days exhibited a greater frequency 
of respiratory-distress syndrome and peri-intra-
ventricular hemorrhage, whereas those living for 

more than 7 days had more systemic infections, a 
greater frequency of hypoxic-ischemic encepha-
lopathy, and more cerebral infections (Table S8).

Gestational age. The 27-29 WGA group showed 
a greater proportion of cases with respiratory-
distress syndrome and peri-intraventricular 
hemorrhage (Table S9).

The data of low body weight for gestational age 
was frequent in cases with severe lesions, but this 
feature was similar for both postnatal-age groups.

In summary, there was a direct relation between 
the severity of cerebellar lesion, the cerebellar 
weight, the postnatal and gestational ages, and 
the body and brain weight. Histological changes 
appeared since the first day of life, although the 
frequency of morphometric and neuropathologic 
alterations increased with postnatal age. The 
gestational group most markedly affected was 
that of weeks 30-33. The cerebellar-cortical layer 
undergoing the most extensive number of mor-
phometric alterations was that of Purkinje cell 
layer, while Purkinje and internal granular cell 
layers were a common substrate for neuropatho-
logic changes. Apoptosis/necrosis in the cortex 
and microcystic change in the white matter were 
the most common pathologic findings.

There was a tendency for the cases with greater 
immaturity (27-29 WGA) and less postnatal 
survival time to present clinical data of respira-
tory-distress syndrome and peri-intraventricular 
hemorrhage; and for the cases with severe de-
grees of cerebellar lesion and postnatal survival 
time for longer than a week to present with 
systemic infections, hypoxic-ischemic encepha-
lopathy and cerebral infections.

DISCUSSION

Numerous MRI and neuropsychological in-
vestigations,5–11,29–32 and much less frequent 
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pathological and experimental studies,12,13,28,33–36 
have shown evidences of delayed postnatal 
cerebellar growth related to injuries. Those 
findings improve our understanding of the histo-
pathologic processes that take place in the small 
cerebellum of the preterm neonate. However, 
this growing body of evidence fails to elucidate 
the initial as well as the subsequent events that 
end in delay or arrest in the development and 
maturation of the cerebellum in that group of 
neonates. Although deleterious effects of antici-
pated delivery cannot be discarded, we suspect 
that the ultimate responsible in the acquisition 
of lesions is the physiopathological response to 
immaturity, linked to the unavoidable conse-
quences of hospitalization.

With an aim to detect the early changes, the 
present investigation describes in a well-ordered 
fashion the sequence of findings from the begin-
ning, with particular emphasis on responses to 
postnatal cerebellar injury.

Macroscopical studies

The cerebellum develops from an enlargement 
of the alar plate (rhombic lip) during the fourth 
gestational week and begins to outgrow lobes 
in the vermis in the second gestational month, 

Table 6. Cerebellar lesions according to perinatal complications, systemic infections and supratentorial findings in preterm 
neonates (n = 111; 27-35 WGA)

Clinical data Autopsy	findings

Lesion (n) LWGA obst IRDS INF PIVH HIE inf CM
mild (45) 22%

10
53%
24

73%
33

29%
13

47%
21

31%
14

2%
1

31%
14

p-value 0.010 0.446 0.165 0.012 0.356 0.002 0.039 0.045
severe (66) 45%

30
61%
40

61%
40

53%
35

38%
25

61%
40

14%
9

15%
10

Obstetric complicatons were: premature rupture, abruptio placentae, chorioamnionitis, polyhydramnios, oligoamnios, nuchal 
umbilical cord entanglement, umbilical cord prolapse, dystocia, diabetes, gestosis. The most frequent autopsy findings outside 
the CNS were: hyaline membrane disease, amniotic fluid/meconium aspiration, bronchoneumonia, pulmonary hemorrhage, 
necrotizing enterocolitis, peritonitis, sepsis. Abbreviations: WGA: weeks of gestational age; LWGA: low weight for gestatio-
nal age; obst: obstetric complications; IRDS: idiopathic respiratory distress syndrome; INF: systemic infections; PIVH, peri-
intraventricular hemorrhage as the main lesion; HIE: hypoxic-ischemic encephalopathy; inf: cerebral infections; CM: cerebral 
minimal histological changes; p-value <0.05.

and then in the hemispheres one or two months 
later.23 At gestational week 27 the cerebellar 
folia with axes of white matter, and deep white 
matter containing various nuclei, are well defi-
ned. Under normal conditions, only a profuse 
arborization of the folia remains to be develo-
ped along with changes in the cortical structure 
(cf. below). The extent of this growth can be 
assessed by measuring the diameter and weight 
of the cerebellum—measurements that, except 
in instances of specific anomalies, maintain a 
one another tight relationship. The cerebellum 
normally triples its weight between gestational 
weeks 27 and 35. At the same time, the weight 
of the brain along with the body weight remains 
strictly related to those cerebellar measurements 
(Table 1S). 

As reported, body weight is an appropriate 
marker of brain weight.12,37,38  In our series, 
cerebellar weight was directly related to both 
cerebral and body weight, underlining the ana-
tomical and physiopathological connection. 
Furthermore, the cerebellar weight proved a 
reliable indicator of lesion, since the cases with 
the lowest values were those that presented 
the most severe lesions, and a close correla-
tion with chronological factors (postnatal and 
gestational ages).
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Histological studies

The cerebellum begins to develop in the fourth 
week of gestational age and continues growth 
until reaching the characteristic and definitive 
trilayered cortical morphology approximately 
by the end of the first year of postnatal life.26, 27 
Present study starts at week 27; time at which, 
due to the presence of the lamina dissecans, 5 
cortical layers can be observed.26 Under nor-
mal conditions the transient lamina dissecans 
disappears by the 31th week of gestation, giving 
way to the 4-layered cortical structure that will 
remain—as just   mentioned—until the end of 
the first year of postnatal life.

The maturation of the cortical structure implies 
a reduction in the external granular layer and 
a progressive increase in the molecular and 
internal granular layers. The external granular 
layer operates as a second germinal matrix and 
will disappear as inward migration of blasts to 
the internal granular layer is completed. The 
molecular layer, in contrast, widens owing to 
the profuse arborization (neuritogenesis) of the 
Purkinje cell layer, which elements are densely 
disposed by week 27 and more dispersed as 
their dendrites elongate and ramified. Over 
the course of the following weeks the internal 
granular layer increases its thickness and its 
cell density as well. The successive formation 
of folia is produced by a great expansion of 
the cortical layers over a slower growth of the 
subjacent white matter.

In our series, the cerebellar cortex showed chan-
ges in thickness as well as in cell density. Those 
morphometric alterations were mainly associated 
with images of cell death, although the frequency 
was variable according to the affected layer. In 
the external granular layer, the association of 
morphometric and neuropathological changes 
(apoptosis) was not relevant in its frequency 
and severity.13 Moreover, the thinning of the 

molecular layer could result from apoptosis/ne-
crosis of Purkinje cells, but also from diminished 
neuritogenesis. However, in the internal granu-
lar layer 39 and especially in cases with severe 
lesions, morphometric changes and apoptosis 
were found at a high frequency, this combination 
suggesting a cause-effect mechanism. As those 
findings were particularly frequent and severe 
within a certain gestational period (i. e., 30–33 
WGA) and after the first week of life, it seems that 
a significant vulnerability of those granular cells 
should be considered in this regard. Conceivably 
linked to a selective vulnerability of cerebellar 
cortex to injury, those lesions could be parallel 
with the ones described in different parts of the 
brain.40 Our findings of diminished molecular 
layer, together with an alteration in the number 
of Purkinje and internal-granular cells, agree with 
those reported by Biran.34

We could not find a clear explanation as to why 
the Purkinje-cell layer expressed the greatest 
quantity of morphometric changes; either or 
not associated with the presence of apoptosis. 
Conversely, destructive processes did not always 
develop in morphometric changes, as the former 
were recorded in numerous cases with normal 
Purkinje-cell morphometry.

The morphometric changes not associated 
with apoptosis or any other destructive process 
were less frequent, and showed a histologic 
pattern corresponding to an earlier gestational 
(or postconceptional) age than the actual one: 
increased thickness of the external granular la-
yer, high number of Purkinje cells per segment, 
and scarce number of internal granular cells 
without significant apoptosis. Those images are 
interpreted as an immature pattern, mostly co-
rresponding to a primary underdevelopment. The 
Purkinje-cell layer showed the greatest frequency 
of developmental disturbances going through 
a peak at the period of 30–33 WGA without 
correlation with the postnatal age.
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In certain cases both situations (apoptosis plus 
morphometric changes) occurred together 
presenting a mixed pattern that could not be 
interpreted in terms of cause and effect, the 
hallmark being the finding of apoptosis in a 
well-developed external granular layer, or the 
finding of apoptosis in a hypoplastic internal 
granular layer.

The greater frequency of neuropathologic changes 
over that of the morphometric alterations could 
have been the result of a more rapid response to 
injury through apoptosis/necrosis than through 
morphometric changes. A sequential mecha-
nism was suspected only in certain cases with 
longer survival time, in which the persistence 
of the destructive process likely influenced the 
maturational development of the cerebellar la-
yers. However, as the present series is composed 
mainly by cases with short postnatal age, it is 
hardly the most appropriate sampling for asses-
sing postnatal developmental defects.

Microcystic change was the main alteration in 
the white matter and occurred before the onset 
of myelination, at a stage in which the oligoden-
droglial progenitors are present. Therefore, the 
influence of a destructive mechanism on deve-
loping pre-oligodendroglial cells along with the 
consequent effect on future myelination cannot 
be discarded. The etiology could be related to 
episodes of hypoxia, ischemia, and infections, 
with the induction of an inflammatory response 
involving cytokines.41-43 That just hypoxia could 
disrupt myelination more than the combination 
hypoxia-ischemia has been reported.34 Although 
hypoxia can be separated experimentally from 
ischemia, acidosis, and other related conditions, 
the clinical and physiopathologic reality in the 
human neonate remains that isolated hypoxia 
rapidly develops into hypoxia-ischemia through 
myocardial damage.44-45 In fact, the most com-
mon form of nervous-tissue oxygen deprivation 
in the neonate is ischemia.

In agreement with earlier observations,33 extensive 
foci of hemorrhage, infarcts and abscesses proved 
to be infrequent lesions. In the present series, they 
were found in cerebella with low weight and grea-
ter degrees of histologic compromise. In addition, 
as described,3,46 hemorrhagic lesions were more 
frequent in the group of lowest gestational age.

Clinical data and cerebral pathology

The analysis of the clinical data and the cerebral 
pathology revealed two different groups. One of 
them displayed high frequency of cases with respi-
ratory-distress syndrome and peri-intraventricular 
hemorrhage within the 27–29 WGA group, which 
is explained by the etiopathologic characteristics 
of that condition. This concurred with the finding 
of minor changes in the cerebellum. Such changes 
may result from a lower response to injuries47 
(owing to the immaturity and selective vulnera-
bility of each area)40,48 or to a reduced survival 
time, a feature also characterizing this age group.

In the second group, the presence of hypoxic-
ischemic encephalopathy and infections in the 
brain and other sites of the body were related to an 
underweight cerebellum with severe lesions, parti-
cularly in those cases surviving more than a week. 
The passage of time would favor the development 
of infections with inflammatory cytokine activation 
and free radicals attack, which would result in da-
mage to the central nervous system, particularly to 
the rapidly developing and vulnerable cerebellum. 
Therefore, it is not surprising that a strong asso-
ciation between infections, severe lesions, small 
cerebellum and longer survival time were found 
in our series. Moreover, severe cerebellar lesions 
occurred mainly in those preterm neonates whose 
body weight was low for gestational age.

MRI

In cerebellar growth and development disorders, 
the decrease in cerebellar weight is directly 
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related to reduction in volume.12 Therefore, ca-
ses with severe lesions and very low cerebellar 
weight would likewise have a correspondingly 
reduced volume. This latter characteristic has 
been documented by MRI.32,37 In most of the 
cases this finding is the only one achievable 
with this procedure. The predominance of diffuse 
microscopic lesions (apoptosis/necrosis and mi-
crocystic changes) over the more extensive focal 
ones (e. g., infarcts and hemorrhage) should alert 
about the possibility of MRI showing just a global 
decrease in the volume of the cerebellum, or 
even detect no lesion whatsoever. Ultimately, al-
terations would be recognized by psychological 
tests or neurologic and psychiatric examinations.

Early vs equivalent to term cases

Comparing the present results with those of a 
previous study,12 we conclude that analyzing 
early changes allowed us to recognize destruc-
tive injuries since the first days of life, whereas 
developmental disturbances were only observed 
in some of the cases with longer survival time. 
Moreover, preterm neonates with a postcon-
ceptional age equivalent to term12 lived long 
enough to show features of a final status in which 
developmental disturbances were the hallmark.

We envision that both groups of preterm neo-
nates (early and equivalent to term) enclose a 
period of survival time beginning with destruc-
tion and ending with disruption, and that both of 
them were necessary for analyzing the particular 
sequence of events observed along postnatal life 
in present series.

Hypothesis

On the basis of morphological observations and 
their relationship to clinical data, we drew up a 
hypothesis on the pathogenic sequence of events 
occurring in the undersized cerebellum of pre-
term neonates. In the first days of postnatal life or 

shortly afterwards, depending on the gestational 
age, cellular and tissular changes (apoptosis, 
necrosis, microcystic changes, among others) 
became evident. Those histological alterations 
are characteristic of the direct and also indirect 
response to injuries such as hypoxia, ischemia, 
and infections,7,34-36,49-51 and would be worsened 
during hospitalization, perhaps due to diverse 
treatments and postnatal undernutrition.52-54 Per-
sistence of those lesions would be the source of 
morphometric changes observed in cases of lon-
ger postnatal age. Later on, these abnormalities 
could be translated into an alteration of cortical 
and subcortical cerebellar growth, the subse-
quent defect in foliar development manifesting 
itself as the final image of the small cerebellum 
in those preterm neonates.

Regarding the mechanisms, the origin of the 
undersized cerebellum would be: those of a 
direct injury, in which the cerebellar lesions 
comprised just one additional part of the CNS 
changes; those of remote effects, such as trans-
synaptic degeneration interacting between the 
injured cerebrum and the cerebellum; or both 
conditions acting together.35,55-57

Lesions and chronological factors

The morphology and severity of the lesions were 
affected by two chronological factors: maturation 
(i.e., gestational age) and survival time (i.e., post-
natal age). In this series, reaction to injury was 
less pronounced in the very immature preterm 
neonates. The entrance into a certain stage of 
maturation —in present cases from gestational 
week 30 on— correlated with more responses 
and more extensive ones. The explanation for this 
phenomenon is probably linked to the concept 
of vulnerability windows.14-16 With respect to 
postnatal age, a longer survival time allowed an 
eventual postnatal maturation but, at the same 
time, also exposed the neonate to deleterious 
effects of diverse treatments, intercurrent disea-
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ses and postnatal undernutrition. These injuries 
interrupted an expected normal cerebellar deve-
lopment, resulting in an overlap of destructive 
and disruptive images, such as were observed 
in some of the cases presented here as well as 
recognized in earlier publications.12,34,58,59

We suggest that sequential events starting with 
destructive injuries and ending with disruptive 
disturbances would be operative in those cases 
in which the lesion is a mixture of destructive 
and developmental processes.

It may be possible to diminish the spectrum of 
lesions in the period necessary for reaching a 
satisfactory physical and neurological matu-
ration. However, as none of the chronological 
factors can be modified, therapeutic and nutri-
tional management would have to be carefully 
established in this group of preterm neonates in 
that period.60,61

The present study has a potential limitation. Ca-
ses in this series were restricted to those whose 
survival time ended before the equivalent-to-term 
postnatal age. As a consequence, a short postna-
tal age was present in nearly half of the cases in 
the 34-35 WGA group, and a mild statistical bias 
should be taken into account when considering 
the results. Likewise, the long period of time from 
which data were obtained could have effects 
upon lesions because of improved therapies. 
This last concept was detailed elsewhere.33 The 
internal granular layer presents a far from sharp 
lower boundary, which complicates the measure-
ment of its thickness. However, as thickness and 
cellular density are proportional to one another,12 
we chose to measure the density of the internal 
granular layer as a better method.

CONCLUSIONS

Cerebellar injuries in the preterm neonate are 
recognized since the first day of life, increasing 

its frequency and severity in direct proportion 
to survival time. In addition, correlation with 
gestational age suggests that vulnerability may 
operate as an underlying mechanism. Destructive 
changes in the cerebellar cortex and white mat-
ter showed features common to both direct and 
indirect lesions, whereas developmental ones 
appeared mostly as an overlapped secondary 
phenomenon in cases with longer survival time.

The natural history of the small cerebellum of the 
preterm neonate comprises an orderly sequen-
ce of events that begins with minimal cellular 
changes, continues to develop still more evident 
lesions, and reaches an end in a variable and 
individual state of underdevelopment.
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