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CHANGES IN CEREBRAL CORTEX OF CHILDREN TREATED
FOR MEDULLOBLASTOMA
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Purpose: Children with medulloblastoma undergo surgery, radiotherapy, and chemotherapy. After treatment,
these children have numerous structural abnormalities. Using high-resolution magnetic resonance imaging, we
measured the thickness of the cerebral cortex in a group of medulloblastoma patients and a group of normally
developing children.
Methods and Materials: We obtained magnetic resonance imaging scans and measured the cortical thickness in
9 children after treatment of medulloblastoma. The measurements from these children were compared with the
measurements from age- and gender-matched normally developing children previously scanned. For additional
comparison, the pattern of thickness change was compared with the cortical thickness maps from a larger group
of 65 normally developing children.
Results: In the left hemisphere, relatively thinner cortex was found in the perirolandic region and the parieto-
occipital lobe. In the right hemisphere, relatively thinner cortex was found in the parietal lobe, posterior superior
temporal gyrus, and lateral temporal lobe. These regions of cortical thinning overlapped with the regions of
cortex that undergo normal age-related thinning.
Conclusion: The spatial distribution of cortical thinning suggested that the areas of cortex that are undergoing
development are more sensitive to the effects of treatment of medulloblastoma. Such quantitative methods may
improve our understanding of the biologic effects that treatment has on the cerebral development and their
neuropsychological implications. © 2007 Elsevier Inc.
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INTRODUCTION

hildren with medulloblastoma are typically treated with a
ombination of surgery, radiotherapy, and chemotherapy.
hese children often develop late neurocognitive sequelae,
uch as significant decreases in intellectual function (1–10),
oor academic performance (6, 11, 12), and deficits in
ttention (4, 11, 13), memory (4, 11), verbal fluency (4, 5,
, 11), and executive functioning (11).
These side effects could be related to a variety of

tructural abnormalities in the brain that have been found
fter such intensive therapy (14 –19). A number of groups
ave made quantitative volumetric measurements of gray
nd white matter using magnetic resonance imaging
MRI) (referred to as “quantitative MRI”) in patients
ndergoing such intensive therapy (20 –26). These stud-
es found that the gray matter volume was unaffected by
reatment but that the normal-appearing white matter was
ecreased in children with medulloblastoma who under-
ent radiotherapy compared with children with low-
rade gliomas treated with surgery alone (26) or healthy
hildren (21). The decrease in the amount of normal-
ppearing white matter also correlated with the cranio-
pinal radiation dose (24). Decreased amounts of normal-
ppearing white matter correlated with decreases in full-
cale intelligence quotient (IQ), factual knowledge,
erbal thinking, nonverbal thinking, attention, and aca-
emic achievement (22, 23, 25).
These extensive neurocognitive deficits strongly sug-

est that the cerebral cortex, which plays an integral role
n higher order cognition, is also affected by treatment of
edulloblastoma. Although previous quantitative MRI

tudies did not find changes in the gray-matter volumes,
his could have been a result of the limitations of their
ethods, because evaluation of the gray matter was lim-

ted to that in a single axial slice.
The purpose of our study was to use a more sensitive

echnique with high-resolution MRI and an automated ce-
ebral cortical reconstruction technique (27) to compare the
hickness of the cortex over the entire brain of 9 children
reated for medulloblastoma with that of 9 normally devel-
ping children matched for gender and age. We hypothe-
ized that treatment of medulloblastoma would result in
bnormal gray-matter development.

METHODS AND MATERIALS

ubjects
This institutional review board-approved study included 9

hildren with medulloblastoma treated either at Massachusetts
eneral Hospital for Children (n � 8) or Children’s Hospital
oston (n � 1) between 1996 and 2005 (Table 1). Eight had

tandard-risk medulloblastoma and one had high-risk disease
ecause of tumor infiltration into the brainstem and resulting
ubtotal resection. The average age at diagnosis was 8.9 years
range, 5.4 –13.9 years). The average time from diagnosis to the

RI scan was 2.8 years (range, 1.0 – 8.2 years). The boost

olume for 8 subjects consisted of the entire posterior fossa. For
P N 1 2 3 4 5 6 7 8 9

M
e
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atient 2, the boost volume consisted of the tumor bed plus a
.5-cm margin. During the radiotherapy planning, no specific
ttempt was made to minimize the dose to any brain structures,
ncluding the temporal lobes. Eight of the children received
incristine concurrently with craniospinal irradiation. All the
hildren underwent adjuvant chemotherapy. Appropriate insti-
utional informed consent was obtained.

The comparison group consisted of 9 normal children who had
reviously undergoing MRI at Children’s Hospital Boston for the
RI Study of Normal Brain Development (28). The control sub-

ects were gender matched, with age matched as closely as possible
Table 1). A nonmatched cohort of 62 scans from 56 additional
ormally developing children (24 boys and 32 girls; average age,
0.7 years; range, 5.0–17.7 years) was added to those of the 9
atched control patients to create a model of the effect of age on

ortical thickness.

RI studies
A 1.5-Tesla GE MRI scanner was used for all imaging. The
RI protocol for the medulloblastoma patients varied slightly at

he two institutions. Massachusetts General Hospital for Children
sed a high-resolution T1-weighted three-dimensional spoiled
radient recalled acquisition in steady state (SPGR) sequence
echo time, 8 ms; repetition time, 32 ms, and 25° flip angle)
ith a 220-mm field of view, 256 � 256 matrix, and 124 1.5-mm

lices. Children’s Hospital Boston used a high-resolution T1-
eighted three-dimensional SPGR sequence (echo time, 1.4 ms;

epetition time, 6 ms; and 14° flip angle) with a 250-mm field of
iew, 256 � 256 matrix, and 124 1.3-mm slices. All the normally
eveloping children underwent MRI at Children’s Hospital Boston
sing a high-resolution T1-weighted three-dimensional SPGR se-
uence (echo time, 10 ms; repetition time, 24 ms; and 20° flip
ngle) with a 240-mm field of view, 256 � 256 matrix, and 124
.2-mm slices. These MRI sequences are not typical for routine
linical scanning and thus limited the number of children available
or this study.

ortical surface reconstruction
The automated segmentation tools used high-resolution T1-

eighted MRI scans. The reconstruction technique began with the
egmentation of gray matter and white matter (27, 29–33) to
enerate the representation of the gray matter–white matter bound-
ry. After the initial surface model had been constructed, a refine-

Fig. 1. Average cortical thickness maps for children tr
average cortical surface. Thickness of cortex represent

thickness of �1.5 mm and yellow corresponding to cortical th
ent procedure was applied to obtain an accurate representation of
he gray–white interface. This surface was subsequently deformed
utward to obtain an explicit representation of the gray matter–
erebrospinal fluid boundary, which we refer to as the pial surface.
moothness constraints on the evolving surface allowed the accu-
acy of the surface models to exceed that of the underlying MRI
ata. Finally, we used a method for automatic correction of topo-
ogic defects to ensure accurate geometry and topologic relation-
hips. The explicit construction of the gray–white surface and pial
urface boundaries allowed the accurate, automated measurement
f the thickness of the entire cortical sheet. This MRI-based
echnique provides thickness values within 0.2 mm of measure-
ents taken from pathologic specimens (34) and has a test-retest

ccuracy of 0.1 mm (27).
Finally, comparison among subjects requires intersubject regis-

ration. We used an approach that includes a spherical atlas (31).
he reconstructed surface of each individual subject was first
apped onto a sphere, using a maximally isometric transforma-

ion. The surfaces were then morphed to register with an average,
anonical surface, guided by a combination of folding-alignment
sulcus/gyrus) and isometric-preserving forces. A unified latitude
nd longitude system could then be established, allowing surface-
ased averaging across the subjects.
Statistical maps were displayed on the average cortical surface

enerated from the atlas of brains used for the registration proce-
ure. Noncortical areas on the medial aspect, such as the corpus
allosum and brainstem, were masked out and excluded from
nalysis.

tatistical analysis
The cortical thickness was smoothed using a circularly symmet-

ic gaussian smoothing kernel with a full width at half-maximum
f 3 cm. The smoothing kernel was applied along the cortical
urface, not in three dimensions, to improve the signal/noise ratio
nd minimize the averaging of non-neighboring anatomic regions
f the cortex. After surface-based registration among the subjects,
he cortical thickness for each child treated for medulloblastoma
as compared with the corresponding matched control, point by
oint across the entire brain using a paired t test. Differences were
onsidered significant at p �0.05.

The larger cohort of normally developing children was used to
stimate the effect of age on cortical thickness. To test for the
ffects of age on cortical thickness, the thickness at each point was

for medulloblastoma and controls. Maps displayed on
h heat color scale, with red corresponding to cortical
eated
ed wit
ickness of �3.5 mm.
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odeled as the subject’s age multiplied by a slope plus an offset.
he slope and offset were estimated within the framework of a
eneral linear model, and separate slopes and offsets were esti-
ated for each gender. We then tested the null hypothesis that the

ge slope, averaged across genders, was equal to 0. Age-dependent
hanges were considered significant at p �0.05.

RESULTS

After spatial registration of the cortical surfaces, the
verage cortical thickness maps for the subjects and controls
ere generated (Fig. 1). In both patients and control sub-

ects, a thinner cortex was seen posteriorly in the parietal
nd occipital cortex. A thicker cortex was seen anteriorly in
he frontal and temporal lobes.

Maps of the areas with statistically significant differences
n cortical thickness between the subjects and controls are
hown in Fig. 2. All the differences reflect relative cortical
hinning in the children treated for medulloblastoma. No
reas were found that were thicker in the patients than in the
atched controls. All regions of cortical thinning were seen

ilaterally in the posterior portions of the brain. In the left
emisphere, relatively thinner cortex was found in the peri-

ig. 2. Statistical maps of differences in cortical thickness between
hildren treated for medulloblastoma and control children for left
top) and right (bottom) hemispheres. Maps displayed on average
ortical surface. Maps considered significant at p �0.05. Blue and
yan correspond to regions of cortex of children treated for me-
ulloblastoma that were thinner than those of control children.

Table 2. Differences in av

Location Patient average

Left parieto-occipital 2.11
Left perirolandic 1.99
Right parietal 2.40
Right posterior superior

temporal gyrus
2.48

Right temporal 2.80
Abbreviation: SD � standard deviation.
olandic region and parieto-occipital lobe. In the right hemi-
phere, relatively thinner cortex was found in the parietal
obe, posterior superior temporal gyrus, and lateral temporal
obe. The differences in average thicknesses for the two
roups for each of the above areas is given in Table 2.
he differences in thickness ranged from 0.23 to 0.39
m. However, this small, but statistically significant,

ifference was less than the voxel size and could not be
etected visually.
The statistical maps of cortical changes with increasing

ge for the 65 normally developing children are shown in
ig. 3. Large distributed regions of the cortex in the
rontal, parietal, occipital, and posterior temporal lobes
ecome thinner with increasing age; none became thicker
ith increasing age. The cortex in the posterior frontal

nd anterior temporal lobes did not significantly change
ith age.
The areas of relative cortical thinning in the medulloblas-

oma patients (outlined in white at a statistical threshold of
�0.001) were compared with the map of age-related

hinning in normal children in Fig. 4. All the areas of
elative cortical thinning were found in the regions of cortex
hat undergo normal age-related cortical thinning.

thickness for both groups

t
Control average

Control
SD Difference

2.50 0.10 �0.39
2.37 0.10 �0.38
2.70 0.11 �0.30
2.84 0.15 �0.37

3.03 0.14 �0.23

ig. 3. Statistical map of age-dependent cortical thinning in left
Top) and right (Bottom) hemispheres of normally developing
hildren. Maps displayed on average cortical surface. Maps con-
idered significant at p �0.05. Blue (p �0.05) and cyan (p �10�6)
orrespond to regions of cortex thinner in older children.
erage

Patien
SD

0.19
0.22
0.17
0.20

0.12
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DISCUSSION

We found a nonuniform pattern of cortical thinning in
edulloblastoma patients compared with their age- and

ender-matched controls. The relatively thinner cortex
as seen in the posterior positions of the cerebral cortex,

pecifically the left perirolandic region and parieto-oc-
ipital lobes and the right parietal lobe, posterior superior
emporal gyrus, and lateral temporal lobe. The average
hickness differences, which were in the range of 0.2– 0.4
m, were not detectable visually, and thus required these

nalysis tools for accurate measurement. Interpreting ab-
ormal development in children ideally requires compar-
son with normally developing children. As children get
lder, various regions of cerebral cortex undergo thinning
t different ages, which presumably represents neuronal
runing and development (35–38). All the areas of cor-
ical thinning seen in our study group overlapped with the
egions of thinning seen in the larger control group of
hildren.

Furthermore, the areas of relative thinning were all found
n the posterior portion of the brain. This part of the brain is
nown to undergo age-related thinning at an earlier age
38), closely corresponding to the age at treatment of these
atients. This spatial overlap between the thinner cortex in
hildren treated for medulloblastoma and the regions of
ormal age-related thinning cortex suggests that the areas of
ortex that are undergoing development are more sensitive
o the effects of treatment of medulloblastoma. Recent im-
ging studies on normal children have linked cortical thick-
ess in normal children with IQ (39, 40). Most of the
ortical thinning was seen bilaterally in the parietal cortex.
he parietal cortex is classically thought of as an association
rea, taking inputs from multiple sensory areas and project-
ng to multiple higher cortical areas. Recent neuroimaging
ata have also revealed that the parietal cortex plays a role
n memory and attention (41, 42). It is also possible that

ig. 4. Areas of overlap between maps of cortical thinning in
hildren treated for medulloblastoma (outlined in white) and maps
f age-dependent cortical thinning. Maps displayed on lateral
iews of average cortical surface.
ysfunction in the parietal cortex could explain many of the m
eurocognitive deficits seen in children treated for medul-
oblastoma.

We did not find significant cortical thinning in the regions
eceiving the highest radiation dose. With full posterior
ossa boost volumes, the greatest dose to the cerebrum
ccurs in the ventral temporal lobes. However, it could be
hat the sensitivity of the brain does not primarily depend on
he radiation dose. We have postulated that the primary
eterminant of treatment sensitivity is the spatial and tem-
oral pattern of normal cortical development, which places
hose brain regions at particular risk.

Other studies using different methods have also found
bnormalities in the brains of children treated for medullo-
lastoma. Diffusion tensor imaging has been used to mea-
ure fractional anisotropy in white matter (14–17, 43).
ompared with normal children, children treated for me-
ulloblastoma had a decreased fractional anisotropy in mul-
iple white matter regions (14, 15, 43). Decreases in frac-
ional anisotropy also correlated with the craniospinal
adiation dose (16) and IQ (17, 43).

Other brain structures have also been found to develop
bnormally in children treated for medulloblastoma. Re-
earchers at St. Jude Children’s Research Hospital used a
ingle mid-sagittal slice from a T1-weighted MRI scan on
hildren to examine the corpus callosum (18). The corpus
allosum was automatically segmented and manually clas-
ified into seven subregions. All subregions showed a de-
reasing area with time, where normally one would expect
n increase in area with time (44, 45). This group also
anually traced the hippocampus on MRI scans from chil-

ren with medulloblastoma (19). For the first 2–3 years after
iagnosis, decreases in hippocampal volume were seen bi-
aterally. After that time, the hippocampal volumes resumed
he typical normal growth pattern and began to increase
ith time (46–48).
In addition to these structural abnormalities, the radi-

tion dose to different portions of the brain has been
orrelated with IQ. Researchers at St. Jude Children’s
esearch Hospital examined the radiation dose to various
rain compartments in children treated for ependymoma
49) and medulloblastoma, primitive neuroectodermal tu-
ors, and atypical teratoid rhabdoid tumors (50). In the

hildren treated for ependymoma, which involved con-
ormal radiotherapy only, an increased radiation dose to
upratentorial brain correlated significantly with a lower
Q. In the cohort of children treated for medulloblastoma,
rimitive neuroectodermal tumors, and atypical teratoid
habdoid tumors, radiotherapy included craniospinal ir-
adiation. For those children, an increased radiation dose
o all brain compartments correlated with a decreasing
Q. The dose to the supratentorial compartment had the
argest effect on IQ.

Our studies of the differential spatial sensitivity of the
rain to irradiation will increase our understanding of the
asis of radiation-induced neurocognitive damage. In addi-
ion, this information has clinical applications. The spatial

aps could be used to define portions of the cortex as
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voidance structures for the purposes of radiotherapy plan-
ing, especially in situations in which the entire brain is not
he target volume. This would allow us to optimize radio-
herapy planning to treat the target volume and minimize the
ose to the sensitive cortex. Furthermore, our explicit rep-
esentation of the cortex would allow us to measure more
recise dose–volume histograms and quantify the effect of
ose on the neurocognitive outcomes, similar to the work
rom St. Jude Children’s Research Hospital.

The limitations of this work primarily reflect the small
umber of patients and the limited number of longitudinal
tudies in the case subjects. The accurate measurement of

he cerebral cortex, which is only a few millimeters thick, j
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ty of the brain of children treated for medulloblastoma
epends on the age of the child and the normal develop-
ental pattern of cortex. Future work with additional sub-
ects will attempt to address these limitations.
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