Atypical white matter volume development
in children following craniospinal irradiation’
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Most children with medulloblastoma (MB), the second
most common pediatric brain tumor, have a 70% proba-
bility of survival. However, survivors who receive aggres-
sive therapy are at significant risk of cognitive deficits
that have been associated with lower volumes of normal-
appearing white matter (NAWM). We hypothesized
that cranial irradiation inhibited normal brain volume
development in these survivors. We retrospectively ana-
lyzed 324 MRI studies of 52 patients with histologically
proven MB treated with surgery and 35 to 40 Gy cranio-
spinal irradiation, with or without chemotherapy. The
volume of NAWM and that of cerebrospinal fluid were
quantified from a single index section and compared
with those of healthy, age-similar control subjects. A
quadratic random coefficient model was used to iden-
tify trends in brain volume with increasing age. Patients
treated for MB at younger ages demonstrated substan-
tially less development of NAWM volume than did their
healthy peers. Younger age at the time of irradiation and
the need for a ventricular shunt were significantly asso-
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ciated with reduced NAWM volume. NAWM and cra-
niospinal fluid volume differences between patients who
had shunts and those without resolved over a period of
four to five years. NAWM volume is known to be asso-
ciated with neurocognitive test performance, which
shows deficiencies after cranial irradiation early in life.
Therefore, volumetric monitoring of brain development
can be used to guide the care of survivors, assess the
toxicity of previous and current clinical trials, and aid
in the design of therapies that minimize toxicity. Neuro-
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http://neuro-oncology.mc.duke.edu; DOI: 10.1215/
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pediatric malignancies. Because of the inherent

risk of these tumors, patients receive aggressive
CNS therapy that often comprises maximal surgical
resection, local and craniospinal irradiation (CSI), and
adjuvant chemotherapy. Consequently, long-term survi-
vors are at risk of cognitive delays or deficits that impair
their academic performance, employment opportunities,
and quality of life (Dennis et al., 1996; Mulhern et al.,
1998; Ris et al., 2001).

In survivors of childhood medulloblastoma (MB),
deficits in IQ and academic achievement appear to reflect
a diminished ability to acquire new information (Palmer
et al., 2001). One or more cognitive processing mecha-
nisms, including attention, short-term memory, speed of
processing, visual-motor coordination, and sequencing
ability, may be impaired (Schatz et al., 2000). These
processes depend on the integrity of widely distributed

B rain tumors constitute approximately 20% of
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neural networks supported by interhemispheric and
intrahemispheric white matter tracts. Recent findings
have shown that in pediatric patients treated for brain
tumors, a reduced volume of normal-appearing white
matter (NAWM)?3 is associated with reduced attentional
ability and a decline in IQ and academic achievement
(Reddick et al., 2003).

The proportion of intracranial volume that is NAWM
is normally expected to increase into early adulthood.
This increase is usually modeled as a quadratic function
in which growth is most rapid in the first five years, con-
tinues to rise at a moderate rate over the next 10 years,
and then slows to asymptotically approach the adult vol-
ume (Giedd et al., 1999; Sowell et al., 2002). Previous
studies of the association between NAWM and cognitive
function have yielded mixed results (Andreasen et al.,
1993; Reiss et al., 1996). NAWM volume is not strongly
related to IQ in healthy children but is significantly asso-
ciated in other populations with pathological conditions
such as attention deficit-hyperactivity disorder (Castel-
lanos et al., 2002). At least one author has suggested a
threshold effect in which cognitive impairment becomes
apparent only below a certain volume of NAWM (Inzi-
tari, 2000).

Studies that have quantified toxic effects on white
matter and investigated the association between neuro-
toxicity and cognitive deficits in children have focused
primarily on survivors of MB of the posterior fossa
(approximately 20% of pediatric brain tumors). One
such study compared patients treated for MB with age-
similar controls who had received surgery alone for
low-grade tumors of the posterior fossa; the survivors
of MB had a significantly smaller volume of NAWM,
a substantially greater volume of cerebrospinal fluid
(CSF), and an equal volume of gray matter (Reddick et
al., 1998). This study also demonstrated that chemo-
therapy did not have a significant detectable impact on
tissue volumes. The MB patients also had significantly
lower 1Qs (Mulhern et al., 1999). However, because of
their cross-sectional design, these studies could not dis-
cern whether the smaller NAWM volume reflected loss
of tissue, decreased myelination, or both. A subsequent
longitudinal study revealed a significant loss of NAWM
volume in patients undergoing treatment for MB; this
loss was more rapid among patients who received a CSI
dose of 36 Gy versus CSI of 23.4 Gy (Reddick et al.,
2000). However, this study was limited by a relatively
short median follow-up period of one year.

NAWM volume can explain approximately 70% of
the association between IQ impairment and age at the
time of irradiation (Mulhern et al., 2001). In a recent
cross-sectional study, patients treated for MB showed
significantly impaired performance on all neurocognitive
measures of intellect, attention, memory, and academic
achievement (Reddick et al., 2003). The study produced
a developmental model in which academic achievement
was predicted by NAWM volume, attentional ability,
and 1Q; these factors explained approximately 60% of
the variance observed in reading and spelling and almost
80% of the variance observed in mathematics. The
primary consequence of reduced NAWM volume was
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decreased attentional ability, which reduced patients’ IQ
and academic achievement (Reddick et al., 2003).

We designed a retrospective longitudinal study to
compare brain volume development of patients treated
for MB with that of healthy, age-similar peers. To con-
trol for the effect of irradiation dose, we included only
patients who received a CSI dose of 35 to 40 Gy (once
used to treat all cases of MB and now used for patients
at high risk). This retrospective design has three limita-
tions that could conceivably cause results to differ from
more comprehensive prospective trials: (1) Imaging was
limited to a single representative section, (2) diffusion
tensor imaging was not acquired as a routine part of
clinical imaging during this period, and (3) extent and
incidence of regions of T2 hyperintensity in other loca-
tions could not be assessed by the single index section.
However, this retrospective study was designed to com-
prise as homogeneous a group of subjects as possible:
Patients received similar doses of CSI to treat the same
type of tumor, which arose in the same location. This
study builds on previous work by including serial mag-
netic resonance (MR) studies to determine the effect of
age at irradiation, time since irradiation, gender, use of
chemotherapy, and use of ventricular shunt on the devel-
opment of brain parenchyma (Reddick et al., 1998).

Methods

Patients

A review of patient records identified 133 patients with
histologically proven MB who were treated at St. Jude
Children’s Research Hospital between 1985 and 2000.
Criteria for inclusion in our analysis were treatment
with surgery; a CSI dose of 35 to 40 Gy with or without
chemotherapy; initiation of CSI one to eight years prior
to MR examination; two or more MRI studies; and no
disease progression within the first year after beginning
therapy. To ensure that comparable, high-quality MRI
data were analyzed, we included only MR examina-
tions performed after July 1996. Fifty-four patients had
received CSI outside the targeted dose range, 21 patients
had fewer than two MR studies, two patients’ imaging
was limited by metal artifacts, two patients had started
CSI less than one year previously, and two had progres-
sive disease within the first year. Therefore, 52 patients
were included in the study.

All 52 patients had undergone maximal surgical
tumor resection and postoperative CSI (35-40 Gy frac-
tionated, 1.8 Gy per day) with a boost to the posterior
fossa (1.8 Gy per day to a total dose of 50.8-59.4 Gy).
The group included 35 male and 17 female patients,
who had had 324 MRI studies. Nineteen patients had
shunts placed before CSI. Thirty-eight patients received
adjuvant chemotherapy (Table 1). The median age at the
time of CSI was 8.3 years (range, 3.4-20.0 years). As
demonstrated in Fig. 1, MRI was performed within a
range of 0.2 to 7.9 years (median, 2.5 years) after CSI.

Three of the 52 patients had T2 signal abnormalities
in the single section evaluated in this study. The regions
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Table 1. Chemotherapy regimens used to treat 38 of the 52
patients in this study

Protocol N Description*

CNS8 8 Carbo/VP-16 + Cyclo/VCR (post-RT for
patients with PD)

CNS14 1 Carbo/Cyclo/VP-16 (pre-RT)

P9031 10 CDDP/VP-16 (* pre-RT) + Cyclo/VCR
(post-RT)

PACKER 1 CCNU/CDDP/VCR (post-RT)

CCSG921 1 “8-in-1" (Zeltzer et al., 1999)

SIMB96 17 Topotecan (pre-RT), Cyclo/CDDP/VCR

(post-RT)

*Abbreviations: Carbo, carboplatin; CCNU, lomustine; CDDP, cisplatin; Cyclo,
cyclophosphamide; PD, progressive disease; RT, radiation treatment; VCR,
vincristine; VP-16, etoposide.

of hyperintensity were segmented separately and not
included in the volumes of NAWM. The sizes of these
regions were generally small, 1% to 5% of the NAWM
volume, and stable across the longitudinal evaluations.
Exclusion of these regions means the NAWM volume
would not correspond to total white matter volume in
these three cases. However, since the regions were small
and stable over time, they would have no effect on the
slope and very little impact on the intercepts resulting
from the quadratic random coefficient model described
below. Five other patients had lacunar infarctions due
to treatment, which represent local loss of white mat-
ter, and these areas were not included in the NAWM
volumes.

Healthy Control Group

A group of 26 healthy control (HC) subjects was
recruited from among the siblings of survivors of leu-
kemia and brain tumors who were participating in an
unrelated screening protocol. No control subjects were
currently being treated for neurological or psychiatric
conditions, including attention deficit-hyperactivity
disorder. They ranged in age from 7.0 to 16.5 years
(median, 12.4 years). The group comprised 13 male and
13 female subjects. Subjects underwent a single MRI
examination without sedation.

MR Imaging

The MR instrument was a 1.5 T Magnetom (Siemens
Medical Systems, Iselin, N.].) whole-body imager. All
subjects underwent a clinical imaging protocol approved
by the hospital’s Institutional Review Board, after
informed consent had been obtained from the subject,
parent, or guardian, as appropriate. T1-, T2-, and proton
density-weighted images of all subjects were acquired
as 5-mm transverse slices with a 1-mm gap interleaved
between slices to avoid cross-excitation. The imaging
protocol was designed as part of the routine MR evalu-
ation of patients with MB at our institution. Examina-
tions consisted of 19 images centered on the posterior
fossa so that the most superior section in the imaging
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Fig. 1. Number of MR examinations performed at each time inter-
val postirradiation.

set approximately covered the top of the ventricles. The
whole brain was not imaged and therefore could not be
evaluated in this retrospective analysis. Diffusion tensor
imaging was also not a part of routine clinical imaging
at our institution before 2000.

Volumetric MR Studies

Image registration was performed within and between
all examinations. The index section chosen for volumet-
ric study was a single transverse section at the level of
the basal ganglia that included both genu and splenium
of the corpus callosum and generally showed the puta-
men and the lateral ventricle. This representative index
section allowed quantification of both interhemispheric
and intrahemispheric NAWM tracts. It allowed us to
sample cortical gray matter, NAWM, central gray matter
structures, and ventricular CSF, and it has been shown
to be highly predictive of the full cerebral NAWM and
CSF volumes in other patient populations (Glass et al.,
2003). The volume of regional brain parenchyma was
quantified from MR images by using a fully automated
hybrid neural network segmentation and classification
method (Reddick et al., 1997). The resulting classified
regions were mapped to a color scheme as shown in Fig.
2. A histogram was then completed for each color to
determine the number of pixels; this value was multi-
plied by pixel volume to determine the sampled volume
of each tissue type. Robust reliability and validity have
been established for these methods, resulting in a pre-
dicted variance of approximately 2% in the repeated
measure of NAWM (Reddick et al., 1997, 2002).

Statistical Analysis

A regression model was used to examine NAWM vol-
ume and CSF volume as a function of age in the con-
trol group. For the MB group, a random coefficient
model was used to examine NAWM and CSF volume
as a function of time since CSI, in which the influence
of age at the time of CSI, gender, use of chemotherapy,
and the presence of a shunt were included as covariate
variables. CSF volume was used as an index of brain
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Fig. 2. Examples of types of MR images acquired. From left to right: T1-weighted, T2-weighted, and proton density images at the level of
the index section. Far right: the resulting segmented map used to quantify the volume of normal-appearing white matter (green) and CSF
(blue).

atrophy/hydrocephalus. The final fitted models included
only variables that were significant or whose interactions
were significant. The random coefficient model, a sub-
class of mixed models, was suitable for analyzing lon-
gitudinal data in which each patient has been observed
several times longitudinally (Littell et al., 1996). This
model could be understood intuitively as estimating
the longitudinal trend of a population by averaging the
trends of individual patients. The 324 MRI observations
from 52 patients provided a sufficient sample size for
applying the random coefficient model appropriately to
this analysis. The goodness of fit for all fitted models
was examined by the patterns of residuals against fit-
ted predictions and by checking the normality of residu-
als. All models reported in this paper have been fitted
appropriately, and tests in all fitted models were tested
at a 0.05 alpha level (two-tailed) using SAS (Cary, NC)
software.

Because the control group was imaged only once and
the MB group was imaged longitudinally, the resulting
models could not be statistically compared. However,
another analysis was performed to directly compare
between the HC subjects and the most recent exami-
nation of patients without shunts under the age of 19
(to match age of control subjects). Student’s ¢ tests were
conducted assuming unequal variance between the two
groups for age at examination and NAWM volume.
Two-tailed probability tests of significance (alpha =
0.05) were used.

Results

Using the quadratic random coefficient model, we
analyzed the volume of NAWM and CSF in the index
MR section of MB patients as a function of time since
CSI, and we assessed the impact of age at the time of
CSI, gender, chemotherapy status, and shunt status on
changes in volume (Table 2). Female gender was associ-
ated with a smaller volume of NAWM and CSF at pre-
sentation, but gender was not associated with change in
volume over time after CSI. Chemotherapy status was

also not significantly associated with change in volume.
However, shunt status and age at the time of CSI were
statistically significant factors.

Impact of Shunt Status in Medulloblastoma Group

Figure 3 shows the NAWM and CSF volumes predicted
by the random coefficient model for patients receiving
CSI at 6 years of age (panel A) or at 12 years of age
(panel B), with and without a shunt. In both cases, use
of a shunt initially predicted a larger CSF volume and a

Table 2. Estimated volume of normal-appearing white matter
and cerebrospinal fluid as a function of time since irradiation
(Time) with the covariates age at time of irradiation (Age) and
shunt status (Shunt)?

Model Parameter Estimate Standard Error P value
White Matter Model <0.0001
Intercept 24.773 0.871 <0.0001
Shunt (Yes) -4.177 1.348 0.0032
Time -2.310 0.606 0.0002
Time x Shunt (Yes) 1.652 0.536 0.0028
Time x Age 0.235 0.052 <0.0001
Time? 0.308 0.092 0.0011
Time? x Age -0.030 0.008 0.0001
Time? x Shunt (Yes) -0.202 0.070 0.0045
CSF Model <0.0001
Intercept 10.998 1.234 <0.0001
Shunt (Yes) 4.006 1.895 0.0386
Time -1.528 0.688 0.0274
Time x Shunt (Yes)  -1.520 0.651 0.0213
Time x Age 0.133 0.057 0.0215
Time? 0.187 0.108 0.0866
Time? x Age -0.014 0.009 0.1251
Time? x Shunt (Yes)  0.166 0.082 0.0436

2 Estimates were derived by using the random coefficient model. Since the
longitudinal volume versus time data was assessed with a quadratic random
coefficient model, the second-order time component is shown as Time?.
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Fig. 3. Estimated volume of normal-appearing white matter and
CSF projected by the study data over a five-year period after treat-
ment of medulloblastoma at the age of 6 years (A) or 12 years (B).
Patients did (solid lines) or did not (dashed lines) have ventricular
shunts. Values represent absolute volume calculated for the index
section. The curves were generated by using the quadratic random
coefficient model.

smaller NAWM volume. Surprisingly, however, over the
next five years, these volumes asymptotically approached
those of patients who did not require shunts. To remove
the confounding changes associated with shunt place-
ment, we eliminated the patients with shunts from fur-
ther comparison with the HC group. However, because
the modeled data predicted very similar NAWM and
CSF volume four to five years after therapy regardless
of shunt status, conclusions derived from the compari-
son would also be relevant for long-term follow-up of
patients with shunts.

Comparison of Medulloblastoma Group
with Healthy Control Group for Change
over Time in NAWM Volume

In control subjects, the volume of NAWM was positively
associated with increasing age (P = 0.07), but the vol-
ume of CSF was not (P = 0.72). Figure 4 illustrates the
volumetric changes observed at the level of the index
section during normal maturation of controls. The study
data were used to model the projected change in NAWM
volume in HC subjects imaged at ages 6 to 12 years (HC,
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Fig. 4. Change in the volume of normal-appearing white matter
(NAWM) projected by the model in healthy control subjects (HC)
and patients treated for medulloblastoma (MB) without ventricular
shunts starting at the age of 6 years (A) or 12 years (B). A solid line
at zero change is shown for reference. Absolute volume is stan-
dardized to the intercept at ages 6 and 12 to facilitate comparison.
The curves were generated by using quadratic regression models.

Fig. 3A) and at ages 12 to 18 years (HC, Fig. 3B). By
using the generalized models reported in the previous
sections for the MB group, we projected changes over a
five-year period in NAWM volume for patients without
shunts who received CSI at age 6 (MB, Fig. 3A) or at
age 12 (MB, Fig. 3B). Values were standardized by the
intercepts at 6 and 12 years of age to allow comparison
with projected values for the HC subjects.

As would be expected, HC children between ages
6 and 12 years exhibited more rapid maturational
changes in NAWM volume, with the mean NAWM vol-
ume increasing approximately 1.1 ml (5.4%) per year.
In contrast, changes over these five years in NAWM
volume in the MB group irradiated at age 6 differed
markedly from those in age-similar controls. NAWM
volume in the MB group decreased at a rate of —0.3 ml
(=1.1%) per year over the next five years. In contrast to
the younger children, HC adolescents between ages 12
and 18 exhibited mean NAWM volumes that remained
almost constant, as expected, increasing by only 0.1
ml (0.5%) per year, which is well within the expected
measurement error of approximately 2%. Projected
changes in NAWM volume in patients irradiated at age
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Fig. 5. Volume of normal-appearing white matter (NAWM)
observed in healthy control subjects (solid circles) and NAWM vol-
ume at the most recent examination observed in patients treated
for medulloblastoma (empty circles) without ventricular shunts
plotted against age of the subject at the time of examination.

12 appeared to be relatively stable and comparable to
control subjects.

Direct Comparison of Medulloblastoma Group
with Healthy Control Group

In the most recent examination of MB patients without
shunts under the age of 19, 26 MB patients were directly
compared to the HC group (Fig. 5). The median age at
the time of CSI for the MB group was 8.3 years (range,
4.3-14.2 years). MRI was performed a median of 4.7
years after CSI (range, 0.9-7.2 years). Student # tests
revealed that the age at examination for the MB group
(13.0 = 3.1 years) was not significantly different than
the age at examination for the HC group (12.6 = 3.4
years). However, the MB group did have a highly signifi-
cant (P < 0.0001) deficit in NAWM volume (24.2 + 3.3
cm?) compared to the HC group (31.6 + 3.8 cm?®).

Discussion

This study is the first to use quantitative MRI to compare
changes in the volumetric brain development of children
surviving MB with those of HC subjects. This study is
also the first to analyze longitudinal MR changes to
quantify the impact of clinical variables such as age at
the time of CSI and shunt status on brain development
in children surviving MB.

When compared to healthy peers, young patients
treated for MB exhibited an observable deficit in
NAWM volume development. This finding implies
that the neurocognitive deficits observed in this patient
group may be caused by the absence of normal mat-
uration of white matter after CSI. It is reasonable to
speculate that these survivors do not experience nor-
mal myelination of axons. Lack of normal myelination
could reduce the efficiency of signal transfer, yielding
longer response time and possibly difficulty in learn-
ing new information at an age-appropriate rate. These
findings are consistent with the lower rate of intellec-
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tual development observed among children treated for
MB (Palmer et al., 2003).

Age at the time of CSI was significantly related to
development of NAWM. The reduced development of
NAWM volume in patients who receive CSI at a younger
age implies that myelination is halted at an earlier stage
in these patients and is consistent with the more severe
problems with learning and intellectual development
observed in this set of patients (Mulhern et al., 1998;
Palmer et al., 2001).

Although patients requiring shunts initially demon-
strated a higher volume of CSF and a lower volume of
NAWM than the CSF and NAWM volumes observed in
other MB patients, these differences resolved over a four-
to five-year period of follow-up. The gradual normaliza-
tion of CSF volume in patients who require shunts may
explain why the effect of shunts on volumetric measures
varies with the length of follow-up in cross-sectional
studies.

Our study was designed to comprise as homogeneous
a group of subjects as possible: Patients received simi-
lar doses of CSI to treat the same type of tumor, which
arose in the same location. However, this study had sev-
eral limitations. Imaging was limited to a single repre-
sentative section and therefore could not detect changes
in NAWM volume that may have occurred in other loca-
tions. CSI-induced changes are known to occur most
frequently in the centrum semiovale and periventricular
regions. The index section used in this study did sample
the periventricular region, and it is highly predictive of
the full cerebral volume in other patient populations
(Glass et al., 2003). Another limitation is the fact that
although all patients received approximately the same
dose of CSI (35-40 Gy) and had approximately the
same dose of irradiation to the posterior fossa or tumor
bed, the NAWM examined in the index section did not
receive a uniform dose of irradiation. Differences in the
methods used to irradiate the posterior fossa and in the
sizes of the original tumors are likely to have caused dif-
ferent doses of irradiation to be delivered to different
regions of NAWM. Despite the marked differences we
observed between the young MB and HC groups, the
nonlinear nature of these models and the cross-sectional
(HC) versus longitudinal (MB) observations did not
allow a direct statistical comparison between models.
However, a direct comparison between the HC subjects
and the most recent examination of patients without
shunts under the age of 19 revealed a highly significant
deficit in NAWM volumes in the MB group, which is
consistent with the differences predicted by the nonlin-
ear models.

This study was the first to use quantitative MRI to
conclude that patients treated for MB at earlier ages dem-
onstrated substantially less development of NAWM vol-
ume than did their healthy peers. The next logical steps
in this line of investigation would be to integrate the dig-
ital radiation dosimetry maps with the segmented MR
data to determine the NAWM volume-dose response
and establish a critical dose threshold; to expand the
volume of interest by sampling a larger proportion of the
cerebrum; and to combine regional analyses with more
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sensitive and specific neurocognitive testing. Such studies
would be necessary to establish the precise relationship
between therapy, the location of deficient development
of NAWM volume, and impact on neurocognitive per-
formance. A critical dose threshold for NAWM could be
defined and then incorporated into optimized radiation
therapy planning. Combining regional NAWM analy-
ses with more sensitive and specific neurocognitive test-
ing could predict specific neurocognitive deficits, which
would then be targeted with remedial or rehabilitative

interventions (Butler and Copeland, 2002; Thompson
etal., 2001).
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