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White Matter Anisotropy in
Childhood Medulloblastoma
Survivors: Association with
Neurotoxicity Risk Factors1
PURPOSE: To prospectively evaluate the relationships between change in white
matter (WM) anisotropy and (a) patient age at craniospinal irradiation (CSI), (b) CSI
dose, and (c) time of magnetic resonance (MR) imaging since CSI and to determine
the effect of these neurotoxicity risk factors on WM anisotropy in posttreatment
medulloblastoma survivors.
MATERIALS AND METHODS: Informed consent was obtained from the patients,
control subjects, or their parents, and the study was approved by the institutional
review board. Twenty consecutive medulloblastoma survivors (14 male, six female;
mean age, 11.0 years ⫾ 4.6 [standard deviation]) and 36 control subjects (14 male,
22 female; mean age, 10.7 years ⫾ 3.5) were examined. Control subjects were
divided into four groups according to age: 5.0 –7.9 years, 8.0 –10.9 years, 11.0 –
13.9 years, and 14.0 –18.9 years. The authors calculated the histogram-derived
mean WM fractional anisotropy (FA) value for each patient and compared it with the
mean WM FA value for the control subjects in the corresponding age group to
evaluate the percentage change in WM FA (⌬FA) in each patient. Spearman rank
correlation analysis was used to analyze the relationships between ⌬FA and (a) age
at CSI, (b) CSI dose, and (c) time of MR imaging since CSI. Then, multiple linear
regression analysis was performed to study the simultaneous influence of these
factors on ⌬FA.
RESULTS: There were significant correlations between ⌬FA and both age at CSI (r ⫽
0.631, P ⫽ .003) and CSI dose (r ⫽ ⫺0.586, P ⫽ .007) but not between ⌬FA and
time of MR imaging since CSI. Multiple linear regression analysis revealed age at CSI
to be the only independent variable that significantly affected ⌬FA (adjusted r2 ⫽
0.391, P ⫽ .012).
CONCLUSION: Loss of WM anisotropy is significantly affected by age at CSI, and
there is a trend toward increasing anisotropy loss with larger CSI dose. Both age at
CSI and CSI dose are known risk factors of neurotoxicity.
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The long-term survival of patients with medulloblastoma has improved considerably since
the advent of multimodality treatments. With the increased numbers of survivors, greater
attention to the quality of survival for these patients is needed. Treatment-induced
neurotoxicity—mainly that resulting from the deleterious effects of whole-brain irradiation on the white matter (WM)—is prevalent and manifests as diverse forms of cognitive
dysfunction (1– 4). However, because cognitive assessment of neurobehavioral morbidity
is considered to be a late-outcome measurement, the identification of earlier and more
sensitive markers of neurologic development and neurotoxicity is necessary. With the
identification of these markers, there is the potential to limit or more effectively time (at
developmentally advantageous points) neurotoxic treatments.
We previously have found, by using diffusion-tensor magnetic resonance (MR) imaging,
that fractional anisotropy (FA) is reduced in the WM of childhood medulloblastoma
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survivors after craniospinal irradiation
(CSI) and chemotherapy (5,6). This finding suggests that anisotropy loss may be
used as an indicator of treatment-induced neurotoxicity. Although the mean
diffusivity value was increased in the medulloblastoma survivors compared with
that in the healthy control subjects, the
difference was not statistically significant; thus, diffusivity was considered to
be less sensitive than FA for the detection
of treatment-induced WM damage (5).
Histopathologic and cognitive study results have shown that neurotoxic effects
are more severe in the maturing brain
and with higher radiation doses (7–16).
Thus, the purposes of our study were to
prospectively evaluate the relationships
between change in WM anisotropy and
the factors patient age at CSI, CSI dose,
and time of MR imaging examination
since CSI and to determine the effect of
these neurotoxicity risk factors on WM
anisotropy in posttreatment medulloblastoma survivors.

MATERIALS AND METHODS
Patient Data
Patients with childhood medulloblastoma who had been healthy and developing normally before the tumor diagnosis were referred from the pediatric oncology unit of our hospital for enrollment in
this study. Informed consent was obtained from all patients or their parents,
and the study was approved by our institutional review board. Twenty-two consecutive medulloblastoma survivors were
recruited for this cross-sectional study.
Two patients were subsequently excluded from the study cohort: one because of failed statistical parametric mapping (SPM) segmentation due to markedly dilated ventricles and the other
because of poor compliance with the
treatment protocol and frequent defaults
on follow-up visits that led to treatment
delays. Thus, the final study cohort included 20 patients. Fifteen of these 20
patients were a part of our previous study
cohort (6). All children underwent tumor
resection, CSI, and chemotherapy.
The entire brain was irradiated with
doses of up to 23.4 – 40.0 Gy with lateral
opposing fields; radiation was delivered
in daily fractions of 1.8 –2.0 Gy. Afterward, an additional radiation boost was
delivered to the posterior cranial fossa
with reduced lateral opposing fields. The
total radiation dose to the posterior cranial fossa ranged from 50.0 to 55.8 Gy.
The total CSI dose delivered was 23.4 Gy
648
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in three, 30.6 Gy in six, 36.0 Gy in nine,
and 40.0 Gy in two patients. The patients’ ages at CSI ranged from 2.9 to 17.4
years (mean age, 8.6 years ⫾ 4.2 [standard deviation]), and the time between
MR imaging examination and CSI ranged
from 0.2 to 5.8 years (mean interval, 2.4
years ⫾ 1.9). The patients who received a
diagnosis of medulloblastoma before the
year 2000 underwent a chemotherapy
regimen that consisted of vincristine, cyclophosphamide, cisplatin, and etoposide; these agents used together were referred to as the Pediatric Oncology Group
protocol. Those patients who received a
diagnosis of medulloblastoma after the
year 2000 underwent a chemotherapy
regimen that consisted of lomustine, cisplatin, and vincristine; these agents used
together were referred to as the CCV protocol.

Control Subject Data
Thirty-six healthy age-matched subjects served as control subjects after informed consent was obtained from them
or their parents. Institutional review
board approval to examine these subjects
was obtained, as well. These subjects
were scheduled to undergo MR imaging
of the brain for clinical indications such
as headache and congenital sensorineural hearing loss and subsequently confirmed to have normal MR imaging findings and no neurologic deficits at clinical
examination. These control subjects were
imaged with the same diffusion-tensor
MR imaging protocol that was used to
image the patients (described below) and
were divided into four groups according
to their age: Group A comprised seven
subjects aged 5.0 –7.9 years; group B, 15
subjects aged 8.0 –10.9 years; group C,
eight subjects aged 11.0 –13.9 years; and
group D, six subjects aged 14.0 –18.9
years.

Data Acquisition
MR imaging was performed by using a
1.5-T system (Signa; GE Medical Systems,
Milwaukee, Wis) with a standard head
coil. The following diffusion-tensor MR
imaging protocol was used in all control
subjects and patients: Diffusion-tensor
data were acquired by using single-shot
spin-echo echo-planar MR imaging with
10 000/100 (repetition time msec/echo
time msec), an acquisition matrix of
128 ⫻ 128, and a field of view of 28 cm.
By using a section thickness of 5 mm
with a 1.5-mm intersection gap, images
of the entire brain (comprising about 18

or 19 images) were acquired. Diffusionsensitizing gradient encoding (17,18) was
applied in 25 directions by using a b of
1200 sec/mm2, and one image was acquired without using a diffusion gradient—that is, by using a b of 0. Twenty-six
images were obtained at each section of
the brain to yield a total of 468 or 494
images. The diffusion-tensor MR imaging
time was approximately 5 minutes. To
minimize eddy current–related image
distortion, we implemented zero and
first-order eddy current compensations
into the MR imaging system and monitored and calibrated the eddy current
level.

MR Image Data Processing and SPM
Analysis
To obtain FA maps, we processed the
diffusion-tensor MR image data by using
the Functool software program (GE Medical Systems). The diffusion-weighted images were visually inspected (by P.L.K.
and L.H.T.L. in consensus) for apparent
artifacts due to subject motion, eddy current–related distortion, and instrument
malfunction. All image manipulations
were performed by using SPM99 (Wellcome Department of Cognitive Neurology, Institute of Neurology, London, England) and Matlab, version 6.5 (The
MathWorks, Natick, Mass), software.
SPM99 software was used to create the
non– diffusion-weighted MR image template and to segment the brain images.

MR Image Template
A T1-weighted pediatric MR imaging
template (CCHMC2_fp; Cincinnati Children’s Hospital Medical Center, Cincinnati, Ohio) and its associated a priori
probability maps were used in this study
because the adult brain imaging template
that was available with the SPM99 software was less appropriate for our study
cohort of young subjects owing to differences in the size and shape of the brain
between children and adults (19). Because T1-weighted MR images were not
obtained in all of the control subjects, we
created an SPM-template-space non– diffusion-weighted (b ⫽ 0) image template.
This template had the advantage of preserving the specific regional characteristics that were inherent in the data.
To create the non– diffusion-weighted
(b ⫽ 0) MR image template, we randomly
selected four control subjects and four agematched patients— one from each age
group—with available T1-weighted images
to avoid introducing unnecessary bias toKhong et al
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Figure 1. Successfully segmented WM FA
map obtained by masking the native FA map
with its own in-register high-probability WM
binary mask.

ward either group. We first coregistered the
non– diffusion-weighted image of each
subject to a corresponding T1-weighted
image by using mutual information coregistration. The T1-weighted image was then
spatially affine normalized (by using 12 parameters: three translations, three rotations, three zooms, and three shears) to the
CCHMC2_fp T1-weighted pediatric MR
imaging template. The resultant affine
transformation parameters were applied to
the in-register non– diffusion-weighted MR
images. All eight normalized non– diffusion-weighted images were averaged and
smoothed by using an 8-mm isotopic
Gaussian kernel to form a new non– diffusion-weighted pediatric image template.
Each normalized non– diffusion-weighted
image was segmented to yield three tissue
probability maps: gray matter, WM, and
cerebrospinal fluid (CSF) maps. All probability maps of each tissue class were averaged and smoothed by using an 8-mm isotopic Gaussian kernel. This process yielded
a set of a priori probability maps for our
non– diffusion-weighted MR image template.

Quantitative Measure: Mean WM FA
Probability maps of gray matter, WM,
and CSF for each subject were obtained
(by L.H.T.L.) by segmenting the native
non– diffusion-weighted MR images. Because the FA value was meaningful in
only the WM tissue (6), we focused our
study on the FA in WM tissue only. A
WM binary mask image of each subject
was required to mask out the WM FA
map. A high-probability WM binary
mask image was obtained by using three
criteria in the image manipulation subroutine (ImCalc) in SPM99: (a) The probability value of WM was larger than the
probability value of gray matter for a
given tissue voxel (i2 ⬎ i1), (b) the probability value of WM was larger than the
Volume 236

䡠

Number 2

probability value of CSF of the same tissue voxel (i2 ⬎ i3), and (c) the probability
value of WM was larger than the probability value of any tissue other than gray
matter, WM, or CSF {i2 ⬎ [1 ⫺ (i1 ⫹ i2 ⫹
i3)]}, where i1, i2, and i3 represented values derived from the probability maps of
gray matter, WM, and CSF, respectively.
These criteria were used to examine each
voxel and yielded a value of 1 or 0. A
unity voxel denoted a WM voxel only if
the sampling voxel fulfilled all three of
these criteria. Any voxel that did not
meet all of these requirements would be
assigned a value of 0.
Because the FA map was derived from
the non– diffusion-weighted MR images,
the non– diffusion-weighted image and
the FA map had identical voxel sizes, origins, and direction cosines and were in
register. The WM binary mask image data
could then be multiplied element-by-element by the in-register FA map data to
produce a WM FA map (Fig 1). A histogram was derived from the WM FA map
and normalized by using the total number of voxels that contributed to the histogram to compensate for differences in
brain size. A quantitative index, the
mean WM FA, was computed for each
subject (by L.H.T.L.). As a result, four
mean WM FA values for the control subjects in each of the four respective age
groups (groups A–D) were calculated and
used as control reference values for each
age group.

Statistical Analyses
The percentage change in WM FA
(⌬FA) in each patient was calculated as
follows: ⌬FA ⫽ [(FAp ⫺ FAc)/(FAc)] 䡠 100,
where FAp is the WM FA in the given
patient and FAc is the mean WM FA for
the age-matched control group. We evaluated the demographic data, treatment
protocol, age at the time of CSI, time of
MR imaging since CSI, and CSI dose,
each in relation to the ⌬FA in each patient (Table). Spearman rank correlation
for nonparametric data was used to analyze the relationships between ⌬FA and
the factors age at CSI, time of MR imaging since CSI, and CSI dose. This analysis
was followed by multiple linear regression analysis to study the simultaneous
influence of these factors on ⌬FA. All statistical analyses were performed by using
a statistical software package (SPSS for
Windows, version 11.0; SPSS, Chicago,
Ill). P ⬍ .05 was considered to indicate
statistical significance.

RESULTS
MR Image Data Processing
At visual inspection, we found no artifacts due to subject motion or instrument
malfunction. We also found minimal
eddy current–related distortions. The
non– diffusion-weighted MR image segmentation results confirmed that the
three tissue classes (WM, gray matter,
and CSF) had been successfully segmented by using the SPM segmentation
function in each patient in the final
study cohort. An example of a final WM
FA map with successful segmenting is
shown in Figure 1.

Mean WM FA in Control Subjects
The mean age of the control subjects
was 6.8 years ⫾ 1.1 (standard deviation)
in group A, 9.3 years ⫾ 1.0 in group B,
12.7 years ⫾ 0.7 in group C, and 16.3
years ⫾ 2.5 in group D. The mean WM FA
value was 0.294 ⫾ 0.016 in group A,
0.307 ⫾ 0.013 in group B, 0.315 ⫾ 0.012
in group C, and 0.335 ⫾ 0.016 in group D.

Mean WM FA in Patients
There were 14 male and six female patients, and their ages ranged from 5.2 to
18.6 years (mean age, 11.0 years ⫾ 4.6).
The ⌬FA in the 20 patients, as compared
with the mean WM FA value for the control subjects, ranged from ⫺22.53% to
1.85% (mean, ⫺4.8% ⫾ 6.9). Fourteen
(70%) of the 20 patients had reduced
WM FA (mean reduction, 7.3% ⫾ 6.9).
For these 14 patients, the mean age at CSI
was 7.5 years ⫾ 3.8; the mean CSI dose,
35.4 Gy ⫾ 3.0; and mean time of MR
imaging since CSI, 2.8 years ⫾ 2. For the
remaining six patients with no reduction
in WM FA, the mean age at CSI was 11.3
years ⫾ 4.2; the mean CSI dose, 27.0
Gy ⫾ 3.9; and the mean time of MR imaging since CSI, 1.4 years ⫾ 1.3. Three of
the 14 patients with reduced WM FA underwent MR imaging less than 1 year after CSI. The patients’ demographic data,
CSI doses, chemotherapy protocols, and
⌬FA values are given in the Table.
At Spearman rank correlation analysis,
there were significant associations between ⌬FA and both age at CSI (r ⫽ 0.631,
P ⫽ .003 [Fig 2]) and CSI dose (r ⫽
⫺0.586, P ⫽ .007 [Fig 3]) but not between
⌬FA and time of MR imaging since CSI
(P ⫽ .726). We noted outliers regarding
two patients (Fig 2) (patients 2 and 3,
aged 2.9 and 3.4 years, respectively, at
CSI). At Spearman rank correlation performed after the removal of these pa-
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Demographic Data, Treatment Protocols, and WM Anisotropy Measurements for 20 Medulloblastoma Survivors
Age at MR
Imaging (y)

CSI Dose
(Gy)

Chemotherapy
Protocol*

Age at CSI
(y)

Time Since
CSI (y)†

⌬FA‡

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

5.2
5.4
5.5
6.4
7.1
7.2
8.1
8.2
8.7
9.6
11.0
12.0
12.8
12.9
13.3
13.7
17.7
18.3
18.4
18.6

36.0
36.0
36.0
23.4
36.0
30.6
36.0
36.0
36.0
23.4
23.4
40.0
30.6
30.6
36.0
40.0
30.6
30.6
30.6
36.0

CCV
POG
CCV
CCV
POG
CCV
POG
CCV
CCV
CCV
CCV
CCV
CCV
CCV
POG
CCV
CCV
CCV
CCV
POG

4.3
2.9
3.4
5.8
5.7
4.9
2.9
8.0
6.6
9.2
10.7
10.6
12.1
9.9
7.5
8.0
14.8
14.3
17.4
13.4

0.9
2.5
2.1
0.6
1.4
2.3
5.2
0.2
2.1
0.4
0.3
1.4
0.7
3.0
5.8
5.7
2.9
4.0
1.0
5.2

⫺8.82 (⫺0.026/0.294)
⫺22.53 (⫺0.066/0.294)
⫺22.35 (⫺0.066/0.294)
1.53 (0.005/0.294)
⫺10.10 (⫺0.030/0.294)
⫺5.55 (⫺0.016/0.294)
⫺3.83 (⫺0.012/0.307)
⫺7.43 (⫺0.023/0.307)
⫺1.55 (⫺0.005/0.307)
0.35 (0.001/0.307)
0.12 (0.0004/0.315)
⫺1.70 (⫺0.005/0.315)
⫺4.89 (⫺0.015/0.315)
0.18 (0.001/0.315)
⫺3.67 (⫺0.012/0.315)
⫺3.35 (⫺0.011/0.315)
1.85 (0.006/0.335)
⫺1.27 (⫺0.004/0.335)
1.15 (0.004/0.335)
⫺5.06 (⫺0.017/0.335)

Radiology

Patient
No.

* CCV ⫽ lomustine, cisplatin, and vincristine treatment protocol; POG ⫽ authors’ Pediatric Oncology Group protocol (ie, vincristine, cyclophosphamide,
cisplatin, and etoposide).
†
Time of MR imaging examination since CSI.
‡
Data are percentages. The numbers used to calculate the percentages are in parentheses. ⌬FA ⫽ [(FAp ⫺ FAc)/(FAc)] 䡠 100, where FAp is the WM FA
in a given patient and FAc is the mean WM FA for the age-matched control group. Because of the reduced number of decimal points in the ratio, the
ratio may not be equivalent to the exact percentage.

tients’ data, the correlations remained
significant (r ⫽ 0.515 for correlation between ⌬FA and age at CSI, P ⫽ .029; r ⫽
⫺0.578 for correlation between ⌬FA and
CSI dose, P ⫽ .012). Multiple linear regression analysis revealed only patient
age at CSI to be an independent variable
that significantly affected ⌬FA (adjusted
r2 ⫽ 0.391, P ⫽ .012).

DISCUSSION
Both age at CSI and CSI dose are wellrecognized risk factors for radiation-induced WM damage in posttreatment
brain tumor survivors. In our study cohort of medulloblastoma survivors, we
found age at CSI to be an independent
variable that affected WM anisotropy
loss. CSI dose was found to be associated
with changes in WM anisotropy at univariate analysis, but the effect of this variable was not significant when it was adjusted for age at CSI at multiple linear
regression analysis. Although we expected higher CSI doses to cause more
severe WM damage, the lack of a significant association may have been due to
the small sample size in this study, which
reduced the statistical power. Moreover,
all but three of the patients who were
treated for medulloblastoma received a
radiation dose of 30 Gy or higher, and
650
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the variation in CSI dose among these
patients was small.
The dose effect should be better assessed by comparing patients similar to
those in our cohort with a group of patients who receive lower radiation doses,
such as patients with leukemia, who receive less than 20 Gy of radiation at CSI.
Nevertheless, our current results show
that age at CSI is a more powerful variable than CSI dose in terms of the effect
on WM anisotropy loss (r ⫽ 0.631 for age
at CSI vs r ⫽ ⫺0.586 for CSI dose). These
associations with neurotoxicity risk factors support the fact that changes in WM
anisotropy are related to treatment-induced neurotoxicity.
In our pilot study (5), we quantified FA
by placing regions of interest in the WM
in a small cohort of patients with medulloblastoma. Subsequently, we performed
group comparisons of the whole-brain FA
between patients and control subjects by
using voxel-based analysis with SPM (6).
We also studied differences between
whole-brain and WM-only FA histograms and differences in histogram-derived indexes between the patient and
control subject groups, but we did not
quantify the WM ⌬FA in individual patients for intersubject comparisons.
Hence, we were not able to correlate FA
changes with neurotoxicity risk factors in
our previous study.

The quantitation of WM FA by using
SPM segmentation, as compared with
that performed by using region-of-interest placement, has the advantage of being reproducible and unbiased. Therefore, this method may be used in intersubject comparisons, as in the present
study, and also for longitudinal followup. However, compared with the use of
region-of-interest analysis, the use of
SPM segmentation can result in an underestimation of the anisotropy loss because regions of interest are placed at
central locations in the WM, which are
more vulnerable to the damaging effects
of radiation than peripheral WM regions
(5,6). With WM segmentation, all WM
regions, including the peripheral WM,
are inadvertently included in the analysis, and, hence, there are volume-averaging effects from the normal WM. It is
therefore likely that some patients with
less severe anisotropy changes will not be
identified with this method.
Seventy percent of our study patients— compared with all of the patients
in our previous study, in which we used
region-of-interest analysis—were found
to have reduced anisotropy (5). In addition, the magnitude of FA reduction was
less severe in this study (mean reduction,
7.3%) compared with that in our previous region-of-interest study (mean reduction, 18.4%) (5).
Khong et al
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Figure 2. Scatterplot shows significant correlation between ⌬FA and
age at CSI in 20 medulloblastoma survivors (Spearman rank correlation, r ⫽ 0.631, P ⫽ .003).

Another limitation of the SPM WM
segmentation method is failed segmentation. This may occur in subjects with
large ventricles, as was the case with one
patient in our current study, who was
excluded from the final study cohort; in
subjects with large subarachnoid spaces
due to cerebral atrophy; and in subjects
with severely distorted brain structures.
Tissue classifications performed by using
SPM segmentation would not be successful in these situations because the a priori
probability images would be poor representatives of the image being segmented.
For example, when ventricles are large,
some ventricular voxels may be located
where there is a 100% prior probability of
the tissue being WM, and these CSF voxels would be misclassified as WM according to the SPM segmentation algorithm.
On the WM FA map in Figure 1, several
voxels are seen in the basal ganglia and
thalami (ie, gray matter). This kind of
tissue misclassification is due to the very
similar probability values of the gray
matter and the WM, which were derived
by using SPM segmentation, and the
thresholding technique used in making
the binary mask. However, because our
aim was to quantify the mean WM FA
value, not the WM volume, we expected
this overestimation of “WM” volume to
cause only a slight underestimation of
the mean WM FA.
Late radiation effects in the WM have
been evaluated by using conventional
T2-weighted MR imaging in animal
model studies, and the findings of increased T2 relaxation times were attributed to vasogenic edema and demyelination (7–9,20). To our knowledge, similar
studies to evaluate the diffusion characteristics of diffuse WM injury with diffuVolume 236
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Figure 3. Scatterplot shows significant correlation between ⌬FA and
CSI dose in 20 medulloblastoma survivors (Spearman rank correlation, r ⫽ ⫺0.586, P ⫽ .007).

sion-weighted or diffusion-tensor MR imaging have not been performed. Histologic studies of irradiated central nervous
system specimens have revealed demyelination, proliferative and degenerative
glial reactions, endothelial cell loss, and
capillary occlusion (7–11,20). It is conceivable that the reduction in WM anisotropy reflects loss of integrity and disruption in microstructure of the axons
related to these histologic changes.
Cognitive studies have revealed a progressive intellectual decline in medulloblastoma survivors at a rate of 2.05– 4.30
intelligence quotient points per year
(4,14 –16). We found no significant association between time of MR imaging
since CSI and ⌬FA, which suggests that
there is no progressive WM damage over
time. However, larger patient numbers
and longitudinal studies are needed to
confirm this theory. Results of a relatively recent study of cognitive function
in medulloblastoma survivors (16) indicated that the deterioration in intellectual function may be explained by the
inability of an affected child to progress
mentally at the same rate as his or her
peers and the increasing demands placed
on the child as he or she ages, rather than
by a loss of previously acquired information and skills.
Although we did not evaluate the relationship between cognitive function and
WM anisotropy in our patient cohort,
investigators have observed correlations
between cognitive function, especially
cognitive decline, and FA in other types
of cohorts (21). Moreover, a study involving medulloblastoma survivors revealed
that some cognitive functions—namely,
attention ability—are related to WM volume loss; this finding indicates that the

WM may be the underlying mechanism
of cognitive decline (22,23). Hence, it is
possible that other parameters of WM
disease, such as anisotropy loss, also may
correlate with cognitive function.
In this cross-sectional study, a loss of
anisotropy was observed in three of the
six patients who were examined less than
1 year after treatment. This finding suggests that anisotropy loss may be detected as early as within 1 year after irradiation. Anisotropy loss may therefore be
an early indicator of WM damage, and, if
the anisotropy value is measured during
or before the completion of treatment, it
may be used as a parameter to effect
change in the treatment strategy. This
measurement is in contrast to cognitive
examinations, which tend to be performed at least 1 or 2 years after treatment and only after neurotoxicity has
developed. Therefore, further diffusiontensor MR imaging examinations should
be performed to evaluate FA changes before treatment and at early time points
during the course of treatment so that
the timescale for WM changes can be
characterized. Ideally, an FA threshold
for brain injury should be determined at
early time points.
Our study was limited by the use of
groups of control subjects of a given (albeit small) age range—rather than an exact age—whose mean data were matched
with those of individual patients. Study
results have shown that the greatest
change in brain water diffusion occurs
during the first 4 years of life and that the
increase in WM anisotropy is nonlinear,
with the highest increase occurring during the first few years and the measurement reaching an asymptotic level at
about 6 years in the internal capsule and
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the corpus callosum and at about 8 years
in the peripheral WM of the centrum
semiovale (24 –27). Hence, it is possible
that we overestimated the degree of reduction in WM FA in the patients
younger than 6 years in our study because we compared them with a control
group of subjects with a mean age of 6.8
years. Finally, correlation of the FA
changes with the neuropsychologic data
of these patients is essential for determining both the clinical relevance of reduced
WM FA and the usefulness of diffusiontensor MR imaging in the assessment of
treatment-induced neurotoxicity.
In conclusion, we found age at CSI to
be an independent variable that affected
WM anisotropy loss in posttreatment
medulloblastoma survivors and observed
a trend toward increasing anisotropy loss
with larger CSI dose. Although it is not
clear how these observations of reduced
WM anisotropy reflect the cognitive outcomes of patients who have been treated
for medulloblastoma, determining the
mean WM FA value is potentially a useful
outcome measure for evaluating treatment-induced neurotoxicity and may
also be used for assessing the timing and
application of neurotoxic treatments.
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