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Induced Changes in the White Matter after
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BACKGROUND AND PURPOSE: Diffusion tensor imaging (DTI) will show abnormal fractional anisotropy
(FA) in the normal-appearing brain after prophylactic cranial irradiation (PCI). These abnormalities will be
more accentuated in patients with underlying vascular risk factors.

MATERIALS AND METHODS: A prospective study by use of DTI and conventional T2-weighted MR
images was performed with a 1.5T unit with 16 patients with small cell lung cancer and undergoing
PCI. All of the T2-weighted images were evaluated with respect to abnormalities in signal intensity of
white matter as markers of radiation damage. Measurements of FA were performed before, at the end
of, and 6 weeks after radiation therapy. On the FA maps, the bifrontal white matter, the corona radiata,
the cerebellum, and the brain stem were evaluated. FA values were compared with respect to age,
demographic, and vascular risk factors. Statistical analyses (Friedman test, Wilcoxon test, and Mann-
Whitney U test) were performed.

RESULTS: Fractional anisotropy decreased significantly in supratentorial and infratentorial normal-
appearing white matter from the beginning to the end of PCI (P � .01). A further decline in FA occurred
6 weeks after irradiation (P � .05). A stronger reduction in FA was observed in patients with more than
1 vascular risk factor. There was an age-related reduction of white matter FA. Patients 65 years and
older showed a trend toward a stronger reduction in FA.

CONCLUSION: During the acute phase, after PCI, patients with many vascular risk factors showed
stronger damage in the white matter compared with patients with only 1 risk factor.

White matter (WM) is recognized as the element in the
brain that is most vulnerable to irradiation.1,2 Postmor-

tem studies show a broad spectrum of radiation changes rang-
ing from vascular damage to coagulation necrosis.1 Sheline
differentiates among 3 phases of the pathophysiological reac-
tion to irradiation in the normal brain tissue.3 In the acute
phase, after the first few fractions of irradiation, only focal
damage dominates. An additional occurrence of glial glycogen
depositions is generally completely reversible, and necrosis
caused by irradiation is a rare exception. Subacute changes
after irradiation occur weeks to months after the irradiation,
predominantly due to cell death of myelin-producing oligo-
dendrocytes. After a temporary demyelinization, a growth of
oligodendrocytes and remyelinization of the brain tissue fol-
low.3,4 The chronic phase of the radiation changes is marked
by diffuse changes due to wall thickening of the vascular struc-
tures, decreasing the number of glial-supporting cells, and dif-
fuse demyelinization.5 The white substance of the brain is sig-
nificantly more affected in the diffuse damage of brain tissue
because of the failure of the glial support system. Neuroradio-

logic studies show chronic diffuse changes ranging from 38%
to 100% of patients.1

The first MR imaging studies to detect radiation changes
were carried out in the 1980s. MR imaging has proven to be a
very sensitive instrument to detect axonal demyelinization
and vasogene brain edema caused by capillary endothelial
damage, because these lesions result in a prolongation of the
T2 relaxation time.

On conventional MR images, posttreatment changes of the
WM often begin as hyperintense foci in the deep WM. The
changes in the WM are adjacent to the anterior and posterior
horns of the lateral ventricles, progressing to more peripheral
regions in the centrum semiovale, and then coalescing to in-
volve the entire WM. The WM of the brain stem, the cerebel-
lum, the internal capsules, and the basal ganglia are relatively
spared.5-8

Most studies have shown that conventional MR imaging is
of limited benefit, because the sequences are not sensitive
enough to depict early injury after irradiation.6,7 However,
new MR imaging sequences, like diffusion tensor imaging
(DTI), allow an in vivo examination of the microstructure of
the brain tissue.8 Khong et al9,10 studied the long-term effects
of high-dose cranial irradiation and chemotherapy on the
brain in medulloblastoma patients. When performing DTI
fractional anisotropy (FA), earlier studies show a decrease in
many regions of the WM of medulloblastoma patients com-
pared with that of healthy subjects.9-11 The authors hypothe-
size that, in treatment-induced WM injury, loss of anisotropy
would occur as a result of ischemia, demyelinization, and gliosis.
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Recent population-based studies have demonstrated a cor-
relation between WM lesions (WML; also known as leukoara-
iosis) and vascular risk factors.12,13 Because of that, we docu-
mented the clinical risk factors for cerebral vessel disease, like
diabetes, hypertonus, alcohol, and smoking. We hypothesize
that there is a synergistic effect of radiation-induced and vas-
cular-induced damage of the WM in patients without preex-
isting brain abnormalities shortly after PCI.

Materials and Methods

Patients
Sixteen patients with small-cell lung cancer who had been diagnosed

recently were enrolled. The age of the 6 female and 10 male patients

ranged from 45 to 67 years (median, 57 years). Prophylactic cranial

irradiation (PCI) is offered as a routine examination to patients with

limited small cell lung cancer. This form of radiation therapy (RT)

reduces the incidence of brain metastases significantly and improves

the overall survival.14 The RT (total dose, 30 Gy) in 2-Gy daily frac-

tions was given after chemotherapy. The target volume was treated

with opposed lateral isocentric fields with photons from a 6-MeV

linear accelerator (Siemens, Concord, Calif). The chemotherapy reg-

imen was carboplatin/etoposid (CPE protocol), cisplatin/etoposid

(PE protocol), or doxorubicin/cyclophosphamid/vincristin (ACO

protocol). At the time of imaging, none of the patients had begun

steroid or phenytoid treatment. No patient had received cranial irra-

diation or cranial surgery before beginning PCI. Measurements of FA

were performed before, at the end of, and at 6 weeks after RT. At the

beginning of irradiation, all of the patients had normal MR imaging

(with gadolinium) of the brain and no history of brain tumors or

metastases and neurologic deficits. Each patient signed a declaration

of information and consent. The final protocol was approved by the

ethics committee. The study complied with the Helsinki Declaration,

the American Medical Association’s professional code of conduct, the

principles of Good Clinical Practice guidelines, and the Federal Data

Protection Act. The trial was also carried out according to local legal

and regulatory requirements.

MR Imaging
All of the MR images were obtained with a 1.5T unit (Symphony;

Siemens, Erlangen, Germany) by using a standard head coil. The fol-

lowing sequences were performed in all of the patients: axial T2-

weighted imaging (TR/TE, 4000/100 ms; section thickness, 5 mm

with 1.5-mm gap; and FOV, 230 mm). Conventional fast spin-echo

T2-weighted MR images were evaluated for abnormalities of WM as

markers of radiation damage.

DT imaging was performed by single-shot spin-echo-planar im-

aging (TR/TE, 7200/106 ms; FOV, 240 mm; acquisition matrix, 96 �

96 ms). By use of a section thickness of 3 mm, images were acquired

through the entire brain (�44 images). Diffusion-sensitizing gradient

encoding was applied in 6 directions using a high-diffusion weighting

factor (b � 1000 s/mm2), and 1 image was acquired without use of a

diffusion gradient (ie, b � 0 s/mm2). The gradient directions were

chosen using the technique described by Basser15 and Basser and

Jones.16

A total of 308 images were obtained of the brain volume. The

measurements were repeated 8 times, yielding an approximate total of

2464 images. DTI time was approximately 7 minutes and 44 seconds

(1 sequence, 58 seconds). The section locations were identical for all

of the follow-up examinations. The diffusion-weighted MR images

were transferred to an Advantage Workstation (GE Healthcare, UK)

for data processing. Maps of FA were generated. The diffusion tensor

and FA maps were calculated on a voxel-by-voxel basis with an in-

house program implemented in Matlab (MathWorks, Natick, Mass).

Region of Interest Analysis
All of the MR images were analyzed by 2 experienced radiologists

(T.W. and R.K.) who worked independently; disagreements were re-

solved in consensus. The following anatomic sites were evaluated: 1)

WM of the cerebellar hemispheres, 2) periventricular WM of the

frontal lobes, 3) WM of the corona radiata, and 4) WM of the brain

stem. The oval-shaped regions of interest (ROIs) were manually

placed onto the FA maps. All of the ROIs were superimposed in an

identical position onto the FA maps over all 3 of the measuring points.

ROIs were widely placed in each hemisphere through normal-appear-

ing WM. The regions next to the sulci were excluded to avoid partial

volume effects of the gray matter and of the CSF.

Statistical Analysis
Data were analyzed by using SPSS PC version 13.0.1 for Windows

(SPSS, Cary, NC). Analyses included only data of patients who com-

pleted the study and did not have to be excluded. To assess changes in

mean FA, data were submitted to Friedman test. When a statistical

significance was reached, posthoc analyses were carried out with the

Wilcoxon test. The level of significance was set at a 5% limit, with a

Bonferroni correction for multiple comparisons. The mean FA values

obtained in the left and right brain hemispheres were compared by

using Mann-Whitney U tests. The influence of risk factors was con-

trolled with Mann-Whitney U tests assessing rates of change (differ-

ence at the end of RT and 6 weeks later from baseline value in per-

centage). Wilcoxon (exact tests) were used to assess changes from the

baseline. Differences were considered significant if the probability of

error was P � .05.

Results
FA levels in the cerebellum, frontal WM, and corona radiata
were significantly lower during follow-up compared with
baseline levels (P � .001). There was no significant change in
the brain stem (Table 1). Compared with the initial values, the
FA decreased significantly after RT in the cerebellum, frontal
WM, and corona radiata (P � .01). Six weeks from the end of
RT, a further decline in FA occurred in the frontal WM and
corona radiata (P � .05). The strongest decrease in FA levels
was found in the WM of the cerebellar hemispheres, with a
mean decline of �7.1% and �7.9% at the end and 6 weeks
after the completion of RT, respectively, compared with the
baseline (P �. 05). The FA in the corona radiata region de-
clined by �3.9% at the end and �5.7% 6 weeks after the com-
pletion of RT when compared with the baseline (P � .05). The
FA in the frontal WM region declined by �2.7% at the end of
RT and �5.2% 6 weeks after the completion of RT compared
with the baseline (P �. 05).

Patients 65 years of age or older showed a trend toward a
stronger reduction of FA compared with patients younger
than 65 years of age in the cerebellum, frontal WM, and co-
rona radiata. No differences were detected between men and
women. A total of 38% of the patients had more than 1 risk
factor, which included the following: hypertension 60%,
smoking 88%, diabetes mellitus 60%, alcoholism 6%, and
multiple regimen of chemotherapy treatment 6%. A more
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pronounced reduction of FA was seen on all of the anatomic
sites in those patients with more than 1 risk factor (Fig 1A, -B).
Patients with diabetes showed a trend toward a stronger de-
cline in FA in all 4 of the brain regions at the end of RT when
compared with patients without diabetes. Six weeks later there
was a lower FA in the frontal region (P � .05) and corona
radiata (P value not significant) in patients with diabetes. On
the contrary, at 6 weeks after RT, the patients with 0 or 1
vascular risk factor showed a significant increase in FA of the
brain stem as compared with the baseline (Fig 1A).

Differences between FA data of the right and left hemi-
spheres are presented in Table 2. FA decreased most in the
right (�8.7%) and left (�7.1%) cerebellum (P � .001). The
smallest reduction in FA was obtained in the frontal region
(left frontal region: �5.6%; right frontal region: �4.8%; P �

.02). At the end of RT, there was a significant decrease in right-
sided and left-sided FA levels (P � .01). Six weeks after RT, the
FA decreased further in the right frontal lobe and right corona
radiata (P � .01). Significant differences between right-sided
and left-sided FA levels were not seen. There was no evidence
of radiation-induced edema or demyelinization spots on T2-
weighted images after RT.

Discussion
Several studies have recently reported the effectiveness of DTI
for evaluation of WM lesions in predamaged brain tissue.9,17

The findings of our study suggest that DTI can detect early
WM changes of normal brain tissue induced by radiation. The
pathogenesis of this damage is originated from vascular dam-
age. A higher vascularity is reported in rodents at an early
phase after high-dose whole-brain irradiation.18,19 Damage of
the WM in pig models induced by experimental radiation has
shown an initial macrophage inflammation and vascular con-
gestion followed by vascular endothelial and glial injury.20

Our results show that the FA values were lower in the WM
in multiple anatomic sites after PCI. These prospective find-
ings are consistent with previous retrospective studies that
have shown that FA can be used as an index for evaluation of
treatment-induced WM injury.9,17 Khong et al9 identified ra-
diosensitive regions (frontal, corona radiata, cerebellum, and
brain stem) in medulloblastoma patients after cranial irradia-
tion. Our study confirms this radiosensitivity in normal brain
tissue in the acute phase after RT. On the contrary, we found
an increase in FA in the brain stem. This unaspected trend was
also reported by Qiu et al.21 They proposed 2 possible expla-
nations: hemorrhagic effects or a selective damage of fiber
tracts at regions of fiber crossing. Our study supports the idea
of a selective damage of fiber tracts. The brain stem consists of
multiple crossing points. A selective damage in this region may
lead to more coherently oriented fiber tracts and, hence, in-
creased FA despite the degeneration of fibers.21,22

Another MR method to estimate WM damage is diffusion-
weighted imaging (DWI). DWI is a well-established method
and has become important in imaging CNS abnormalities. It
has been shown that DWI is able to detect WM lesions after
radiation.23 However, a recent study of patients with multiple
sclerosis has demonstrated that the FA values are more sensi-
tive in detecting lesions of normal-appearing WM in T2-
weighted MR images than apparent diffusion coefficient
values.24

DTI and proton MR spectroscopy allow quantitative inves-
tigation of changes in the metabolite level and water diffusion
parameters of normal-appearing WM on conventional T2-
weighted MR images.20,25 In studies of proton magnetic reso-

Fig 1. A, Change in mean fractional anisotropy in patients with 0 or 1 vascular risk factor
(n � 10). *1 indicates significant reduction from baseline (P � .05); *2 indicates significant
improvement from baseline (P � .05). B, Reduction of mean fractional anisotropy in
patients with more than 1 vascular risk factor (n � 6). *1 indicates significant reduction
from baseline (P � .05); *2 indicates further significant reduction from the end of RT (P �
.05).

Table 1: Course of mean fractional anisotropy at different anatomic sites (n � 16)

Variable T0, Mean � SD T1, Mean � SD P*† T2, Mean � SD P† P‡
CB .173 � .021 .161 � .020 .000 .159 � .016 .002 .000
FWM .466 � .063 .452 � .056 .003 .442 � .061 .000 .000
CR .490 � .035 .472 � .044 .000 .463 � .041 .000 .000
BS .420 � .048 .424 � .043 .776 .434 � .040 .121 .305

Note:—CB indicates bilateral cerebellar white matter; FWM, bilateral frontal white matter; CR, bilateral corona radiata; BS, brain stem; T0, at baseline; T1, at the end of radiotherapy;
T2, at 6 weeks after radiotherapy.
* P values are from Wilcoxon test (comparison between T0 and T1).
† P values are from Wilcoxon test (comparison between T0 and T2).
‡ P values are from Friedman test (comparison across time).
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nance spectroscopy (MR spectroscopy) during and after radi-
ation, a decrease of N-acetyl-L-aspartate was found 3 months
after cranial irradiation (early delayed phase). In the acute
phase there were no radiation-induced changes in the brain
metabolism. Our study found radiation-induced changes in
diffusion at the final stage of cranial irradiation (acute phase).
We presume that DTI is a more sensitive method for in vivo
estimation of neurotoxicity in the acute phase after irradiation
than MR spectroscopy. Contrary to the study of Kitahara et
al,17 we followed a prospective study design with a strictly con-
trolled follow-up MR imaging schedule. Kitahara et al17 exam-
ined patients with different brain tumors and a predamaged
tissue after surgery. Our study differs with regard to method-
ology. Furthermore, these authors evaluated only supraven-
tricular regions.

The presented results confirm that vascular risk factors are
related to WM (WML) after irradiation. Furthermore, we
show that the combination of many vascular risk factors and
radiation favor an early posttreatment onset of WML. We
found that there is a stronger reduction of FA in patients older
than 65 years of age after PCI. Some studies indicate poorer
neurobehavioral outcome for elderly patients after cerebral
irradiation.26,27 Maire et al26 showed a trend of declining in-
telligence quotient in adults older than 50 years of age in com-
parison with the 30- to 49-year-old group. Wassenberg et al27

found more cognitive impairment related to RT in patients
with lymphoma who were older than 60 years of age. Until
now, the cerebral tissue has been seen as a late-reacting tissue;
the presented results of this study and neurocognitive studies
disprove this opinion.28

In our study, we demonstrate a better tolerance of brain
parenchyma in patients with 0 or 1 vascular risk factor receiv-
ing irradiation (30 Gy total dose) compared with patients with
more vascular risk factors. Consequently, brain parenchyma
of those low-risk patients might tolerate an even higher irra-
diation dose; a better control of brain metastases could be
accomplished.

The present study is limited because it was a feasibility
study with a small number of patients. We were not able to
correlate the radiation-induced WM injury with any change in
clinical symptoms. Further study is warranted, especially to
correlate clinical symptoms like neurocognitive deficits (eg,
memory or attention) with radiation-induced reduction of
anisotropy of WM. An additional trial is in preparation to
involve a higher number of patients treated with different ra-
diation techniques.

Conclusions
In this prospective study, we successfully performed clinical
DTI screening for detection of radiation-induced WM injury
in the acute phase after RT. FA is a useful marker to describe in
vivo changes in the microstructure of the brain tissue. A sig-
nificant reduction in anisotropy is found in cerebellar, frontal
WM, and corona radiata after PCI. An early detection of radi-
ation-induced WM injury by DTI has the potential to alert the
oncologist to this diagnosis and to provide a technique to
monitor damage in the WM.
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