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The purpose of this study was to evaluate the white-matter changes associated with 
cranial radiation by MR imaging. The MR scans of 95 patients receiving conventional 
external beam radiation for a wide variety of central nervous system tumors were 
reviewed. Moderately T2-weighted spin-echo images with a 2000-msec repetition time 
and 56-msec-echo time were analyzed for white-matter abnormalities without knowledge 
of the patient's history. These were correlated with radiation dose, port, and time interval 
since completion of therapy, and then compared with an age-matched control group of 
180 patients with nonirradiated, space-occupying, intracranial lesions. Radiation-related 
lesions were characterized as symmetric, high-signal foci in the enventricular white 
~tfer.Rerati par," of the osterior os a, asal gan lia, and internal ca sui was 

noted. In patients 0 er than 20 years, these changes paralleled those seen in ischemia 
but were more prevalent (p < .005). In 25 patients with se uential MR sc.aJ;ls, these 

_ findings remained stable. In those patients with limited treatment fields, for example, 
pituitary adenomas, no statistical differences were seen between radiation-treated and 
nontreated groups. Cerebral white-matter c ~.J t mimic dee white-matter infarc
tion are frequently seen in response to therapeutic radiation. There is a varfiiiile' 
incidence of radiation effects, becoming more marked in older patients. MR interpretation 
must consider the neuropathologic consequences of therapeutic radiation, which include 
demyelination, microvascular occlusion, and blood-brain barrier breakdown. 

The goal of therapeutic radiology is to provide a sufficient dose to treat central 
nervous system (CNS) tumors without affecting adjacent healthy tissue. As more 
therapeutic regimens have been implemented, long-term effects of neurotoxicity in 
the surviving patients have been recognized [1-3] . A spectrum of CNS changes 
has been noted on CT including atrophy, decreased attenuation of the deep cerebral 
white matter, and rarely focal, enhancing radionecrosis [4-7] . The findings of 
neurotoxicity have been correlated with clinical findings in both patients and clinical 
experiments [1] . More recently, similar findings of radiotherapy-related lesions of 
the brain have been described with MR [8-10] . Of interest, is the formation of deep 
white-matter peri ventricular foci characterized by prolonged T1 and T2 relaxation 
times compared with normal white matter [10] in a pattern suggestive of either 
demyelination or ischemia. Both can be identified readily by MR [11]. Since the 
natural prevalence and severity of focal periventricular abnormalities (e.g ., deep 
white-matter infarction) increase with age [11, 12], these abnormalities must be 
considered before ascribing changes to radiotherapy. For this reason , a retro
spective review of a large patient population was undertaken; MR was used to 
further characterize the effects of radiation on cerebral white matter with respect 
to age, prevalence, time of onset, and both the temporal and spatial stability of 
these lesions. 

Materials and Methods 

MR imaging was performed using a Diasonics MTIS system operating at 0.35 T. Multiple-
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slice spin-echo scans were performed with a repetition time (TR) of 
2000 msec and an echo time (TE) of 28 and 56 msec. Four excitations 
were used. Axial images were obtained in the majority of patients 
(90%) in both the therapeutic and control groups. The remainder had 
coronal studies only. In selected patients , additional images were 
obtained with a TR of 500 and/or 1000 msec in either the axial, 
sagittal, or coronal plane; however, these images were not included 
in this study. The acquisition matrix was 128 x 128, corresponding 
to a spatial resolution of 1.7 mm. Slice thickness was 7 mm with a 
3-mm gap between sections. In two patients, an axial study was 
performed with a 256 x 256 matrix (0.95-mm spatial resolution) and 
10-mm contiguous sections having a TR of 2000 msec and a TE of 
30 and 60 msec. The images were graded for white-matter abnor
malities as described below. 

Radiation Therapy Group 

We reviewed retrospectively 95 patients imaged between May 
1983 and April 1986 who had received external beam-radiation 
therapy. All patients received conventional therapy except for f ive 
patients who were treated with charged-particle radiation or iridium 
brachytherapy. Patients who received only interstitial implant therapy 
were not included in this study. In each case, the estimated radiation 
dose, fractionation schedule, and prior systemic chemotherapy were 
noted. A wide variety of eNS tumors was represented , including 
gliomas of all grades, meningiomas, pituitary adenomas, Iymphopro
liferative disorders, and metastases (Fig. 1). 

The therapeutic group was subdivided into six different age 
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Fig. 2.-Distribution of therapeutic group into age subgroups. 
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Fig. 3.-Estimated radiation dose in each age subgroup. 

>60 

>60 

subgroups (Fig . 2). The average time interval-between the MR scanl--------
and the com pie 10nlifTIidiatioi11hera:py-IiTlne age S'tib'groops be we"'e"'n==--
20 and 59 years was 38 months. This time interval was less in the 
< 20-year ""SUbgroup (1-8 months) and greater in the > 60-year 
subgroup (71 months). ' 

CHEMOTHERAPY 
(%) 

The estimated radiation dose and percentage of patients in each 
ag~rsotJgroup with a istory of previous chemotherapy are shown in
Figures 3 and 4, respectively. In six of the 9511atiMt!>,'the history of- 
prior systemic chemotherapy was not known; however, they were 
included in this study. This radiation therapy group (n = 95) excluded 
patients with other suspected causes of deep white-matter abnor
malities such as intrathecal chemotherapy, obstructive hydrocepha-
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lus, peri ventricular extension of tumor, or evidence of prior or present 
shunt-tube placement. 

Control Group 

One hundred-eighty age-matched patients (30 in each age 
subgroup) with no history of radiation therapy were randomly selected 
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Fig. 1.-Lesion type and number treated in therapeutic group. AVM = 
arteriovenous malformation; post = posterior; supratent = supratentorial. 

Fig. 4.-Percentage of patients who received systemic chemotherapy 
in each age subgroup. Patients treated with intrathecal chemotherapy were 
not included in-this study. 

as the control group. All patients had either benign or malignant 
intracranial lesions, which included gliomas of all grades (37%), 
neurinomas (1 0%), pituitary adenomas (9%), metastases (9%), arach
noid cysts (8%), arteriovenous malformations (6%), meningiomas 
(5%), empty sellae (3%), abscess (1 %), miscellaneous tumors (9%) 
(including tuberous sclerosis, pineal region tumor, osteoma, cranio
pharyngioma, glomus jugulare, hemangioblastoma, epidermoid, li
poma), and unknown (3%). As with the radiation therapy group, 
patients with other possible causes of deep white-matter changes 
were excluded from the study. 

MR Review 

The MR studies from both groups were reviewed retrospectively 
by two observers without knowledge of age, gender, or prior radiation 
therapy. The images were then graded on a 0-4 scale for high
intenSity changes involving the white matter in nine separate areas: 
frontal horn tip, occipital horn tip, lateral aspect of ventricular body, 
lateral aspect of occipital/temporal horns, centrum semiovale, basal 
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ganglia, internal capsules, brainstem, and cerebellum. Zero indicated 
the absence of intensity change compared with normal white matter, 
and 4 indicated extensive, confluent white-matter abnormalities. Both 
hemispheres were graded. The actual site of tumor involvement, the 
immediately surrounding edema, and postoperative gliosis were not 
included. 

The patient's scores including mean, standard deviation, and 
standard error for each area were then tabulated into either the 
control or radiotherapy group and respective age subgroups. Statis
tical significance between similar age subgroups of the control vs 
radiotherapy groups was determined by an unpaired, two-sample 
Student's t test. The relationship between each age subgroup within 
either the control or radiotherapy group was determined from 
second-order polynomial regression analysis and resulting 
correlation coefficients. 

Results 

Radiation-related lesions were characterized as high-signal 
foci in the periventricular, supratentorial white matter. The 
areas most often involved were adjacent to the frontal horn 
tip, occipital horn tip , lateral aspect of the ventricular body, 
lateral aspect of the occipital and temporal horns, and centrum 
semiovale. Relative sparing of the brainstem, cerebellum, 

Fig. 5.-Series of T2-weighted (SE 2000/28) 
axial images in 61-year-old woman who, 11 
months before this study, was treated with 5000 
cGy by using 14- by 17-cm bilateral ports frac
tionated over 38 days. Bilateral and symmetric 
distribution of periventricular white-matter 'foel 
without mass effect. Sparing of basal ganglia, 
internal capsules, and posterior fossa (not 
shown) was noted. 

A 

internal capsules, and basal ganglia was noted (Fig. 5) . This 
involvement tended to be symmetric and equally severe in 
the contralateral hemisphere and was remote from either the 
tumor or the operative site. There was no mass effect asso
ciated with even the highest grade (4) lesions (Fig. 6). 

From a qualitative standpoint, any patient in the radiation 
therapy group with a score of one or greater in two separately 
graded areas of the periventricular white matter was sus
pected of having radiation-related changes. No patients under 
20 years old were considered to have radiation-related 
changes. However, in the remainder of the age subgroups 
the number of suspected patients was as follows: 20-29 
years, three patients (20%); 30-39 years, nine patients (41 %); 
40-49 years, five patients (33%); 50-59 years, 10 patients 
(45%); and older than 60 years, nine patients (82%). When 
these supratentorial peri ventricular white-matter changes 
were compared in each age subgroup, statistically significant 
(p < .005) differences were noted between the radiotherapy 
and control groups except in patients younger than 20 years 
old (Table 1). Areas of the brainstem, cerebellum, internal 
capsule, and basal ganglia showed no significant difference 
between the radiotherapy and control-age subgroups. 

The severity of deep white-matter changes in both the 

B 
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A B 

TABLE 1: Supratentorial Periventricular White-Matter Changes: 
Radiation vs Control Groups 

Mean Score ± SEM 
Age 

Radiotherapy Control Significance 
Subgroup 

Group Group 

< 20 0.09 ± 0.02- 0.03 ± 0.01 NS 
20-29 0.20 ± 0.05 0.02± 0.007 --- p < .005 
30-39 0.41 ± 0.05 0.06 ± 0.01 P < .005 
40-49 0.60 ± 0.09 0.06 ± 0.01 P < .005 
50-59 0.87 ± 0.10 0.12 ± 0.02 P < .005 

> 60 1.64 ± 0.16 0.23 ± 0.03 P < .005 

Note.-Scores are based on a 0-4 scale: 0 = no intensity change relative 
to normal white matter; 4 = ex enslve-;-confiDent"Whiteomatter abnormalitiesc 
NS = not significant. 

radiotherapy and control groups was found to increase with 
advancing age (Table 1). Nonlinear regression analysis of the 
data (Fig . 7) resulted in the second-order polynomial equa
tions: y = 0.23 - 0.158x + 0.063x2 (r = .94) for the radio
therapy group and y = 0.07 - 0.049x + 0.012x2 (r = .88) for 
the controls , where x represents age and y is the degree of 
white-matter changes. 

Within the radiotherapy group, 29 of 95 had two or more 
sequential scans. Nine patients (31 %) had sequential studies 
that were interpreted to have positive findings attributed to 
radiation therapy. In all but two patients, the findings were 
noted to remain stable over an average interval of 10.5 
months. In 15 patients, (52%) the first MR study was per
formed before or during the course of radiotherapy with an 
average follow-up MR study 6 months after completion of 
therapy. In two of these patients, definite new lesions within 
the deep white matter were noted 7 and 9 months after the 
completion of therapy (Figs. 8 and 9). 

Sixteen patients had limited treatment fields for pituitary 
tumors. The mean age was 40.5 years and the average 
interval between completion of radiotherapy and the MR study 
was 4.6 years. The estimated average radiation dose to the 
sella was 4234 cGy (4234 rad) . From the 180 control patients, 
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Fig. 6.-SE 2000/28 (A) and SE 2000/56 (8) 
images in 70-year-old woman treated for metas
tatic lung carcinoma with whole-brain radiation, 
3000 cGy, 2 years 8 months before this study. 
There are extensive (grade 4) periventricular 
white-matter changes and associated atrophy. 
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Fig. 7.-Comparison between average degree of supratentorial white
matter·changes with advancing age for both therapeutic and control groups 
obtained from data in Table 1. Connecting curves and correlation values 
were computed from second-order polynomial regression analysis (see 
text). 

22 (mean age, 48.6 years) had sellar region abnormalities 
including newly diagnosed adenomas (60%), empty sellae 
(27%), and adenomas treated by surgery or bromocriptine 
therapy (13%). When all graded areas were compared be
tween the radiotherapy and control groups for patients with 
pituitary lesions, no statistical differences were seen. 

Discussion 

The delayed pathophysiologic changes encountered in 
brain tissue as a response to radiotherapy have been inves
tigated thoroughly, and several target sites have been impli
cated. First, delayed capillary endothelial cell damage may 
occur leading to breakdown of the blood-brain barrier with 
resulting vasogenic edema [13]. This edema has been de-
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Fig. B.-SE 2000/56 images. Evolving radia
tion-related white-matter changes in 55-year-old 
woman. 

A and B, Before radiotherapy. Posterior fossa 
glioma (arrow) and normal white matter in cen
trum semiovale. 

C and D, 7 months after completion of radio
therapy. Interval tumor response (solid arrow) 
and formation of additional supratentorial white
matter changes (open arrows) remote from tu
mor site. 

A 

c-

scribed after necropsy as occurring remote from the site of 
primary radiation _exp.()§ure and result~. in._imYCiired CSF cir
culation due to elevated CSF pressures. Cerebr<;lLblood.flow 
may also be reduced [13]. Heterogeneous endothelial hyper
plasia [14] , fibrinoid necrosis of penetrating arterioles within 
the white matter [4, 9] , and morphologic changes' suggestive 
of atherosclerosis involving large-sized arteries have been 
noted [13). Animal studies have shown that focal demyelina
tion occurs, with associated proliferation of glial elements and 
mononuclear cells weeks or months after completion of radio
therapy [13]. In addition, white matter may develop small 
necrotic foci [13] , vacuolation [3, 9] , and petechial hemor
rhage [15] months to several years after radiotherapy. Ven
triculomegaly and widening of the sulci due to atrophy is 
commonly noted on both CT and gross pathology [7, 9,13] . 
Depending on the severity of these changes, patient age, and 
total radiation dose, these lesions may partially resolve, sta
bilize, or progress over a protracted course of several months 
to several years, leading to widespread, potentially fatal brain 
destruction characterized by coagulation necrosis [7, 16). 
When this stage is reached , clinical symptoms may suggest 
a recurrent intracranial mass, and CT may show an enhancing 
mass [5-7] , which is difficult to distinguish from recurrent or 

B 

D 

residual cancer. This latter form of extensive coagulation 
necrosis has been called "radiation necrosis" or "late delayed 
reaction" [15] . To our knowledge, none of the patients in the 
radiotherapy group had biopsy-proven or clinically suspected 
radiation necrosis; however, this distinction cannot be made 
on the basis of MR findings alone [10] . 

Our MR findings agree with previous studies [8-10] . The 
pattern of involvement is symmetric, with involvement of the 
deep white matter. These abnormalities are often remote from 
the tumor site (which presumably received the highest radia
tion dose). Since the majority of the patients were alive, 
histologic correlation was not performed; however, our MR 
findings concur with the expected pathophysiologic changes 
previously described. Prolongation of T1 and T2 relaxation 
values were noted, with resulting MR intensity and distribution 
similar to either multiple sclerosis plaques or deep white
matter infarcts. This is understandable since the known his
tologic findings of white-matter radiation changes are demye
lination, microvascular occlusion, and vasogenic edema. 
These white-matter changes have a variable delay of onset 
[13] measured in weeks to months. In two of 15 patients with 
sequential scans obtained during and after radiotherapy, ra
diation-related lesions appeared 7 and 9 months after com-
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Fig. 9.-Sequential SE 2000/56-images in 28-year-old man with left parietal testicular carcinoma metastasis. 
A, Before combined systemic chemotherapy and radiotherapy. Radiotherapy consisted of opposed 18- by 12-cm whole-brain ports for 4000 cGy and 

opposed lateral coned-down ports for an additional 1000 cGy. 
B, 4 weeks later, MR study is essentially normal. 
C, Follow-up study 8 months later shows new, faint periventricular high-intensity lesions that can be regarded as definite new findings when compared 

with previous examination. 

pletion of therapy. The remainder of these 15 patients showed 
no new white-matter abnormalities; however, the follow-up 
interval may not have been sufficiently long (6 months). In the 
future, additional prospective studies are needed to document 
these changes accurately. 

In our experience, the pattern of involvement mimics the 
changes seen in older patients and in patients with risk factors 
for cerebral vascular disease. There is a greater tendency for 
these periventricular lesions to be more confluent, as seen 
with deep white-matter infarction, than more focal, as seen 
with multiple sclerosis (Kortman KE, Bradley WG, Rauch RA, 
et aI., unpublished data). Morphologically, the deep white
matter changes in both the radiation and control groups had 
similar MR patterns. Both groups showed an increase in 
changes with advancing age, but these occurred at a greater 
rate in the radiotherapy group. This raises the possibility that 
treating "at-risk" middle-aged and elderly patients with radio
therapy tends to accelerate the normal, involutional white
matter changes expected with advancing age, which are 
presumably caused by small , often clinically silent infarcts. In 
Table 1, it should be noted that the mean changes of the 
entire age group, based on a 0- to 4-point scale, is quite low 
even with advancing age. This directly reflects the variable 
incidence of radiation-related changes in patients who are 
close in age. Even in the advanced age groups, there are 
patients who will have minimal or no-white matter changes 
after therapy. This variable incidence of radiation changes has 
also been experimentally demonstrated on monkeys of similar 
ages [13] . 

Although no attempt was made to correlate the degree of 
white-matter changes with the presence of adverse clinical 
effects, we did note anecdotally that the majority of patients, 
without evidence of tumor recurrence of extension, showed 
variable clinical expression . Patients ranged from being 

asymptomatic to having signs of neurotoxicity "characterized 
by varied degrees of irreversible dementia, confusion , ataxia, 
and psychomotor retardation" [1]. This lack of correlation has 
also been described in elderly individuals with leukoencepha
lopathy as a response to normal and pathologiC aging [17-
19]. In addition, extensive radiation changes of the deep white 
matter may potentiate the effects of an underlying disorder 
such as Alzheimer's disease or multiinfarct dementia [17, 
9]. 
We are unable to explain the lack of statistical increase in 

deep white-matter changes in the youngest agagroup. It has 
4)een reported previously that t f'fi:j age of the reci~L 

time of radiotherapy may determine the severit of arench -
C mal damage, Wltfft e mos slgnllcant changes seen in 

younger patients [13]. A follow-up interval of less than 2 years 
and a higher percentage (45%) of posterior fossa tumors may 
have biased the results in the under-20 subgroup. 

The stability of the MR findings confirms the histologic 
results in experimental models [13] . Although it has been 
postulated that remyelination and reversal of microvascular 
changes may occur [4], we were unable to document this by 
MR over the time interval covered by this study. 

Since cerebral edema has been reported to lower brain 
resistance to radiation injury [4, 13, 20], it could be predicted 
that peritumoral edema would be the most sensitive site. 
Unfortunately, this could not be verified with MR since MR 
signal alterations cannot discriminate between tumor edema 
and white-matter radiation changes. As a result, these regions 
were excluded from the grading process. 

We are uncertain of the influence of systemic chemother
apy, either alone or in combination with radiotherapy, on the 
MR appearance of the deep white matter compared with 
radiotherapy alone. A significant percentage of these patients 
in all age subgroups received combined therapy, and this may 
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have influenced our conclusions. This is especially true in the 
subgroup older than 60 and may partially account for the 
greater degree of white-matter changes shown in Figure 7. In 
a recent study, the MR findings of leukoencephalopathy were 
noted in five patients with clinical signs of neurotoxicity treated 
with combined therapy [1]; however, no comparison was 
made with patients who were treated by radiation alone. In 
another study of brain radiation lesions evaluated by MR in 
55 patients [10] , there was no mention of chemotherapy 
being administered to patients with positive findings. 

In the pituitary tumor subgroup, we were able to select a 
large population with limited treatment fields for statistical 
analysis. Although , radiation necrosis has been described in 
the temporal and frontal lobes, hypothalamus, thalamus, basal 
ganglia, cerebral white matter, and brainstem in patients with 
pituitary adenomas [5, 15], these findings were not present 
in any of our cases and no statistical differences were seen 
compared with the age-matched controls. 

In conclusion , cerebral white-matter changes are often seen 
as a delayed response to therapeutic radiation. The pattern 
of involvement is symmetric and mimics deep white-matter 
infarction. There is a variable incidence of radiation effe.c1~ 
that become more marked in older patieots. MR interpretation 
must consider the neuropathologic consequences of thera
peutic radiation including demyelination, microvascular occlu
sion, and blood-brain barrier breakdown and may serve as a 
useful adjunct in assessing neurotoxicity in these long-term 
survivors. 
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