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The success or failure of medical care is judged 
by a comparison of benefits to be gained versus 
the risks involved. This is especially evident in 
the therapeutic use of irradiation and chemother
apy, both of which have proven to be of benefit 
in the treatment of systemic and central nervous 
system (CNS) neoplasms in children. Over the 
past several years, the trend has been to use 
higher doses of irradiation, including radiosurgical 
techniques, to combine radio- and chemotherapy, 
and to make use of multidrug chemotherapeutic 
regimens to improve survival from childhood ma
lignancies (Table 1). Although this approach has 
met with some success in improving overall sur
vival, toxicity to normal brain tissue from either 
form of therapy may also be increasing. Early 
recognition of toxic injury to normal brain tissue 
is important to evaluate the overall success and 
efficacy of therapy, to institute early treatment 
of neurotoxic complications, and to judge the 
effectiveness of newer drugs that may actually 
prevent or attenuate injury to normal brain tissue. 
Unfortunately, cross-sectional imaging, such as 
computed tomography (CT) and magnetic reso
nance (MR) imaging, are recognized to be of 
limited benefit in the detection of neurotoxic 
injury and in the separation of injury from recur
rent tumor (1-3). In addition, without proper 
correlation between clinical signs and symptoms 

1 Address reprint requests to Dr Ball, Department of Radiology, Chi l

dren's Hospital Medical Center, Eiland £, Bethesda Avenues, Cincinnati , 

OH 45229-2899. 

Index terms: Therapeutic rad iology in infants and ch ildren; Radiotherapy, 

complications; Chemotherapy, complications; Pediatric neuroradiology 

AJNR 13:761-776 Mar/Apr 1992 0195-6 108/ 92/ 1302-0761 

© American Society of Neuroradiology 

761 

and the timing of administration of therapy, it is 
not always possible to understand or appreciate 
what is seen on cross-sectional imaging. Future 
directions using "functional" brain imaging such 
as positron emission tomography (4), MR spec
troscopy (5), and single photon emitted computed 
tomography (SPECT) (6) offer new hope for the 
early diagnosis of neurotoxic injury secondary to 
irradiation and/or chemotherapy. However, to 
obtain the greatest measure from any form of 
imaging, neuroradiologists should first become 
familiar with the clinical presentation, natural his
tory, and histopathology of neurotoxic injury to 
better understand its relationship to both ana
tomic and functional imaging. 

Classification 

Most classifications of neurotoxic brain injury 
from either irradiation or chemotherapy are based 
on a timing of the clinical presentation (1). The 
frequent identification of abnormalities on cross
sectional imaging, even when the patient remains 
asymptomatic, suggests a need to include neu
roimaging results in classifying the CNS injury. 
Based on the timing of clinical signs and symp
toms, previous reports have divided neurotoxic 
injury into three major groups: acute reactions , 
occurring within 1-6 weeks; early "delayed" re
actions occurring within 3 weeks to several 
months; and late "delayed" reactions occurring 
within several months to years following therapy 
(1-3). Most of our attention has focused on late 
"delayed" reactions due to the frequent presence 
of neurologic signs and symptoms and the avail
ability of histopathologic correlation by biopsy or 
autopsy. Acute or early "delayed" reactions can 
be identified on cross-sectional imaging; however, 
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TABLE I: Radio-chemotherapy in pediatric CNS neoplasia 

Experimenta l 

Radiotherapy (cGy) Radiotherapy Chemotherapy 

(cGy) 

Brain-stem glioma 7000-7200 7800 No 

(hyperfractionation) 

Ependymoma 5400-6000 7200 No 

Malignant glioma 6000 Yes 

Low-grade glioma 5400- 6000 No 

PNET• (>3 yr) 5400 Yes 

CNS prophylaxis 3600 
OPG" / hypothalamic glioma 4500-5400 No 

Craniopharyngioma 4500 No 

ALL<: therapeutic 2400 Yes 

prophy lax is 1800 

• PNET, primitive neuroectodermal tumor of childhood. 

• OPG, optic pathway glioma. · 

c ALL, acute lymphocytic lymphoma. 

the patients often remain asymptomatic or have 
a benign, transient, self-limiting course, where 
histologic confirmation becomes unnecessary. 

Pathophysiology 

A number of factors may influence the occur
rence of neurotoxicity due to irradiation and/ or 
chemotherapy. These include the age of the pa
tient at the time of therapy, the cumulative dose 
of irradiation and how it is administered (eg, 
hyperfractionation vs accelerated radiotherapy), 
combining radiotherapy with chemotherapy, and 
the sequence in which they are administered (7, 
8). The age of the child at the time of therapy is 
especially important in understanding the effect 
of toxic injury upon normal growth and develop
ment. 

The pathophysiology of neurotoxic injury to 
normal brain parenchyma from irradiation or 
chemotherapy is said to occur from one of three 
mechanisms. The most widely accepted expla
nation is that of vascular injury leading to obstruc
tion of small and medium-sized blood vessels, 
spontaneous thrombosis, ischemia/infarction, 
and parenchymal necrosis (1, 9). A vascular 
mechanism readily explains the frequent occur
rence of morphologic blood vessel injury, with 
infarction and necrosis of norm·al brain, found in 
association with irradiation or chemotherapy. 
Support for a vascular theory has been the sub
ject of numerous reports including that of Rein
hold and Hopewell (10), and Hopewell et al (11), 
who, working in concert, found histologic proof 
of a vascular mediated mechanism in the irradi
ated rat model. From their work , the authors 
popularized the term "tissue injury unit" (TIU) (12). 

The four parameters comprising the TIU are dil
atation of the capillary vessel lumen, thickening 
of the endothelial lining of the blood vessel wall, 
enlargement of endothelial nuclei, and a second
ary hypertrophy of adjacent astrocytes. Whether 
or not a TIU actually exists, their work focuses 
on small blood vessels as the primary target for 
injury from irradiation. Further animal investiga
tions by Fike et al (13), and Russell et al (14), 
confirmed that radiation induced vascular injury 
often precedes, and is the reason for, brain pa
renchymal necrosis. 

As a result of injury to the endothelial lining, 
focal alterations in the fibrinolytic enzyme system 
may also contribute to the vascular pathogenesis 
of radiation-induced injury to normal brain. Both 
endothelial proliferation, which may markedly 
reduce blood flow, and a decrease in fibrinolytic 
activity may lead to spontaneous thrombosis, 
ischemia, and infarction. The role of an altered 
fibrinolytic system in producing injury is contro
versial. Early reports by Ts'ao and Ward (15) 
indicate that plasminogen activator activity may 
actually be decreased in nonneuroendothelial 
cells following irradiation. This, however, is in 
distinct contrast to a report by Soreq and Miskin 
(16), who found an overall increase in plasmino
gen activator activity in neurons in both the 
cortex and cerebellum 2 weeks following irradia
tion. Further investigation into the effect of irra
diation on plasminogen activator activity may be 
helpful in understanding what role an altered 
fibrinolytic system may have in producing spon
taneous thrombosis in irradiated blood vessels. 

The vascular mechanism has been challenged 
by other authors including Withers et al (17) , who 
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postulate that radiation necrosis is a result of 
direct injury to the cerebral parenchyma, includ
ing the microglia, oligodendrocytes, and axons. 
A reduction in glial parenchymal elements follow
ing irradiation and/ or chemotherapy within an 
animal model have supported this theory (18). 
Specific injury to the oligodendrocyte and axonal 
fiber may explain the frequent occurrence of 
demyelination often found in association with 
irradiation or chemotherapy. 

Finally, an immunologic mechanism secondary 
to an allergic hypersensitivity response and an 
autoimmune vasculitis was proposed by Cramp
ton and Layton ( 19). Of the three potential mech
anisms of injury, however, histologic confirmation 
supports either a vascular or glial theory, whereas 
evidence is lacking to support immunologic com
promise as a mechanism of injury. 

763 

Fig. 1. Vascular injury from irradiation. Dilatation and ectasia 
of the blood vessels are due to irradiation, and may mimic the 
neovascularity of recurrent tumor. Vessel wall thickening is partly 
a result of hyaloid deposition (arrows). 

Fig. 2. Vascular injury from irradiation. Deposition of hyaloid 
(arrow) , and endothelial wall proliferation (open arrows) contribute 
to vessel wall thickening and vascular occlusion . 

Fig. 3. Vascular injury from irradiation. Endothelial proliferation 
. (arrows) is a result of injury to the capillary wall from radiotherapy . 

Histopathology 

The pathologic features of injury to normal 
brain parenchyma as the result of either irradia
tion or chemotherapy reflect both a vascular and 
glial mechanism of injury. Acute radiation reac
tions occurring within weeks following therapy 
most likely are the result of transient vasodilata
tion and increased capillary permeability leading 
to vasogenic edema (1). Due to the transient 
nature of the clinical course and the hazards of 
biopsy so soon following therapy, histologic cor
relation is usually lacking. The same is true of 
early "delayed" radiation injury where transient 
vasogenic edema and demyelination along with a 
benign clinical course are found in association 
with minimal radiographic changes (20). 

Most of what we know and understand patho
logically about therapeutically induced neurotox-
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Fig. 4. Vascular injury from irradiation. 
A , Extensive areas of white matter necro

sis and infarction (arrows) in an area of 
demyelination are a result of spontaneous 
thrombosis of peripheral blood vessels. 

8 , Thrombosis of cortica l arterioles is a 
result of endothelial injury and alterations in 
the fibrinolytic pathway. 

Fig. 5. White matter necrosis from irradiation. An extensive 
area of infarction leads to white matter necrosis, fragmentation 
of myelin, cellular injury, and a loss of neuropil. 

icity falls under the category of late "delayed" 
injury ( 1, 2, 21-23). The pathologic features are 
variable and include vascular endothelial injury, 
infarction, white matter necrosis , focal or diffuse 
demyelination, and an atypical cellular response . 
Morphologic evidence of vascular injury plays a 

AJNR: 13, March/April 1992 

prominent role in both pathologic and radio
graphic descriptions. A breakdown in the capil
lary endothelial lining may lead to exudation of 
fibrin from the blood vessel lumen. With loss of 
capillary wall integrity, there is also functional 
loss in the blood-brain barrier. Vasodilatation, 
vascular ectasia, ·and proliferation of small blood 
vessels may mimick the neovascularity of recur
rent tumor (23) (Fig. 1). With time, the capillary 
walls became hyalinized (figs. 1 and 2). Prolifer
ation of the endothelial lining may further con
tribute to compromise of the vessel lumen and a 
decrease in blood flow (Fig. 2 and 3). Initially, a 
perivascular mononuclear inflammatory response 
may be present; however, in later stages of injury, 
a significant inflammatory response is usually 
lacking (9). Ischemia and/or infarction are the 
direct result of alterations in local blood flow due 
to endothelial wall proliferation and spontaneous 
thrombosis (Figs. 4A and 46). Infarction of white 
matter consists of areas of necrosis, with rarefac
tion and fragmentation of myelin, cellular disrup
tion , and a loss of neuropil (23) (Fig. 5). 

Intravascular and perivascular microcalcifica
tions form a characteristic pathologic pattern 
known as mineralizing angiopathy, and is found 
most often in children receiving both irradiation 
and chemotherapy for acute childhood leukemia 
(24, 25) (Fig. 6). Involvement of the basal ganglia, 
the junction of cortical gray/ white matter, and 
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Fig. 6. Parenchymal calcification from irradiation. Dystrophic 
calcification results from radiation-induced injury to the paren
chyma, and is commonly found within the basal ganglia and at 
the junction of white and gray matter. 

less commonly, the pons, is typical of a micro
vascular angiopathy, and should not be confused 
with larger deposits of calcium within areas of 
extensive white matter necrosis. As one would 
expect with small vessel disease, CNS neurotox
icity, either from irradiation or chemotherapy, 
predominately involves the deep white matter 
with early sparing of subcortical white matter and 
the overlying cortex (Fig. 7). Zones of demyeli
nation (Fig. 8) may be interspersed with areas of 
white matter necrosis depending upon the sever
ity of injury. Cortical involvement is less common, 
and may result from large vessel injury or diffuse 
atrophy; however, patterns of focal neuronal gi
antism and cortical thickening rarely have been 
reported (25). 

Radiation-induced injury to large vessels may 
lead pathologically to early changes of athero
sclerosis, endothelial proliferation with narrowing 
of the vessel lumen, subintimal dissection, or 
fibrosis of the blood vessel wall (26). 

Cross-Sectional Imaging 

When clinical signs and symptoms are present, 
we rely on cross-sectional imaging to provide 
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Fig. 7. White matter injury from irradiation. Multifocal areas 
of hemorrhagic infarction and necrosis (arrows) are identified 
within the deep white matter with relative sparing of subcortical 
tracts (arrowheads) and the overlying cortex (C). 

Fig. 8. Demyelination from chemotherapy. Extensive loss of 
neuropil and myelin with relative preservation of axonal fibers 
(arrow) are consistent with zones of demyelination (Bodian stain 
for axons). 



766 AJNR: 13, March/ April 1992 

A B c 
Fig. 9. Acute radiation reaction. 
A, A pontine glioma presented with enlargement of the pons, compression of the fourth ventricle, and low signal due to a prolonged 

Tl-relaxation. 
B. Within 3 weeks following hyperfractionation therapy. there is an increase in the size of the pontine mass and variable enhancement 

due to an acute radiation reaction. 
C, By 3 months following radiation therapy , there is a decrease in the size and enhancement of the pontine glioma following 

resolution of the acute reaction. 

Fig. 10. Early "delayed" injury. 
A and B, Transient, diffuse, increased T2 

signal within the white matter appeared 6-8 
weeks following treatment of acute lympho
blastic leukemia with whole brain irradiation 
and methotrexate. Despite the MR appear
ance, the patient remained asymptomatic. 
The increased signal within the white matter 
(arrows) disappeared by a 9-month follow
up examination. 

morphologic evidence of CNS injury. Unfortu
nately, CT and MR often lack the sensitivity and 
specificity necessary to detect early injury and to 
separate it from recurrent tumor. Despite these 
limitations, anatomic evidence of CNS injury can 
often be appreciated using cross-sectional imag
ing. Improved anatomic resolution , multiprojec
tional imaging, tissue characterization based on 
Tl- and T2-relaxation parameters, and contrast 

B 

enhancement with gadolinium have made MR the 
imaging modality of choice for investigating CNS 
toxicity and recurrent tumor. 

Acute Radiation Injury Reactions 

Acute reactions are a result of transient vasa
genic edema that may lead to mass effect, pro
longation of both Tl- and T2-relaxation param-
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eters, and rarely a change in enhancement pat
terns due to increased capillary permeability and 
a breakdown in the blood-brain barrier (Figs. 9A-
9D). Acute radiation injury is most commonly 
found in children receiving hyperfractionation 
therapy for brain-stem glioma. We have found 
MR evidence of acute reactions in 20% of children 
treated with hyperfractionation radiotherapy for 
brain-stem glioma at our institution. Acute reac
tions often explain a transient decline in the 
neurologic function immediately following ther
apy. Typically, they disappear spontaneously 
over the ensuing weeks, or may require a short 
course of steroid administration to relieve symp
toms. The decision to treat acute reactions de-
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Fig. 11. White matter necrosis from 
chemotherapy. 

A, CT shows a focal area of low atten
uation without enhancement (arrows) within 
the white matter of the right frontal lobe. 

8 , This area corresponds to a focal area 
of increased signal on T 2-weighted MR im
ages. The left lesion was not seen on CT, 
even in retrospect. Biopsy confirmed white 
matter necrosis due to chemotherapy. 

Fig. 12. Parenchymal injury from irradi
ation. 

A, An extensive area of increased T2 
signal is identified within the white matter of 
the right temporal lobe 9 months following 
irradiation for a midbrain glioma. Note the 
hypointense signal (arrows) likely represent
ing petechial hemorrhage within the zone of 
injury. 

8 , Vascular injury with breakdown in the 
blood-brain barrier results in extensive en
hancement following gadolinium administra
tion (arrowheads). 

pends upon the severity of clinical . neurologic 
compromise rather than on the radiographic 
features. 

Early "Delayed" Injury 

Early "delayed" CNS injury is difficult to doc
ument, and is far less understood compared to 
late "delayed" reactions (2). Earlier studies in 
adults have described a transient and usually 
benign clinical course for this form of injury (27-
29). Recent observations in children with acute 
childhood leukemia indicate that a transient form 
of demyelination following therapy may represent 
an early "delayed" reaction. Wilson et al (30) have 
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Fig. 13. Parenchymal injury from irradiation. As seen in Figure 
12, the abnormalities found on MR correspond to zones of 
demyelination , edema, petechial hemorrhage (arrows) , and white 
matter necrosis (open arrow) . 

Fig. 14. Radiation injury fo llowing stereotactic radiosurgery. 
Intense enhancement surrounds the zone targeted for stereotactic 
radiosurgery 4 months earlier. Enhancement is a result of radia
tion- induced vascular injury with a breakdown in the blood-brain 
barrier. 

described a transient leukomalacia on MR ex
amination in children receiving both irradiation 
and chemotherapy for acute lymphoblastic leu
kemia. In its timing of appearance, this transient 
leukomalacia would be consistent with an early 
"delayed" reaction (30). In their study, 44% of 
children at 15 weeks following therapy exhibited 
transient, often diffuse , increased signal within 
the white matter on T2-weighted images (Figs. 
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1 OA and 1 OB). By 1 year follow-up , the increased 
signal had disappeared in all but one subject. 
Clinical assessment by neurodevelopmental test
ing found no correlation with the demyelination 
in most of their patient population. Only those 
children who received therapy under 5 years of 
age had evidence of neurodevelopmental delay. 
These findings likely represent a transient de
myelination due to the synergism between low
dose whole brain irradiation and chemotherapy 
(eg, methotrexate) used in the treatment of acute 
childhood leukemia (31 ). 

Late "Delay ed" Injury 

Most literature emphasizes the imaging and 
pathologic features of late "delayed" CNS injury 
from irradiation or chemotherapy. Late reactions 
have a variable appearance on cross-sectional 
imaging, reflecting a wide range of pathology. 
The pattern of injury may vary from a single focal 
mass to more diffuse white matter injury. Knowl
edge of field ports for radiotherapy will often help 
predict those areas at most risk for injury; 
whereas, following chemotherapy, white matter 
abnormalities may be focal, multifocal (Figs. 11A 
and 11 B), or diffuse, and may arise anywhere 
within the brain. 

Vascular involvement leads to ischemia, infarc
tion, and necrosis. Areas of infarction or necrosis 
produce signal abnormalities with a variable pro
longation of T1- and T2-relaxation (Figs. 12A and 
12B). Focal areas of necrosis are more common 
in adults than children. They may appear as mass 
lesions that mimic neoplasm. Areas of petechial 
hemorrhage from capillary endothelial injury ap
pear as multifocal areas, with short T2-relaxation 
superimposed on more extensive zones of hyper
intense signal from demyelination or edema (Figs. 
12A, 12B, and 13). 

Injury to the endothelial lining of small blood 
vessels results in damage to the blood-brain bar
rier. Enhancement following gadolinium admin
istration, therefore, is common, and often coin
cides with the clinical onset of symptoms. The 
pattern of enhancement may wax and wane and 
eventually disappear completely. However, the 
active phase of injury may persist for several 
months (Fig. 14). Multifocal enhancement may 
also be seen in diffuse white matter involvement, 
where small areas of petechial enhancement are 
found within the centrum semiovale (Figs. 15A 
and 15B). 
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A B 
Fig. 15. White matter injury from irradiation. 
A, Diffuse hyperintense signal appears on intermediate weighted images and represen ts demyelination and edema as a result of late 

"delayed" radiation injury. 
B, Multifocal areas of enhancement within the deep white matter are a result of vascular injury and a breakdown in the blood-brain 

barrier. 

B 

Fig. 16. Demyelination from combined 
irradiation and chemotherapy. 

A, Small patchy areas of increased T2 
signal (arrows) appeared within the white 
matter 8 to 10 months following combined 
therapy. 

B, There is a rapid increase in the amount 
of signal abnormality with coalescence to 
form broad bands of demyelination 6 
months following the initial examination (A). 
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Fig. 17. Demyelination from chemotherapy . Broad zones of 
abnormal hyperintense signal appear on an intermediate weighted 
image, and represent diffuse demyelination with sparing of the 
subcortica l trac ts (arrows) , and the corpus callosum (arrowheads). 

Fig. 18. Necrotizing leukoencephalopathy. Extensive broad 
zones of hemorrhagic white matter necrosis are a result of toxicity 
from chemotherapy (tumor necrosis factor) . 

Diffuse involvement with demyelination is 
more common in children than adults (32, 33). 
The increased signal on T2-weighted images may 
progress in size and intensity with time, but unlike 
early "delayed" reactions, is not usually reversible 
(Figs. 16A and 168). Demyelination often begins 
as small foci of hypertense T2 signal in the deep 
white matter adjacent to the anterior and poste
rior horns of the lateral ventricles. These then 
spread into the more peripheral regions of the 
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centrum semiovale, and eventually coalesce to 
involve the entire white matter zone, including 
the subcortical fibers (Fig. 17). The corpus cal
losum, anterior commissure, and hippocampal 
commissure are often spared despite extensive 
involvement of the deep white matter. The as
sociation of diffuse white matter demyelination 
on sequential examinations with a rapidly deteri
orating clinical course is often referred to as 
"necrotizing leukoencephalopathy" (34, 35). Path
ologically, necrotizing leukoencephalopathy rep
resents an extensive form of demyelination, ax
onal injury, loss of neuropil, white matter necro
sis, and eventual scarring with astrogliosis (Fig. 
18). The pattern of involvement is similar to that 
found in less symptomatic patients, with, perhaps 
the exception of more extensive areas of white 
matter necrosis. Cystic areas of necrosis are re
placed in time with scarring and focal astrogliosis. 
A decrease in white matter volume similar to that 
found -in periventricular leukomalacia may occur 
as a result of diffuse injury from irradiation and 
chemotherapy (Figs. 19A, 198, and 20). The 
appearance of white matter injury on imaging 
does not correlate well with the severity of clinical 
symptoms. 

Microvascular angiopathy is best diagnosed on 
noncontrast CT, where punctate calcifications 
involve the basal ganglia (globus pallidus, puta
men, caudate head) and/or subcortical white 
matter (Fig. 21 ). On MR examination, mineraliz
ing angiopathy appears as increased signal on 
T1-weighted images, which declines in signal on 
the second echo of the T2-weighted sequence 
(Figs. 22A and 228). Henkelman et al felt that 
this paradoxical appearance could be due to the 
effect that particulate calcium may have in re
ducing T1- and T2-relaxation time by a surface 
relaxation mechanism (36). The appearance of 
the calcification is consistent with a late pattern 
of injury and is irreversible. Symptoms of basal 
ganglia dysfunction are often lacking. 

Neurodevelopmental Outcome 

The previous discussion has focused on the 
morphologic changes of either focal or diffuse 
injury to normal brain tissue as a result of thera
peutic irradiation or chemotherapy. In children, 
we must also be concerned with the effect of 
therapy on normal brain growth and develop
ment. In general , the younger the child at the 
time of therapy, the greater is the effect of neu
rotoxicity on normal development. Neurodevel-
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opmental delay may not be evident until years 
following therapy (37). In essence, these changes 
represent a variation of late "delayed" injury that 
may take years and extensive neurodevelopmen
tal testing to detect. Unfortunately, the effect on 
normal brain development cannot be predicted 
morphologically from cross-sectional imaging. As 
reported by Kramer et al (38), neurodevelopmen
tal abnormalities do not correlate well with the 
findings on MR imaging. 

Evidence implicating irradiation and chemo
therapy as a cause of neurodevelopmental delay 
is mounting. Fogarty et al (39), identified neuro-

Fig. 20. White matter injury from irradiation. Scarring and 
astrogliosis have resulted in a diffuse loss of white matter volume 
with compensatory dilatation of the lateral ventricles. 
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Fig. 19. Necrotizing leukoencephalop
athy from chemotherapy. 

A, Extensive zones of demyelination (in
creased T 2 signal) are a result of chemo
therapy. 

B, On a 12-month follow-up examina
tion , white matter volume appears to de
crease as a result of the injury (arrows). 

developmental impairment consisting primarily of 
learning disabilities in 9 of 13 children surviving 
for an average of 6 years after treatment of acute 
leukemia with CNS irradiation. In a similar fash
ion, Meadows et al (40) found a 10 point or 
greater decline in IQ in 11 of 18 children followed 
3-5 years after receiving therapy for acute leu
kemia. As previously reported by Wilson et al 
(30), Meadows also found the greatest IQ decline 
in children under 5 years of age. The severity of 
neurodevelopmental delay appears to be related 
to many factors, including the total dose of irra-

Fig. 21 . Microvascular "mineralizing" angiopathy. Punctate cal
cifications within the basal ganglia (globus pallidus, putamen, 
caudate head) are a result of mineral deposition in and around 
blood vessels in this chi ld receiving whole brain irradiation and 
chemotherapy for acute chi ldhood leukemia. 
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Fig. 22. Microvascular "m ineralizing" 
angiopathy. 

A, Calcif ication within the basal ganglia 
may appear as hyperin tense signal on Tl 
weighted images (arrows). 

B, These same areas appear hypointense 
on T2-weighted images. Note patchy areas 
of dem yelination (arrowheads) as a resul t of 
injury to the deep white matter. 

A 

Fig. 23. Growth hormone deficiency from irradiation. Absence 
of both the pituitary stalk and the adenohypophysis were found 
7-8 months fo llowing irradiation, and coincided w ith laboratory 
identification of a growth hormone deficiency . 

diation , the combination of irradiation and 
chemotherapy, the route of administration of 
chemotherapy ( eg, intrathecal vs intravenous 
methotrexate), the order in which the radiation 
and chemotherapy are administered, and the age 
of the patient at the time of treatment. 

The incidence of neurodevelopmental delay 
following focal radiation such as in hype~;fraction

ation therapy for brain-stem glioma may be less 
than fo r whole-brain irradiation used in the treat
ment of primitive neuroectodermal tumors, acute 
leukemia, or prior to bone marrow transplanta-
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tion . Limited survival in children with tumors 
receiving focal irradiation often prevents accurate 
conclusions regarding the effect of such therapy 
on neurodevelopmental outcome. Neuropsycho
logic sequelae may be increased when whole
brain and spinal irradiation are used together to 
prevent the spread of metastatic disease. In ana
lyzing the quality of life in 24 long-term survivors 
of posterior fossa medulloblastoma, Packer et al 
( 41 ), found 79% of children functioned well in 
everyday activities. However, on neuropsycho
logic evaluation, specific learning disabilities, in
cluding memory and fine motor dysfunction, 
were found in over 50% of children. The routine 
use of neurodevelopmental testing gives us a 
more accurate assessment of the true incidence 
of neurocognitive delay as a result of therapy. 

Neuroendocrine Disorders 

Children receiving radiotherapy where field 
ports include the sella turcica and suprasellar 
region , are susceptible to developing neuroendo
crine dysfunction as a result of injury to the 
hypothalamic/pituitary axis (42, 43). Neuroen
docrine dysfunction is most commonly found in 
children treated for optic pathway /hypothalamic 
glioma, germinoma or craniopharyngioma, and 
in those given prophylactic whole brain irradia
tion. Rappaport and Brauner (4) concluded that 
the minimal harmful dose leading to neuroendo
crine dysfunction was likely close to 1800 to 
2000 cGy, well within the dose range used to 
treat suprasellar neoplasms in children. Dose ap-
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Fig. 25. Spontaneous hemorrhage from irradiation. Massive 
spontaneous hemorrhage occurred 21 months following irradia
tion for a hypothalamic glioma. Such hemorrhage may result 
from injury to the blood vessel wall or from aneurysm formation. 

pears not only to correlate with the incidence of 
neuroendocrine dysfunction, but also with the 
type of hormonal involvement (43). Whereas a 
lower dose may lead to a selective deficiency in 
growth hormone alone, higher doses may pro
duce panhypopituitarism. Growth hormone is the 
most commonly encountered deficiency resulting 
from radiotherapy. The function of the posterior 
pituitary gland (neurohypophysis) appears to be 
relatively spared. Growth hormone deficiency can 
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Fig. 24. Large vessel injury from irradi
ation. 

A, A small carotid terminus is identified 
on the right (arrow) 1 year following irradi
ation for a midline hypothalamic glioma (G). 

B, diffuse stenosis involves the carotid 
terminus and proximal middle cerebral ar
tery (open arrow) , with absence of the an
terior cerebral artery by angiography . 

be documented through routine laboratory analy
sis, but may not appear unti19-12 months follow
ing therapy. The clinical effect of a growth hor
mone deficiency may take years to manifest, and, 
therefore, laboratory surveillance is necessary to 
identify those children at risk, and to begin early 
replacement therapy. 

In our experience, growth hormone deficiency 
found on laboratory evaluation does not always 
correlate with morphologic changes found on MR 
examination. Abnormalities that may be seen as 
a result of irradiation and/ or chemotherapy in
clude frequent absence of the posterior bright 
neurohypophysis, a small or absent adenohypo
physis, or nonvisualization of the pituitary stalk 
(Fig. 23). The exact mechanism of injury to the 
hypothalamus/pituitary axis, and specifically the 
cause of growth hormone deficiency, remains a 
mystery. Some authors have suggested that a 
radiation-mediated injury to the microvasculature 
of the stalk may explain a disruption of neuroen
docrine integrity between the hypothalamus and 
the anterior pituitary gland. Whether the injury is 
due to vascular compromise, or whether there is 
a direct effect upon the metabolically active pa
renchyma of the adenohypophysis remains un
clear. 

Large Vessel Injury 

Small-vessel injury accounts for the majority 
of pathologic changes within the brain paren-
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A B c 
Fig. 26. Parenchymal injury from irradiation. 
A, An extensive zone of hyperintense signal is found throughout the white matter of the right cerebral hemisphere on a T2-weighted 

MR image. 
B, There is decreased perfusion throughout the right cerebral hemisphere, as demonstrated on a T2-weighted MR perfusion image. 
C, Decreased perfusion on the right was confirmed on a Tc-99m HMPAO SPECT image. 

chyma. However, injury to medium and large
sized vessels can also occur (44, 45). Large-vessel 
injury, at or near the circle of Willis and carotid 
siphon, may arise as a result of delayed radiation 
injury. Children at greatest risk are those receiving 
large doses directly to the sella/suprasellar region 
for optic pathway /hypothalamic glioma, malig
nant germinoma, or recurrent craniopharyngi
oma. Rarely, large-vessel occlusive disease may 
result from extracranial irradiation for facial he
mangioma. Painter et al (46), described four chil
dren who developed intracranial vascular occlu
sive disease as a result of CNS irradiation. Angie
graphic evaluation demonstrated diffuse 
narrowing of the supraclinoid internal carotid ar
tery and the proximal anterior (A 1 segment) and 
middle (M 1 segment) cerebral arteries (Figs. 24A 
and 248). The walls of the vessel remain smooth 
and rarely exhibit the bead-like appearance found 
in fibromuscular disease. Occlusion of the carotid 
terminus produces a Moya-Moya pattern on MR 
or angiography, with collateral circulation in the 
region of the basal ganglia. 

The pathophysiology of the large-vessel injury 
may result from premature atherosclerosis of the 
wall, injury t6 the vasa vasorum within the wall 
of the larger vessels, or from adventitial or per
iadventitial fibrosis (46). Endothelial proliferation 

may further compromise the vessel lumen and 
cause a spontaneous thrombosis with distal 
infarction. 

Aneurysms may rarely develop within the an
terior or middle cerebral arteries, and lead to 
massive spontaneous hemorrhage (47). Direct 
injury to carotid blood vessels, aneurysm forma
tion, and neovascularity produced within the 
mass itself may explain sudden massive sponta
neous hemorrhage found in children with hy
pothalamic gliomas months following radiother
apy (Fig. 25). 

Conclusion 

By understanding the pathophysiology and 
pathologic manifestations of injury to normal 
brain tissue from either irradiation and/ or chemo
therapy, we stand the greatest chance of diag
nosing the injury on cross-sectional imaging. 
Early recognition is necessary in order to institute 
therapy and separate injury from recurrent tumor. 
Experience tells us, however, that even in the 
best of circumstances, MR imaging may inher
ently lack the sensitivity and specificity necessary 
to detect early injury and separate it from recur
rent tumor in all cases. Through functional im
aging, such as in the use of positron emission 
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tomography, we may be able to separate meta
bolically active tumor from metabolically inactive 
radiation necrosis (4). In the future, early neuro
toxic injury to normal blood vessels producing a 
decrease in vascular flow, ischemia, and infarc
tion may be identified by using MR spectroscopy, 
MR perfusion/ diffusion imaging, or radionuclide 
(SPECT) imaging (Figs. 26A, 268, and 26C). 
Identifying areas of compromised (decreased) 
blood flow within otherwise normal brain paren
chyma due to either radiation or chemotherapy 
may allow us to separate neurotoxic injury from 
normal brain tissue or from tumor with normal 
or increased vascular flow. Whichever tools we 
use, our success in using neuroimaging to diag
nose CNS injury from radio/chemotherapy de
pends upon our understanding of the pathology 
and pathophysiology of this disorder, its clinical 
presentation, and its natural history. 

Acknowledgments 

The authors wish to thank Cynthia Daugherty, MD, for 
help in editing the manuscript and to Juanita Hunter for 
manuscript preparation. 

References 

1. Castel JC, Caille JM. Imaging of irradiated brain tumors: value of 

magnetic resonance imaging. J Neuroradiol 1989; 16:81-132 

2. Valk PE, Dillon WP. Radiation injury of the brain. AJNR 1991 ;12: 

45-62 
3. Valk PE, Dillon WP. Diagnostic imaging of central nervous system 

radiation injury. In: Gutin PH, Leibel SA, Sheline GE, eds. Radiation 
injury to the nervous system. New York: Raven, 1991 :211-237 

4. DiChiro G, Oldfield E, Wright DC, et al. Cerebral necrosis after 

radiotherapy and/or intracranial chemotherapy for brain tumors: PET 

and neuropathologic studies. AJR 1988; 150:189-197 

5. Alavi A, Alavi JB, Lenkinski RE. Complimentary roles of PET and 

MR spectroscopy in the management of brain tumors. Radiology 
1990;177:617-618 

6. Kim KT, Black KL, Marciano D, et al. Thallium-201 SPECT imaging 

of brain tumors: methods and results. J Nucl Med 1990;31 :965-969 

7. Thomas PRM, Duffner PK, Cohen ME, et al. Multi-modality therapy 

for medulloblastoma. Cancer 1980;45:666-669 

8. Donaldson SS. Pediatric patients: tolerance levels and effects of 

treatment. Front Radiat Ther Oneal 1989;23:390-407 

9. Fajardo LF. Morphologic patterns of radiation injury. Front Radiat 
Ther Oneal 1989;23:75-84 

10. Reinhold HS, Hopewell JW. Late changes in the architecture of blood 

vessels of the rat brain after irradiation. Br J Radial 1980;53: 

693- 696 

11. Hopewell JW, Calvo W , Campling D, et al. Effects of radiation on the 

microvasculature: implications for normal-tissue damage. Front Ra
diat Ther Oneal 1989;23:85-95 

12. Reinhold HS, Calvo W, Hopewell JW, van den Berg AP. Development 

of blood vessel-related radiation damage in the fembria of the central 

nervous system. Jnt J Radiat Oneal Bioi Phys 1990;18:37-42 

13. Fike JR, Sheline GE, Cann CE, Davis RL. Radiation necrosis. Prog 
Exp Tumor Res 1984;28:136-151 

775 

14. Russell DS, Wilson CW, Tansley K. Experimental radionecrosis of the 

brain in rabbits. J Neural Neurosurg Psychiatry 1949;12: 187-195 

15. Ts 'ao C, Ward WF. Acute radiation effects on the content and release 

of plasminogen activator activity in cultured aortic endothelial cells. 

Radiat Res 1985;101:394-401 

16. Soreq H, Miskin R. Plasminogen activator in the rodent brain. Brain 
Res 1981;216:361-374 

17. Withers HR, Peters LJ, Kogelnik HS. The pathobiology of late effects 

of irradiation. In: Meyn RE, Withers HR, eds. Radiation biology in 
cancer research. New York: Raven, 1980:439-448 

18. Gilmore SA, Arrington RW. Effects of x-rays on the maturing nervous 

system: further study of vascular alterations. Neurology 1967; 17: 

1059-1067 

19. Crampton MR, Layton DD. Delayed radionecrosis of brain following 

therapeutic x-radiation of the pituitary . Brain 1961 ;84:58-1 01 

20. Boldrey E, Sheline G. Delayed transitory clinical manifestations after 

radiation treatment of intracranial tumors. Acta Radial Ther Phys Bioi 
1966;5:5-1 0 

21 . Husain MM, Garcia JH. Cerebral "radiation necrosis": vascular and 

glial features. Acta Neuropathol (Berl) 1976;36:381-385 

22. Schiffer D, Giordana MT, Soffietti R, et al. Radio- and chemotherapy 

of malignant gliomas: pathological changes in the normal nervous 

tissue. Acta Neurochir (Wien) 1981 ;58:37-58 

23. Burger PC, Boyko OB. The pathology of central nervous system 

radiation injury. In: Gutin PH , Liebel SA, Sheline GF, eds. Radiation 
injury to the nervous system. New York: Raven, 1991:191-208 

24. Price RA, Birdwell DA. The central nervous system in childhood 

leukemia. Ill. Mineralizing microangiopathy and dystrophic ca lcifica

tion. Cancer 1978;42:7 17-728 

25. Bleyer WA, Griffin TW. White matter necrosis, mineralizing microan

giopathy, and intellectual abilities in surv ivors of childhood leukemia. 

In: Gilbert HA, Kagan AR , eds. Radiation damage to the nervous 
system: a delayed therapeutic hazard. New York: Raven, 1980: 

155-174 

26. Caccamo D, Herman MM, Urich H, Rubinstein LJ. Focal neurological 

giantism and cerebral cortica l thickening after therapeutic irradiation 

of the central nervous system. Arch Pathol Lab Med 1989;113: 

880- 885 

27 . Brant-Zawadzki M, Anderson M , DeArmond SJ, et al. Radiation

induced large intracranial vessel occlusive vasculopathy. AJR 1980; 

134:51-55 

28. Rider WD. Radiation damage to the brain: a new syndrome. Can 
Assoc Radial J 1963;14:67-69 

29. Lampert PW, Davis RL. Delayed effects of radiation on the human 

central nervous system: early and late reactions. Neurology 1964; 

14:912- 917 

30. Wilson DA, Nitschke R, Bowman ME, et al. Transient white matter 

changes on MR images in children undergoing chemotherapy for 

acute lymphocytic leukemia: correlation with neuropsychologic de

ficiencies. Radiology 1991; 180:205-209 

31. Colamaria V, Caraballo R, Borgna-Pignatti C, et al. Transient focal 

leukoencephalopathy following intraventricular methotrexate cytara

bine. Child 's Nerv Syst 1990;6:231-235 

32. Biti GP, Magrini SM, Villari N, et al. Brain damage after treatment for 

acute lymphoblastic leukemia: a report on 34 patients with special 

regard for MRI findings. Acta Oneal 1989;28:253-256 

33. Curran WJ, Hecht-Leavitt C, Schut L, et al. Magnetic resonance 

imaging of cran ial radiation lesions. Jnt J Radiat Oneal Bioi Phys 
1987;13:1093-1098 

34. Tsuruda JS, Kortman KE, Bradley WG, et al. Radiation effects on 

cerebral white matter, MR evaluation. AJR 1987;149:165-171 

35. Kay HEM, Knapton PJ, O 'Sullivan JP, et al. Encephalopathy in acute 

leukemia associated with metrothexate therapy. Arch Dis Child 1972; 

47:344-354 



776 

36. Henkelman RM, Watts JF, Kucharczyk W. High signal intensity in 

MR images of calcified brain tissue. Radiology 1991; 179: 199-206 
37. Mulhern RK, Ochs J , Kun LE. Changes in intellect associated with 

cranial radiation therapy. In: Gutin PH , Liebel SA, Sheline GE, eds. 

Radiation injury to the nervous system. New York: Raven, 1991: 
325-340 

38. Kramer JH, Norman D, Brant-Zawadzki M, et al. Absence of white 

matter changes on magnetic resonance imaging in children treated 

with CNS prophylaxis therapy for leukemia. Cancer 1988;61: 
928-930 

39. Fogarty K, Volonino V, Caul J, et al. Acute leukemia: learning 

disabilities following CNS irradiation. C/in Pediatr 1988;27:524-528 
40. Meadows A, Silberg J. Delayed consequences of therapy for child

hood cancer. Cancer 1985;35:271-286 
41 . Packer RJ, Sposto R, Atk ins TE, et al. Quality of life in children with 

AJNR: 13, March/ April 1992 

primitive neuroectodermal tumors (medulloblastoma) of the posterior 

fossa. Pediatr Neurosci 1987;13:169-175 
42. Rappaport R, Brauner R. Growth and endocrine disorders secondary 

to cran ial irradiation. Pediatr Res 1989;25:561-567 
43. Littley MD, Shalet SM, Beardwell CG. Radiation and the hypothal

amic/pituitary axis. In: Gutin PH, Liebel SH, Sheline GE, eds. Radia
tion injury to the nervous system. New York: Raven, 1991:303- 324 

44. Conomoy JP, Kellermeyer RW. Delayed cerebrovascular conse

quences of therapeutic radiation. Cancer 1975;26: 1702-1708 
45. Wright TL, Bresnan MJ. Radiation-induced cerebrovascular disease 

in children. Neurology 1976;26:540-543 
46. Painter MJ, Chutorian AM , Hilal SK. Cerebrovasculopathy following 

irradiation in childhood. Neurology 1975;25: 189-194 
47. Benson PJ, Sung JH. Cerebral aneurysms following radiotherapy for 

medulloblastoma. J Neurosurg 1989; 70:545-550 


