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CT of the Adverse Effects of
Therapeutic Radiation of the
Central Nervous System

Clinical deterioration during or after radiation of the central nervous system may be
due to progression of, or a complication induced in, the lesion being treated. Deterio-
ration may also be due to an adverse effect of the radiation on nervous tissue or
vessels within the beam, to alteration in the blood-brain barrier, thus influencing the
effects of drug therapy, or to a superimposed catastrophe unrelated to the treatment.
Transient effects, which occur within the first 3 months of radiotherapy, include
increase in symptoms suggesting enlargement of the tumor and the somnolence
syndrome that occurs in children. Classical permanent radiation effects include necro-
sis, atrophy, calcification, necrotizing leukoencephalopathy, mineralizing microangio-
pathy, aneurysm formation, tumor induction, and cerebrospinal fluid fistulae. Rarely,
demyelination occurs with higher doses than are currently used. The permanent effects
tend to occur later than the transient ones; some are progressive and many have
serious consequences. The appearances of mineralizing microangiopathy are specific;
but the nature of the other complications is only evident in the clinical context, although
there may be difficulty distinguishing between radiation necrosis and further growth of
an intracerebral tumor. Selected cases illustrate the computed tomographic features
of these entities.

Radiation of the cranium is undertaken for a variety of reasons, the usual being
to reduce the mass of an inoperable intracranial tumor or to treat malignant
extracranial tumors. It is currently used prophylactically in acute lymphatic
leukemia and lymphoma and to sterilize the bed after macroscopic removal of
malignant tumors. Previously it was also used to treat a number of benign
conditions.

However much care is taken in treatment planning, normal brain tissue inevi-
tably lies within the radiation beam. Although megavoltage therapy produces
satisfactory isodose curves with sharp demarcation of the treated volume, some
scattered radiation is unavoidable. The dose required for curative treatment
needs to be carefully balanced against the risks to the normal brain, since the
sensitivity of many tumors differs only slightly from that of the surrounding brain.
By using several ports, the brain dose is limited while delivering a high tumor
dose.

Radiotherapy planning and assessment of the isodose curves has been facili-
tated by the use of computers, but it is usually impossible to entirely eliminate
“hot spots.”’ Although the total tumor dose may be within permissible tolerance
limits, it is the volume and dose of hot spots that may determine whether radiation
damage will occur in normal brain. The brain appears to tolerate a daily dose of
about 200 rad (2 Gy), and if this is given five times a week for 5-6 weeks it is
unlikely that adverse effects will be encountered. Higher daily doses of radiation
or irregular fractionation alter the biological effect in a manner that cannot be
accurately controlled and may result in a dose higher than desired. The brain
itself is not uniform in its response to radiotherapy. The cortex and subcortex are
said to be more resistant to damage than are the white matter and hypothalamus,
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and the spinal cord is more sensitive.

During the course of radiation, with or without concomi-
tant chemotherapy, the response of cerebral tumors is usu-
ally assessed by clinical progress, sometimes supplemented
by computed tomography (CT) scanning. The development
or progression of neurologic disturbance during or after
radiotherapy for cerebral or extracranial lesions is a positive
indication for CT. The most frequent early change of radia-
tion damage is low attenuation in the white matter; since this
is also a common accompaniment of intracranial tumors it
may be misinterpreted as due to tumor progression. The
importance of appreciating the CT changes in these condi-
tions and recognizing their significance prompted this study.

Materials and Methods

We reviewed pathology records from five London teaching hos-
pitals for patients with proven radionecrosis. In addition, comput-
erized record indices were studied for patients with complications
of radiotherapy. All those with available CT scans are included in
our study.

Results

Most of the cases selected in this way were investigated
at the Hospital for Sick Children, Great Ormond Street, and
the National Hospital for Nervous Diseases, Queen Square,
which are specialized referral hospitals. Unfortunately, the
radiotherapy in these cases had been performed elsewhere
so that the number of patients at risk could not be deter-
mined and the incidence of adverse reactions could not be
meaningfully assessed. However, relatively few complica-
tions were encountered.

In one patient, the complications were temporary. A child
with acute lymphatic leukemia developed somnolence syn-
drome. No other patients with transient deterioration during
the early stages of radiotherapy had CT.

Permanent complications were found more frequently.
There were no cases of acute demyelination. There were
eight patients with histologically proven radionecrosis and
one other who developed a meningioma in the radiotherapy
field. Atrophy was observed in 13 patients treated with
craniospinal prophylaxis for acute lymphatic leukemia and
in two adults treated for gliomas. Three children developed
calcification of the basal ganglia after radiotherapy for pri-
mary brain tumors. Necrotizing leukoencephalopathy de-
veloped in one case of lymphosarcoma, and mineralizing
microangiopathy developed in three patients with acute
lymphatic leukemia. Other acute complications were infarc-
tion due to radiation-induced vascular occlusion, abscess
formation, and an acute agonal hemorrhage into areas of
histologically proven radionecrosis.

Discussion

Adverse clinical manifestations of radiation fall into two
main groups, transient and permanent.

AJNR:2, September/October 1981

Transient Changes

The most common adverse effect is an increase in symp-
toms sufficient enough to postpone radiation. The deterio-
ration is usually transient and the evidence available sug-
gests that it is probably associated with a perivascular
lymphocytic exudation [1] and is similar to that observed in
dogs [2]. CT changes have not been described, and unless
the tumor is extracranial, any abnormality is likely to be
attributed to the effects of the primary lesion.

There is a characteristic clinical syndrome of somnolence,
lethargy, anorexia, and irritability in more than half of the
children with acute lymphatic leukemia. It occurs 6 weeks
to 3 months after commencing prophylactic central nervous
system radiation and lasts 1-3 weeks [3]. The radiation is
given in relatively low dosage (2,400 rad [24 Gy]) and it is
accompanied by intrathecal and systemic methotrexate. It
is likely the combination is the major factor in producing the
syndrome. However, it does occur with radiotherapy alone
and was noted in 3% of children treated for tricophytosis of
the scalp [4]. One child with acute lymphatic leukemia from
our series was scanned during this syndrome and no ab-
normal CT changes were demonstrated.

Reversible CT changes were reported in one child 6
weeks after completion of radiation with 2,400 rad (24 Gy)
and about 1 month after an overlapping course of intrathecal
methotrexate [5]. The child developed headache and papil-
ledema. CT showed diffuse areas of decreased attenuation
of periventricular white matter. Maintenance systemic meth-
otrexate was discontinued and dexamethasone com-
menced. Serial scans 3 and 6 months later showed a
gradual return to normal, coinciding with resolution of the
clinical changes. The exact cause is uncertain, but the
patient ran a clinical course similar to the encephalopathy
in children reported by Kaye et al. [6].

Permanent Changes

Acute demyelination. This rare complication occurs within
the first 3 months after radiotherapy and it has been sug-
gested that it is probably a progression from the transient
changes previously described, which only follow very high
doses [7]. Only two cases proven by autopsy have been
described and in both certain areas of the brain received a
dose higher than that generally used in current practice [8,
9]. These cases were reported before CT was available;
microscopically there was subependymal demyelination
with perivascular lymphocytic and plasma cell infiltration
and pronounced microglial proliferation affecting the brain
stem only.

Necrosis. This is characterized by an insidious onset of
clinical features that may suggest tumor recurrence. It can
commence as early as 1 month after completion of radio-
therapy, but may develop up to 14 years later. Microscopi-
cally there may be pronounced microcytic and gliotic
changes involving principally the white matter, although the
gray matter can also be affected [9]. There is hyalinization
and fibrosis of vessel walls with a protein-rich fluid in the
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perivascular spaces extending through the parenchyma,
suggesting increased vascular permeability. The CT ap-
pearances correlated reasonably well with the dose of ra-
diation. In the series reported by Mikhael [10] all patients
receiving 5,000-5,600 rad (50-56 Gy) and two who re-
ceived 6,200 and 6,400 rad (62 and 64 Gy) had low
attenuation areas without mass effect or abnormal enhance-
ment. Similar appearances were reported by Martins et al.
[11] in one patient after 5,000 rad (50 Gy). Enhancing
masses of low attenuation were present in eight of the
Mikhael cases, and have also been reported by other au-
thors using a similar dose level after treatment with 6,000
rad (60 Gy) or more [11-13].

In our cases necrosis developed 1 month to 12 years
after radiation. On plain CT there was low attenuation of the
white matter sometimes extending beyond the limits of the
radiation beam. There was a mass effect with compression
of the ventricular system in seven patients with ring and
patchy enhancement after contrast injection in all patients
(fig. 1). In five patients, treatment plans were available and
the dose varied between 4,800 rad (48 Gy) in 16 fractions
over 28 days and 7,257 rad (72.6 Gy) in 38 fractions over
56 days.

In one patient these changes developed within 6 weeks
of the commencement of radiation. In another patient with
an enhancing mass in the left frontal region, follow-up scans
demonstrated some resolution during the next month, only
to be followed by a recurrence of the CT changes 3 months
later (fig. 2).

Atrophy. CT appearances consistent with cerebral atro-
phy occur after radiation in nearly half of the patients re-
ceiving 3,000-6,000 rad (30-60 Gy) to the entire brain
[14]. Atrophy was demonstrated in one-third of children with
acute lymphatic leukemia treated at the Hospital for Sick
Children, Great Ormond Street, with prophylactic cranio-
spinal radiation (2,400 rad [24 Gy]) and intrathecal metro-
trexate [15].

Similar changes were demonstrated in two adults. One
had a brain stem glioma treated with 4,000 rad (40 Gy) of
radiation and three doses each of 10 mg of intrathecal

Fig. 1.—Radiation necrosis in 68-
year-old woman. Squamous cell carci-
noma of left external auditory meatus
was treated by excision and 6,000 rad
(60 Gy) in 38 fractions over 56 days. A,
Isodose curves with doses of 6,700 rad
(67 Gy) (A) and 7,250 rad (72.5 Gy) (B).
B and C, CT scans 1 year later. Exten-
sive low density beyond treated volume
with mass effect and irregular ring en-
hancement in left medial temporal re-
gion. Biopsy of left temporal lobe re-
vealed radiation necrosis only.
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methotrexate. The other had a grade Il astrocytoma incom-
pletely removed, and was treated on the linear accelerator
with a dose of 5,000 rad (50 Gy) over 5 weeks by two
laterally opposed fields (fig. 3).

Wilson et al. [16] reported encephalographic changes
that they considered consistent with atrophy in 17 of 40
patients with a variety of primary intracranial tumors. Only
two of the patients were considered to have received more
than a moderate tumor dose.

The precise mechanism of these changes has not been
determined with any certainty. It is likely that in some pa-
tients there is loss of cerebral tissues, but in other cases the
appearances may be due to communicating hydrocephalus
from a high convexity block [17] or from the effects of
steroid treatment [18].

Calcification. Calcification in the brain is rare after cranial
radiation [19-21], but was presnt in the basal ganglia in
three children on routine follow-up scans. All three received
full courses of radiation. One had an optic chiasm glioma
radiated 7 years before. The dose is unknown, but is most
likely to have been at least 5,000 rad (50 Gy). The basal
ganglia would certainly have been in the field of radiation
(fig. 4). The other two patients with medulloblastomas re-
ceived 5,000 rad (50 Gy) to the posterior fossa (fig. 5) and
3,500 rad (35 Gy) to the whole brain.

Leukoencephalopathy. Necrotizing leukoencephalopathy
and mineralizing microangiography are rare conditions that
occur in patients with lymphoma and acute lymphatic leu-
kemia treated by cranial radiation combined with methotrex-
ate. The precise relation between cranial radiation and the
initiating dose of intrathecal or systemic methotrexate is as
yet unresolved. Children under age 10 years are most
frequently affected [22], presumably because immature tis-
sues are particularly susceptible.

Necrotizing leukoencephalopathy may be acute or sub-
acute. The changes, consisting of discrete multifocal coag-
ulative necrosis, are randomly disseminated in the cerebral
white matter [23]. Diffuse reactive astrocytosis may be
marked [24] or absent [23]. These changes have been
reported after treatment with intraventricular methotrexate
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Fig. 2.—Radiation necrosis in 60-year-old man with basal cell carcinoma
of scalp in left frontal region. Radiation dose could not be ascertained, and
18 months later he had focal epilepsy and mild left hemiparesis. A, After
contrast medium. Homogeneously enhancing left frontal mass with surround-
ing low density. He was treated with anticonvulsants and dexamethazone

with or without central nervous system radiation [25], with
intrathecal methotrexate and central nervous system radia-
tion [6], and even with intrathecal methotrexate alone [26].

In one case of lymphosarcoma in an adult [12]; CT
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with improvement. B, Enhanced scan 1 month later. C, 2 months later.
Regression of lesion but recurrence of symptoms. D, After 4 months. Increase
in extent of low density, but no abnormal enhancement. Excision biopsy
showed radiation necrosis.

Fig. 3.—Radiation atrophy in 54-
year-old man with grade |l astrocytoma
treated with partial excision and 5,000
rad (50 Gy). A-C, Low density mass in
right frontotemporal region. D-F, Sec-
tions at similar but not identical levels 18
months later. Extensive low density in
white matter of both hemispheres and in
right frontotemporal region without mass
effect. Moderate dilatation of ventricles
and subarachnoid spaces consistent
with cerebral atrophy in absence of ste-
roid therapy.

changes consisting of diffuse central low attenuation with
compression of the ventricular system due to brain swelling
(fig. 6) followed 3,500 rad (35 Gy) of cranial radiation
together with a total of 330 mg of intrathecal methotrexate
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Fig. 4.—Basal ganglia calcification in 10-year-old boy. Scans 7 years
after radiation of optic chiasm glioma. Calcification in both lentiform nuclei
and extensive well defined brain damage in right frontal lobe and anteromedial
part of left frontal lobe. Dilatation of lateral and third ventricles and right
Sylvian fissure.

Fig. 5.—Basal ganglia calcifica-
tion in 8-year-old girl treated for pos-
terior fossa medulloblastoma with
4,000 rad (40 Gy) to the posterior
fossa and 3,500 rad (35 Gy) to whole
brain 3'2 years previously. Scan
shows extensive symmetrical calci-
fication in lentiform nuclei.

and 1,400 mg of cytosine arabinoside in 18 months. This
dose considerably exceeded that normally used.

In the more chronic form, mineralizing microangiopathy
and multifocal dystrophic calcification occur predominently
in the border zone between cortical and basal perforating
vessels [27] (fig. 7); it only occurs if a combination of both
radiation and intrathecal methotrexate is used [22]. The
calcification is well demonstrated on CT occurring in the
deep hemispheric white matter as well as in the lentiform
nuclei [22], where it is similar to that occurring with radio-
therapy alone.

Tumor induction. Development of new primary tumors
within the field of cranial radiation, although rare, is well
recorded [28-31] and, although many pathologic types may
occur, fibrosarcoma is the most common and occurs partic-
ularly within the pituitary gland following radiation for an
adenoma. The mean interval between radiation and devel-
opment of a tumor is about 8 years and the reported radia-
tion doses have varied widely, but have often been multiple.
The tumor usually develops within a heavily radiated area
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Fig. 6.—Leukoencephalopathy in 54-year-old woman. Lymphosarcoma
was diagnosed 2 years before. Neoplastic meningitis was treated with 3,500
rad (35 Gy), 330 mg of intrathecal methotrexate and 1,400 mg of intrathecal
cytosine arabinoside. There was immediate improvement, but sudden dete-
rioration and coma 16 months later. Scans show small lateral ventricles with
symmetrical low density in white matter of cerebral hemispheres.

[30] but five cases of meningioma are recorded occurring
many years after scalp irradiation with relatively low doses
[32]. Fabrikant et al. [33] believed that the type and degree
of tissue damage induced by the radiation is more important
than the actual dose and that the neoplasms may develop
in regenerating tissue. One of our patients developed a well
differentiated meningioma in the left temporal region at the
periphery of the radiation field 23 years after treatment of a
grade lll astrocytoma of the right frontal lobe. However, it
was impossible to decide whether this was an example of
tumor induction or the development of two coincidental
tumors in the same patient.

Tumors that develop in the parasellar region after pituitary
radiation may be confused with recurrence of the original
tumor. The progressive nature of the mass and the interval
between radiation and the development of the tumor would
suggest that diagnosis, but diagnostic investigations are not
specific and surgical exploration is necessary. When the
tumor develops at a distance from the primary lesion, con-
fusion is less likely, but a final diagnosis can only be estab-
lished by surgery.

Skull vault changes. Plain film changes of necrosis of the
overlying cranial vault were found in only one case in our
study and thus seem to be an infrequent accompaniment of
the underlying cerebral necrosis. Conversely vault changes
may be present without evidence of intracranial pathology.

Vascular changes. In addition to its effects on the cerebral
parenchyma, radiation affects both the small and large
vessels within the field and may develop as early as 4
months or as late as 23 years after radiotherapy [34]. The
changes that occur in large vessels consist of premature
arteriosclerosis with vascular occlusion, which causes the
strokelike signs seen in many patients.

Since arteriosclerotic changes are increasingly common
with age, radiotherapy can only be incriminated if involve-
ment is confined to a radiation field away from the usual
sites of atheroma or occurs in childhood [35, 36]. One of
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Fig. 8.—Brain abscess in 44-year-old man. Right temporal meningioma
excised and irradiated (dose unknown). Admitted unconscious 12 years later
with pus draining from right ear. Plain (A) and enhanced (B) scans. Focal ring
of high attenuation in right temporal lobe with surrounding edema, marked
mass effect, and irregular peripheral enhancement. Excision of mass showed
abscess and radiation necrosis. CT after clinical improvement showed reso-
lution of edema.

our patients had a sudden hemiparesis 20 years after treat-
ment of a craniopharyngioma with radioactive gold implan-
tation and postoperative radiotherapy at age 5 years. An-
giography demonstrated narrowing and irregularity of the

KINGSLEY AND KENDALL
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Fig. 7.—Mineralizing microangiopa-
thy in 6-year-old girl. Acute lymphoblas-
tic leukemia treated with 2,400 rad (24
Gy) and intrathecal methotrexate. A-C,
Plain scans. Ventricles are mildly dilated
and there is symmetrical low attenuation
of white matter. D-F, 1 year later. Ven-
tricle sizes unchanged. There are bilat-
eral focal areas of calcification in the
lentiform nuclei and in border zones be-
tween gray and white matter indicating
mineralizing angiopathy.

posterior cerebral artery and CT showed an enhancing
lesion in the thalamus. Extensive vascular changes involving
both carotid and vertebrobasilar territories were also dem-
onstrated on angiography in another patient (who was seen
before CT was available) with failing vision 16 years after
irradiation of a posterior fossa medulloblastoma.

Radiation of tumors of the neck may result in the devel-
opment of aneurysmal dilatation leading to embolic occlu-
sion of intracranial vessels and infarction. Aneurysms of the
cavernous segment of the carotid artery have also occurred
after yttrium implants for pituitary tumors [37]. Cerebrospinal
fistulae may also occur after surgical implantation of radio-
active seeds for pituitary ablation [38].

Complications in necrotic tissue. Hemorrhage may occur
into necrotic tissue at any time after radiation. In one case
of radiation necrosis reported by Brismar et al. [39], there
was a hemorrhage 1 year after radiation of an arteriovenous
malformation with a dose of 4,000 rad (40 Gy); one of our
patients with previously diagnosed radiation necrosis was
found at autopsy to have extensive hemorrhage into the
necrotic tissue. Recent blood clot is readily demonstrated
by CT but, unless the underlying lesion was documented
previously, its nature may not be apparent.

Not surprisingly infection has also been reported in ne-
crotic tissue [9]. One of our patients had pus draining from
the ear 12 years after excision of a right temporal menin-
gioma followed by radiotherapy of an unknown dose. CT
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Fig. 9.—Recurrent tumor in 58-year-old woman. Excision of squamous
carcinoma of right middle ear followed by 6,200 rad (62 Gy) in 20 fractions
over 24 days. Cerebellar signs developed 2 years later. Plain (A and B) and

Fig. 10.—Radiation necrosis in 32-
year-old man. Left frontal oligodendrog-

lioma treated with 5,000 rad (50 Gy) in
20 fractions over 35 days, as well as
radon seed implantation. Severe head-
ache and vomiting 4 years later. Isodose
curve (A) and plain (B) and enhanced (C)
scans. Extensive area of low density with
isodense ring in left frontal region com-
pressing left anterior horn. Marked en-
hancement. Lesion was excised, reveal-
ing radiation necrosis and no tumor.

A

showed a mixed attenuation lesion in the right temporal lobe
that enhanced considerably and was surrounded by exten-
sive edema (fig. 8). Rapid clinical recovery followed excision
and drainage of the necrotic and infected tissue and this
coincided with resolution of the abnormal CT changes.
Normal intracranial structures are relatively resistant to
therapeutic radiation, but may react adversely in a variety of
ways. Many effects of radiation with or without chemother-
apy are associated with CT abnormalities but of these only
mineralizing microangiopathy is specific. Therefore, it is
important to consider the possibility of either recurrent tumor
or necrosis in any patient who has had radiotherapy (figs. 9
and 10). However, in the clinical context and in relation to
the radiation field the other abnormalities we have described
will suggest the possibility of radiation changes. This is of
particular importance when radiotherapy has been given for
an extracranial or benign lesion, since the treatment of
choice for localized necrotic tissue is surgical removal.

Editor's Note

A book was published recently that expands on the sub-
ject matter in this paper: Gilbert HA, Kagan AR, eds. Radia-

enhanced (C and D) scans. High attenuvation mass medial to right petrous
ridge which enhanced after contrast. Recurrent tumor diagnosed on biopsy.

tion damage to the nervous system. A delayed therapeutic
hazard. New York: Raven, 1980

REFERENCES

1. Almquist S, Dahlgren S, Notter G, Sundbom L. Brain necrosis
after irradiation of the hypophysis in Cushing’'s disease. Acta
Radiol (Stockh) 1964;2:179-188

2. Schultz W. Uber die Empfindlichkeit des Gehirns fur Rontgen
und Radiumstrahlen. Klin Wochenschr 1935;14:189

3. Freeman JE, Johnson PGR, Voke JM. Somnolence after pro-
phylactic cranial irradiation in children with acute lymphoblastic
leukaemia. Br Med J 1973;4:523-525

4. Druckmann A. Schlafsucht als Folge der Rontgenbestralung.
Strahlentherapie 1929;33:382-384

5. Wendling LR, Bleyer WA, Di Chiro G, Mcllvanie SK. Transient
severe periventricular hypodensity after leukaemic prophylaxis
with cranial irradiation and intrathecal Methotrexate. J Comput
Assist Tomogr 1978,;2:502-505

6. Kaye HEM, Knapton PJ, O'Sullivan JP, et al. Encephalopathy
in acute leukaemia associated with Methotrexate therapy. Arch
Dis Child 1972;47 :344-354

7. Rider WD. Radiation damage to the brain. A new syndrome. J
Can Assoc Radiol 1963;14:67-69



460

8.

10.

11.

12.

14,

15.

16.

18.

19.

20.

21.

22.

23.

24.

KINGSLEY AND KENDALL

Lampert PW, Tom ML, Rider WD. Disseminated demyelination
of the brain following ®°Co (gamma) radiation. Arch Pathol Lab
Med 1959;68:322-330

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

human central nervous system. Neurology 1964;14:912-917
Mikhael MA. Radiation necrosis of the brain; correlation be-
tween patterns on computed tomography and dose of radiation.
J Comput Assist Tomogr 1979;3:241-249

Martins AN, Johnston JS, Henry JM, Stoffel TJ, Di Chiro G.
Delayed radiation necrosis of the brain. J Neurosurg 1977;47 :
336-345

Kendall BE, Claveria LE, Quiroga W. In: du Boulay GH, Moseley
IF, eds. Computerised axial tomography in clinical practice.
Berlin: Springer, 1977:191-200

. Littman P, James H, Zimmerman RA, Slater R. Radionecrosis

of the brain presenting as a mass lesion. J Neurol Neurosurg
Psychiatry 1977;40:827-829

Pay NT, Carella RJ, Lin JP, Kritcheff Il. The usefulness of
computed tomography during and after radiation therapy in
patients with brain tumors. Radiology 1976;121:79-83
Kingsley DPE, Kendall BE. Cranial computed tomography in
leukaemia. Neuroradiology 1978;16:543-546

Wilson GH, Byfield J, Hanafee WN. Atrophy following radiation
therapy for central nervous system neoplasms. Acta Radiol
(Stockh) 1972;11:361-368

. De Reuck J, De Coster W, Vander Eecken H. Communicating

hydrocephalus in treated leukaemia patients. Eur Neurol
1979;18:8-14

Bentson J, Reza M, Winter J, Wilson G. Steroids and apparent
cerebral atrophy on computer tomography scans. J Comput
Assist Tomogr 1978;2:16-23

Harwood Nash DCF, Reilly BJ. Calcification of basal ganglia
following radiation therapy. AJR 1970;108:392-395

Kramer S, Lee KF. Complications of radiation therapy: central
nervous system. Semin Roentgenol 1974;9:75-83
Numaguchi Y, Hoffman JC, Sones PJ. Basal ganglia calcifica-
tion; a late radiation effect. AUR 1975;123:27-30

Price RA, Birdwell DA. The central nervous system in childhood
leukaemia. lll. Mineralising microangiopathy and dystrophic
calcification. Cancer 1978;42:717-728

Rubinstein LJ, Herman MM, Long TF, Wilburn JR. Disseminated
necrotising leucoencephalopathy; a complication of treated
central nervous system leukaemia and lymphoma. Cancer
1975;35:291-305

Price RA, Jamieson PA. The central nervous system in child-

25.

26.

27

28.

29.

30.

31.

32.

38.

34.

35.

36.

37.

38.

39.

AJNR:2, September/October 1981

hood leukaemia. Il. Subacute leucoencephalopathy. Cancer
1975;35:306-318

Shapiro WR, Chernik NL, Posner JB. Necrotising encephalop-
athy following intraventricular instillation of Methotrexate. Arch
Neurol 1973;28:96-102

Bleyer WA, Drake JC, Chabner BA. Neurotoxicity and elevated
cerebrospinal fluid Methotrexate concentration in meningeal

leukaemia. N Engl J Med 1973;289:770-773
Peylan Ramu N, Poplak DG, Blei CL, Herdt JR, Vermess M, Di

Chiro G. Computer assisted tomography in Methotrexate en-
cepalopathy. J Comput Assist Tomogr 1977;1:216-221
Goldberg MB, Sheline GE, Malamud J. Malignant intracranial
neoplasms following radiation therapy for achromegaly. Ra-
diology 1963;80:465-470

Gonzales Vitale JC, Slavin RE, McQueen J. Radiation induced
intracranial malignant fibrous hystiocytoma. Cancer 1976;37 :
2960-2963

Waltz TA, Brownell B. Sarcoma; a possible late result of effec-
tive radiation therapy for pituitary adenoma; report of two
cases. J Neurosurg 1966;24:901-907

Martin WH, Cail WS, Morris JL, Constable WC. Fibrosarcoma
after high energy radiation therapy for pituitary adenoma. Am
J Neuroradiol 1980;1:469-472

Munk J, Peyser E, Gruszkiewicz J. Radiation induced intracra-
nial meningiomas. Clin Radiol 1969;20:90-94

Fabrikant JJ, Dickson RJ, Fetter BF. Mechanisms of radiation
carcinogenesis at the clinical level. Br J Cancer 1964;13:459-
477

Brandt-Zawadski M, Anderson M, De Armond SJ, Conley FK,
Jahnke RW. Radiation induced large intracranial vessel occlu-
sive vasculopathy. AJR 1980;134:51-55

Painter MJ, Chutorian AM, Hilal SK. Cerebrovasculopathy fol-
lowing irradiation in childhood. Neurology (NY) 1975;25:189-
194

Wright TL, Bresnan MJ. Radiation induced cerebrovascular
disease in children. Neurology (NY) 1976;26:540-543
Jakubovski J, Kendall BE. Coincidental aneurysms with tumors
of pituitary origin. J. Neurol Neurosurg Psychiatry 1978;41:
972-979

Wright AD, Hill DM, Lowy C, Fraser TR. Mortality in achrome-
galy. Q J Med 1970;39:1-16

Brismar J, Roberson GH, Davis KR. Radiation necrosis of the
brain. Neuroradiological considerations with computed tomog-
raphy. Neuroradiology 1976;12:109-113



