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Abstract

Purpose The purpose of this study is to investigate the inci-
dence of cystic malacia in long-term survivors of pediatric
brain tumors treated with high-dose cranial irradiation.
Materials and methods Between 1997 and 2015, we treated
41 pediatric patients (26 males, 15 females; age ranging from
3.3 to 15.7 years, median 9-year-old) of pediatric brain tumors
[17 medulloblastomas, 7 primitive neuroectodermal tumors
(PNET), 3 pineoblastomas, 6 non-germinomatous germ cell
tumors (NGGCT), 8 gliomas (including 4 ependymomas, 1
anaplastic astrocytoma, 1 oligodendroglioma, 1 pilocytic as-
trocytoma, 1 astroblastoma)] with high-dose craniospinal irra-
diation. Follow-up ranged from 14.0 to 189.2 months (median
86.0 months, mean 81.5 months), the irradiation dose to the
whole neural axis ranged from 18 to 41.4 Gy, and the total
local dose from 43.2 to 60.4 Gy. All patients underwent
follow-up magnetic resonance imaging (MRI) studies at least
once a year. Diagnosis of cystic malacia was based solely on
MRI findings. Of the 41 patients, 31 were censored during
their follow-up due to recurrence of the primary disease
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(n = 5), detection of secondary leukemia after development
of cystic malacia (n = 1), or the absence of cystic malacia on
the last follow-up MRI study (n = 25). We also evaluated the
development of post-irradiation cavernous angioma and white
matter changes.

Results Following irradiation treatment, 11 patients devel-
oped 19 cystic malacia during a median course of 30.8 months
(range 14.9 to 59.3 months). The site of predilection for cystic
malacia was white matter around trigone of lateral ventricles
with an incidence of 47.4% (9 of 19 lesions, 7 in 11 patients).
Patients with supratentorial tumors developed cystic malacia
statistically earlier than the patients with infratentorial tumors
(P = 0.0178, log-rank test). Among the same patient group,
incidence of post-irradiation cavernous angioma increased
progressively, while the incidence of post-irradiation cystic
malacia did not increase after 5 years. White matter degener-
ation developed earlier than cystic malacia or cavernous angi-
oma, and these three clinical entities developed mutually ex-
clusive of each other.

Conclusion We attribute the higher incidence of post-
irradiation cystic malacia, in our long-term follow-up study,
to the cranial irradiation for pediatric brain tumors, particular-
ly supratentorial brain tumors, and recommend a regular,
long-term follow-up of brain tumor patients treated with cra-
nial irradiation.

Keywords Cystic malacia - Irradiation - Cavernous
angioma - Leukoencephalopathy

Introduction

Irradiation to central nervous system (CNS) plays an irreplace-

able role in the treatment of some malignant brain tumors. The
goal of therapeutic radiation is to provide a sufficient dose to
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treat malignant CNS tumors without affecting adjacent normal
brain. As more therapeutic regimens are being implemented,
long-term late effects of neurotoxicity in the surviving patients
are being recognized [ 1-4]. Identification of radiation damage
as a distinct ailment apart from the effects of the surgery,
chemotherapy, tumor recurrence, or incidental degenerative
disease is crucial to devise appropriate therapy [5]. A spec-
trum of CNS changes on MR imaging from atrophy, de-
creased attenuation of the deep cerebral white matter to radi-
ation vasculopathy including moyamoya phenomenon and/or
brain infarction, and rarely focal, enhancing radionecrosis has
been noted [6]. Recent development in radiation therapy in-
cluding three-dimensional conformal radiation therapy (3D-
CRT), intensity-modulated radiotherapy, and volumetric arc
therapy has reduced the development of delayed radiation
injury [7]. However, on long-term follow-up, development
of delayed radiation injury including cognitive impairment,
hormonal deficiency, and secondary tumor including menin-
gioma, glioma, and cavernous angioma is still clinically rele-
vant [8, 9].

Cystic malacia (white matter necrosis) is one of the delayed
radiation injury. Considered as final form of radiation-induced
white matter injury, it is characterized by the necrotic changes
of white matter [10-12]. However, relationship between cystic
malacia and white matter changes including
leukoencephalopathy is still (baffling) unsolved and that be-
tween cystic malacia and vasculopathy including cavernous
angioma is obscure. In this study, we focused on the delayed
radiation injury in long-term follow-up of pediatric brain tu-
mor patients after treatment with high-dose irradiation. Our
study revealed that incidence of post-radiotherapy cavernous
angioma increased progressively, while the incidence of post-
radiotherapy cystic malacia did not increase after 5 years. We
further affirmed that lateral periventricular zone of trigone at
lateral ventricle is the site of predilection for radiation induced
cystic malacia implying that this region is susceptible to radi-
ation injury.

Materials and methods

This retrospective study was approved by our institutional
review board and waived the need of written patient consent.
On behalf of all authors, the corresponding author states that
there is no conflict of interest. To protect patient privacy, all
identifiers were removed from our records upon completion of
our analyses. Between 1997 and 2015, we treated 41 pediatric
patients (26 males, 15 females; age ranging from 3.3 to
15.7 years, median 9-year-old) of brain tumors [17 medullo-
blastomas, 7 primitive neuroectodermal tumors (PNET), 3
pineoblastomas, 6 non-germinomatous germ cell tumors
(NGGCT), 8 gliomas (including 4 ependymomas, 1 anaplastic
astrocytoma, 1 oligodendroglioma, 1 pilocytic astrocytoma, 1
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astroblastoma)] with high-dose craniospinal irradiation by
3D-CRT. The patients with medulloblastoma, PNET, and
pineoblastoma received cerebrospinal irradiation (CSI) with
local boost irradiation, while patients with pediatric glioma
and ependymoma received local irradiation alone. Four of
seven patients with NGGCT received CSI and local boost
irradiation, and the remaining three patients received whole
ventricle irradiation in addition to local boost irradiation. All
patients with medulloblastoma, PNET, pineoblastoma, pediat-
ric glioma, and ependymoma and two patients with NGGCT
received adjuvant radiotherapy or chemoradiotherapy after
removal of tumor. Rest four of six patients with NGGCT
underwent biopsy followed by chemoradiotherapy and surgi-
cal removal of residual mature/immature teratoma component
after chemoradiotherapy.

Follow-up ranged from 14.0 to 189.2 months (median
86.0 months, mean 81.5 months), the irradiation dose in CSI
ranged from 18 to 41.4 Gy and the total local dose from 43.2
to 60.4 Gy. All patients underwent follow-up magnetic reso-
nance imaging (MRI) studies at least once a year. Diagnosis of
cystic malacia was based solely on MRI findings.
Preoperative MR studies denied the presence of cystic malacia
and cavernous angioma prior to treatment in all patients. No
patient had a history of previous surgery, chemotherapy, or
RT.

Of the 41 patients, 31 were censored during their follow-up
due to recurrence of the primary disease (n = 5), detection of
secondary leukemia after development of cystic malacia
(n = 1), or the absence of cystic malacia on the last follow-
up MRI study (n = 25).

Evaluation of cystic malacia and white matter
degeneration

The diagnosis of cystic malacia was based solely on post-
irradiation MRI findings. The lesion was classified as positive
if the size was more than 3 mm and could be identified in both
T1-weighted and T2-weighted imaging. The lesions develop-
ing in close proximity within 1 cm were considered as a single
lesion.

White matter degeneration was graded according to the
neuroimaging leukoencephalopathy toxicity grading criteria
defined by the National Cancer Institute Common
Terminology Criteria for Adverse Events (NCI CTCAE), ver-
sion 3.0, briefly, grade 0, no change; grade 1, involving less
than one third of white matter T2 hyperintensities of cere-
brum; grade 2, involving one third to two thirds of white
matter T2 hyperintensities of cerebrum; grade 3, two thirds
or more of white matter T2 hyperintensities of cerebrum;
and grade 4, near total white matter T2 hyperintensities. We
also evaluated the white matter degeneration based on
Fazekas rating scales [13]. The scale divides the white matter
into periventricular and deep white matter region, and each is
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given a grade depending on the size and confluence of the
lesions on T2-weighted and/or fluid attenuated inversion re-
covery images. Briefly, the periventricular white matter
(PVWM) was graded from 0 to 3 (0 = absent; 1 = “caps” or
pencil-thin lining; 2 = smooth “halo”; 3 = irregular
periventricular signal extending into the deep white matter),
and deep white matter (DWM) was also graded from 0 to 3
(0 = absent; 1 = punctate foci; 2 = beginning confluence;
3 = large confluent areas).

Evaluation of cavernous angioma

The development of cavernous angioma was also evaluated,
and the cavernous angiomas were classified into four types
based on the Zabramski classification [14]. Briefly, type of
cavernous angioma was classified based on MR imaging: type
I, hyperintense on T1- and T2-weighted images; type II, retic-
ulated core of mixed signal intensity with a surrounding he-
mosiderin ring on T1- and T2-weighted images; type III, iso-
to hypointense on T1- and T2-weighted images; and type 1V,
poorly visualized, except on gradient-echo images. None of
the patient underwent surgery for cavernous angioma, and
none of the lesions were confirmed histologically.

Statistical analysis

Statistical analyses were done with PRISM version 7.0
(GraphPad Software Inc., La Jolla, CA, USA). The interval
between the delivery of craniospinal irradiation and the subse-
quent detection of cystic malacia was the time between the first
irradiation session and the post-irradiation diagnosis of cystic
malacia. To evaluate the diagnostic value, we performed
Kaplan-Meier analysis (log-rank test) incorporating the diagno-
sis of cystic malacia based on MRI findings. The time to the
development of the white matter change and post-irradiation
cavernous angioma was also analyzed in the same way.

Results

At the time of this writing, 34 were alive and free of the
primary disease, recurrence, or the development of secondary
neoplasms other than cavernous angioma; 5 died of recur-
rence, 1 died of secondary leukemia, and 1 was alive with
recurrence of the primary disease. Following irradiation treat-
ment, 11 patients developed 19 cystic malacia during a medi-
an course of 30.8 months with a range from 14.9 to
59.3 months (Fig. 1). The site of predilection for cystic
malacia was white matter around trigone of lateral ventricles
with the incidence 0f47.4% (9 of 19 lesions, 7 in 11 patients).
Even two of our patients with posterior fossa tumors devel-
oped cystic malacia around trigone of lateral ventricle. Other
sites for development of cystic malacia were as follows: five
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Fig. 1 Probability of developing cystic malacia in 11 pediatric patients
(19 lesions) who were followed for more than 12 months after high-dose
craniospinal irradiation for brain tumors

in frontal, two in parietal, two in temporal, and one in cerebel-
lum. Children treated at an age younger than 4.5 years devel-
oped cystic malacia significantly earlier than those who were
at least 4.5 years old (Fig. 2; median 32.2 months vs not
reached, P = 0.0169, log-rank test).

Patients with supratentorial tumors (r = 20) developed cystic
malacia more frequently than the patients with infratentorial
tumors (n = 21) (Fig. 3a; P = 0.0178, log-rank test). Similarly,
patients with supratentorial tumors developed Zabramski type 1
and 2 cavernous angiomas significantly earlier than the patients
with infratentorial tumors (Fig. 3b; P = 0.0157, log-rank test).
There was no difference in the development of Zabramski type
3 and type 4 cavernous angiomas between supratentorial and
infratentorial tumors (P = 0.8754, log-rank test). In our study,
patients with supratentorial tumors developed white matter
changes significantly earlier than did the patients with
infratentorial tumors (Fig. 3c; P = 0.0007, log-rank test).
Nineteen of 41 patients developed grade 1
leukoencephalopathy, while no patients developed grades 2—4
leukoencephalopathy (CTCAE version 3.0).

When evaluating white matter changes based on Fazekas
rating scales in pediatric brain tumors, patients were treated
with high-dose irradiation, 17 patients developed grade 1
DWM hyperintensity, and 2 developed grade 2 DWM
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Fig. 2 Probability of developing cystic malacia in 41 pediatric patients
who were followed for more than 12 months after high-dose craniospinal
irradiation for brain tumors. Comparison of patients subjected to radio-
therapy at an age >4.5 and <4.5 years
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Fig. 3 a Probability of developing cystic malacia in 41 pediatric patients
who were followed for more than 12 months after high-dose craniospinal
irradiation for brain tumors. Comparison was done between patients with
supratentorial and infratentorial tumors. b Probability of developing
Zabramski type I and II cavernous angiomas in 41 pediatric patients
who were followed for more than 12 months after high-dose craniospinal
irradiation for brain tumors. Comparison was done between patients with
supratentorial and infratentorial tumors. ¢ Probability of developing white
matter change in 41 pediatric patients who were followed for more than
12 months after high-dose craniospinal irradiation for brain tumors.
Comparison was done between patients with supratentorial and
infratentorial tumors

hyperintensity. Other patients did not develop DWM
hyperintensity (Fazekas grade 0), and none of them developed
Fazekas grade 3 DWM hyperintensity. PVWM
hyperintensity, on the other hand, was less common, and only
seven patients showed grade 1 PVWM hyperintensity. No
patients showed Fazekas grade 2/3 PVWM hyperintensity.
Comparison of cystic malacia with cavernous angioma and
white matter degeneration in the same patient group (Fig. 4)
revealed that the incidence of cavernous angioma after high-
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Fig. 4 Probability of developing central nerve system change in 41
pediatric patients who were followed for more than 12 months after
high-dose craniospinal irradiation for brain tumors. Comparison was
done between development of cystic malacia, cavernous angioma, and
white matter changes

dose cranial irradiation increased progressively, while that of
cystic malacia did not increase after 5 years. White matter
degeneration developed earlier than cystic malacia or cavern-
ous angioma. Development of these three entities was mutu-
ally exclusive, and there was no association between the site
of occurrence of cystic malacia and that of white matter de-
generation or cavernous angioma. Representative cases are
shown in Fig. 5a—c.

In our patient series, none of the patients developed any
symptom except for one who developed seizure requiring anti-
convulsant therapy for seizure control. We did not perform cog-
nitive examination, visual field examination, and electroenceph-
alography routinely. We could not find any association between
primary tumor site and site of cystic malacia or cavernous angi-
oma. White matter change, on the other hand, developed mainly
around primary tumor site in pediatric glioma patients.

Discussion

Before 1970, the human brain was thought to be radio
resistant; the acute central nervous system syndrome occurs
after single doses of >30 Gy, and cystic malacia can occur at
fractionated doses of >60 Gy [15]. Although cystic malacia

Fig. 5 a A boy with a left temporal primitive neuroectodermal tumor P>
who underwent chemoradiotherapy at the age of 10.9 years. MR
examination 28 months later revealed cystic malacia on axial T2-
weighted images (leff side panel). He also had multiple secondary cav-
ernous angiomas (right side panel). b A pediatric patient with left tem-
poral anaplastic astrocytoma who underwent radiotherapy at the age of
4.2 years. MR examination 24.5 months later revealed cystic malacia on
axial T2-weighted images. Subsequently, he developed seizure and need-
ed anticonvulsants for seizure control. He did not have secondary cavern-
ous angioma at the follow-up period of 56.5 months. ¢ A pediatric patient
with pineoblastoma who underwent radiotherapy at the age of 7.6 years.
MR examination 42.0 months later revealed cystic malacia at right cere-
bellum and right parietal deep white matter on axial T2-weighted images
(left side panel). He also had multiple secondary cavernous angiomas
(right side panel)
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has been considered to be uncommon with modern radiation
therapy techniques, irradiation to pediatric brain tumors could
be a risk factor for cystic malacia. In this study, we revealed
that the risk factors for cystic malacia after high-dose cranial
irradiation by 3D-CRT are younger age at irradiation and
supratentorial location of tumors. We also revealed that about
half of cystic malacia developed around trigone of lateral ven-
tricle. This implies that white matter around trigone of lateral
ventricles is susceptible to irradiation injuries. Despite differ-
ent etiologies, the common site for cystic malacia is the same
as for periventricular leukomalacia suggesting that a common
underlying pathophysiological mechanism may be associated
between these two entities.

Periventricular leukomalacia is a form of white-matter
brain injury, characterized by the necrosis of white matter near
the lateral ventricles [16]. It can affect newborns, and prema-
ture infants are particularly at greatest risk of this disease. Full-
term infants with congenital heart diseases may also exhibit
periventricular leukomalacia [17]. Two major factors are re-
ported to be involved in the development of this disease: de-
creased blood or oxygen supply to the periventricular region
and damage to glial cells [18]. Some affected patients exhibit
relatively minor deficits, while others have significant deficits
and disabilities including delayed motor development, cere-
bral palsy, and/or epilepsy [18—20]. One study estimated that
47% of children with periventricular leukomalacia have epi-
lepsy [21], whereas cystic malacia may not be a strong caus-
ative factor for epilepsy as substantiated by our study wherein
only 1 of 12 patients developed epilepsy after development of
cystic malacia. Other possible effects arising due to cystic
malacia may be the visual field defect, motor disturbance,
sensory disturbance, and cognitive decline. Future studies
are necessary to confirm the diverse effects of cystic malacia.

Radiation-induced brain injury has been classified as acute,
early delayed, or late delayed. Acute injury, occurring within
days to weeks after irradiation, is rarely seen with current
radiotherapy techniques. Early delayed injury occurs within
1-6 months of irradiation and often involves a transient som-
nolence. Late delayed effects develop around 6-12 months
post-irradiation. They appear to be progressive and irrevers-
ible and include severe cognitive impairment. The pathologi-
cal correlates at autopsy include vascular abnormalities in-
cluding hyalinization and thickening of arteriolar walls,
gliosis, demyelination, leukoencephalopathy, and ultimately,
white matter necrosis.

Recent development in radiation therapy techniques has
eliminated the occurrence of early and delayed radiation inju-
ries. However, improvement in the survival of pediatric brain
tumors revealed that radiotherapy of brain tumors can lead to
devastating brain impairments even after many years of treat-
ment [22]. In fact, the incidence of post-irradiation cavernous
angioma increased progressively and this result is consistent
with previous studies [24-27]. Our study also revealed that the
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incidence of post-irradiation cystic malacia did not increase
after 5 years in patients of pediatric brain tumors. It may sug-
gest that the mechanism of development of cystic malacia and
cavernous angioma is totally different. Cavernous angioma
may develop as a result of damage to vascular structures,
while cystic malacia may develop due to damage to the glial
cells and/or the white matter tract itself.

Focal and diffuse high signal intensities in the white matter
are generally accepted findings on T2-weighted/FLAIR im-
ages after radiation therapy [3, 27]. The incidence of these
white matter changes increases with the dose of irradiation
and the duration after therapy [28]. White matter
hyperintensity changes on T2-weighted/FLAIR images after
irradiation are termed leukoencephalopathy. In our study, 19
of 41 patients developed cerebral white matter
hyperintensities. Among them, all except two showed small
white matter changes. Two patients showed confluence of
hyperintense areas, but still categorized as CTCAE grade 1.
CTCAE grade of leukoencephalopathy may not be suitable
for the evaluation of “pediatric” brain tumor patients. In our
evaluation with Fazekas rating scales, DWM hyperintensity
was observed in 17 patients at grade 1, 2 patients at grade 2,
and were more common than PVWM hyperintensity. More
importantly, the etiology of PVWM and DWM changes re-
portedly differ in leukoaraiosis and may also differ in post-
irradiation leukoencephalopathy. In leukoaraiosis patients,
DWM change is considered to result from chronic small ves-
sel ischemia, whereas PVWM change is not ischemic in na-
ture, but a result of the combination of demyelination,
ependymitis granularis, and subependymal gliosis [29].
Future studies are necessary to confirm the etiology and dis-
tribution of white matter changes after cranial irradiation in
pediatric brain tumor patients.

Recently, functional deficits, including progressive impair-
ments in memory, attention, and executive functions, having
profound effects on quality of life, have become increasingly
daunting [30]. The pathogenesis of the cognitive decline is not
fully understood, but some evidence suggests that it could be a
type of vascular dementia [31]. In our study, irradiation to
supratentorial pediatric brain tumors developed cystic
malacia, white matter changes, and Zabramski type I/II cav-
ernous angiomas earlier than infratentorial tumors. These re-
sults imply that irradiation to supratentorial tumors will cause
considerable damage to brain development compared to
infratentorial tumors in pediatric patients. Development of
cerebellum precedes the development of cerebrum during
childhood, and we speculated that the developing brain may
be more susceptible to radiation during childhood. Moreover,
irradiation dose to cerebrum is higher in supratentorial tumors,
which may be the reason for the development of cystic
malacia at a higher incidence in the supratentorial tumors.
However, we could not evaluate the contribution and patho-
genesis of each entity for functional deficits. It could be a very
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complex mechanism, and future larger studies are necessary to
elucidate the effect of these pathologies, underlying pathogen-
esis, and correlations with cognitive function.

Our study has some limitations. There are no previous re-
ports regarding the methods of evaluating cystic malacia after
cranial irradiation, and future studies are necessary to evaluate
the radiation induced damage burden to the brain utilizing the
technique of image standardization. The patient group was
heterogeneous and received different chemotherapies, and
we did not consider the effects of chemotherapy. Although
the effect of radiotherapy on brain development is reportedly
much higher than chemotherapy, future studies are necessary
to confirm the contribution of chemotherapy as an etiology of
cystic malacia, cavernous angioma, and white matter changes.
The irradiation fields were heterogeneous because of the dif-
ference in diseases and variation in location of tumors. Small
number of long-term survivors of each pediatric brain tumors
precluded us from evaluating the effect of radiation dose, and
we did not evaluate any of the pathologies histologically.
Some Zabramski type 4 CVAs may have included areas of
calcification or microbleeds due to etiologies such as senes-
cence, and the clinical implications of detecting Zabramski
type 4 CVAs remain to be determined. Diffusion-tensor imag-
ing may be a promising non-invasive technique able to detect
early changes in white matter integrity prior to radiographic
evidence of radiation-induced demyelination or white matter
necrosis [32, 33]. Future studies are necessary to confirm the
etiology of cystic malacia.

Conclusion

We attribute the high incidence of post-irradiation cystic
malacia in our long-term follow-up study to the cranial irradi-
ation for pediatric brain tumors. Cystic malacia did not in-
crease 5 years after irradiation, whereas cavernous angioma
increased continuously with the passage of time. The inci-
dence of cystic malacia, Zabramski type 1 or 2 CVA, and
white matter changes were higher in patients with
supratentorial brain tumors. Based on our findings, we recom-
mend that survivors of pediatric brain tumors be followed
regularly for a long-term as secondary changes may be detect-
ed long after the delivery of radiation therapy.
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