Journal of Neuro-Oncology (2022) 159:531-538
https://doi.org/10.1007/511060-022-04090-9

RESEARCH q

Check for
updates

Characteristics and therapeutic strategies of radiation-induced
glioma: case series and comprehensive literature review

Shumpei Onishi’2® . Fumiyuki Yamasaki' - Vishwa Jeet Amatya® - Takeshi Takayasu’ - Ushio Yonezawa' -
Akira Taguchi' - Shinji Ohba? - Yukio Takeshima® - Nobutaka Horie - Kazuhiko Sugiyama*

Received: 13 June 2022 / Accepted: 5 July 2022 / Published online: 3 August 2022
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract

Introduction The so-called radiation-induced glioma (RIG, a secondary glioma after cranial irradiation), is a serious late
effect after cranial radiation therapy. The clinical characteristics of and ideal treatment for these tumors are unclear. We
analyzed our case series and conducted a comprehensive literature review to reveal the precise characteristics of RIGs.
Methods We analyzed the cases of six patients with RIGs treated at our institution and 354 patients with RIGs from the
literature. The latency period from irradiation to the development of each RIG and the median overall survival of the patients
were subjected to Kaplan—Meier analyses. Spearman’s correlation test was used to determine the relationship between age
at irradiation and the latency period.

Results The mean age of the 360 patients at the development of RIG was 27.42 +17.87 years. The mean latency period was
11.35 +8.58 years. Multiple gliomas were observed in 28.4%. WHO grade 3 and 4 RIGs accounted for 93.3%. The latency
periods were significant shorter in the higher WHO grade group (p=0.0366) and the concomitant systemic chemotherapy
group (p<0.0001). Age at irradiation was negatively associated with the latency period (r=— 0.2287, p=0.0219). The
patients treated with radiotherapy achieved significantly longer survival compared to those treated without radiotherapy
(p=0.0011).

Conclusions Development in younger age, multiplicity, and high incidence of grade 3 and 4 are the clinical characteristics of
RIGs. Cranial irradiation at older ages and concomitant chemotherapy were associated with shorter latency for the develop-
ment of RIG. Radiation therapy may be the feasible treatment option despite radiation-induced gliomas.
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Gliomas are the most frequent parenchymal brain tumors
of the human central nervous system (CNS) [1]. The etiol-
ogy of gliomas remains unclear, but it is known that some
inherited syndromes such as neurofibromatosis type 1 (NF1),
Li-Fraumeni syndrome, Lynch syndrome, and constitutional
mismatch repair deficiency increase the risk of the occur-
rence of a glioma, as does the use of ionized radiation [2]. A
study of the lifespans of atomic bomb survivors revealed a
risk of glioma development with increasing radiation expo-
sure [3].

Cranial radiation therapy (RT) plays important roles in
the treatment of diseases such as brain tumors, hematologi-
cal malignancies, and head and neck disorders. Although the
use of cranial RT has improved survival times, cranial RT is
also known to increase the risks of leukoencephalopathy [4],
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cystic malacia [5], cognitive impairment [6], pituitary dys-
function [7], vascular arteritis including radiation-induced
moyamoya syndrome [8], cavernous malformation [9], and
secondary neoplasms [10].

Radiation-induced secondary intracranial neoplasms
occur in the brain parenchyma or meninges; meningiomas,
sarcomas, and gliomas are the most common secondary
intracranial neoplasms. A secondary glioma that develops
after the applications of irradiation, i.e., a radiation-induced
glioma (RIG), is a more serious secondary neoplasm com-
pared to meningiomas. Although sporadic diffuse gliomas
are histologically subdivided into CNS World Health Organ-
ization (WHO) grades 2—4 and are also classified based on
molecular features [11], RIGs have not been well character-
ized. In addition, ideal treatment protocols for RIGs have
not been established. We conducted the present study to
determine the precise characteristics of RIGs and investigate
their optimal treatment. To do so, we performed a retrospec-
tive analysis of the series of patients with RIGs treated at
our institution and the cases identified in a comprehensive
literature review.

Methods

To reveal the clinical and pathological characteristics of
RIGs and evaluate feasible treatment strategies for this
tumor, we evaluated our case series of six patients with RIGs
and performed a review of the relevant literature, which
identified 354 cases.

Design of the study

This retrospective study was approved by our institutional
review board (approval no. E2022-0031). We first collected
the medical records of all cases of surgically confirmed glio-
mas treated at our institution during the period from 2000 to
2021. We identified six patients who had a previous history
of irradiation. We excluded the patients without pathological
confirmation of a RIG.

Criteria for secondary glioma after irradiation

In this study, tumors that met the following criteria estab-
lished by Cahan et al. [12] were considered RIGs: (1) the
tumor arose within an irradiated field, (2) a sufficient latency
period had passed between the time point of irradiation and
the development of the second tumor (in this study, RIG
cases with > 11-month latency periods were included), (3)
the secondary tumor was histologically distinct from the
primary tumor, and (4) the patient had no genetic history
of cancer predisposition (e.g., Li-Fraumeni syndrome or
neurofibromatosis).

@ Springer

Selection of articles and literature review

Two of the authors (SO and FY) conducted a comprehen-
sive literature search for “radiation-induced glioma,” “radia-
tion associated glioma,” “secondary glioma,” and “second-
ary neoplasms after radiation therapy” in the Pubmed and
MEDLINE databases up to December 29, 2021. The terms
“glioma,” “glioblastoma,” “gliosarcoma,” “brain tumor,”
and “secondary neoplasm” were searched in combination
with “radiotherapy-induced,” “radiation therapy,” and “after
radiation.” We obtained all of the articles that were poten-
tially eligible for inclusion in our review. The references
listed in all potentially eligible articles were inspected in
order to identify other eligible articles. Review articles
that did not report original individual patients’ data were
excluded, although their references were checked for other
eligible articles. We identified published cases from 1960
to 2021 (Suppl. Table S1) and added the six cases from our
institution.

LI

Statistical analyses

After the review of all RIG cases in the literature, we evalu-
ated the differences in the number of latency years for the
development of RIGs by conducting Kaplan—Meier analy-
ses between pairs of groups based on factors such as gen-
der, WHO grade, irradiation dose, and chemotherapy. The
overall survival (OS) of the patients with RIGs were also
analyzed by a Kaplan—Meier analysis between different
treatment groups. The log-rank tests were used to compare
the latency years and OS between groups. Fisher’s exact
test was performed to evaluate the relationship between the
RIG lesions and the primary diseases. Spearman’s correla-
tion test was used to determine the relationship between the
patient's age at irradiation and the number of years to RIG
diagnosis. Statistical significance was assigned as p <0.05.
The statistical analyses were performed using JMP pro 15.0
(SAS, Cary, NC, USA) and GraphPad Prism, ver. 7.00 for
Mac (GraphPad Software, San Diego, CA).

Results
Our case series

Our institutional case series was six patients: three females
and three males. None of these patients had undergone
radiation exposure other than the radiation to their primary
lesions. The median age at the development of their RIGs
was 43.5 years (range 2765 years). The latency period
from irradiation to the development of RIG was from 5 to
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38 years, with a median latency period of 21 years. Half of
the six patients presented multiple lesions. Histopathological
examinations had revealed three cases of WHO grade 4 (two
cases of glioblastoma and a case of gliosarcoma), two cases
of WHO grade 3 (one of anaplastic astrocytoma and one of
anaplastic oligodendroglioma), and a WHO grade 2 diffuse
astrocytoma. The histological diagnoses were based on the
WHO guideline at the time the RIGs were diagnosed. In
additional immunohistochemical analyses, all six cases were
negative for IDH1-R132H immunohistochemical staining. A
summary of this case series is provided in Table 1. Details
of Case 5 were presented in an earlier report [13].

Literature review results

We identified 181 literatures that met the inclusion criteria.
For this review, we collected the information of patients with
RIGs including the six cases described above. Overall, we
analyzed 360 cases of RIG. The details of these cases are
summarized in Supplementary Table S1. The patient's age
at the development of RIG was available in 356 cases. The
mean age and standard deviation was 27.42 +17.87 years
(median 20 years) with a peak in the 10 s decade; the
numbers of RIG patients by decade of life were < 10 years
(n=31), 10 s (n=141), 20 s (n=54), 30 s (n=41), 40 s
(n=38),50s (n=28),60 s (n=12), 70 s (n=10) and 80 s
(n=35). Table 2 presents a summary of the patients’ clini-
cal information, including gender, primary disease, total
irradiation dosage, WHO grade, isocitrate dehydrogenase
(IDH) status, chemotherapy for the primary lesion, age at
irradiation, number of years to the development (latency) of
RIGs, and the patient's age at the development of RIGs. The
age distribution of the patients at the development of RIG

Table 1 The present series of patients with a radiation-induced glioma

is depicted in Fig. 1a, and Fig. 1b shows the age distribu-
tion of the patients with malignant gliomas (WHO grades 3
and 4) based on records we obtained from the Brain Tumor
Registry of Japan (BTRJ) 2005-2008.

Relationship between primary disease
and the irradiated field and the RIG locations

Whole-brain irradiation was performed in 106 cases: 85
cases (80.2%) of them were patients with hematologic
malignancies, six cases (5.7%) were patients with medul-
loblastomas, and three patients had brain metastasis.
Cranio-spinal irradiation (CSI) was performed in 70 cases:
48 cases (68.6%) were patients with medulloblastoma, 11
cases (15.7%) were a hematologic malignancy, and six
cases (8.6%) were germ cell tumors. Stereotactic radiosur-
gery (SRS) was performed in 14 cases: five (35.7%) were
patients with arteriovenous malformation, four (28.6%) were
vestibular schwannomas, three (21.4%) were meningiomas,
and two cases (14.2%) were brain metastasis. In the rest of
the cases, the details of radiation therapy were not available.

The locations of the RIGs were obtained in 275 cases;
among them 197 RIGs (71.6%) had developed in the
supratentorial region. In 77 cases (28.0%), the RIGs had
developed in the infratentorial region. A single patient
(0.4%) presented RIGs at both the supratentorial and
infratentorial regions.

The patients' primary diseases were subclassified into
medulloblastoma, germ cell tumor, other primary brain
tumor, brain metastasis, hematological malignancy, cer-
ebrovascular disease, scalp disease, and other disease. In
the medulloblastoma group, (66%) of the RIGs developed
predominantly in the infratentorial region. In the brain

Case Age at Primary disease Latency years Radiation Chemotherapy Multiplicity Histology WHO grade
irradia- dose (Gy)
tion /
gender
1 15/M Germ cell tumor 24 50 + + Glioblastoma 4
(WHO 2016)
2 9/F Medulloblastoma 18 54 + + Anaplastic astrocytoma 3
(WHO 2007)
3 27/F Ependymoma 36.6 60 ND - Diffuse astrocytoma 2
(WHO 2016)
4 18/F Germinoma 15 44 + + Glioblastoma 4
(WHO 2000)
5 10/M Pineal tumor 38 50 - - Anaplastic oligodendro- 3
glioma
(WHO 2000)
6 60/M Thyroid ophthalmopathy 5 20 - - Gliosarcoma 4
(WHO 2016)
ND not described
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Table 2 Characteristics of radiation-induced gliomas (mean + standard deviation (95%CI))

Age at irradiation, yrs

Latency years, yrs

Cases, n Proportion (%)
Overall 360 100
Gender
Male 205 56.9
Female 142 39.4
Unknown 15 4.2
Primary lesion
Brain tumor 204 56.7
(Low grade glioma) 14 39
(Ependymoma) 12 33
(Medulloblastoma) 67 18.6
(Germ cell tumor) 22 6.1
(Craniopharyngioma) 22 6.1
(Meningioma) 10 2.8
(Vestibular Schwannoma) 7 1.9
(Pituitary adenoma) 35 9.7
(Brain metastasis) 6 1.7
(Other brain tumors) 9 2.5
Hematologic malignancy 109 30.3
Scalp disease 17 4.7
Cerebrovascular disease 6 6.0
Others 24 6.7
Total irradiation dose:
Low 65 18.1
Intermediate 78 21.7
High 171 47.5
Unknown 46 12.8
WHO grade:
Grade 1 1 0.3
Grade 2 22 6.1
Grade 3 101 28.1
Grade 4 217 60.3
Unknown 19 5.3
IDH status:
IDH-mutant 1 0.3
IDH-wildtype 23 6.4
Chemotherapy for primary lesion
Chemotherapy (+) 135 37.5
Chemotherapy (-) 135 375
Unknown 90 25.0

15.86+16.45 (14.15-17.58)

14.22+14.94 (12.17-16.28)
19.01+18.57 (15.97-22.22)
7.42+5.49 (4.11-10.74)

18.82+16.88 (16.88-21.17)
11.82+8.95 (6.67-17.00)
10.59 + 14.47 (1.40-19.79)
8.79+8.62 (6.69-10.89)
16.63+9.58 (12.38-20.87)
10.13+5.65 (7.48-12.77)
38.80+22.34 (22.82-54.78)
56.33+ 11.81 (43.94-68.73)
36.14+10.12 (32.67-39.62)
38.00+ 16.35 (20.85-55.15)
13.69+10.16 (5.77-21.40)
6.475+5.56 (5.51-7.43)
20.1+19.69 (9.71-30.69)
26.67+21.63 (3.967-49.37)
28.16+23.04 (18.43-37.89)

10.72+13.93 (7.24-14.2)
13.73+17.89 (9.69-17.76)
18.51+15.91 (16.10-20.92)
16.93+17.47 (11.61-22.24)

6

9.87+8.27 (6.10-13.64)
14.94 +14.74 (12.03-17.85)
17.04+17.66 (14.66-19.42)
14.74 +17.15 (6.47-23.00)

12
14.63 +13.48 (8.80-20.46)

7.88+8.83 (6.38-9.38)
21.52+21.89 (19.48-25.84)
18.23+17.43 (14.58-21.88)

11.35+8.59 (10.46-12.25)

12.09+9.07 (10.84-13.34)
10.77+8.09 (9.41-12.13)
6.65+2.97 (5.01-8.30)

12.17+9.00 (10.94-13.42)
15.53 + 14.87 (6.95-24.12)
12.14+9.35 (6.20-18.08)
11.51+7.59 (9.66—13.37)
13.23+7.27 (10.01-16.46)
12.21+7.41 (8.93-15.50)
11.73+16.15 (0.17-23.29)
5.19 (3.15-7.22)
12.53+7.05 (10.11-14.95)
6.03+2.20 (3.72-8.34)
17.61 + 12.69 (7.86-27.37)
8.92+5.57 (7.87-9.98)
19.13+ 14.72 (3.80-27.28)
10.84+7.46 (3.01-18.67)
10.61+8.21 (7.15-14.08)

9.31+6.62 (7.67-10.95)
10.93 +8.43 (9.03-12.83)
11.46+7.12 (10.39-12.54)
14.70 +14.21 (10.38-19.02)

19.31

16.03+10.91 (10.93 -21.15)
11.73 +7.46 (10.25-13.20)
11.00+8.93 (9.79-12.18)
8.17+5.60 (5.47-10.87)

7
17.59+13.42 (11.79-23.39)

9.08+6.13 (8.03-10.12)
13.17+10.20 (11.42- 14.92)
12.08 +8.49 (10.30-13.85)

metastasis group, the incidence of RIGs in the supraten-
torial and infratentorial regions were comparable. In the
other groups, the RIGs developed predominantly in the
supratentorial region. Fisher’s exact test showed that the
medulloblastoma cases were significantly more likely to
develop an infratentorial RIG compared to the other pri-
mary-disease groups (p <0.01). The detailed results of this
analysis are presented in Fig. lc.
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Pathological and molecular characteristics of RIGs

The histological WHO grade of the RIGs was available in
341 cases. The proportion of WHO glioma grades were as
follows; grade 1: 0.3%, grade 2: 6.5%, grade 3: 29.6%, and
grade 4: 63.6%. Multiple gliomas were observed in 50 of
178 RIG cases (28.1%).
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The IDH status was obtained in 24 cases. IDH-wildtype
gliomas accounted for 23 (95.8%) of the 24 cases. Only one
case of an IDH-mutant RIG has been reported.

Clinical factors associated with the latency period
for the development of RIG

Among all 360 cases, the mean and standard deviation
of the latency period from irradiation to the develop-
ment of the patient's RIGs were 11.35 +8.58 years (range
0.92-61 years). The latency periods did not show a sig-
nificant difference between the female and male patients
(p=0.1601, log-rank test) (Fig. 2a). The median latency
period of the high-grade RIGs (WHO grades 3 or 4) was
9 years, which is significantly shorter than the 13-year
latency period of the low-grade RIGs (WHO grade 1 or 2)
(p=0.0366, log-rank test) (Fig. 2b).

We next subclassified the patients into three groups based
on the irradiation doses they had received: the high-dose
(=40 Gy) group, the intermediate-dose (<40 Gy, >20 Gy)
group, and the low-dose (<20 Gy) group. The median
latency period was 9.5 years in the high-dose group, 9 years
in the intermediate-dose group, and 8 years in the low-dose
group. These latency periods for the development of RIG did
not show a significant difference among the irradiation dose
groups (p=0.1035, log-rank test) (Fig. 2c).

To evaluate the effect of chemotherapy, we compared the
latency periods between the patients with and without sys-
temic chemotherapy for their primary disease. The latency
period for the development of RIG was significantly shorter

in the patients who had received systemic chemotherapy
(p <0.0001, log-rank test) (Fig. 2d). The examination of
effect of the patient’s age at irradiation revealed that older
age at irradiation was correlated with a significantly shorter
latency period for the development of RIG (r=— 0.2287,
p=0.0219, Spearman’s correlation test) (Fig. 2e).

Treatment and prognosis of radiation-induced
gliomas

Several treatment strategies for RIGs have been reported:
surgery, chemotherapy, and radiation therapy. In our present
review of the literature, the details of adjuvant therapy for
RIGs and the survival time were described in 123 of 362
cases (34.0%). Adjuvant chemotherapy was performed in
82.1% using various chemotherapeutic agents; temozolo-
mide, bevacizumab, CCNU (lomustine), and others. Radio-
therapy for a radiation-induced glioma was performed in
69.1% of the RIG patients.

The median overall survival (OS) among all of the RIG
patients studied herein was 11 months. The median survival
benefit of radiotherapy for RIG was 6 months; the median
survival was 16 months with radiotherapy and 10 months
without radiotherapy (hazard ratio [HR] for death, 0.5226;
95%CI: 0.3254-0.8398, p=0.0011, log-rank test) (Fig. 3a).
The comparison of the prognosis of the patients treated with
or without systemic chemotherapy for RIG revealed that the
median OS did not differ significantly between these groups
(HR for death, 0.81225; 95%CI: 0.4637-1.424, p=0.4201,
log-rank test) (Fig. 3b). The median OS also showed no
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vival (OS). The median OS was 16 months in the patients treated
with radiotherapy and 10 months for the patients treated without
radiotherapy (p=0.0011, log-rank test). b Comparison of the patients

significant difference between the two groups of high and
low WHO grades (p=0.9231, log-rank test) (Fig. 3c).
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treated with or without systemic chemotherapy for RIG: the median
OS did not differ significantly between these groups (p=0.4201, log-
rank test). ¢ The median OS was not significantly different between
the WHO grade groups (p=0.9231, log-rank test)

Discussion

This study assessed the characteristics of RIGs and con-
sidered the ideal treatment strategies for these tumors. Our
analyses revealed that higher patient age at cranial irra-
diation and concomitant chemotherapy were associated



Journal of Neuro-Oncology (2022) 159:531-538

537

with shorter latency to the development of RIGs. The
results also suggest that radiation therapy may be the fea-
sible treatment option for RIGs despite radiation-induced
gliomas.

Gliomas are the one of the common intraparenchymal
brain tumors. In a general population examined during
the period 2012-2016 and described in the Central Brain
Tumor Registry of the United States (CBTRUS) Statistical
Report, the median patient ages at the diagnoses of dif-
fuse astrocytoma, anaplastic astrocytoma and glioblastoma
were 47, 53, and 65 years, respectively [1]. Gliomas are
also one of the most common subsequent CNS neoplasms
after cranial irradiation [14]. In contrast to the gliomas
in general populations, in our present investigation the
median age of RIG patients was 20 years with a peak in
the 10 s decade. The age distribution of the development
of gliomas (Fig. 2) indicates that RIGs develop at younger
ages compared to sporadic malignant gliomas. Our analy-
ses also revealed that RIGs were more likely to present
multiple lesions compared to sporadic gliomas. In a 2019
meta-analysis, the prevalence rate of multiple high-grade
glioma was 19% [15]. In the present study, multiple glio-
mas were observed in 50 of 178 (28.1%) RIG cases.

We also observed that the location of the develop-
ment of RIGs varied depending on the type of primary
disease, and thus on the irradiation field. For example, in
the present patients with a medulloblastoma in the pos-
terior fossa, which is commonly treated with local radia-
tion with craniospinal irradiation, the RIGs developed
predominantly in the infratentorial region. In the patients
with germ cell tumors that were mainly at a suprasellar
or pineal region (which is treated with whole ventricu-
lar radiotherapy followed by a boost to the tumor bed),
the RIGs developed predominantly in the supratentorial
region. These results imply that a concentrated irradiated
field may be associated with the development of a RIG.

Regarding the pathological and molecular characteris-
tics of RIGs, we found only one IDH-mutant RIG case. In
this patient, concurrent mutations were also observed; a
missense mutation of TP53 and a short in-frame deletion
of MLH1; although an analysis of germline variants was
not performed, the authors of that case report did not rule
out the possibility of Lynch syndrome [16]. In another
report, RIGs were genetically distinct from sporadic glio-
mas [17]. Different diagnostic and clinical approaches to
RIGs are thus necessary.

Our study also revealed clinical factors that ae signifi-
cantly associated with shorter latency for the development
of RIG: concomitant chemotherapy and higher age at cra-
nial irradiation. An earlier investigation of RIGs includ-
ing spinal gliomas and ependymomas described a shorter
latency period in patients treated with concomitant sys-
temic chemotherapy [18]. In our larger present review of

intracranial RIGs, the patients who underwent systemic
chemotherapy for their primary diseases showed signifi-
cant shorter latency periods from simple radiotherapy to
the development of the RIGs. Cytotoxic effects of chemo-
therapy (e.g., that with alkylating agents) lead to DNA
damage and tumorigenesis [19, 20], which would cause a
shorter latency to the development of RIGs.

Our present statistical analyses showed that older
patient age at irradiation was associated with a shorter
latency period for the development of a RIG (r=— 0.2286,
p=0.0219, Spearman’s correlation test). In the general
population, the peak incidence of glioblastoma is in the
75—-84-year age range. The age-adjusted incidence of
glioblastoma increases with aging, except for a decrease
in patients > 85 years old [1]. Aging is an independent
risk factor for the development with gliomas, and we sus-
pect that irradiation could have been the final trigger of
tumorigenesis.

The indications for radiation therapy for radiation-
induced tumors are controversial. In our review, nearly 70%
of the RIG patients received radiation therapy. The patients
who were treated with radiation therapy achieved longer sur-
vivals compared to the patients without radiation therapy.
The prognosis of patients with a RIG is poor with the median
OS of 11 months, and thus radiation therapy for a RIG could
be considered as an acceptable treatment option even if it
exceeds the total tolerable radiation exposure. In a recent
analysis concerning reirradiation for glioblastoma, the risk
of radiation necrosis was approx. 0-3% after < 101 Gy with
a conventional fraction at a cumulative equivalent total dose
normalized to 2 Gy/fraction [21]. However, for the preven-
tion of further complications, radiation therapy for patients
with a RIG requires careful consideration of the extent of
the irradiation field and the irradiation methods. Regarding
chemotherapy for RIGs, several cases of marked responses
to nimustine hydrochloride (ACNU) or temozolomide were
reported, but the RIGs eventually relapsed in these cases
[22, 23]. In the present review, chemotherapy for RIG did
not show a survival benefit.

Our study has several limitations. It was a retrospective
analysis that included only patients who developed gliomas
after cranial radiation therapy, rather than all patients who
had received cranial radiation therapy. The clinical informa-
tion is limited due to the lack of data from previous publica-
tions. Larger prospective studies are needed to determine the
actual cumulative incidence and risk of RIGs.

Conclusions
Development at a younger age, multiplicity, and high inci-

dence of grade 3 and 4 tumors are the clinical characteristics
of RIGs. Cranial irradiation at older ages and concomitant

@ Springer



538

Journal of Neuro-Oncology (2022) 159:531-538

chemotherapy were associated with a shorter latency period
for the development of RIG. Radiation therapy is the most
feasible treatment option despite the risk of radiation-induced
gliomas.
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