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-OBJECTIVE: Radiation was first demonstrated to be associated with cav-
ernomagenesis in 1992. Since then, a growing body of literature has shown the
unique course and presentation of radiation-induced cavernous malformations
(RICMs). This study summarizes the literature on RICMs and presents a single-
center experience.

-METHODS: A prospectively maintained single institution vascular malfor-
mation database was searched for all cases of intracranial cavernous malfor-
mation (January 1, 1997eDecember 31, 2021). For patients with a diagnosis of
RICM, information on demographic characteristics, surgical treatments, radia-
tion, and surgical outcomes was obtained and analyzed. A comprehensive
literature search was conducted using PubMed, Embase, Cochrane, and Web of
Science databases for all reported cases of RICM.

-RESULTS: A retrospective review of 1662 patients treated at a single insti-
tution yielded 10 patients with prior radiation treatment in the neck or head
region and a subsequent diagnosis of intracranial RICM. The median (inter-
quartile range) latency between radiation and presentation was 144 (108e192)
months. Nine of 10 patients underwent surgery; symptoms improved for 5 pa-
tients, worsened for 3, and were stable for 1. The systematic literature review
yielded 64 publications describing 248 patients with RICMs. Of the 248 literature
review cases, 71 (28.6%) involved surgical resection. Of 39 patients with re-
ported surgical outcomes, 32 (82%) experienced improvement.

-CONCLUSIONS: RICMs have a unique course and epidemiology. RICMs
should be considered when patients with a history of radiation present with
neurologic impairment. When RICMs are identified, symptomatic patients can be
treated effectively with surgical excision and close follow-up.
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INTRODUCTION

Cavernous malformations (CMs) are
benign vascular lesions of the central
nervous system that are composed of thin-
walled, dilated capillary spaces with a lack
of brain tissue.1 Intracranial CMs occur
most commonly in the cerebrum, basal
ganglia, and brainstem and rarely occur
in other intracranial locations.2 These
lesions are most often diagnosed using
magnetic resonance imaging (MRI)
because they are angiographically occult.3

The overall incidence of CMs is
approximately 0.5%,4 and their
origination involves either sporadic or
autosomal dominant patterns of

rights reserved.
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inheritance in CCM1, CCM2, and CCM3
genes.5

CMs were first associated with thera-
peutic irradiation in 1992,6 and this
association was found in pediatric
patients in 1994.7 Although the
mechanism of radiation injury is
incompletely understood, it is thought to
be delayed vasculopathy with
hyalinization and fibrinoid necrosis of
endothelial walls, precipitating occlusion,
infarction, vascular proliferation, and
ultimately CM genesis.8-12 Compared
with other related injuries, radiation-
induced CMs (RICMs) exhibit a longer
WORLD NEUROSURGERY, http
and more variable latency period (1e
26 years),10 which may help explain
delayed diagnoses.
The radiologic and pathologic features

of RICMs are comparable to those for
sporadic or familial CMs; however,
consensus is lacking on the differences in
clinical behavior (unpublished data).
RICMs may be associated with more vari-
able natural histories and a higher risk of
hemorrhage, potentially indicating the
need for alternative treatment para-
digms.13 This study aimed to better
understand the clinical outcomes and
natural history of RICMs by evaluating
s://doi.org/10.1016/j.wneu.2023.08.036
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data from a single-institution retrospective
review and a systematic review of the
literature.
MATERIALS AND METHODS

Retrospective Review
A prospectively maintained institutional
vascular malformation database was
retrospectively searched for all cases of
intracranial CM during the sampling
frame (January 1, 1997eDecember 31,
2021). The St. Joseph’s Hospital and
Medical Center Institutional Review Board
approved the retrospective review. The
requirement for informed patient consent
was waived because of the study’s retro-
spective nature and the low risk to pa-
tients. Strengthening the Reporting of
Observational Studies in Epidemiology
guidelines were followed. Inclusion
criteria included the availability of a thor-
ough radiation history, follow-up data,
data on operative outcomes and compli-
cations, and retreatment data. Definite
RICM was defined as CM in a patient
without a familial CM syndrome and with
prior brain or head and neck irradiation.
RICMs were considered probable if the
prior radiation was indirect, or if both
irradiation and a positive family history
were present. The location of the earlier
radiation and time course of the intracra-
nial RICM needed to be consistent for
radiation to be considered as the cause of
the CM. Patient presentation, operative
notes, imaging, and follow-up data were
reviewed, especially for a history of radia-
tion involving the thorax, neck, and head.
Demographic, surgical treatment, radia-
tion, and surgical outcome data were ob-
tained for all cases included in the series.
Descriptive statistics include mean with
standard deviation (SD), median (range),
and frequency with percentage. Contin-
uous and categorical variables were
assessed using the independent 2-sample t
test or c2 test, respectively; an alpha
threshold of 0.05 defined significance. All
analyses were performed using R 4.0.1 (R
Foundation for Statistical Computing).

Systematic Literature Review
A comprehensive search and review of the
literature were conducted in accordance
with the Preferred Reporting Items of
WORLD NEUROSURGERY 179: 222-232,
Systematic reviews and Meta-Analyses
guidelines to identify all available CM
cases that were suspected of being asso-
ciated with radiotherapy. The terms
“cavernous malformation,” “cavernoma,”
“cavernous hemangioma,” “cavernous
angioma,” “radiation,” “radiation-
induced,” “radiation therapy,” and
“Gamma knife” were queried using
PubMed, Embase, Cochrane, and Web of
Science databases. Three independent re-
viewers (S.W.K., S.J.D., and E.G.R.) per-
formed the article analysis and data
extraction, with disagreements on inclu-
sion settled by a senior author (V.M.S.).
All articles published before October 1,
2021, were included in the search. The title
and abstract were reviewed first, with all
studies that described cases of intracranial
RICMs considered for study inclusion.
Articles that did not describe any new
cases of RICM were excluded from further
analysis. To prevent overlap, the source
and institution of the reporting data for
each paper were analyzed and all potential
patients and cohorts were sorted out, with
those with overlap excluded. RICMs of the
spinal cord were also excluded. All litera-
ture was consolidated with EndNote. Data
were extracted for analysis, including
location of lesion, presenting symptoms,
prior CM, diagnosis prompting prior ra-
diation, area and type of radiation, symp-
tom duration, latency period, resection
extent, complications, outcome, and
follow-up in months.
RESULTS

Retrospective Review
Definite RICM. Among 1662 patients, 10
were identified with definite intracranial
RICMs (0.6%; Table 1). Mean (SD) age at
RICM surgery was 40.7 (17.3) years
(range, 19e71 years); 7 were men, and 3
were women. Common presenting
symptoms included focal neurologic
deficit (n ¼ 6), headache (n ¼ 5), visual
changes (n ¼ 5), and seizure (n ¼ 3); 1
patient was asymptomatic. Median
(interquartile range [IQR]) duration of
symptoms was 8 (2e41) months (range,
0.25e123 months). Median (IQR) latency
between irradiation and RICM resection
was 144 (108e192) months (range, 50e
348 months). Neuroanatomic distribution
NOVEMBER 2023 www.journals.el
was broad (Figure 1), and multiple
RICMs were noted on the first MRI
demonstrating CM in 2 patients (Table 1).
Nine patients with CM underwent

microsurgical resection; 1 asymptomatic
lesion was observed. Among 9 operations,
gross total resection was achieved in 7; 1
thalamic and 1 pontine RICM underwent
subtotal resection (Table 1). Preoperative
symptoms improved in 5, worsened in 3,
and were stable in 1. Median (range)
follow-up was 15.5 (1e154) months. A
representative image showing a RICM in
patient 3 in our case series is presented in
Figure 2.

Probable RICM. Another 6 patients were
identified as having received radiation to
the abdomen and thorax region, where
indirect radiation could have resulted in
the development of an RICM. Data for
these patients are shown in Table 2. Two
of these patients had a history of familial
CMs.

Systematic Literature Review
Patient Characteristics and History of Radia-
tion. A total of 1258 manuscripts were
screened; 64 contained quantitative data
suitable for synthesis, reporting on 248
patients (Figure 3; Supplemental
Materials). Prior irradiation was delivered
for 38 unique indications (Table 3). The
most common diagnoses among the 248
patients were medulloblastoma (n ¼ 75,
30.2%), leukemia (n ¼ 60, 24.2%),
astrocytoma (n ¼ 25, 10.1%), germinoma
(n ¼ 14, 5.6%), and ependymoma (n ¼
14, 5.6%). Mean (SD) age at irradiation
was 13.8 (14.5) years (range, 0.2e
75 years). Of 248 patients, 104 (41.9%)
received whole-brain radiation; 144
(58.1%) underwent multifocal treatments
(Table 4). The irradiation modality was
stereotactic radiosurgery (SRS) in 21 of
248 (8.5%). All 248 RICMs were within
the irradiation field; among 188
treatments with accessible dosimetry, the
mean prescription dose was 46.4 (18.7)
Gy (range, 9.9e133.6 Gy).
The mean age at RICM presentation

was 24.2 (16.9) years (range, 3e77 years).
One hundred and eighty-six (75.0%) pa-
tients were 5e30 years of age, 60 (24.2%)
patients were more than 30 years of age,
and 2 (0.8%) patients did not have age
reported. The median (IQR) latency
sevier.com/world-neurosurgery 223
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Table 1. Clinical Cases of Radiation-Induced Cavernous Malformation due to Direct Radiation

Patient

Age
(Year),
Sex

Location
of RICM Presenting Symptoms

Prior
CM
Tx

Dx Prompting Prior
Radiation

Type/Area of
Prior

Radiation

Date of
Prior

Radiation
>1
CM

Latency
(months)

Symptom
Duration
(months) EOR Complications* Outcome

FU
(mo)

1 19, M L frontal Seizures N Leukemia Intracranial 1984 N 180 1 Total None Improved 1

2 31, M L frontal Visual changes, headache N Medulloblastoma XRT/intracranial 2002 N 108 0.25 Total None Improved 1

3 25, M Ponto-
medullary

L hemiparesis, dysarthria, facial paralysis,
dysphagia, spasticity

N Esthesioneuroblastoma XRT/intracranial 2000 N 144 60 Total None Improved 53

4 71, M L
thalamus

Word-finding difficulty, headache, diplopia,
tinnitus, hearing loss, vertigo, L upward gaze

palsy

N Papillary thyroid
carcinoma

Radiation
iodine/thyroid

2007 N 123 123 Subtotal None Worsened 29

5 58, F R insula LOC, difficulty reading, seizures N Graves’ disease Radiation
iodine/thyroid

1992 Y 192 2 Total None Improved 154

6 27, M Pons Decreased sensation/weakness lower & upper
extremity, diplopia, headache, impaired gait,

hearing loss, R CN VI palsy

N GBM External beam
(60 Gy)/

intracranial

2010 N 60 7 Subtotal Encephalomalacia;
postop pneumonia

Worsened 12

7 37, F L frontal Stroke, headache, altered awareness, dizziness,
imbalance, dysarthria

N Leukemia - 1992 Y 336 41 Total None Stable 19

8 52, M L pons Dizziness, diplopia, headache, generalized
weakness, ataxia of gait, double vision,

dysphagia, dysarthria

N Non-Hodgkin lymphoma Whole body - N - 11 Total None Improved N/A

9 31, M R insula Seizures w/aura, diaphoresis Y GBM Intracranial
(104 Gy)

2011 N 50 8 Total Aseptic meningitis Worsened 11

10 56, F L basal
ganglia

None N Prolactinoma Pituitary gland 1992 N 348 Asymptomatic None;
conservative

tx

N/A N/A N/A

CM, cavernous malformation; CN, cranial nerve; Dx, diagnosis; EOR, extent of resection; FU, follow-up; GBM, glioblastoma multiforme; L, left; LOC, loss of consciousness; N/A, not available; R, right; RICM, radiation-induced cavernous malformation; Tx,
treatment; XRT, radiotherapy.

*Nine of 10 patients had no surgical complications reported; 1 patient had no data available on complications.
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Figure 1. Locations of 10 radiation-induced cavernous malformations (RICMs) found in our institutional
retrospective review. Used with permission from Barrow Neurological Institute, Phoenix, Arizona.
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between irradiation and RICM presenta-
tion was 7.65 (4e14.1) years (range, 0.20e
60.7 years). The latency period among the
248 patients was less than 5 years for 90
(36.3%), 6e10 years for 72 (29.0%), 11e
20 years for 61 (24.6%), and more than
20 years for 25 (10.1%) patients.

RICM Presentation. RICM were reported in
19 unique neuroanatomic locations
(Table 4 and Figure 4). The most common
location was the temporal lobe (69 of 248
cases; 27.8%), followed by the frontal
lobe (57 cases; 23.0%) and parietal lobe
(34 cases; 13.7%). Of note, 55 of 248
lesions (22.2%) were described only as
“cranial.” RICM size was reported for 26
of 248 (10.5%), with a median diameter
of 5.5 mm (range, 1.3e22.5 mm). Of 248
patients, 108 (43.5%) had multiple
RICMs, and 78 (31.5%) presented with
hemorrhage. Among 248 patients, 89
(35.9%) were symptomatic, and 159
(64.1%) were asymptomatic (Table 5).
The most common presentations were
focal neurologic deficits (46.1% [41/89]
of symptomatic patients and 16.5% [41/
248] overall) and seizures (38.2% [34/89]
of symptomatic patients and 13.7% [34/
248] overall). Of 78 hemorrhages, 61
WORLD NEUROSURGERY 179: 222-232,
were in symptomatic patients (78%), and
44 were surgically evacuated (56%).
Among 89 patients with symptomatic
lesions, data on whether the symptoms
were acute or chronic were reported for
50 (56%) patients. Twenty-six (29%) pa-
tients had acute symptoms. No family
history of CM was reported for any patient.

Surgical Results and Outcomes. Among 248
patients, 71 (28.6%) underwent microsur-
gical resection, which included 54 of 89
(61%) symptomatic and 17 of 159 (10.7%)
asymptomatic patients. Among the 71 pa-
tients with microsurgical resection, sub-
total resection was reported for 2 (3%),
gross total resection was achieved for 22
(31%), and data on the extent of resection
were unreported for 47 (66%). Post-
operatively, symptoms improved in 32
(45%), worsened in 1 (1%), were un-
changed in 6 (8%), and were unreported
in 32 (45%).
DISCUSSION

In this retrospective review and systematic
literature review, 258 patients with RICMs
were identified. Of 50 patients with sur-
gical outcomes reported, 46 (92%)
NOVEMBER 2023 www.journals.el
experienced stable or improved outcomes
after surgery. The diagnoses that promp-
ted radiation, magnitude of exposure to
radiation, and time course in these RICM
patients varied greatly, and only approxi-
mately a quarter of patients underwent
surgery.

Patient Profile
Pediatric patients have the highest risk of
RICM development. Treatment for a wide
variety of diagnoses can potentially lead to
RICM, but the most common associated
diagnoses are brain tumors that are most
common in children, such as medullo-
blastomas. The majority of patients with
RICMs are asymptomatic, and the most
frequent RICM locations are consistent
with nonradiation CMs. Radiation outside
of the cranial field may also cause an
RICM, but more evidence is needed to
determine whether screening would have
any value.
In our literature review, 57 of 200 (29%)

RICM patients with age at first radiation
reported were younger than 6 years, and
128 (64%) were younger than 11 years at
the time of first radiation, with a mean age
at first radiation of 14 years. These data
confirm the previously identified suscep-
tibility of the pediatric brain to RICM
formation.10,14-17 The plateau in the
cumulative frequency of RICMs in our
sample for subsequent age groups
supports the increased risk of RICM
formation for patients irradiated at
younger than 10 years of age identified
by Heckl et al.10 Furthermore, the low
mean age of 24.4 years at RICM
presentation that we observed in the
literature review, along with a mean
latency period of 10.1 years, is similar to
data from Nimjee et al.,15 who reported
an average latency period of 8.9 years,
and Patet et al.,18 who reported an
average latency period of 9.2 years; these
similar findings are unsurprising because
the patients reported in those literature
reviews may overlap with the patients
reported in our review.
Although the pathogenesis of RICM in

pediatric brains is unclear, considerable
postnatal remodeling of the microvascular
architecture occurs in children. Endothe-
lial organization and cerebrovascular
remodeling are based on blood flow and
pressure19-21; thus, the decrease in blood
flow and increase in interstitial fluid
sevier.com/world-neurosurgery 225
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Figure 2. Representative image of a patient (patient 3 in our case series) with a history of intracranial
radiation for an esthesioneuroblastoma who was later found to have a radiation-induced cavernous
malformation (RICM). (A) Axial T2-weighted noncontrast magnetic resonance imaging (MRI). (B) Axial
T1-weighted postcontrast MRI. (C) Coronal T1-weighted postcontrast MRI. (D) Sagittal T1-weighted
postcontrast MRI. Used with permission from Barrow Neurological Institute, Phoenix, Arizona.
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pressure observed in irradiated tissue may
impair natural angiogenesis.22

Additionally, focal ischemia and hypoxia
in irradiated brain tissue both stimulate
expression of hypoxia-inducible factor 1
and vascular endothelial growth factor,
both of which are implicated in blood
vessel formation.10 Therefore, the
interaction of pediatric neuroplasticity
with radiation-induced changes to the
central nervous system may predispose
children to the formation of de novo
RICMs.
Although our literature review sup-

ported the increased risk of RICM forma-
tion from childhood irradiation, one half
(5 of 10) of the patients in our institutional
series received radiation therapy as adults
(ages 22e61 years). Although earlier
226 www.SCIENCEDIRECT.com
reports highlight the rarity of RICMs
developing after adult irradiation,15 recent
findings from Cutsforth-Gregory et al.13

demonstrate the enduring potential for
RICM formation, even in the adult brain.

Diagnoses for Which Radiation Treatment
May Be Associated with RICM
As shown in Table 3, medulloblastoma was
the most common diagnosis that prompted
radiation leading to RICM formation
among the literature review cases, which
is consistent with previous RICM
reviews15,16,18 and aligns with findings
that medulloblastomas are the most
frequent type of brain tumor in the
pediatric population.23 Additionally, this
factor may explain the slight male
dominance across RICM cases observed
WORLD NEUROSURGERY, http
in our literature review (male sex, 129 of
234 [55.1%]), institutional cases (male sex,
7 of 10 [70%]), and earlier literature,15,24

because medulloblastoma, gliomas, and
acute lymphoblastic leukemia are more
common among men.15,25 Many of our
institutional patients presented with
diagnoses that were neither captured in
our literature review nor previously
documented in the RICM literature,
namely, lymphoma, Graves’ disease, and
esthesioneuroblastoma, as well as less
common nonmedullary pathologies.
Additionally, the 2 cases of glioblastoma
multiforme among our institutional cases
are rare, because glioblastoma has been
documented as a primary diagnosis before
RICM development on only 1 separate
occasion.16 The case of prolactinoma was
also rare, because pituitary adenoma had
been documented on only 3 other
occasions.13,26,27 It is important to note
the variety in diagnoses for which
radiation treatment may have induced
RICM, because this has important
implications for patient screening
following any cranial radiotherapy.

Association by Radiation Type and Dose
All patients included in our literature
review received radiation in the cranial
field. The 20 unique areas of earlier ra-
diation within the cranial field (Table 4)
demonstrate that radiation to any part
of the brain may induce RICM. In
several cases, the location of radiation
correlated to the exact location of the
RICM (e.g., radiation directed at the
temporal lobe led to an RICM in the
temporal lobe). The range of radiation
doses observed in the literature review
was large (9.9e133.6 Gy), but 110 of the
188 patients (58.5%) with dosage listed
received high-dose radiation (>40 Gy).
This finding is consistent with a report
by Mariniello et al.,16 in which doses
ranged from 18 to 90 Gy and most
patients (57%) received high-dose radia-
tion (40e60 Gy).
Jain et al.28 observed a correlation

between a radiation dose of less than
30 Gy and a shorter latency to
development of CMs, but we did not
observe this time correlation in our
analysis. Conversely, Keezer and Del
Maestro29 suggested that low-dose radia-
tion may induce RICMs at a higher fre-
quency because a high dose may cause
s://doi.org/10.1016/j.wneu.2023.08.036
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Table 2. Clinical Cases of Radiation-Induced Cavernous Malformation due to Nondirect Radiation

Patient
Age (Year),

Sex
Location
of RICM Presenting Symptoms

Prior
CM

Dx
Prompting

Prior
Radiation

Type/Area of
Prior

Radiation
>1
CM

Family
Hx

of CM
Latency
(months)

Symptom
Duration
(months) EOR Outcome*

FU
(months)

1 53, F L temporal Poor balance, headache, L
tongue numbness, dysphagia, L

facial droopiness

N Breast cancer Radiation/
breast

N N 96 N/A Total Worsened 210

2 55, F L
parahippocampal

Seizures N Breast cancer Radiation/
breast

N N 108 5 Total Improved 56

3 51, M L pontine R body numbness, impaired gait Y Colon cancer Radiation Y Y 48 <1 Total Improved or
stable

65

4 53, F R frontotemporal Severe headache, mild dizziness N Breast cancer Radiation/
breast

Y Y 72 14 Subtotal Worsened 209

5 50, F L pons Horizontal binocular diplopia,
headache, L eye inversion, R

upper/lower extremity
weakness, tinnitus, R

hemianesthesia, L CN VI palsy, R
hand incoordination, imbalance

N Breast cancer Radiation/
breast

N N 25 28 Total Stable 6

6 59, F Brainstem Facial droop, impaired R eye
abduction, severe headache,
clumsiness, L hand numbness

N Breast cancer Radiation/
breast

Y N 24 5 Total Stable 2

CM, cavernous malformation; CN, cranial nerve; Dx, diagnosis; EOR, extent of resection; FU, follow-up; Hx, history; L, left; N/A, not available; R, right; RICM, radiation-induced cavernous malformation.
*No patient experienced surgical- or hospital-related complications related to CM treatment.
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Figure 3. Preferred Reporting Items of Systematic reviews and Meta-Analyses (PRISMA) flow
diagram. Used with permission from Barrow Neurological Institute, Phoenix, Arizona.

Table 3. Diagnosis That Prompted
Radiation Among Literature Review
Cases

Diagnosis

Number (%)
of Patients
(n [ 248)

Adenocarcinoma 1 (0.4)

Arteriovenous malformation 5 (2.0)

Astrocytoma 25 (10.1)

Burkitt lymphoma 2 (0.8)

Cancer with brain metastasis 3 (1.2)

Cavernous malformation 2 (0.8)

Choriocarcinoma 1 (0.4)

Choroid plexus 1 (0.4)

Chronic earache 1 (0.4)

Craniopharyngioma 1 (0.4)

Cushing disease 1 (0.4)

Cutaneous T-cell lymphoma 1 (0.4)

Cystic mass 1 (0.4)

Dysembryoplastic
neuroepithelial tumor

1 (0.4)

Ear abscess 1 (0.4)

Ependymoma 14 (5.6)

Epilepsy with sclerosis 1 (0.4)

Germ cell tumor with brain
metastasis

2 (0.8)

Germinoma 14 (5.6)

Glioblastoma 1 (0.4)

Glioma 6 (2.4)

Langerhans cell histiocytosis
with retro-orbital mass and
lytic skull lesions

1 (0.4)

Leukemia 60 (24.2)

Medulloblastoma 75 (30.2)

Meningioma 8 (3.2)

Mucoid epidermal carcinoma 1 (0.4)

Oligoastrocytoma 2 (0.8)

Oligodendroglioma 1 (0.4)

Orbital tumor 1 (0.4)

Parotid carcinoma 1 (0.4)

Pinealoma 1 (0.4)

Pineocytoma 1 (0.4)

Pituitary adenoma 3 (1.2)

Primitive neuro-ectodermal
tumor

2 (0.8)

Continues
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cellular apoptosis, which prevents CM
formation. However, this theory contra-
dicts the observation by Heckl et al.10 that
RICM occurred only in adults with greater
than 30 Gy of radiation. We also did not
observe this correlation between low-
dose radiation and RICMs in our review.
Of note, in our literature review cases, only
2 of 21 (10%) patients who received SRS
developed more than 1 RICM, compared
to 106 of 227 (46.7%) patients who did not
receive SRS and had multiple RICMs.
Interestingly, 13 of 21 (62%) patients
receiving SRS presented with hemorrhage,
which is almost double the overall per-
centage of patients from the sample who
bled from their RICMs (78 of 248 [31.5%]).
228 www.SCIENCEDIRECT.com
Because doses higher than 10 Gy in a
single exposure induce more severe
vascular damage than fractionated irradi-
ation,22 the high doses of radiation
regularly used in SRS may be implicated
in the increased presentation of bleeding
from the RICM, even though the risk of
developing an RICM following SRS is
substantially lower. Therefore, although
administering a single large dose of
targeted radiation may reduce the risk
that multiple RICMs will form, it is
important to consider a potentially
greater hemorrhage risk conferred by
more concentrated radiation doses and
greater vascular damage to a particular
region of the brain. Kralik et al.30 found
WORLD NEUROSURGERY, https://doi.org/10.1016/j.wneu.2023.08.036
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Table 3. Continued

Diagnosis

Number (%)
of Patients
(n [ 248)

Rhabdomyosarcoma 1 (0.4)

Schwannoma 2 (0.8)

Thyroid carcinoma 1 (0.4)

Tonsils 1 (0.4)

Unspecified brainstem mass 1 (0.4)

Table 4. Location of Prior Radiation and Intracranial Radiation-Induced Cavernous
Malformations Among 248 Literature Review Cases

Number (%) of Patients (N [ 248)

Brain Area Prior Radiation*
Radiation-Induced

Cavernous Malformationy

Basal ganglia 1 (0.4) 25 (10.1)

Brainstem 2 (0.8) 14 (5.6)

Caudate 1 (0.4)

Central sulcus 1 (0.4)

Centrum semiovale 2 (0.8)

Cerebellopontine angle 2 (0.8) 1 (0.4)

Cerebellum 42 (16.9) 25 (10.1)

Cingulate gyrus 1 (0.4)

Cranial, not further specified 35 (14.1) 55 (22.2)

Craniospinal 72 (29.0)

Ear 2 (0.8)

Foramen of Monro 1 (0.4)

Frontal lobe 5 (2.0) 57 (23.0)

Insula 3 (1.2) 9 (3.6)

Internal capsule 3 (1.2)

Intraventricular 2 (0.8) 1 (0.4)

Midbrain 3 (1.2)

Occipital lobe 2 (0.8) 15 (6.0)

Parasellar region 1 (0.4)

Parotid 1 (0.4)

Parietal lobe 1 (0.4) 34 (13.7)

Periventricular 3 (1.2)

Pineal 3 (1.2)

Pons 3 (1.2)

Subcortical 1 (0.4)

Suprasellar zone 2 (0.8)

Temporal lobe 7 (2.8) 69 (27.8)

Thalamus 7 (2.8)

Thyroid 1 (0.4)

Whole brain 104 (41.9)

*Some patients received radiation in more than 1 location; data for a total of 290 previous radiation treatment locations are
reported.

ySome patients had cavernous malformations in multiple locations; data for a total of 329 radiation-induced cavernous
malformations are reported.
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a shorter latency for RICM development
after proton beam therapy than after
standard SRS; however, our data were
not sufficient to confirm this pattern
because we found only 1 case involving
proton beam radiation in our literature
review.

Clinical Presentation and RICM
Characteristics
Most RICMs are found incidentally15,18;
64.1% (159 of 248) of the literature review
patients were asymptomatic. In
comparison, our institutional series of 10
patients represents a unique cohort
because 9 were symptomatic. As expected,
a larger percentage of hemorrhagic
patients than nonhemorrhagic patients
were symptomatic (61 of 78 [78%] vs. 28
of 170 [16.5%]). The majority of CMs form
in the cerebrum.31,32 Our literature review
suggests that the cortex is the region of
the brain that is most susceptible to
RICM, because the 3 most common
locations for RICM development were the
temporal lobe, frontal lobe, and parietal
lobe. Cutsforth-Gregory et al.13 suggested
that radiation may increase the rate of
hemorrhage, and our data support this
concept. Nearly one half of patients (108 of
248 [43.5%]) in our literature review
presented with multiple RICMs, which is a
slightly higher percentage than the 35% of
patients with multiple RICMs reported by
Nimjee et al.15 Conversely, our institutional
review demonstrated a lower-than-average
incidence of multiple CMs (2 of 10). Clin-
ical or radiologic hemorrhage was found in
78 (31.5%) of the patients in the present
literature review. The incidences of both
multiplicity and hemorrhage are higher than
WORLD NEUROSURGERY 179: 222-232,
for sporadic cavernomas in previous publi-
cations,15,33,34 and the percentage of patients
with hemorrhage is slightly higher than the
25% reported by Patet et al.18
NOVEMBER 2023 www.journals.el
Surgical Management
Patients who undergo surgery for RICMs
can have favorable outcomes, as supported
by the data from the literature review and a
sevier.com/world-neurosurgery 229
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Figure 4. Locations of 267 of the 329 radiation-induced cavernous malformations (RICMs) found in
literature review cases. RICM locations are not shown for 55 unspecified cranial cases, and 7 RICMs
with locations that could not be clearly shown in the illustration are also omitted. Used with
permission from Barrow Neurological Institute, Phoenix, Arizona.

LITERATURE REVIEW

STEFAN W. KOESTER ET AL. INTRACRANIAL RICMS
previously published literature review.15

Our institutional review found that 3 of
10 patients had experienced worsening
conditions after surgery, but these
outcomes were largely attributable to
comorbidities (e.g., glioblastoma
multiforme). Because the follow-up data
for patients with conservative treatment
were minimal, it is unclear whether sur-
gical treatment or conservative treatment
Table 5. Clinical Presentation Among Literatu

Presenting Symptom Num

Focal neurologic deficits

Seizures

Headache

Visual changes

Dizziness, nausea, or vomiting

Cognitive decline

Altered mental status

Any*

*Patients may have presented with more than 1 symptom.
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is associated with better outcomes among
asymptomatic patients.

Relationship to Irradiated Field
Although the primary focus of our institu-
tional review was to analyze patients who
had received cranial radiation, we found
notable cases in which patients received
radiation in other regions of the body
before RICM presentation. Specifically, the
re Review Cases

ber of Patients
Percentage of Total
Patients (N [ 248)

41 16.5

34 13.7

31 12.5

11 4.4

13 5.2

3 1.2

2 0.8

89 35.9

WORLD NEUROSURGERY, http
retrospective search for intracranial RICMs
identified 6 patients who received radiation
to the torso and chest and later presented
with RICMs. Patet et al.18 determined that
most RICMs appeared to develop at sites
distant from the irradiation area.
Although most radiotherapy attempts to
reduce the amount of radiation delivered
outside of the primary treatment site,
5%e20% of the total dose of radiation is
still delivered to normal tissues due to
radioimaging-guided setup and scatter
from the radiotherapy itself.35 Therefore,
although thoracic radiation may deliver
lower radiation doses to the brain, the
risk of developing RICMs from noncranial
radiation sources cannot be neglected.

Limitations
Although this study succeeded in
compiling data for 248 patients, not all
surveyed publications included compre-
hensive data on radiation and RICM pre-
sentation. Additionally, data on the
latency between radiation and RICM pre-
sentation are limited in their measure of
latency for RICM formation, because
RICMs are typically discovered through
symptomatic hemorrhages after RICM
formation. However, by confirming previ-
ously identified findings and asserting
novel observations surrounding the im-
plications of radiation to the brain, this
study provides valuable insight into intra-
cerebral RICM formation. Further analysis
of predictors of outcomes was limited by
the small sample size and varied sample
population, which was the result of
Percentage of Symptomatic
Patients (N [ 89)

46

38

35

12

15

3

2

100
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limited reporting of outcomes among pa-
tients who underwent microsurgical
treatment. Patients who received intracra-
nial radiation or had a history of head and
upper neck pathology prompting treat-
ment with radiation had prior imaging
findings that were negative for CM. At
minimum, these patients had non-
contrasted head CT performed, and at
best, they had MRI. However, the type of
imaging performed was at the discretion
of the ordering physician and dependent
on the pathology that prompted the im-
aging. Earlier imaging could potentially
have missed an already-existing CM,
because in most cases only the printed
radiology report was available for retro-
spective analysis. In patients with neck
radiation, it is possible that head imaging
was not performed. Because the majority
of patients were referral patients who did
not receive initial care at our institution,
the preradiation imaging work-up is vari-
able. This is a limitation to our case series,
which is based on making a diagnosis of
radiation-induced CM.
CONCLUSION

Cavernomagenesis in the setting of radia-
tion exposure can occur through various
radiation exposures to the head and neck,
and the diagnoses that prompt radiotherapy
vary greatly. We found that RICMs may be
clinically distinct, presenting with multiple
CMs and associated with a higher hemor-
rhage rate than non-RICMs. In summarizing
the literature and providing our experience,
we have shown the unique course and
epidemiology of RICMs. RICMs should be
considered in patients with neurologic
impairment and a history of radiation.
When symptomatic RICMs are identified,
they can be treated effectively through sur-
gical excision and close follow-up.
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