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OBJECTIVE  Radiation-induced meningiomas (RIMs) are associated with aggressive clinical behavior. Stereotactic 
radiosurgery (SRS) is sometimes considered for selected RIMs. The authors investigated the effectiveness and safety of 
SRS for the management of RIMs.
METHODS  From 12 institutions participating in the International Radiosurgery Research Foundation, the authors 
pooled patients who had prior cranial irradiation and were subsequently clinically diagnosed with WHO grade I meningio-
mas that were managed with SRS.
RESULTS  Fifty-two patients underwent 60 SRS procedures for histologically confirmed or radiologically suspected 
WHO grade I RIMs. The median ages at initial cranial radiation therapy and SRS for RIM were 5.5 years and 39 years, 
respectively. The most common reasons for cranial radiation therapy were leukemia (21%) and medulloblastoma (17%). 
There were 39 multiple RIMs (35%), the mean target volume was 8.61 ± 7.80 cm3, and the median prescription dose 
was 14 Gy. The median imaging follow-up duration was 48 months (range 4–195 months). RIM progressed in 9 patients 
(17%) at a median duration of 30 months (range 3–45 months) after SRS. Progression-free survival at 5 years post-SRS 
was 83%. Treatment volume ≥ 5 cm3 predicted progression (HR 8.226, 95% CI 1.028–65.857, p = 0.047). Seven patients 
(14%) developed new neurological symptoms or experienced SRS-related complications or T2 signal change from 1 to 
72 months after SRS.
CONCLUSIONS  SRS is associated with durable local control of RIMs in the majority of patients and has an acceptable 
safety profile. SRS can be considered for patients and tumors that are deemed suboptimal, poor surgical candidates, 
and those whose tumor again progresses after removal.
https://thejns.org/doi/abs/10.3171/2020.7.JNS202064
KEYWORDS  stereotactic radiosurgery; radiation-induced meningioma; Gamma Knife; progression-free survival; 
safety; local control; oncology
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Radiation-induced meningiomas (RIMs) are the 
most common secondary intracranial neoplasms 
caused by ionizing cranial irradiation. They de-

velop in patients who have undergone prior management 
of a brain tumor or leukemia or treatment for tinea capi-
tis or in long-term atomic bomb survivors.1–3 The latency 
period between cranial irradiation and RIM development 
may exceed 20 years, with a higher radiation dose being 
associated with a shorter latency period to tumor develop-
ment.2,4–6 RIMs arise within the treatment field of origi-
nal cranial radiation therapy (RT), are histologically and 
radiographically distinct from previously irradiated brain 
tumors or lesions, and occur in patients without known 
genetic predisposition for brain tumors.2,7–10 RIMs possess 
different genetic features than sporadic meningiomas;2,11,12 
compared with sporadic meningiomas, RIMs may have 
histological atypia, occur in multifocal locations, and in-
crease in number during observation, thus making their 
gross-total resection and local tumor control more chal-
lenging.2,8,13–15

Resection is often considered an initial treatment for 
accessible RIMs, and it can be curative. However, com-
plete resection of RIMs is often precluded by frequent 
presentation with multiple RIMs, involvement of osse-
ous structures and blood vessels, aggressive and invasive 
growth patterns, and location in surgically inaccessible 
brain areas.13,16–19 RT is often considered for the manage-
ment of RIMs that are not amenable to complete resec-
tion.10 Experience with stereotactic radiosurgery (SRS) for 
the management of RIMs remains limited due to the rela-
tive rarity of the disease. Prior published experience with 
SRS for RIM is limited to single-institution series, small 
sample sizes, and limited follow-up duration.9,10,20 Further 
research is warranted to better define the safety and ef-
ficacy of SRS for the management of radiation-induced 
intracranial neoplasms. In this large, multicenter series of 
consecutive patients treated with SRS for RIMs, we inves-
tigated the effectiveness and safety of SRS for the man-
agement of RIMs.

Methods
Patients were identified from institutions affiliated 

with the International Radiosurgery Research Foundation 
(IRRF; protocol R-16-10) who were treated with SRS be-
tween 1990 and 2019. Data collection was approved by the 
IRBs at each of the participating centers. A database with 
variables of interest was established by investigators at the 
University of Virginia and sent to all participating centers. 
Individual patient data were de-identified and pooled for 
the analyses. In this study, we included patients who had 
a past history of cranial irradiation, were diagnosed with 
meningiomas based on MRI findings and/or histological 
examination (when available) with a latency period, had 
their RIM treated with SRS, had at least one clinical and 
radiological follow-up evaluation after SRS for RIM, and 
did not have a history of neurocutaneous disorders, such 
as neurofibromatosis type 1 (NF1) or type 2 (NF2), based 
on guidelines/practice at that center. MRI features of me-
ningiomas included extraaxial location, dural involve-
ment, and avid enhancement after gadolinium administra-

tion. Patients who originally underwent SRS, had WHO 
grade II or III meningiomas on histological examination, 
or had a history of neurocutaneous disorders such as NF1 
or NF2 were excluded from the analysis. Thirty-two pa-
tients (61%) did not have meningioma surgery prior to the 
SRS and WHO grade was unknown.

In total, 60 eligible patients treated with SRS for RIM 
were identified in the IRRF database. The following cen-
ters contributed the data: the University of Pittsburgh Med-
ical Center (19 patients), Université de Sherbrooke (10 pa-
tients), Ruber International Hospital (7 patients), University 
of Virginia Medical Center (6 patients), Na Homolce Hos-
pital (5 patients), University of Pennsylvania (3 patients), 
Penn State Health–Hershey Medical Center (3 patients), 
Taipei Veterans General Hospital (2 patients), University 
of Southern California (2 patients), University of Alberta 
Hospital (1 patient), Mayo Clinic in Florida (1 patient), and 
Jewish Hospital, Mayfield Clinic (1 patient). Eight patients 
were excluded from the analyses because they were di-
agnosed with WHO grade II (n = 5) or grade III (n = 1) 
meningiomas or were originally treated with SRS (n = 2), 
leaving the final sample of 52 patients who were treated 
with SRS for histologically confirmed WHO grade I RIMs 
(n = 20, 39%) or presumed WHO grade I RIMs (n = 32, 
61%) based on MRI findings and disease course.

Patient Evaluation
We obtained information regarding patient sex; age 

at first cranial irradiation; age at SRS for RIM; indica-
tion for first cranial irradiation; type, dose, and number 
of fractions of first cranial irradiation; history and extent 
(gross-total resection, subtotal resection, or biopsy) of pre-
SRS resection and/or other RIM therapies preceding SRS; 
presenting symptoms; and RIM location. The latency of 
RIM development was defined as an interval (in months) 
from first cranial irradiation to RIM diagnosis or SRS. For 
those patients who underwent resection of a meningioma, 
we also obtained information about WHO grade of the 
resected meningioma.

SRS Technique
SRS was performed using model U, B, C, 4C, Perfex-

ion, and Icon Gamma Knife units (Elekta AB) depend-
ing on technology availability at each of the participat-
ing centers at the time of SRS. Frame-based stereotaxy 
was performed using the Leksell model G frame (Elekta 
AB), in which the patient was placed under local anes-
thesia with or without conscious sedation. Frameless SRS 
using a thermoplastic mask was used for hypofractionated 
SRS (n = 2, 3%) or when stereotactic frame application 
was not technically possible. Radiosurgical planning was 
performed using high-resolution pre- and postcontrast T1-
weighted MRI scans with 1-mm slick thickness. In rare 
cases in which MRI was contraindicated, stereotactic CT 
was used for SRS planning. SRS planning was performed 
by a multidisciplinary team that included a neurosurgeon, 
radiation oncologist, and medical physicist. At each center, 
planning was individualized based on patient needs and 
imaging findings. Radiosurgical parameters, including the 
margin and maximum dose, number of tumors treated, 
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treatment volume (cm3), number of isocenters, and number 
of fractions, were recorded for each SRS session.

Clinical and Radiographic Follow-Up
Imaging and clinical follow-up was performed at ap-

proximately 6-month intervals for the first 2 years after 
SRS with subsequent annual follow-up thereafter. Imaging 
follow-up included T1-weighted contrast-enhanced and 
T2-weighted MRI. All follow-up imaging was reviewed 
by clinicians at the treating institution. Tumor volume on 
T1-weighted contrast-enhanced MRI on post-SRS surveil-
lance studies was compared with that in the baseline pre-
SRS study.

Clinical follow-up was obtained through a combination 
of outpatient clinic visits, inpatient admissions, and out-
patient visits from referring primary care physicians. We 
recorded the interval (in months) from SRS for RIM to the 
last imaging follow-up, last clinical follow-up, or death. 
Patient neurological status at the last clinic follow-up visit 
was classified by the treating team as not changed, im-
proved, or declined. We also recorded the presence, type, 
and timing of any new neurological deficits or other SRS-
related complications. SRS-related adverse events were 
categorized according to the Radiation Therapy Oncology 
Group CNS toxicity criteria.21

RIM volume at last imaging follow-up was compared 
with the pre-SRS tumor volume and categorized as stable, 
regression, or progression. A volumetric increase of RIM 
by ≥ 20% from pre-SRS baseline brain MRI was defined 
as tumor progression, while a decrease of RIM volume 
by ≤ 20% was defined as tumor regression. Tumors with 
volumetric changes within 20% of the pre-SRS tumor vol-
ume were noted as stable disease.22 Time to tumor volume 
change was also noted. The need for repeat SRS, radio-
therapy, resection, or chemotherapy for RIM recurrence 
after the SRS, as well as time and cause of death, was 
recorded.

Statistical Analysis
Statistical analyses were performed using IBM SPSS 

Statistics for Windows (version 25.0, IBM Corp.). For all 
statistical tests, a p value < 0.05 was considered statistical-
ly significant. Overall survival (OS) of the study patients 
was defined as the interval (in months) from the start of 
index SRS for RIM to the last follow-up or death, and pro-
gression-free survival (PFS) was defined as the interval 
(in months) from SRS for RIM to the last imaging follow-
up or MRI-documented tumor progression, whichever oc-
curred first. The Kaplan-Meier method was used to calcu-
late OS and PFS, and alive patients were censored at the 
last follow-up. The association of clinical and SRS treat-
ment factors with OS and PFS was first investigated using 
univariate Cox regression analyses, and significant predic-
tors in univariate analyses were subsequently entered into 
a multivariate Cox regression analysis model. The results 
of Cox regression analysis are presented as hazard ratios 
(HRs), 95% confidence intervals (95% CIs), and p values.

Results
Fifty-two patients (30 women and 22 men) underwent 

SRS for imaging-defined or confirmed WHO grade I 
RIM (Table 1) based on prior resection if one had been 
performed. The median patient age at the time of initial 
cranial RT was 5.5 years (range 4 months to 60 years), 
and the median age at the time of SRS for RIM was 39 
years (range 12–75 years). The median latency period 
from original cranial irradiation to RIM development was 
29 years (range 4–48 years). The most common reasons 
for cranial RT were leukemia (n = 11), medulloblastoma 
(n = 9), pituitary adenoma (n = 5), astrocytoma (n = 5), 
pineal mass/tumor (n = 4), and craniopharyngioma (n = 3). 
Twenty-one patients (40%) had prior meningioma resec-
tions. RIMs were most frequently discovered incidentally 
(n = 20, 39%). The most common neurological symptoms 
at the time of RIM diagnosis were seizure (n = 10) and fo-
cal neurological deficits (n = 14). The majority of patients 
harboring RIMs associated with seizures or focal neuro-
logical symptoms (n = 22) had convexity/parasagittal tu-
mors (n = 16). Seven patients had multiple RIMs.

SRS Characteristics
Information from 60 SRS procedures (58 single-frac-

tion SRSs and 2 hypofractionated SRSs) that were per-
formed for 52 patients for RIMs were available for the 
analysis (Table 2). Sixty-five percent of SRS treatments 
were for solitary RIMs and 35% were for multiple RIMs. 
The mean target volume at each SRS procedure was 8.61 
± 7.80 cm3 (median 6.20 cm3, range 0.3–28.40 cm3). In 
patients who underwent single-fraction SRS, the median 
prescription dose was 14 Gy (range 8–20 Gy). The median 
maximal dose was 26 Gy (range 16–55 Gy). The median 
time from initial cranial RT to SRS for RIM was 29 years 
(range 4–55 years).

Tumor Control
The median duration of imaging follow-up after SRS 

for RIM was 47.6 months (range 3.8–194.6 months; Table 
3, Fig. 1A). At last imaging follow-up, the vast majority of 
the treated lesions were classified as stable (n = 22, 42%) 
or regressed (n = 19, 37%). Progression was documented 
in 9 RIMs (17%). The median time to tumor progression 
was 30 months (range 3–45 months). Thirteen patients re-
ceived one or more additional treatments for index RIM 
after the initial SRS.

Actuarial PFS rates at 1, 2, and 5 years after SRS were 
94%, 92%, and 83%, respectively. In univariate Cox re-
gression analyses, greater age at SRS (p = 0.031), the pres-
ence of multiple RIMs (vs a solitary RIM; p = 0.038), and 
tumor volume ≥ 5 cm3 (p = 0.047) were associated with 
increased risk for tumor progression. In the multivariate 
Cox regression model, treatment volume ≥ 5 cm3 (HR 
8.226, 95% CI 1.028–65.857, p = 0.047) emerged as an 
independent predictor of greater post-SRS progression 
risk of RIMs (Table 4, Fig. 2). PFS was similar in histo-
logically confirmed versus imaging-defined WHO grade I 
RIMs (p = 0.83).

Clinical Outcomes
At the last follow-up visit, 39 patients were neurological-

ly stable, 8 patients had declined, and 5 patients improved. 
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Of the patients who exhibited a neurological decline, 1 pa-
tient (13%) had tumor progression; of those who improved 
or remained stable, 48% had stable tumors and 36% had 
decreased tumor volume. Three patients (6%) developed 
new neurological symptoms (grade 4 CNS toxicities) after 
SRS that included gait impairment and leg weakness. Four 
patients (8%) experienced SRS-related complications that 
included intratumoral hemorrhage or T2 signal change. 
In 5 patients who developed a post-SRS complication and 
had available information about initial cranial RT, the me-
dian radiation dose was 35 Gy and ranged from 10 to 64 
Gy. Indications for initial cranial irradiation in this group 
of patients included medulloblastoma (n = 2), pituitary 
adenoma (n = 2), craniopharyngioma (n = 2), and leuke-
mia (n = 1). The mean latency period from SRS to a new 
neurological deficit or SRS-related complication was 30 
± 29 months (range 1–72 months). Age at RT, age at SRS, 
interval from RT to SRS, margin dose, maximal dose, and 
treatment volume were similar between patients who ex-
perienced a post-SRS complication or new neurological 
deficit compared with those who did not (all p values ≥ 
0.22). Two patients died during post-SRS follow-up (Fig. 
1B). One death was attributed to progression, and the un-
derlying cause of death of the other patient was unknown.

Discussion
Our series exploring the safety and effectiveness of 

SRS for RIMs offers new insights into patterns of tumor 
control and failure from a multiinstitutional cohort. SRS 
was associated with durable local control of RIMs in the 
majority of patients and had an acceptable safety profile. 
Eighty-five percent of patients had stable or improved neu-
rological status at the last follow-up, and 14% of patients 
developed new neurological symptoms or SRS-related im-
aging changes.

Our findings comprise the largest series of its type to 
date and indicate that SRS was associated with durable 
local control of RIM that was comparable to the local con-
trol rates known from prior reports of SRS for sporadic 
meningiomas. During a median imaging follow-up of 47.6 

» CONTINUED FROM PREVIOUS COLUMN

TABLE 1. Baseline patient characteristics

Characteristic Value

Meningioma WHO grade, n (%)
  Histologically conformed WHO grade I 20 (39)
  Radiographically defined 32 (61)
Presentation*
  Incidental finding 20
  Headache 8
  Seizure 10
  Focal neurologic deficit 14
  Data not available/other 4
Median KPS score prior to SRS (range) 90 (50–100)

KPS = Karnofsky Performance Scale.
* Total number > 52 because some patients had more than one symptom.

TABLE 1. Baseline patient characteristics

Characteristic Value

No. of patients 52
Median age at first SRS, yrs (range) 39 (12–75)
Median age at first RT (range) 5.5 yrs (4 mos–60 yrs)
Median RIM latency, yrs (range) 29 (4–48)
Sex, n (%)
  Men 22 (42)
  Women 30 (58)
Indication for initial RT, n (%)
  Leukemia 11 (21)
  Medulloblastoma 9 (17)
  Pituitary adenoma 5 (10)
  Astrocytoma 5 (10)
  Pineal mass/tumor 4 (8)
  Craniopharyngioma 3 (6)
  Tinea capitis 2 (4)
  Pilocytic astrocytoma 2 (4)
  Glioma 2 (4)
  Meningioma 1 (2)
  Ependymoma 1 (2)
  Experimental 1 (2)
  Germinoma 1 (2)
  Langerhans cell histiocytosis 1 (2)
  Oligodendroglioma 1 (2)
  Retinoblastoma 1 (2)
  Rhabdomyosarcoma 1 (2)
  Subependymoma 1 (2)
Type of initial RT, n (%)
  WBRT 18 (35)
  Other or unknown 34 (65)
Dose of initial RT, Gy
  Available data, n (%) 26 (50)
  Median (range) 45 (10–64)
No. of fractions of initial RT
  Available data, n (%) 14 (27)
  Median (range) 25 (1–36)
Resection prior to SRS, n (%) 21 (40)
Meningioma location, n (%)
  Convexity 43 (37)
  Parafalcine 24 (21)
  Cavernous sinus 7 (6)
  Tentorial 7 (6)
  Cerebellopontine angle 5 (4)
  Sphenoid 3 (3)
  Sellar/parasellar 3 (3)
  Petroclival/petrous 3 (3)
  Infratemporal 2 (2)
  Clinoid 2 (2)
  Other 16 (14)

CONTINUED IN NEXT COLUMN »
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months (range 3.8–194.6 months), 17% of patients expe-
rienced RIM progression that was documented from 3 to 
45 months following SRS. PFS rates at 2 and 5 years after 
the SRS were 92% and 83%, respectively. The long-term 
local tumor control rate of RIMs in our series was compa-
rable to local tumor control rates for sporadic meningio-
mas that usually exceed 85%.23,24 The local RIM control 
rate in the present series was higher compared with the 
RIM control rate of 75% previously reported by Kondzi-
olka and colleagues in a series of 19 patients with RIM 
treated with SRS, with a median follow-up of 44 months.10 
Another single-institution series of 12 patients with RIM 
treated with SRS and followed for a median interval of 
35 months found that local tumor control was achieved 
in all treated patients, and there were 2 cases of distant 
tumor recurrence.20 An additional single-institution series 
of 17 patients with RIM treated with SRS also reported 
a 100% 5-year local tumor control rate, with 1 treatment 
failure at 65 months after the SRS.9 The current study and 
previously published studies strongly suggest that SRS al-
lows durable long-term local disease control of RIMs in 
the majority of patients. However, due to late SRS treat-
ment failures, long-term imaging surveillance should be 
considered after SRS of RIM. Another potential limitation 
is that it remains unknown whether RIMs that ultimately 
do undergo disease progression following SRS do so in a 
more aggressive or rapid way than their sporadic counter-
parts, or mechanistically whether additional radiation ul-
timately contributes to worsened chromosomal instability 
or mutational burden within the RIM.

Resection is often considered for initial management 
of RIM.2,8 If technically possible, gross-total resection 
can be curative and surgery allows for the assessment of 
meningioma grade, which can be important for guidance 
of adjuvant therapies. Another benefit of open resection 
and tissue acquisition is to rule out other rare pathologies 
that may include hemangiopericytoma, lymphoma, soli-
tary fibrous tumor, and others. However, gross-total resec-
tion of RIMs is not always possible because of frequent 

multiplicity, and invasion of osseous, vascular, or neural 
structures.10 In our series, one-third of patients harbored 
multiple RIMs and half of meningiomas were in the skull 
base. SRS should be considered for patients harboring 
RIMs in difficult-to-access locations, those with multiple 
lesions, and those who are poor surgical candidates.25 De-
pending on the location of the RIM, the planning of repeat 
conventional fractionated RT can be difficult in patients 
who have received prior wide-field RT without exceeding 
dose tolerances to critical normal structures, such as the 
optic nerves and chiasm. SRS allows spatially precise and 
conformal treatment of RIMs that helps to mitigate poten-
tial risks associated with wider treatment fields and low-
dose wash (decreasing dose to surrounding structures) of 
fractionated RT approaches.

We excluded patients with histologically confirmed 
WHO grade II and III meningiomas because it is well es-
tablished that they are more resistant to SRS therapy and 
have more aggressive clinical courses than WHO grade 
I tumors, and they often require multimodality treat-
ment. However, a histological diagnosis was not avail-
able in 61% of the study patients. A higher WHO grade 
of meningiomas is associated with inferior local disease 
control and worse prognosis.26 For example, the 5-year lo-
cal control rate of WHO grade II non-RIMs ranges from 
50% to 60%, and only 10% of WHO grade III non-RIMs 
are controlled with SRS.27–29 These findings indicate that 
long-term control of RIMs can be inferior when compared 
with sporadic WHO grade I meningiomas, but superior 
to high-grade sporadic meningiomas. Indeed, the genetic 
and mutational landscape of RIMs is different from that 

TABLE 2. SRS treatment of RIMs

Parameter Value

Total no. of SRS procedures, n (%) 60
  Single-fraction SRS 58 (97)
  Hypofractionated SRS 2 (3)
Total no. of RIMs treated w/ SRS 108
Multiplicity of RIMs, n (%)
  Solitary 39 (65)
  Multiple 21 (35)
Median no. of RIMs treated at each SRS  
treatment (range)

1 (1–10)

Target volume at each SRS treatment 
  Median, cm3 (range) 6.20 (0.3–28.40)
  Volume ≥5 cm3, n (%) 25 (42%)
Median prescription dose, Gy (range)* 14 (8–20)
Median maximal dose, Gy (range) 26 (16–55)

* Only patients who underwent single-fraction radiosurgery (n = 58).

TABLE 3. Tumor control and safety

Variable Value

Median imaging follow-up, mos (range) 47.6 (3.8–194.6)
Tumor control rate, n (%)
  Stable 22 (42)
  Regression 19 (37)
  Progression 9 (17)
  Data not available 2 (4)
Median clinical follow-up, mos (range) 46.91 (7.87–192.19)
Neurological status at last follow-up, n (%) 
  No change 39 (75)
  Improved 5 (10)
  Declined 8 (15)
New post-SRS symptom or complication, n (%) 7 (14)
Median mos to new symptoms or  
complications (range)

30 (1–72)

Post-SRS treatments, n (%)
  Any treatment 13 (25)
  Resection 9 (17)
  Repeat SRS 4 (8)
  Fractionated RT 2 (4)
  Chemotherapy 1 (2)
Crude mortality, n (%) 2 (4)
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of sporadic meningiomas, which might have radiobiologic 
implications.11,12 For example, RIMs had more common 
combined losses of chromosomes 1p and 22q as well as 
more complex chromosomal aberrations than sporadic 
meningiomas, while targetable mutations were less com-
mon.11 Further studies are warranted to elucidate molecu-
lar characteristics and possibly identify treatment targets 
of RIM.

Treatment volume ≥ 5 cm3 was an independent predic-
tor of tumor progression after SRS in multivariate regres-
sion analyses. Greater patient age at SRS, the presence 
of multiple (vs solitary) RIMs, and treatment volume ≥ 5 
cm3 were associated with shorter PFS in univariate analy-
sis. These findings correspond to the findings in a series 
from the University of Pittsburgh that reported that larger 
target volume was associated with shorter post-SRS PFS 
of RIM.28 A literature review of RIMs treated with SRS 
found that tumors that failed after SRS were larger when 
compared with controlled tumors (10.7 cm3 and 2.2 cm3, 
respectively), while age, sex, and tumor grade were similar 
between the two groups.20 Greater tumor volume is also 
associated with inferior local control of sporadic meningi-
omas with SRS.28,30–34 Higher risk of progression after SRS 

should be considered for patients presenting with RIMs 
exceeding 5 cm3, and this can also have implications for 
their follow-up frequency. This finding also suggests that 
earlier SRS when the RIM is smaller may portend a better 
long-term result for the patient.

Margin dose was previously implicated as a significant 
predictor of local control of RIMs10 and sporadic menin-
giomas.23,35 However, prescription radiation dose was not 
associated with local control of RIMs in the current study, 
which can be explained by the small sample size and small 
SRS treatment failure rate. The median prescription radia-
tion dose in the present series was 14 Gy and ranged from 8 
to 22 Gy. Comparable prescription doses from RIMs were 
previously reported by other groups, with median prescrip-
tion doses of 13–14 Gy (range 8–20 Gy).9,20,28 The prescrip-
tion dose for RIMs corresponds to commonly used pre-
scription radiation doses for sporadic WHO grade I menin-
giomas,29 emphasizing that the usual radiation dose should 
be used to optimize the local control of meningiomas in 
patients with a prior history of cranial irradiation.

During the median clinical follow-up of 47 months 
(range 8–192 months), 3 patients experienced new neu-
rological symptoms after SRS and 1 patient experienced 

FIG. 1. Kaplan-Meier plots of PFS (A) and OS (B) in the study patients.

TABLE 4. Cox regression analysis of predictors of RIM progression after SRS

Predictor Univariate Analysis Multivariate Analysis

Age at RT 1.041 (0.998–1.087), 0.063 —
Age at SRS 1.054 (1.005–1.105), 0.031 p = 0.108
Latency btwn RT & SRS 1.017 (0.989–1.067), 0.497 —
Sex 0.906 (0.468–1.754), 0.769 —
Multiple RIMs* 4.379 (1.085–17.673), 0.038 p = 0.310
Treatment volume ≥5 cm3 8.226 (1.028–65.857), 0.047 8.226 (1.028–65.857), 0.047
Prescription dose, Gy 1.096 (0.822–1.461), 0.532 —
Maximal dose, Gy 0.971 (0.860–1.097), 0.635 —

Data given as HR (95% CI), p value.
* Yes = 1 or no = 0.
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intratumoral hemorrhage. Radiological T2 signal changes 
without associated neurological decline were noted in 3 pa-
tients. Comparable rates (5.3%) of post-SRS morbidity and 
peritumoral imaging signal changes were noted in one prior 
study of Gamma Knife radiosurgery (GKRS) for RIMs.28 
Jensen and colleagues described 1 case (6% of all treated 
patients) of increased seizure activity after SRS for RIM 
that was associated with radiosurgery-related changes on 
imaging studies.9 Another group noted a higher incidence 
of SRS toxicity in the setting of RIMs (n = 2, 17%) that 
occurred within 3–4 months after the SRS and included 
cranial nerve neuropathy and leg weakness/numbness.20 
The incidence rate of transient and permanent SRS-related 
neurological complications for meningiomas is below 10%, 
and as many as 40% of patients develop new or worsening 
post-SRS peritumoral edema.36–40 These findings suggest 
that the safety profile of SRS for RIMs is comparable to 
the adverse event risk after SRS for sporadic meningiomas. 
Meticulous SRS planning is of paramount importance and 
should be exercised for complication avoidance.

In our series, RIMs were discovered incidentally in 
39% of patients. Imaging surveillance is often recom-
mended for incidentally discovered sporadic meningio-
mas.41 However, a recent systematic review and meta-anal-
ysis reported significant variability in the management of 
incidental meningiomas that included active monitoring 
(50.7%), surgery (27.3%), and SRS (22.0%).42 Patients with 
prior histories of cranial irradiation for various brain le-
sions are at elevated risk for the detection of small lesions 
such as RIMs that are asymptomatic, due to both the in-
creased frequency of brain imaging for an index lesion and 

the known association between cranial irradiation and the 
development of RIMs. The management strategy of RIMs 
(observation vs active treatment) and timing should be 
selected considering RIM size, location, symptoms, prior 
therapies, ease of resection, and patient preference. It is 
expected that the threshold for initiating active treatment 
can be lower for RIMs versus sporadic tumors given the 
higher probability of more rapid progression, as well as 
the patient’s prior history of a brain tumor, experience with 
cranial irradiation and often other treatments such as re-
section, and well-defined opinions regarding intervention 
based on their past personal experiences.

Study Limitations
This study has limitations typical of a retrospective, 

multicenter study of a rare intracranial tumor type. Fore-
most, numerous tumors in this study lacked pathological 
confirmation of being a WHO grade I meningioma and 
also lacked MIB-1 labeling data for RIMs. In the current 
study, inclusion of tumors lacking pathological confirma-
tion that may have proven to be higher-grade meningio-
mas or ones with high MIB-1 labeling should only have 
biased the study outcomes toward less favorable PFS and 
OS following SRS. Initial cranial RT details were not avail-
able for all patients; this prevented us from independently 
evaluating cranial irradiation fields and dose, studying the 
association of initial cranial irradiation with RIM latency, 
and investigating the safety and effectiveness of subsequent 
SRS. We could not confirm whether presumed RIMs devel-
oped within the treatment field of initial cranial irradiation 

FIG. 2. Kaplan-Meier plots of PFS stratified by SRS treatment volume (< 5 cm3 or ≥ 5 cm3).
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for patients who did not receive whole-brain RT (WBRT). 
However, initial cranial irradiation was performed more 
than 2 decades ago when less sophisticated and conformal 
cranial irradiation methods were routinely used, raising 
the possibility of at least some degree of skull irradiation 
even in patients who did not receive WBRT. It is possible 
that increasing the use of intensity-modulated photon RT, 
which results in increased low-dose irradiation wash, could 
increase the risk of RIMs well outside the radiation fields. 
Furthermore, due to the longitudinal multicentered design 
of the study, both intra- and interinstitutional variation of 
RIM treatment strategies is expected because SRS treat-
ment protocols varied between the 12 participating centers, 
and there have been improvements in SRS techniques and 
systems over the study period.43 We also did not systemati-
cally evaluate growth trajectories of RIMs before the SRS 
treatment, nor did we capture race/ethnicity data. We ex-
pect that these variations had limited effect given that all 
patients were managed at experienced GKRS centers and 
according to the prevailing guidelines at the time of treat-
ment. We cannot determine the effect of race/ethnicity on 
SRS outcomes. Further longitudinal follow-up of patients 
is required to better understand the long-term outcomes of 
SRS for RIMs. Also, while this study is the largest to date, 
additional patient accrual is needed in future studies to ad-
equately power subgroup analysis to evaluate topics such as 
SRS for asymptomatic yet progressive RIMs. In addition, 
detailed SRS treatment protocols were reported by all par-
ticipating centers. Due to possible differences in the natural 
course of RIMs secondary to proton versus photon therapy, 
our results cannot be generalized to RIMs developing after 
proton beam therapy, which is commonly used for treating 
pediatric patients.44 Our large sample size of RIM, which is 
an extremely rare disorder, is an important strength of this 
study that fortifies the study findings.

Conclusions
SRS is associated with durable local control of RIMs 

in the majority of patients and has an acceptable safety 
profile that is comparable to that of SRS-treated sporadic 
meningiomas. SRS should be considered in the manage-
ment of RIM in difficult-to-access areas and for poor re-
section candidates. Future studies exploring the safety and 
efficacy of surgical and SRS approaches of RIM, as well 
as the genetic landscape of RIM, are encouraged to iden-
tify optimal treatment approaches and to improve patient 
selection for this rare but challenging disorder.
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