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Abstract
Purpose
To clarify the role of stereotactic radiosurgery (SRS) for atypical meningiomas (AM).
Methods
A retrospective analysis of 68 patients with AM having SRS from 1995 until 2019. Nineteen patients
(28%) had undergone prior external beam radiation therapy (EBRT) (median dose, 54 Gy). The median
follow-up period was 52 months.
Results
Eighteen (26%), 17 (25%), and 33 (49%) patients received SRS as an upfront adjuvant (≤ 6 months), early
salvage (7-18 months), or late salvage treatment (> 18 months), respectively. The 3-, 5-, and 10-year
progression-free survivals (PFSs) were 52%, 35%, and 25%, respectively. The 3-, 5-, and 10-year diseasespecific survivals (DSSs) were 85%, 78%, and 61%, respectively. Adverse radiation events (AREs) were
observed in 12 patients (18%), with increased or new seizures being the most frequent complication
(n=7). Prior EBRT was associated with reduced PFS (HR = 5.92, P <0.01), reduced DSS (HR = 5.84, P
<0.01), and an increased risk of ARE (HR = 3.31, P = 0.04). Timing of SRS was correlated with reduced
PFS for patients having early salvage treatment compared to upfront adjuvant (HR = 3.17, P = 0.01) or
late salvage treatment (HR = 4.39, P <0.01).
Conclusion
PFS for patients with residual/recurrent AM remains poor despite SRS. Prior EBRT was associated with
worse tumor control, higher tumor-related mortality, and an increased risk of ARE. Further study on the
timing of SRS is needed to determine if upfront adjunctive SRS improves tumor control compared to
salvage SRS.

Introduction
Meningiomas are the most common intracranial neoplasm with a prevalence of 70.7 per 100,000
individuals.[1] Over the past two decades, the World Health Organization (WHO) has revised the criteria
which has provided a more objective classification system used to define the three grades of
meningiomas.[2-4] These changes have resulted in the diagnosis of more atypical meningiomas (AM)
(WHO grade II) compared to benign meningiomas (BM) (WHO grade I), with the prevalence of
anaplastic/malignant meningioma (MM) (WHO grade III) remaining approximately 1-2%.[5, 6] AM often
behave aggressively with 5-year tumor recurrence rates of 15-41% after gross total resection (GTR) and
tumor progression rates of 30-70% after subtotal resection (STR).[7] External beam radiation therapy
(EBRT) is commonly used to reduce the chance of tumor growth after resection for patients with AM, but
no consensus has been reached as to whether or not post-operative EBRT is beneficial.[8-14] Stereotactic
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radiosurgery (SRS) is also frequently employed for patients with residual or recurrent AM.[15-20] These
studies are typically comprised of a heterogeneous group of patients including both AM and MM,
patients with genetic conditions such as neurofibromatosis or meningiomatosis, and radiation-induced
tumors.
To better understand the patient and treatment factors associated with tumor control, survival, and
complications after single-fraction SRS of AM, we retrospectively reviewed our experience over a 25-year
interval (1995-2019) excluding patients with syndromic or radiation-induced tumors.

Methods
We identified 98 patients having SRS for an AM at our center between 1995 and 2019 from a prospective
patient registry. Patients included in this study had non-syndromic, non-radiation induced tumors with a
minimum of 6 months of follow-up after SRS. Tumor grading was based on the applicable WHO
classification system, with patients treated before 2000 having their pathologic specimens reviewed
before inclusion in this study. Eighteen patients were excluded because they did not meet the inclusion
criteria: radiation-induced tumor (n=7), neurofibromatosis/meningiomatosis-related tumor (n=5), or
follow-up less than 6 months (n=6). Eleven patients were excluded because they had prior SRS at other
centers (n=4) or concurrent EBRT and SRS (n=7), an older approach that was abandoned after 1996 due
to the high incidence of adverse radiation events (ARE). One patient refused research authorization
leaving 68 patients available for analysis.
Baseline patient data characteristics, pre-SRS magnetic resonance imaging (MRI), radiosurgical
dosimetry, and follow-up clinical and imaging information were retrospectively collected for each patient.
Extent of surgical resection was classified as gross total resection (GTR: Simpson grade I-II) and subtotal
resection (STR: Simpson grade III-V) based on surgical note and postoperative imaging whenever
possible. This study was approved by the Institutional Review Board (IRB #21-000215). Informed consent
was waived given the retrospective non-invasive nature of this study.

Radiosurgery Technique
All radiosurgical procedures were frame based, single-fraction SRS performed with the Leksell Gamma
Knife ® (Elekta Instruments, Norcross, GA). Dose planning was performed by dedicated neurosurgeons
and radiation oncologists using Leksell GammaPlan ® (Elekta Instruments, Norcross, GA) based on postgadolinium spoiled gradient-recalled acquisition (SPGR) MRI. The prescription isodose volume (PIV)
covered all recognizable tumor without adding any margin. No cases of post-surgical tumor cavity SRS in
the absence of identifiable tumor were performed.
The prescription isodose line was 50% in 64 cases (94%). A median of 9 isocenters (interquartile range
[IQR], 5-13) were used to cover a median volume of 8.0 cm3 (IQR, 2.9-12.7). The median tumor margin
dose was 16 Gy (IQR, 15-18) and the median maximum radiation dose was 32 Gy (IQR, 30-36).
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Follow-up and Statistical analysis
Clinical evaluation and MRI were typically performed at 3, 6, and 12 months after SRS, and yearly
thereafter. In cases who were followed by their local physicians, the follow-up images were sent to us for
independent review. Adverse radiation events (ARE) graded using the Common Terminology Criteria for
Adverse Events (CTCAE, version 5.0).
Time from last surgery to SRS was categorized into three groups: upfront adjuvant (≤ 6 months), early
salvage (7-18 months), and late salvage (> 18 months) (Bonferroni’s corrected P-value [< 0.017] was used
as a cutoff).[21] Tumor response within the PIV was defined as unchanged (tumor maximum diameter
within 20% of baseline), decreased (tumor maximum diameter decreased by 20%), or increased (tumor
maximum diameter increased by 20%). New tumor growth within 2 cm of the prescribed radiation dose
was defined as marginal progression, and new tumor growth beyond 2 cm was defined as distant
progression. Progression free survival (PFS) (freedom from any type of tumor growth), disease-specific
survival (DSS), and cumulative ARE were calculated using the Kaplan-Meier method. Patient and
treatment factors were analyzed using univariate and multivariable Cox proportional hazard modeling.
Factors with a P-value of < 0.10 in univariate analysis were entered into the multivariable model. A Pvalue of < 0.05 was considered significant. JMP Pro 14.0 (SAS Institute, Carry, NC) was used for
statistical analysis.

Results
Patients
The characteristics of the 68 patients are summarized in Table 1. Eighteen (26%), 17 (25%), and 33 (49%)
patients received SRS as an upfront adjuvant, early salvage, and late salvage treatment, respectively.
Prior EBRT was performed in 19 patients (28%). Most patients (n = 51, 75%) had a single tumor, whereas
17 patients (25%) had a multi-focal tumor noted at the time of SRS. The median follow-up period was 52
months (IQR, 28–88 months).

Tumor Control
Thirty-one patients (46%) had tumors that were unchanged (n=9) or decreased (n=22) without intracranial
progression at a median of 36 months (IQR, 18–54 months). Twenty-six patients (38%) had the irradiated
tumors decrease in size but had marginal (n=24, 35%) or distant (n=2, 3%) progression at a median of 24
months (IQR, 13-44). Eleven patients (16%) had increased tumor size at a median of 12 months (IQR, 8–
35 months). Overall, 37 patients (54%) had tumor growth (either in-field or marginal progression).
The 3-, 5-, and 10-year PFS was 52%, 35%, and 25%, respectively (Fig. 1A). Patients having prior EBRT (P <
0.01, HR 5.92, 95% CI 2.67–13.04) and early salvage SRS (vs. upfront adjuvant, P = 0.01, HR 3.17, 95% CI
1.29–7.80; vs. late salvage. P < 0.01, HR 4.39, 95% CI 1.97–9.78) had worse PFS in multivariable analysis
(Table 2). The 3-, 5-, and 10-year PFS was 63%, 45%, and 31%, respectively, in patients without prior EBRT,
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and 24%, 0%, and 0%, respectively, in patients having prior EBRT (Fig. 1B). When stratified by timing of
SRS, the 3-, 5-, and 10-year PFS were 52%, 44%, and 44%, respectively, after upfront adjuvant SRS (≤ 6
months); 33%, 0%, and 0%, respectively after early salvage SRS (7-18 months); and 61%, 48%, and 27%,
respectively, after late salvage SRS (> 18 months) (upfront adjuvant vs. early salvage, P = 0.03; upfront
adjuvant vs. late salvage, P = 0.89; early salvage vs. late salvage, P < 0.01 [interpreted with Bonferroni’s
corrected P-value]) (Fig. 1C).

Disease Specific Survival
Additional tumor directed interventions were performed in 28 patients (41%) after the initial SRS; 19
patients (28%) underwent multiple interventions. By modality, 23 patients (34%) had 1 or more SRS
procedures with 22 (32%) procedures as the first intervention for recurrence. Repeat surgery was
performed in 10 patients (15%) patients, either as the first intervention for recurrence (n = 5) or salvage
after 1 or more SRS procedures (n = 5). Six patients (9%) patients received EBRT, none of which was
performed as the first intervention for recurrence but salvage following surgery (n = 4), SRS (n = 1), or
both (n = 1). Bevacizumab was given to 3 patients (4%); for first recurrence after initial SRS (n = 1),
recurrence after combination of repeat SRS and surgery (n = 1), and recurrence after combination of
surgery and EBRT (n = 1).
Over the observation period, 17 patients (25%) died of causes associated with tumor progression at a
median of 36 months (IQR, 19–72 months) after SRS. The 3-, 5-, and 10-year DSS was 85%, 78%, and
61%, respectively (Fig. 2A). Univariate analysis showed that patients with multiple tumors (P = 0.04, HR
2.65, 95% CI 1.02–7.15) (Fig. 2B) and patients having prior EBRT (P < 0.01, HR 6.15, 95% CI 2.09–18.07)
(Fig. 2C) had worse DSS, but only prior EBRT remained significant in multivariable analysis (P < 0.01, HR
5.84, 95% CI 1.85–18.40) (Table 2).

Adverse Radiation Events
ARE were observed in 12 patients (18%) at a median of 4 months (IQR, 2–5 months). By the CTCAE
classification, 6 patients (9%) had grade 2 (increased seizure frequency, n = 4; mild weakness, n = 1;
increased seizures and mild weakness, n = 1), 5 patients (7%) had grade 3 (new onset seizures, n = 2; cyst
formation causing apraxia and weakness, n = 1; moderate weakness, n = 1; moderate weakness and
aphasia, n = 1), and 1 patient (1%) had grade 4 (corneal ulcer requiring exenteration of the globe)
complications. The 6-, 12-, and 24-month ARE rates were 16%, 16%, and 18%, respectively (Fig. 3A).
Univariate analysis demonstrated patients with PIV > 10 cm3 more frequently had ARE (P = 0.02, HR 4.94,
95% CI 1.34-18.28) (Fig. 3B), with prior EBRT, and radiation dose approaching significance (Table 2).
Multivariable analysis showed only prior EBRT was associated with an increased risk of ARE (P = 0.04,
HR 3.31, 95% CI 1.05–10.42). (Fig. 3C).

Discussion
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In this study, we analyzed the outcomes of 68 patients having single-fraction SRS for AM over a 25-year
period. Importantly, we excluded patients with radiation-induced and syndromic AM to better depict the
results of SRS for patients most frequently encountered in clinical practice. Following SRS, in-field tumor
control was high (84%), but marginal and distant tumor progression was frequent (38%), resulting in a 5year PFS of only 35%. We did not find that higher radiation doses correlated with improved tumor control.
This is nearly identical to the 5-year PFS after SRS for patients with AM in the multicenter study of
Shepard et al (36%),[19] and after EBRT in Radiation Therapy Oncology Group (RTOG) 0589 study (40%).
[14] However, the majority of recurrent tumors could be salvaged with repeat SRS, so that the 5-year DSS
was 78%. The most frequent ARE was new or increased seizures (CTCAE grades 2-3) which was
managed successfully with anti-convulsant therapy in all cases. Overall, our results support the
contention that SRS is a practical treatment option for patients with residual or recurrent AM, but theses
tumors remain a management challenge and frequently require additional SRS, resection, or EBRT to
prolong survival.
We found that prior EBRT was a negative predictor of tumor control, survival, and ARE. Specifically, the 5year PFS (0% versus 45%) and DSS (53% versus 84%) was worse for patients who had prior EBRT
compared to those who did not have prior EBRT, and they had a greater risk of ARE (32% versus 10%).
Prior studies generally support the concept that prior EBRT adversely affects outcomes after SRS of AM.
[17-20] Zhang and colleagues reported 53 patients (AM, n=44; MM, n=9) undergoing CyberKnife SRS
(median dose, 20 Gy; median number of fractions, n=1).[20] Twenty patients (38%) had undergone prior
EBRT. Multivariable analysis found tumor grade and prior radiation treatment were associated with a
higher risk of tumor recurrence. Helis et al described 48 patients (183 tumors) having single-fraction SRS
for AM and MM from 1999 until 2019.[17] Men and patients with MM had a greater risk of local or
marginal tumor progression; they noted a trend (P = 0.08 in multivariable analysis) toward increased risk
in patients having prior EBRT. The retrospective, multicenter study conducted by International
Radiosurgery Research Foundation included 271 patients (AM, n=233; MM, n=38) having SRS; 55
patients (20%) had prior EBRT.[19] Increasing age and a Ki-67 index > 15% negatively correlated with PFS.
Prior EBRT was associated worse PFS (P = 0.01) and an increased risk of ARE (P = 0.04) in univariate
analysis but was not a significant factor in multivariable analysis (PFS, P = 0.06; ARE, P = 0.1). These
findings suggest a resistance to ionized radiation in recurrent AM following EBRT,[22] yet SRS is
frequently the best option for these patients despite outcomes that are inferior to radiation naïve
patients.
The timing and type of radiation treatment in patients with AM is controversial. A number of studies
advocate upfront adjuvant EBRT,[8-10] some reports favor post-operative surveillance with salvage
radiotherapy especially for those following GTR,[11-13, 18] while a third group advocate for SRS either as
an adjuvant or salvage technique.[15, 17, 19, 20] We found that upfront adjuvant SRS and salvage SRS
for late recurrences were equally effective, whereas salvage SRS for early recurrence (7-18 months
following resection) was a significant risk for tumor progression. One explanation may be that patients
with earlier disease progression have more aggressive tumors, perhaps related to increased proliferation
indices, which has been correlated with reduced efficacy after SRS of AM and MM.[19] Furthermore,
Page 7/17

patients having adjuvant SRS may have smaller, less diffuse tumors that permit more optimal radiation
targeting compared to patients having a STR who are observed until tumor growth is detected. Subset
analyses of 14 radiation naïve patients having adjuvant SRS (median follow-up, 62 months) showed a 5year PFS of 54%. Two patients underwent additional treatment (SRS × 3, resection + EBRT); the 5- and 10year DSS was 88%. Shepard et al found no difference in PFS based on indication (adjuvant versus
salvage) for their entire study group compromising both AM and MM, but a shortened interval between
surgery and SRS correlated with improved PFS in patients with AM.[19] Zhang et al described a subset of
AM patients with no history of prior radiation (n=30) having SRS.[20] Tumor recurrence was noted in 2/12
(17%) patients having adjuvant SRS (0-4 months after resection) compared to 8/18 (44%) patients SRS in
a more delayed fashion, but this was not statistically significant (P = 0.11). Overall, the importance of
timing of SRS and prognosis is poorly understood. Analyzing the time from resection to SRS as a
continuous or dichotomized binary variable may hide its true effect. Our results showing either adjuvant
(≤ 6 months) or late salvage SRS (> 18 months) was superior to early salvage SRS (7-18 months) need
further research to ensure its validity.
This study is subject to the limitations of all retrospective, single-center patient series including limited
patient number, selection bias, and incomplete follow-up. Yet, apart from the prospective trial RTOG 0539,
[14] other comparable studies on the management of AM have the similar problems but also include both
AM and MM. The major weakness of this study is that we were unable to analyze the effect of
histopathological factors and labeling indices in our analysis due to lack of consistent data. However, by
focusing on a cohort consisting of only AM and excluding patients with radiation-induced and syndromic
tumors, our study provides meaningful information on the results of SRS for the type of patient most
frequently encountered in clinical practice.

Conclusions
Single-fraction SRS provides a high rate of in-field tumor control for patients with residual or recurrent
AM, but tumor progression outside the treated volume is common and additional procedures are often
necessary. Prior EBRT was the primary factor associated with decreased PFS, decreased DSS, and an
increased risk of ARE. Patients having SRS as a post-operative adjunct or later tumor progression appear
to have better PFS, but further study is needed to determine the optimal timing of SRS for patients with
AM.
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Table 1 Patient and Tumor Characteristics of 68 Patients Having Single-fraction SRS for Atypical (WHO II)
Meningiomas
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Characteristic

Value

Female

36 (53%)

Patient age at SRS, years

66 (53-74)

Tumor location
Convexity/parasagittal

56 (82%)

Skull base/tentorium

12 (18%)

Symptoms at SRS
Asymptomatic

38 (56%)

Hemi-paresis

13 (19%)

Seizures

13 (19%)

Cranial nerve deficit

10 (15%)

Aphasia

5 (7%)

Visual deficits

2 (3%)

Sensory disturbance

1 (1%)

Cognitive decline

1 (1%)

No. of resections

1 (1-2)

Time from last resection
Continuous value (months)

18 (6-45)

Upfront adjuvant (≤ 6 months)

18 (26%)

Early salvage (7–18 months)

17 (25%)

Late salvage (> 18 months)

33 (49%)

Extent of resection at last surgery
GTR

39 (57%)

STR

29 (43%)

Prior EBRT

19 (28%)

Time from EBRT, months

47 (26-69)

EBRT, Gy

54 (54.0-59.4)

Tumor morphology
Single tumor

51 (75%)

Multi-focal tumor

17 (25%)
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Tumor diameter, mm

33 (21-41)

Abbreviations: EBRT = external beam radiation therapy; GTR = gross total resection; SRS= stereotactic
radiosurgery; STR = subtotal resection; WHO = World Health Organization.
Data presented as median (interquartile range) or n (%).
Some patients displayed multiple symptoms prior to SRS.
GTR defined as a Simpson grade I-II resection.
For patients with multi-focal tumors, the tumor diameter recorded is for the largest tumor.
Table 2 Analyses of Factors Associated with PFS, DSS, and ARE
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Factor

Multivariable Analysis

HR, 95% CI

HR, 95% CI

(P value)

(P value)

PFS

DSS

ARE

PFS

DSS

ARE

1.24,
0.64–
2.40

0.62,
0.23–
1.68

2.30,
0.69–
7.63

─

─

─

(0.52)

(0.35)

(0.16)

1.01,
0.99–
1.04

1.00,
0.97–
1.04

1.02,
0.98–
1.07

─

─

─

(0.32)

(0.83)

(0.37)

1.95,
0.75–
5.09

0.86,
0.27–
2.69

2.57,
0.33–
19.88

─

─

─

(0.17)

(0.79)

(0.37)

P value
(entire
model)

< 0.01

0.10

0.73

< 0.01

─

─

E-Slvg (vs.
Adjv)

2.98,
1.23–
7.21

2.39,
0.69–
8.22

1.51,
0.34–
6.77

3.17, 1.29–
7.80

─

─

(0.015)*

(0.17)*

(0.69)*

3.17,
1.49–
6.79

3.35,
1.06–
10.64

1.67,
0.45–
6.22

─

─

(< 0.01)*

(0.04)*

(0.44)*

1.30,
0.54–
3.15

1.40,
0.38–
5.24

1.10,
0.26–
4.62

─

─

(0.56)*

(0.61)*

(0.89)*

0.96,
0.50–
1.87

2.52,
0.87–
7.27

0.95,
0.30–
3.00

2.74,
0.95–
7.99

─

(0.92)

(0.09)

(0.93)

1.61,
0.79–
3.28

2.65,
1.02–
7.15

1.74,
0.52–
5.77

(0.19)

(0.04)

(0.37)

Male sex
(vs. female)

Age
(continuous, years)

Convexity/falx
location
(vs. skull
base/tentorial)
Timing
of SRS

Univariate Analysis

E-Slvg (vs.
L-Slvg)

Adjv (vs. LSlvg)

STR at last resection
(vs. GTR)

Multiple tumors
(vs. single tumor)
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(0.01)*
4.39, 1.97–
9.78
(< 0.01)*
1.38, 0.57–
3.37
(0.47)*
─

(0.06)
─

1.47,
0.51–
4.26
(0.48)

─

Prior EBRT
(vs. no prior EBRT)

PIV > 10 cm3
(vs. ≤ 10 cm3)
Margin dose ≤ 16 Gy
(vs. > 16 Gy)

Margin dose ≤ 18 Gy
(vs. > 18 Gy)

Maximum dose ≤ 32
Gy
(vs. > 32 Gy)

4.47,
2.16–
9.25

6.15,
2.09–
18.07

3.00,
0.97–
9.33

(< 0.01)

(< 0.01)

(0.06)

0.91,
0.47–
1.78

1.56,
0.60–
4.09

4.94,
1.3418.28

(0.79)

(0.37)

(0.02)

0.96,
0.49–
1.88

1.20,
0.43–
3.30

7.71,
1.00–
59.79

(0.90)

(0.73)

(0.05)

0.69,
0.28–
1.69

3.22,
0.28–
1.69

6.41×108,
NA**

(0.42)

(0.26)

0.75,
0.39–
1.46

0.62,
0.23–
1.66

4.35,
0.9519.85

(0.40)

(0.34)

(0.06)

5.92, 2.67–
13.04
(< 0.01)
─

5.84,
1.85–
18.40
(< 0.01)
─

3.31, 1.05–
10.42
(0.04)
3.42, 0.80–
14.57
(0.10)

─

─

3.54, 0.37–
33.87
(0.27)

─

─

─

─

─

─

0.99

* Bonferroni’s corrected cutoff P-value (0.017) was used .

** 95% CI could not be calculated.

Abbreviations: Adjv = upfront adjuvant; ARE = adverse radiation effect; CI = confidence interval; DSS =
disease specific survival; EBRT = external beam radiation therapy; E-Slvg = early salvage; GTR = gross
total resection; HR = hazard ratio; LC = local control; L-Slvg = late salvage; NA = not applicable; PFS =
progression-free survival; PIV = prescription isodose volume; SRS = stereotactic radiosurgery; STR =
subtotal resection
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Figure 1
Kaplan-Meier curves for progression-free survival (PFS). (A) The entire cohort. (B) Stratification by a
history of prior external beam radiotherapy (EBRT). (C) Stratification according to the timing of
radiosurgery. Adjv = adjuvant; Slvg = salvage; SRS = stereotactic radiosurgery

Figure 2
Kaplan-Meier curves for disease-specific survival (DSS). (A) The entire cohort. (B) Stratification by tumor
morphology. (C) Stratification by a history of prior external beam radiotherapy (EBRT). SRS = stereotactic
radiosurgery

Figure 3
Kaplan-Meier curves for adverse radiation event (ARE). (A) The entire cohort. (B) Stratification by planned
isodose volume (PIV). (C) Stratification by a history of prior external beam radiotherapy (EBRT). SRS =
stereotactic radiosurgery
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