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Purpose: Despite recent advancements in the treatment of atypical meningioma, control rates in high-risk patients continue to be
suboptimal. Stereotactic radiosurgery (SRS) offers the ability to achieve improved local control (LC) with a low toxicity profile.
However, available data are limited. We aimed to conduct a comprehensive review of a consecutive cohort of patients diagnosed with
high-risk atypical meningioma who underwent SRS, either as a single-fraction SRS or in the hypofractionated SRS (hf-SRS), and
evaluate the LC rates (LCR) with a specific emphasis on patterns of treatment failure.

Methods and Materials: We identified consecutive patients diagnosed with high-risk World Health Organization grade 2 meningioma
treated with SRS at a single institution between 2014 and 2021. High-risk meningioma was defined as a residual disease or recurrence after
initial gross total resection. Follow-up data were analyzed to evaluate LCRs and patterns of treatment failure. We defined local failure as
tumor recurrence wthin the prescription isodose line, marginal failure as recurrence within 5 mm but outside the prescription isodose line,
and distant/regional failure as recurrence beyond 5 mm of the prescription isodose line but within 2 cm of the surgical cavity.

Results: We identified 45 pathologically confirmed atypical meningiomas in 25 patients. Thirty-three tumors underwent single-fraction SRS,
and 12 tumors received hf-SRS. The median follow-up was 36 months (range, 2-86 months). The 3-year LCR was 84.6%, and overall survival
was 96.0%. Four patients with a total of 7 tumors experienced treatment failure. Failures were either local (3 patients and 3 lesions) or
marginal (3 patients and 4 lesions). Patients treated with hf-SRS did not exhibit local, marginal, or distant failures.

Conclusions: Our institutional data on atypical patients with meningioma treated with radiosurgery compare favorably to existing
literature using fractionated radiation therapy. SRS offers a promising strategy to improve LC in this patient population, and the
occurrence of marginal failure plays a role in creating clinical target volume margins.

Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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benign (World Health Organization [WHO] grade 1)
with favorable long-term outcomes, atypical (WHO grade
2) and anaplastic (WHO grade 3) meningiomas exhibit
distinct clinical behavior characterized by aggressiveness,
frequent treatment failures, and higher risk of dying of
tumor progression.”

Because of the relative rarity of high-grade meningi-
oma, available data predominantly stem from retrospec-
tive reviews. While it is well-established that recurrence
risk is substantial following initial surgery, there remains
a lack of consensus regarding optimal adjuvant treatment
strategies. Addressing this gap, the Radiation Therapy
Oncology Group (RTOG) 0539 trial emerged as the first
prospective effort to address this issue.”””

In the RTOG 0539 trial, patients were stratified into
risk groups based on factors such as tumor grade, extent
of resection, and recurrent disease. An established adju-
vant algorithm was applied accordingly. High-risk
patients, defined as those with subtotal resected WHO
grade 2 meningioma, recurrent WHO grade 2 meningi-
oma, or any grade 3 meningioma, received dose-escalated
intensity modulated radiation therapy (RT). The pre-
scribed dose was 60 Gy to a 1 cm margin and 54 Gy to a
2 cm margin. This approach yielded a reported 3-year
local control (LC) rate (LCR) of 68.9% and an overall sur-
vival (OS) of 78.6%, demonstrating favorable outcomes
compared with historical controls. However, despite these
promising results, concerns regarding suboptimal LCRs
remain.

One technique that has been explored to try to
improve LC is stereotactic radiosurgery (SRS). Data
exploring its role in patients with higher-grade menin-
giomas are based on limited retrospective studies, with
widely varying rates reported in the literature ranging
from 5-year progression-free survival (PES) of 20% to
64.4%.”'" The pattern of failure with SRS appears to be
different than that with fractionated RT. While the
most common pattern of failure after fractionated RT is
within the radiation field (92.9% in the RTOG 0539
trial, high-risk group), the predominant pattern of
recurrence after SRS seems to be along the margin of
the prescribed dose.'"”'” This observation suggests that
failures less frequently occurred in the high-dose region
and more commonly occurred at the edge of the field,
possibly because of overly conformal treatment or the
region of sharp dose fall-off where the dose may be
lower."’

In this study, we presented outcomes for a cohort of
high-risk WHO grade 2 patients with meningioma, as
per the RTOG 0539 trial stratification, treated with
either single-fraction SRS (sf-SRS) or hypofractionated
SRS (hf-SRS). Our primary focus is on assessing con-
trol rates and, in patients that do develop a local or
marginal failure, evaluating clinical and dosimetric
parameters that may be associated with such treatment
failures.

Methods and Materials

This study was conducted under the approval of the
institutional review board, and patient consent was
waived because of its retrospective nature, following our
institutional guidelines. We retrospectively identified and
reviewed patients with intracranial atypical meningioma
(WHO grade 2) from our institutional database treated
between 2014 and 2021. To ensure consistency and focus
on high-risk cases, we excluded patients with a history of
prior cranial radiation or neurofibromatosis-2.

All patients included in this study met the high-risk
criteria as defined by the RTOG 0539 trial.” We collected
comprehensive clinical data, including patient demo-
graphics such as age, sex, ethnicity, and race. The pre-
treatment clinical course and lesion characteristics,
including the location of the tumor, the volume of the
tumor, previous gross/subtotal surgical resection, and
proximity to critical structures, were recorded.

Patients were treated with the Leksell Gamma Knife
Perfexion from 2014-2017 and the Leksell Gamma Knife
ICON after 2018 (Elekta AB). Before 2018, patients
received exclusively sf-SRS, whereas after 2018, they
received either sf-SRS or hf-SRS in 3 to 5 fractions. The
determination of the treatment technique was at the dis-
cretion of the treating physicians. Typically, treatment-
planning magnetic resonance imaging (MRI) was
obtained within 1 week of treatment delivery. The target-
ing technique included treatment to the residual/recurrent
meningioma alone or the surgical cavity plus residual/
recurrent meningioma, with no use of planning target vol-
ume (PTV) expansions.

To assess tumor control and treatment-related side
effects, we used patient clinical and radiographic data. We
considered interval MRIs that showed either interval
growth of any residual tumor > 20% along any dimension
or the presence of a new tumor as indicative of tumor
progression. Representative MRIs were imported into the
Leksell GammaPlan system and fused with a treatment-
planning MRI for further review. The site of progression
was further categorized as local, defined as tumor recur-
rence within the prescription isodose line; marginal, char-
acterized by recurrence outside the prescription isodose
line but within a 5 mm margin; and tumor growth beyond
5 mm of the prescription isodose line was classified as a
distant failure. In patients where the entire surgical cavity
was not targeted in treatment, distant failures were further
classified based on their proximity to the surgical cavity.
Follow-up duration was calculated from the date of radio-
surgery to the date of the last clinic follow-up or death.

Statistical analysis

All statistical analyses were performed using SPSS ver-
sion 28 (IBM Corp). The primary endpoint of this study
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was LC at 3 years, with secondary endpoints, including
OS as failure patterns. Control rates were calculated by
considering patients who had either a local or marginal
failure. Kaplan-Meier curves were used to calculate LC,
OS, and PFS at the specified 3-year time point. Further
statistical analyses, such as subgroup analysis and Cox
proportional hazards modeling, were performed to
explore potential prognostic factors and their associations
with study endpoints. This analysis aimed to provide a
deeper understanding of the factors influencing treatment
outcomes. Appropriate statistical tests, such as chi-square
tests, Fisher’s exact tests, and log-rank tests, were used as
appropriate to assess the significance of observed differen-
ces and associations. Statistical significance was set at a P-
value < .05. Multivariate logistic regression with indepen-
dent parameters, such as age, gender, target technique,
the intent of SRS, lesion PTV, location of meningioma,
number of fractions, conformity index, dose per lesion,
and type of lesion progression, was used to identify signif-
icant predictors of disease progression, OS, and disease-
free survival.

Results

Patient characteristics

We identified 45 WHO high-risk grade 2 meningiomas
in 25 patients who were treated with SRS in the postoper-
ative setting and had not previously received RT. The
median age at the time of radiosurgery treatment was
63 years (range, 33-87) (Table 1). Eleven patients received
adjuvant SRS following subtotal resection (STR), account-
ing for 12 meningiomas. We treated 14 patients in the
recurrent setting, which included 33 meningiomas. Two
of these patients had a STR of the recurrent disease prior
to SRS.

Table 1 Demographic characteristics of 25 patients
receiving stereotactic radiosurgery (SRS) for atypical
meningioma

Characteristic Value
Sex, n (%)
Male 9 (36.0)
Female 16 (64.0)
Age at treatment, mean (range), (y) 63 (33-87)
Ethnicity, n (%)
Asian 3(12.0)
American Indian or Alaska Native 2 (8.0)
Black/African American 3(12.0)
White 12 (48.0)
Other/not specified 5(20.0)

Lesion characteristics and treatment details

The most common location of the treated meningioma
was the convexity (46.7%), followed by parasagittal/paraf-
alcine (37.8%) and skull base (13.3%) (Table 2). The
majority of lesions (n = 33, 73%) were treated with sf-
SRS, while the remaining 27% (n = 12) lesions were
treated with hf-SRS. The median dose for sf-SRS was 16
Gy (range, 12-18 Gy), while for hf-SRS it was 25 Gy
(range, 21-27.5 Gy) delivered in 3 or 5 fractions. The
treatment target was to the residual disease in 35 lesions
and to the surgical cavity plus residual disease in 10
lesions.

Patient outcomes

The median follow-up for the entire cohort was 36
months (range, 2-86 months). Median follow-up of >6
months was available for 93.5% of lesions (n = 43, in 23
patients). The 3-year LCR was 84.6%, and the 3-year OS
was 96.0% (Fig. 3).

There were a total of 3 meningiomas that had pro-
gression of disease whose failure was local (Fig. 1),
defined as within the prescription isodose line (Table 3).
There were an additional 4 meningiomas that developed
marginal failures (Fig. 2), defined as outside the prescrip-
tion isodose line but within 5 mm. No failures were seen
in patients in whom the treatment targeted the surgical
cavity and residual disease (n = 5 sf-gamma knife radio-
surgery [GKRS], n = 7 hf-GKRS) or who received hf-
GKRS. Prescription dose (P = .23) did not correlate with
failure.

The multivariate logistic regression analysis did not
reveal any significant correlation between dependent vari-
ables like OS, PES, and disease progression and indepen-
dent variables, such as age, gender, target technique,
intent of SRS, lesion PTV, location of meningioma, num-
ber of fractions, conformity index, dose per lesion, and
type of lesion progression. A plausible reason for this
might be the small subset of patients we have in our
cohort.

Toxicity

Sf-SRS and hf-SRS were both well tolerated by patients.
In the sf-SRS group, 1 patient developed a common ter-
minology criteria for adverse events grade 2 seizure and
severe intractable headaches. She was hospitalized and
required the use of steroids and long-term antiepileptic
drugs. She progressed at 28 months after treatment and
died. In the hf-SRS group, 1 patient had transient grade 2
dizziness and grade 2 seizures requiring the use of steroids
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Table 2 Details of stereotactic radiosurgery (SRS) treated meningiomas and their treatment characteristics
Characteristic Value
Location, n (%)
Convexity 21 (46.7)
Parasagittal/parafalcine 17 (37.8)
Skull base 6(13.3)
Intraventricular 1(2.2)
Indication for SRS, n (%)
Salvage therapy 33 (73.3)
Adjuvant therapy after STR 12 (26.7)
SRS does n (%) 33 (73.3)
Single fraction
Prescribed dose Gy, median (range) 16 (12-18)
Hypofractionated n (%) 12 (26.7)
Prescribed dose Gy, median (range) 25 (21-27.5)
Number of fractions 3-5
Treatment target, n (%)
Residual disease 35 (77.8)
Surgical cavity 10 (22.2)
PriorRT Number of patients 12
Number of lesions 17
Focality Unifocal disease 17 patients
Multifocal disease 8 patients (28 lesions)
PTV (range 0.31-18.59) Median PTV 4.10
Average PTV 8.69
Conformity index Average 0.97
Follow-up Duration No.of lesions (n)
<6 mon 2
>6 mon 43
Abbreviations: PTV = planning target volume; RT = radiation therapy; STR = subtotal resection.

and antiepileptic. After 1 year of treatment, he was back to
his baseline and had discontinued antiepileptic drugs.

Discussion

In this study, we investigated consecutive patients with
high-risk meningiomas treated with SRS to evaluate LC,
toxicity, and patterns of failure, with the aim of compar-
ing our findings with published data and assessing the fea-
sibility of this treatment strategy.

The current SRS literature presents mixed results, with
some studies suggesting outcomes similar to conventional
RT and others hinting at potentially inferior control
rates.”'® In our study, patients treated with sf-RS or
hypofractionated SRS hf-SRS fared favorably in compari-
son with the RTOG 0539 trial high-risk cohort, and they

exhibited acceptable toxicity profiles. Our data revealed a
3-year LC of 84.6%, surpassing the 3-year LCR of 68.9%
reported in the RTOG 0539 study. It is worth noting that
our series exclusively included high-risk grade 2 meningi-
omas, while 40% of patients in the RTOG 0539 trial pre-
sented with either de novo or recurrent WHO grade 3
meningiomas. However, the difference in control rates
between the 2 studies is unlikely to be reflective of this dif-
ference in patient population because post hoc analysis of
the RTOG 0539 trial demonstrated that initial grade 3
patients exhibited better PFS, OS, and time to progression
compared to recurrent grade 2 patients.” Furthermore,
our 3-year PFS of 77.6% compared very favorably with
the SRS literature. Kowalchuk et al'’ presented a multi-
center retrospective study showing outcomes after SRS for
atypical meningioma, representing the largest contempo-
rary experience to our knowledge. They presented
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Figure 1 Representative magnetic resonance imaging (MRI) images illustrating patterns of local failure. (A) Pretreatment
image (coronal view) showing a falcine meningioma with a 50% isodose line. (B) Local failure demonstrated in the posttreatment
follow-up image in coronal section. (C) Pretreatment image (sagittal view) demonstrating the 50% isodose line around the entire
lesion. (D) Demonstrating the local failure in sagittal view of the posttreatment follow-up image.

outcomes on 233 patients treated at 12 institutions, of
which 21% of patients had received prior RT. They report
a 3-year PFS of 53.9% with 49% of patients experiencing
tumor progression at a median of 18.5 months, similar to
the RTOG 0539 trial. The study further suggested a good
prognostic group that includes patients with no previous
RT, aged >50 years, and when aged <50 years, a treat-
ment volume < 11.5 cc. The good prognostic group had a

Table 3

3-year PFS of 63.1% compared with 41.9% in the poor
prognostic group. In our study, patients with previous RT
were excluded, suggesting a more favorable cohort of
patients. We also tended to have higher marginal doses
(mean dose 16 Gy) and did use hf-SRS in 27% of the
lesions that were treated.

While these data suggest that SRS may be an appropri-
ate treatment approach for patients with high-risk atypical

Characteristics of patients with failure patterns after radiosurgery treatment

Patient lesions Treatment setting SRS dose

Total Total lesion Local failure n
failures

Marginal failure n

(location-dose) (location-dose)

1 5 Adjuvant 14 Gy (4 lesions); 2
16 Gy (1 lesion)
2 2 Recurrent (prior 16 Gy (2 lesions) 1
surgery and RT)
3 1 Adjuvant 16 Gy (1 lesion) 1
4 7 Recurrent (prior 16 Gy (6 lesions) 14 3

surgery and RT) Gy (1 lesion)

1 (periventricular lesion-
received 14 Gy)

1 (frontal convexity lesion-
received 14 Gy)

1 (Frontal convexity
lesion- received16 Gy)

1 (Sphenoid Wing lesion-
received 16 Gy)
1 (falcine lesion-received 2 (frontal convexity received

16 Gy) 14 Gy; parietal convexity
lesion-received 16 Gy)

Abbreviations: RT = radiation therapy; SRS = stereotactic radiosurgery.
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Figure 2 Representative magnetic resonance imaging (MRI) images demonstrating the pattern of marginal failure after stereo-
tactic radiosurgery (SRS). (A) Axial view of MRI showing 50% isodose line around the lesion in the parietal convexity and
(B) posttreatment follow-up MRI images demonstrating marginal failure within 5 mm of isodose.
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Figure 3 Kaplan-Meier curves showing 3-year (A) progression-free survival and (B) relapse-free survival for the entire cohort.

meningiomas, several unanswered questions necessitate
further investigation.

First, SRS is intriguing because of its potential for dose
escalation (higher relative biological effective dose) and its
capacity to leverage radiobiological properties to over-
come radioresistance and provide LC. The principle that
dose escalation can improve LC has been established with
fractionated RT. Schuring-Pereira et al'’ reported infield
recurrence rates reduced from 50% to 21% when biologi-
cally effective doses > 60 Gy were prescribed. More
recently, Zeng et al*’ presented consecutive patients with
WHO grade 2 or 3 meningiomas treated with dose-esca-
lated RT (> 66 Gy equivalent dose in 2-Gy fractions)
compared with the standard-dose cohort. Despite the
higher dose group representing a higher risk group of
patients, the reported PES in the high-dose group at
3 years was 78.9% compared with 57.2% in the standard-
dose group.”’ While the optimal dose with SRS is less
established, some studies suggested that higher doses may
improve LC. Attia et al'’ suggested doses > 14 Gy, as well
as a lower conformity index, were associated with
improvement in tumor control, while Hanakita et al’!
reported that margin doses > 18 Gy were associated with
a better outcome. Kano et al** reported a 5-year PFS of

63.1% for grade 2 meningiomas treated with a marginal
dose exceeding 20 Gy compared with 29.4% for those
receiving < 20 Gy. In our study, the median dose of SRS
prescribed was 16 Gy. Except for 3 meningiomas, we
obtained LC in all other patients. This suggests that radio-
resistance to the prescribed dose may be related to biolog-
ical variation between meningiomas that warrants further
exploration.'” It is plausible that the optimal dose may be
a function of the volume of disease and biological charac-
teristics of the tumor, such as genetic profile and/or prolif-
erative index."”

Another technique to achieve dose escalation with SRS
is hf-SRS. Emerging data indicate that hf-SRS is associated
with good LC of tumor volume, lower rates of toxicities,
and symptomatic edema compared to sf-SRS, which may
allow for further dose escalation safely.””*® The median
hf-SRS dose in this study was 25 Gy in 5 fractions, and we
have begun to dose escalate to 27.5 to 30 Gy in 5 fractions.
We did not observe any local failures in the 12 patients
treated with this approach. However, more data are
needed to observe control rates with hf-SRS and the role
and need for dose escalation using these techniques. We
believe that hf-SRS may be advantageous in treating
patients with higher-grade lesions because the cumulative
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effect of higher dose/fraction works on the principle of
facilitating reoxygenation and accruing sublethal DNA
damage in tumor cells. Marchetti et al** showed 86% 3-
year PES, considering only infield progressions and LC of
92% in this subset of 24 patients treated with multisession
radiosurgery. Simonetti et al”’ demonstrated a beneficial
effect of PFS with adjuvant SRS after gross total resection
in high-grade meningiomas.

The second variable to consider is target delineation, spe-
cifically the volume targeted within the SRS fields. Radiosur-
gical volumes traditionally encompass the gross tumor
volume without a margin, in contrast to fractionated RT,
which typically includes dural margins that can extend
beyond 1 cm. The poor control rates in previous SRS data
sets may reflect inadequate coverage of microscopic disease.
Previous SRS studies have identified that marginal failure is a
common pattern of recurrence following SRS.”** Attia et
al"” reported that expanding the margin by 8 to 10 mm could
account for 80% of the missed targets. Based on these data,
we are using larger treatment volumes when using SRS tech-
niques. We believed that marginal coverage of 3 to 5 mm
clinical target volume at a minimum to adjacent dura should
be considered when using SRS. This is based on the philoso-
phy of treating any viable tumor in the dural tail region and
thus preventing marginal recurrences. We have also been
incorporating 68-gallium DOTATATE positron emission
tomography (PET) (DOTATATE-PET) imaging into our
treatment-planning algorithm to help us better delineate the
tumor and allow for more accurate contouring precision.””"

This practice is based on previous studies that have
shown a 50% reduction in PTV with accurate tumor
delineation using PET scan and reflected by the recent
Response Assessment in Neuro-Oncology Working
Group guidelines, which recommend DOTATATE-PET
imaging for RT planning in meningioma.’’*”

The third variable of consideration is whether the tar-
get volume should comprise the visible disease alone +
immediate adjacent dura or include the entire surgical
cavity. In the adjuvant setting following STR, our current
strategy has typically been to encompass the entire surgi-
cal cavity, often with an hf-SRS approach rather than an
sf-SRS approach.’’ This approach is a logical extension of
the data published in the recent RTOG and European
Organization for Research and Treatment of Cancer stud-
ies that advocate for adjuvant treatment in the entire sur-
gical cavity after a gross total resection.”””*" For patients
treated in the salvage setting with a local failure >3 years
postoperatively, we typically will image with a DOTA-
TATE-PET scan, and if an isolated failure is confirmed,
we will treat the recurrent tumor alone.”

Limitations

Our study is limited in the way that most single-insti-
tution retrospective studies are. Although we have a small

number of patients and a variable, short follow-up dura-
tion, we were able to analyze and provide granular,
patient-level data regarding treatment response and fail-
ure. Our patient population may not resemble the larger
multicenter database in terms of the number of patients,
but we were able to tightly regulate treatment paradigms
and follow-up intervals to achieve significant results. A
longer follow-up duration will be able to project control
rates closer to the real-world scenario. Hence, our results
reflect those seen in larger, prospective studies with simi-
lar patients. Furthermore, because many recurrences were
diagnosed on MRI, rather than with surgical excision,
pathologic confirmation of true progression versus radia-
tion-induced necrosis is impossible. DOTATATE-PET
imaging has been incorporated as a routine component of
imaging for SRS in previous studies as well.”' Molecular
information such as Ki-67 and genetic analysis such as
NF2 gene mutation were not available for the majority of
the patients in our cohort; hence we were unable to
include discussion correlating clinical outcomes and
molecular data.

Conclusion

SRS provides a unique opportunity to improve the out-
comes for patients with high-risk atypical meningiomas.
Questions remain regarding optimal dose, SRS technique,
and target volume, which may account for the large varia-
tion in results that have been published to date. Our expe-
rience suggests there may be a role for DOTATATE-PET
imaging in addition to MRI to help improve target delin-
eation and the use of a clinical target volume expansion to
help minimize marginal misses with consideration of
treating the entire surgical cavity. Hf-SRS may be an
approach to help reduce morbidity while maintaining LC.
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