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Abstract

Outcomes of 37 patients of foramen magnum meningioma (FMM) were evaluated, and the related literature was reviewed to
determine the efficacy of Gamma Knife radiosurgery (GKRS) for treating patients with FMM. We present the largest series
reported from a single institution with the longest follow-up to date. The database of patients who underwent GKRS for FMM
between 2007 and 2019 was evaluated retrospectively. A total of 37 patients with radiological and pathological features
consistent with FMM were included in this series. Thirty-three patients were female, and 4 were male. The median age was
58 years (range, 23—74 years). The most common symptom at diagnosis was headache (64.9%). Twelve patients had a history of
microsurgical resection. The median duration from the initial onset of symptoms to GKRS was 12 months (range 1-140 months).
Among the 37 tumors, eight (21.6%) were located ventrally, 24 (64.9%) laterally, and five (13.5%) dorsally. The median target
volume was 3.30 cm® (range, 0.6-17.6 cm’). Thirty-five patients (95%) were treated with single fraction GKRS, and two patients
(5%) were treated with hypofractionated GKRS. The median clinical follow-up was 80 months (range, 18—151 months), while
the median radiological follow-up was 84 months (range, 18—144 months). At the last clinical follow-up after GKRS, 27 patients
(73%) had improved symptoms, and none had worsened pre-GKRS symptoms. At the last radiological follow-up after GKRS, 23
tumors (62.2%) remained stable, 13 (35.1%) decreased in size, and 1 (2.7%) increased in size. Tumor control, including stable
and regressed tumors, was achieved in 97.3% of patients. Our cohort demonstrates that GKRS is an effective and safe treatment
for patients with either primary or recurrent/residual FMM.
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Introduction

Meningiomas are the most common primary intracranial tu-
mors [1, 2]. Foramen magnum meningiomas (FMMs) account
for only 2-3% of all meningiomas but 75% of all benign
extramedullary tumors at the foramen magnum [3-7].
Seventy percent of the meningiomas, even small ones, were
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shown to grow radiologically and become symptomatic [8].
Despite the rarity of FMMs, microsurgical resection is ex-
tremely challenging for neurosurgeons due to their intimate
proximity to the critical structures, including the brainstem,
lower cranial nerves, medulla, vertebral artery, and its
branches.

Although advances in microsurgery and imaging tech-
niques have provided relatively safe surgical resection, sur-
gery of the FMMs continues to result in high rates of compli-
cation, morbidity, and recurrence [9—12]. Therefore, minimal-
ly invasive alternative treatment modalities have been consid-
ered to be advantageous in selected patients with FMM:s.
Gamma Knife radiosurgery (GKRS) has emerged as an effi-
cacious primary or adjuvant therapy for intracranial meningi-
omas [13—17]. However, there is currently limited data regard-
ing efficiency, outcome, and complications of the GKRS treat-
ment for FMMs in the literature.

In the present study, long-term outcomes of 37 patients
with FMMs were evaluated, and the related literature was
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reviewed to determine the efficacy of GKRS for patients with
FMMs.

Material and methods
Patients

The medical records of cases that underwent GKRS between
2007 and 2019 were collected and evaluated retrospectively.
A total of 37 patients were included in this study. Inclusion
criteria were as follows:

1) A histologically confirmed meningioma or magnetic res-
onance imaging (MRI) features consistent with
meningioma

2) A tumor located at the previously described regions [18]:
(a) ventrally, the inferior third of the clivus and the supe-
rior edge of the C2 body; (b) laterally, the jugular tuber-
cles and the superior border of the C2 lamina; and (c)
dorsally, the anterior border of the squamous occipital
bone and the C2 spinous process

3) Patients who were not candidates for primary surgical
treatment based on age and the projected operative risks
due to medical comorbidities

4) Patients who refuse microsurgical resection [10, 14]

The median age was 58 years (range, 23—74 years), and
most of the patients (89%) were female. Among the 37 tu-
mors, eight (21.6%) were located ventrally, 24 (64.9%) later-
ally, and five (13.5%) dorsally. Fourteen patients had a history
of microsurgical resection. GKRS was performed for a recur-
rent tumor in 11 patients (29.7%) and residual tumor in three
patients (8.1%). On the other hand, GKRS was performed due
to the high risk of surgery in six patients (16.2%) and patient
preference in 17 patients (46%).

Gamma Knife radiosurgery procedure

GKRS was performed as previously described [19]. In brief,
the Leksell Gamma Knife® model 4C (2007-2012),
Perfexion™ (2012-2017), and Icon™ (2017-2019) (Elekta
Instrument AB, Stockholm, Sweden) were used for GKRS
treatment. After administering local scalp anesthetic, a
Leksell stereotactic coordinate frame was applied, and a
contrast-enhanced MRI was obtained. Multiple-dose planning
was performed using the GammaPlan. In case of
hypofractionated GKRS, a thermoplastic mask molded over
the patient’s face and reference cone-beam CT (CBCT) scan
are obtained and registered with the planning MRI and CT
using the registration algorithm of the Leksell GammaPlan
(version 11.0.3 Elekta Instrument, Stockholm, Sweden). The
target volume was delineated, and dose and fractionation
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regimens were chosen depending on the tumor size, location,
and the projected risk to the adjacent structures. Maximal
point spinal cord and brainstem doses were kept below
12 Gy when possible. Details of the GKRS parameters are

demonstrated in Table 1.

Table 1

Baseline characteristics of 37 patients with foramen magnum

meningiomas treated with Gamm Knife radiosurgery

Characteristic

Values

Median age, years
Female/male

Prior surgical resection
Recurrent tumor

Residual tumor

Median time from resection to GKRS, months
Presenting symptoms or signs
Headache

Ataxia

Numbness

Cranial nerve deficit

CNV

CN VII

CN VIII

CN IX/X

CN XI

CN XII

Neck pain

Weakness

Dizziness

Hydrocephalus

Median number of presenting symptoms or signs

Median Karnofsky performance scale score
Tumor location

Ventral

Lateral

Dorsal

Median maximum tumor diameter, mm
Median target volume, cm3

Single fraction GKRS

Median marginal dose, Gy

Median isodose line, %

Median maximum dose, Gy
Hypofractionated GKRS

Median marginal dose per fraction, Gy
Number of fractionation

Median isodose line, %

Median maximum dose, Gy

Median clinical follow-up, months
Median radiological follow-up, months

58 (range, 23-74)
33 (89%)/4 (11%)
14 (37.8%)

11 (78.6%)

3 (21.4%)

30 (range, 2—-132)

24 (64.9%)
15 (40.5%)
11 (29.7%)
10 (27%)

1 (2.7%)

1 (2.7%)

1 (2.7%)

7 (18.9%)

3 (8.1%)

2 (5.4%)

6 (16.2%)

5 (13.5%)

5 (13.5%)

1 (2.7%)

2 (range, 1-4)
90 (range, 40-90)

8 (21.6%)

24 (64.9%)

5 (13.5%)

20 (range, 11-30)
3.3 (range, 0.6-17.6)
35 (95%)

12 (range, 8-14)
50 (range, 40-50)
24 (range, 16-30)
2 (5%)

4

5

45 (range, 40-50)
45 (range, 40-50)
80 (range, 18-151)
84 (range, 18-144)
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The median target volume was 3.30 cm® (range, 0.6—
17.6 cm®). Thirty-five patients (95%) were treated with single
fraction GKRS, and two patients (5%) were treated with
hypofractionated GKRS. For single fraction GKRS, the me-
dian margin dose, maximum dose, and the isodose line were
12 Gy (range, 8-14 Gy), 24 Gy (range, 16-30 Gy), and 50%
(range, 40-50%), respectively. For hypofractionated GKRS,
the median margin dose, maximum dose, and the isodose line
were 20 Gy in 5 fractions, 45 Gy (range, 40-50 Gy), and 45%
(range, 40-50%), respectively.

Follow-up

All patients were followed up with serial contrast-enhanced
MRIs at six-month intervals for the first year and annually
thereafter. Follow-up MRIs of the patients were compared with
MRIs obtained before GKRS, and tumor responses were de-
fined as “progression” (increase in volume >20%), “regres-
sion” (decrease in volume >20%), and “stable” (maximum
20% change in volume) [13, 20]. Tumor volume was subse-
quently calculated as the sum of the surface areas multiplied by
the slice thickness. Volume was calculated on the day of radio-
surgery as a baseline and then on each follow-up MRI until the
last available scan or until the patient underwent resection or
repeat GKRS [21]. It was shown that the volume of a compact
lesion could be calculated accurately with less than 10% error
with a minimum of five slices through the region of interest
[20]. Since 2017, Elements SmartBrush (Brainlab AG,
Germany) was used for multi-planar 3D tumor contouring
and volumetric measurement. Progression-free survival was
defined as the time interval until progression or death and the
last follow-up date. Clinical follow-up was performed by a
neurosurgeon who assessed the patient’s symptoms or signs,
neurological function, and Karnofsky performance scale score
to determine whether further intervention was needed. Clinical
complications were specified as new deficits on neurologic ex-
am which were not present prior to GKRS. Adverse radiation
events (AREs) were defined as new or worsening peritumoral
edema that shows high intensity on T2-weighted or FLAIR
MRI sequences after GKRS. Toxicity was ranked with the
Common Terminology Criteria for Adverse Events version 5.

Statistical analyses

All analyses were conducted utilizing SPSS 26.0 (Statistical
Package for Social Sciences, SPSS Inc., Chicago, IL, USA).
Descriptive statistics were used to define the study cohort.
Kaplan-Meier survival plots were applied to estimate
progression-free survival distributions. Log-rank test was used
to assess predictive factors on clinical and radiological outcomes,
which included age, gender, prior surgery, pretreatment KPS
score, volume, marginal dose, and maximum dose. All tests were
two-sided, and p < 0.05 was regarded as statistically significant.

Results
General characteristics

All patients presented with symptomatic tumors, and the most
common symptom at diagnosis was headache (64.9%). The
patients had a median of two symptoms or signs (range, 1—4).
The tumor volume was not related with symptoms (p =
0.685). The median duration from the initial onset of symp-
toms to GKRS was 12 months (range 1-140 months). The
tumors showed progression in 27 patients (73%) from the
initial diagnosis to the time of GKRS. The median
Karnofsky performance score before treatment was 90 (range,
40-90). A summary of the baseline and treatment features of
this study is shown in Table 1.

Clinical and radiological outcomes

The median clinical follow-up was 80 months (range, 18—
151 months), while the median radiological follow-up was
84 months (range, 18—144 months). Four foreign patients
were lost to follow-up following a median clinical follow-up
was 19.5 months (range, 18-22 months) and a median radio-
logical follow-up was 18 months (range, 18—18 months).

At the last clinical follow-up after GKRS, 27 patients (73%)
had improved symptoms, and none had worsened pre-GKRS
symptoms. The improved pre-GKRS symptoms or signs were
as follows: headache in 83.3% (20 of 24 patients), ataxia in
53.3% (8 of 15 patients), numbness in 63.6% (7 of 11 patients),
cranial nerve deficits in 20% (2 of 10 patients), neck pain 83.3%
(5 of 6 patients), and weakness and dizziness in 20% (1 of 5
patients, each). Pre-GKRS variables were analyzed with uni-
variate analyses to determine their effect on clinical improve-
ment, and none of the tested variables were found to be effec-
tive (Table 2). Thirty patients (81.1%) were still alive at the time
of the final follow-up. Three patients (8.1%) were dead; how-
ever, none of the patients died from complications or progres-
sion associated with FMM. Two patients died from heart attack
12.5 and 6.6 years after GKRS treatment, and one died from
lung cancer 7.5 years after GKRS treatment. As stated before,
although all four patients (10.8%) were alive at the last follow-
up, the final statuses of the patients who were lost to follow-up
were unknown.

At the last radiological follow-up after GKRS, 23 tumors
(62.2%) remained stable, 13 (35.1%) decreased in size, and 1
(2.7%) increased in size. The median reduction in tumor vol-
ume was —16% (range, —67 to 120%) to reach a median final
tumor volume of 2.4 ¢cm® (range, 0.5-18.9 cm3) that differed
significantly from baseline (p < 0.0001). Volume change was
not related to marginal or maximum dose (p =0.465 and
0.357, respectively). Tumor control, including stable and
regressed tumors, was achieved in 97.3% of patients. A sam-
ple patient with tumoral regression is shown in Fig. 1. By
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Table 2 Univariate analyses of
the relationship between pre-
GKRS variables and clinical im-

Variable Clinical improvement Radiological control Radiological regression

provement, radiological control, Age 0.324 0.744 0.505
and radiological regression Gender 0.364 0.833 0.263
Prior surgery 0.698 0.706 0.536
Karnofsky performance scale 0.293 0.755 0918
Tumor volume 0.515 0.398 0.813
Marginal dose 0.785 0.561 0.969
Maximum dose 0.919 0.426 0.490

Kaplan-Meier analysis (Fig. 2), progression-free survival at 2,
5, and 10 years was 100, 100, and 95.2%, respectively.
Assuming that the patients who were lost to follow-up showed
progression, progression-free survival at 2, 5, and 10 years
would be 89.2, 89.2, and 84.9%, respectively. Pre-GKRS var-
iables were analyzed with univariate analyses to determine
their effect on tumor progression; none of the tested variables
predicted a worse response (Table 2). The median time to
tumor regression was 22 months (range 17-34 months). One
patient with a tumor resection history showed tumor volume
progression 80 months after GKRS treatment with 8 Gy de-
livered marginal dose. The patient underwent repeat tumor
resection at a different center and is still alive.

Toxicity

GKRS was generally well tolerated. Treatment-related clinical
toxicity was not observed in any patient.

Discussion

FMMs remain challenging tumors to treat for neurosurgeons
due to high morbidity, mortality, and recurrence rates. Our
study analyzed 37 patients with FMMs who underwent
GKRS treatment. Findings from our series revealed that
GKRS provided excellent tumor control with a rate of 97.3%
during a median radiological follow-up of 7 years. Notably, this

Fig. 1 Images obtained in a
patient treated with Gamma Knife
radiosurgery with 12 Gy marginal
dose to the 50% isodose line. a
Treatment planning T1-weighted
MRI with contrast. b T1-
weighted MRI with contrast im-
ages of 5 years after Gamma
Knife radiosurgery demonstrating
tumor volume regression
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is the largest single-center FMM patient series that underwent
GKRS with the longest follow-up period in the literature.
Although meningiomas are characteristically slow-
growing tumors, a recent review by Nakasu et al. [8] showed
that only 30% of incidental meningiomas did not grow radio-
logically. They also found that if the treatment had been with-
held for smaller tumors for several years, the majority of them
would have enlarged to become symptomatic. Therefore, the
progression of FFMs can result in a high morbidity rate due to
brainstem and vessel compression and/or lower CN deficits
[9-12, 22]. Given the rarity of FMMs, outcomes after various
treatments and appropriate treatment paradigms are not de-
fined clearly. Historically, microsurgical resection has been
considered the primary treatment for a long time. Although
reports with large series from highly experienced centers re-
vealed that total resection was achieved in 63-96% of patients
(8-11), the surgical complication risks can be significantly
high, with a postoperative morbidity rate up to 42%, including
lower CN deterioration leading to aspiration and pneumonia,
hydrocephalus, weakness, numbness, and ambulatory diffi-
culty [9-12, 22]. Furthermore, the postoperative mortality rate
was reported as up to 7.5% in these studies (8—11).
Radiosurgery is a beneficial addition to the armamentarium
of treatment options for intracranial meningiomas. Numerous
large series with satisfactory long-term tumor control and out-
come results for intracranial meningiomas underwent GKRS
were presented in the literature. These meningioma series at
various intracranial regions have revealed 5-year tumor
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Fig. 2 Kaplan-Meier plot
illustrating the local control and
assumed local control with lost
patients after Gamma Knife
radiosurgery for foramen
magnum meningiomas
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control rates of 86.2 to 98.5% and 10-year rates of 73 to 97%.
In a recently published paper by Lippitz et al. [23], they ret-
rospectively analyzed 86 patients with 130 meningiomas that
were treated using GKRS. They reported a local tumor control
of 87.8% after a median follow-up period of 10 years. Eighty-
six percent of patients were neurologically unchanged or im-
proved in their study. Cohen-Inbar et al. [24] also stated that
stereotactic radiosurgery is an important treatment option in
managing meningiomas and can be used as an upfront or
adjuvant treatment modality. They reported that SRS seemed
to afford a high and durable tumor control rate with a very low
complication rate and a high safety profile. Therefore, the
pendulum has swung away from aggressive surgical resection
to GKRS for these tumors [13, 25-28].

Up to date, only two series with a maximum radiological
follow-up period of 47 months reported FMM cases treated by
GKRS with detailed data [29, 30]. Both the small number of
cases and the lack of long-term follow-up have limited the
outcomes and results of GKRS for FMMs. Therefore, there is
a significant gap in the literature about the safety and efficiency
of the GKRS for FMMs. Zenonos et al. revealed the results of
24 patients with FMMs who underwent GKRS [30]. In their
series, the median tumor volume was 4.1 cm’ (range, 0.7—
15.9 cm3), and the median radiation dose was 13 Gy (range,
11-15 Gy). They observed 100% tumor control at a median
follow-up of 47 months (range, 3—128 months). In their inter-
national multicenter study, Mehta et al. included 57 patients
with a median tumor volume of 2.9 c¢m? (range, 0.4—
17.0 ¢cm®) [29]. The median radiological follow-up was
36 months (range, 6196 months). They observed 93% tumor
volume control at a median follow-up of 36 months (range, 6—
196 months) with a median dose of 12.5 Gy (range, 10-16 Gy).
In the present study, 37 patients were included, and a 97.3%
tumor volume control was achieved at a median radiological
follow-up of 84 months (range, 18—144 months). Notably, this
is the longest post-GKRS follow-up period for FMMs in the
literature. The median target volume before GKRS was
3.30 cm’® (range, 0.6-17.6 cm®). The median marginal dose
was 12 Gy (range, 8-20 Gy). The median marginal dose used
in the present study was lower compared to those presented in
the literature. This finding revealed that excellent tumor volume
control could be achieved with lower radiation doses.

While 13% of the patients showed tumor volume regres-
sion in the present study, the tumor volume regression rates
were 44 and 47% in two major series [29, 30]. The main
explanation for this finding may be the lower radiation doses
in the present study, as Mehta et al. revealed that tumor vol-
ume regression was associated with a higher radiation dose
[29]. However, we could not detect any association between
volume regression and marginal or maximum dose (p = 0.969
and 0.490, respectively). One patient showed tumor volume
progression in our study and underwent repeat microsurgical
resection at a different center. The marginal dose was 8 Gy
due to severe brain stem compression by the tumor. In Mehta
etal.’s study, PFS at 2, 5, 8, and 10 years was 100, 92, 92, and
92%, respectively [29]. In our study, PFS at 2, 5, 8, and
10 years was 100, 100, 95.2, and 95.2%, respectively.

Mehta et al. revealed that 52% of their patients showed an
improvement in their symptoms at a median of 36 months
after GKRS [29]. Likewise, Zenonos et al. revealed that
58% of their patients showed an improvement in their symp-
toms at a median of 62 months after GKRS [30]. Zenonos
et al. revealed a significant correlation between mean tumor
volumes at presentation and symptom improvement [30]. In
the present study, 73% of the patient symptoms improved at a
median of 80 months after GKRS. We could not observe any
significant correlation between tumor volume at presentation
and symptom improvement (p = 0.515). The main explanation
for this may be the significantly higher follow-up period of our
study than those previous series.

Adverse radiation effects are rare for FMMs following
GKRS. Zenonos et al. did not report any AREs [30]. Mehta
et al. demonstrated that only 2% of patients (n =1) showed
AREs, including worsened hearing loss and left side extremity
numbness following GKRS for FMM [29]. In concordance
with the literature, none of our patients experienced AREs.

Limitations

While the results of this study are encouraging, our analysis
was limited by the retrospective study design and small sam-
ple size. Also, we did not test for differences between the
patients who did not meet the inclusion criteria and those
who were not included due to the absence of repeat MRI
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and/or follow-up, potentially introducing a selection bias. We
recognize that while the clinically meaningful data were de-
lineated and reviewed, potential long-term differences in clin-
ical outcomes were not reviewed, given the variability of the
long-term follow-up in this cohort. Additional prospective
studies with a larger sample size investigating the correlation
with clinical outcome changes are warranted to analyze fur-
ther the role of GKRS in the management of FMMs. Finally,
we cannot emphasize enough that this is a highly selected
group of patients; strict criteria were maintained during case
selection, and these cases were performed in a setting with
vast experience in GKRS. Moreover, until larger prospective
studies substantiate the safety and efficacy of GKRS in
FMMs, caution and judicious patient selection should be
exercised in selecting this approach. Despite the limitations
above, one of the key strengths of our study is that it is the
largest single-center series of patients with FMM who were
treated with GKRS. Besides, although having two patients,
the current study does address the use of hypofractionated
GKRS and its potential role in the management of FMM.
Another strength of our study is that the long-term clinical
and radiological follow-ups (median = 80 and 84 months, re-
spectively) were sufficiently long to allow for informative
monitoring of tumor progression and patient outcomes follow-
ing GKRS.

Conclusion

Tumor volume control was achieved in most patients with
lower radiation doses at a long-term follow-up period. The
majority of the patients showed improvement in their neuro-
logical symptoms without any new neurological function
worsening. Our findings revealed that excellent tumor volume
control might be achieved with lower radiation doses. Finally,
given its low-risk profile, GKRS is an effective and safe treat-
ment for patients with FMM in a long-term follow-up period.
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