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Abstract

Purpose Foramen magnum meningiomas (FMMs) are a major surgical challenge, due to relevant surgical morbidity and
mortality. The paper aims to review the clinical (symptomatic improvement, complication rate, length of hospital stay)
and radiological outcome (completeness of resection) of microsurgical resection of FMMs, and to identify predictors of
complications.

Methods A multi-institutional retrospective review of prospectively maintained database of FMMs included 51 patients
(74.5% females) with a median tumor volume of 8.18 cm? (range, 1.77-57.9 cm?) and median follow-up of 36 months (range,
0.30-180.0 months). Tumors were resected though suboccipital approach (58.8%) or posterior-lateral approaches (39.3%),
including far-lateral, extreme lateral and transcondylar approaches.

Results Gross-total resection (GTR) was achieved in 80.4% and 98% of cases did not present tumor regrowth or recurrence.
Clinical symptoms improved in 34 patients (66.7%) and worsened in 5 (9.8%). The median length of hospital stay was 5 days.
Mortality was null. Postoperative complications developed in 15 patients (29.4%), with cerebrospinal fluid leak (7.8%) and
lower cranial nerves deficits (7.8%) as the most frequent. Craniospinal location (p =0.03), location anterior to the dentate
ligament (DL) (p=0.02), involvement of vertebral artery (VA) (p=0.03) were significantly associated with complication
rate. These three elements allow calculating the Foramen Magnum Meningioma Risk Score (FRMMRS), to estimate the
risk of post-operative complications.

Conclusion Microsurgical resection allows for high GTR rate and low rate of tumor regrowth or recurrence, despite com-
plications in one third of the patients. The FMMRS allows classifying FMMs and estimating the risk of post-operative
complications.

Keywords Craniocervical - Foramen magnum meningioma - Grading system - Score

Abbreviations SC Spinocranial

CS Craniospinal SOA Sub-occipital approach

DL Dentate ligament STR Subtotal resection

FMM Foramen magnum meningioma PLAS Posterior-lateral approaches
FMMRS Foramen Magnum Meningioma Risk Score VA Vertebral artery

HR Hazards ratio

KPS Karnofsky Performance Scale

GTR Gross total resection Introduction

Foramen magnum meningiomas (FMMs) are benign slow-
D4 Antonio Meola growing tumors located at the craniocervical junction [1].
ameola@stanford.edu These lesions represent 0.3 to 3.2% of all meningiomas,
Department of Neurosurgery, Stanford University School 4.2 to 20% of all posterior fossa meningiomas, and 60 to
of Medicine, Stanford, CA 94305, USA 77% of all benign extramedullary tumors at the craniocer-
Department of Neurosurgery, Massachusetts General vical junction [2, 3]. The optimal management of FMMs
Hospital, Boston, MA, USA is still controversial due to the significant risk for surgical
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morbidity and mortality related to the presence of several
critical neurovascular structures in a narrow space [4-6].
Several surgical approaches have been adopted for effec-
tive and safe resection of FMMs including, but not limited
to: anterior transoral approach [5], endoscopic endonasal
approach [6], lateral transcervical approach [7], suboccipi-
tal craniotomy [8], far-lateral approach [9—-11], and extreme
lateral approach [9]. The plethora of surgical approaches
and variations accounts for the complexity of FMMs and
for the difficulty in comparing different studies. The aim of
the present study is to review the clinical and radiological
outcome of FMMs treated surgically as well as to explore
the prognostic value of pre- and peri-operative variables on
the clinical and radiological outcome, including patient and
tumor characteristics, and surgical approaches. Understand-
ing these factors is of paramount importance in choosing the
best course of treatment for these patients and for estimating
the surgical risk.

Patients and methods
Patient population

Retrospective chart review of a prospectively maintained
electronic database identified consecutive patients with
FMMs treated surgically between 2000 and 2020. This mul-
ticentric study has been conducted at two academic tertiary
care hospitals and was approved by hospitals’ Institutional
Review Boards. Patient consent was not required because of
the retrospective methodology without identifiable patient
data. All the neurosurgeons (5) that operated the included
cases are board-certified in neurosurgery, received advanced
training in skull-base surgery and/or neuro-oncology in the
USA and have an active practice in skull-base surgery at
Stanford Hospital or Massachusetts General Hospital.

The study included all meningiomas arising from the
foramen magnum treated surgically. The study excluded
FMMs treated with radiation therapy alone, multiple men-
ingiomas, radiation-induced tumors as well as patients with
incomplete data on clinical outcome assessment.

Definitions

FMMs are tumors arising in a region limited by: anteriorly,
the lower third of clivus to upper margin of the axis; later-
ally, the jugular tubercles and upper margin of C2-lamina;
and posteriorly, the anterior edge of the squamous occipital
bone to the C2-spinous process [10]. FMMs can be classified
according to 3 radiological parameters: first, on the basis of
craniocaudal extension, craniospinal (CS) FMMs are mainly
intracranial tumors with a caudal extension through foramen
magnum into the spinal canal, whereas, spinocranial (SC)
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FMMs are mainly intraspinal tumors with significant rostral
extension into the cranial cavity [11]. Second, on the basis of
their position relative to the dentate ligament (DL): anterior
FMMs are ventral to the DL, while posterior FMMs as dor-
sal to the DL Third, on the basis of their involvement of the
vertebral artery (VA), [10], FMMs can be classified as: not
involving VA, or involving the VA (compressing or encasing
the VA). The tumor volume was assessed on MRI (contrast-
enhanced T1-sequence) by diameter-based measurement.
This calculation was computed by measuring the largest
tumor diameter in each orthogonal measurement plane. The
craniocaudal diameter (dcc) along the long axis of the tumor
was measured on the sagittal images; the anteroposterior
diameter (dap) was measured on the sagittal images; and
the largest lateral diameter (d1) was measured on the axial
images. Diameter-based measurements were computed as
ellipsoid (V =dcc*dap*d1*I1/6) to calculate the diameter-
based volume (V).

Gross-total resection (GTR) was defined as resection
without radiological evidence of residual enhancing tumor
on contrast-enhanced T1-MRI [12].

Surgical approaches

All patients were operated by experienced neurosurgeons,
under endotracheal general anesthesia, microscopic dissec-
tion, mild hypothermia and intraoperative neurophysiologi-
cal neuromonitoring.

The suboccipital approach (SOA) [13] was used to resect
tumors posterior to the DL as well as tumors anterior to the
DL positioned laterally to the medulla. Tumors anterior to
the DL and in anterior or anterolateral position with respect
to the medulla were treated with transcondylar approach, far-
lateral approach or extreme lateral approach, For statistical
analysis, these three approaches are collectively named as
“posterior-lateral approaches” (PLAs) to the posterior fossa..
Occasionally, both approaches were combined with cervical
laminectomy (C1-C3), depending upon the entity of spinal
tumor extension.

Clinical outcome and follow-up

Radiological follow-up with brain MRI was performed every
6-months for 1 year and then yearly, in order to determine
the completeness of surgical resection, occurrence of com-
plications or progression of the tumor. Furthermore, regular
outpatient follow-up and telephone calls were made.

Statistical analysis
Demographic and clinical characteristics are summarized

as counts and percentages for categorical characteristics
and as median with interquartile range for continuous
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characteristics. Continuous variables (age, tumor volume)
were tested as dichotomous variables based on their median
and upper quartile values. Factors with p-value <0.05 on
univariate testing were placed into a Cox proportional
hazards model. This multivariable regression analysis
was performed to determine the effect of various pre- and
peri-operative parameters on post-operative clinical out-
come measures. Confidence intervals were calculated using
the modified Wald Method. In FMM scoring system, the
co-efficient of the significant variable were proportion-
ally converted to the nearest integer. Moreover, the Hos-
mer—-Lemeshow goodness-of-fit test was used to determine
the calibration ability of our scoring system. The area under
the receiver operating characteristic curve (AUC) was esti-
mated for scoring system as well as the logistic regression
model. All internal validations were performed using 1000
bootstrap samples to estimate the bias-corrected concord-
ance index for describing the predictive accuracy of the
model.

The outcomes were further categorized as clinical
improvement rate, complications rate, length of hospital
stay (<8 days vs. > 8 days), extent of tumor resection [GTR
vs. subtotal resection (STR)], tumor regrowth or recurrence
rate. IBM® SPSS® Statistics software v23.0 (Armonk, NY:
IBM Corp.) was used to perform all analyses.

External validation

To validate the generalizability of our FMM scoring system,
an additional 15 patients with FMMs who qualified for the
study under inclusion and exclusion criteria were analyzed
using the FMM scoring system. These patients underwent
surgical management at another tertiary care hospital by
authors J.H.S and W.T.C.

Results
Cohort’s clinical characteristics

The median age of 38 females (74.5%) and 13 males (25.5%)
was 59.0 years (range, 20-77 years). All patients were
affected with a single meningioma in the foramen magnum.
The most frequent symptom at presentation was neck pain
(n=41, 80.4%), followed by headache (n=39, 76.5%),
hemiparesis (n=30, 58.8%), ataxia (n=25, 49.0%), imbal-
ance (n=24, 47.1%), nausea and vomiting (n=22, 43.1%),
paresthesia (n=21, 41.2%), cranial nerve (CN) deficits
(n=14, 27.5%).

The median Karnofsky Performance Scale score (KPS)
preoperatively was 70 (range, 50-80). Three patients
(5.9%) were affected by a genetic syndrome, namely

Neurofibromatosis type 2 (Table 1). The median follow-up
of the study was 36 months (range, 0.30—-180.0 months).

Tumor characteristics

The median tumor volume was 8.18 cm?® (range:
1.77-57.9 cm®). In terms of craniocaudal extension of the
FMM, 34 tumors (66.7%) were CS, while 17 tumors (33.3%)
were SC. Tumors were anterior to the DL in 37 patients
(72.5%) or posterior to DL in 14 patients (27.5%). Menin-
giomas completely encased the VA in 7 cases (13.7%), con-
tacted and/or displaced the VA in 20 patients (39.2%), while
in 24 cases (47.1%) there was no contact with VA. Spinal
cord and/or brainstem were compressed and displaced in 47
cases (92.2%). Histopathological diagnosis was consistent
with WHO Grade 1 in 47 cases (92.2%), and WHO Grade 2
in 4 patients (7.8%). (Table 1).

Surgical aspects

Thirty patients (58.8%) underwent SOA, while 20 patients
(39.3%) received a PLAs and 1 patient (1.9%) underwent
cervical laminectomy (C1-3) alone. Specifically, 25 patients
(49.0%) received SOA and laminectomy, while 13 patients
(25.5%) received PLAs and laminectomy. GTR was achieved
in 41 patients (80.4%) and STR in 10 patients (19.6%). Out
of 10 patients with STR, 3 patients (5.8%) underwent post-
operative stereotactic radiosurgery in 3-5 sessions, with a
median dose of 14 Gy (range 11-18 Gy). Among the other
patients with residual tumors, 6 patients (11.7%) received
observation while 1 (1.9%) had additional surgery. In one
case (1.9%), a gross-totally resected tumor (WHO grade 2)
recurred after 18 months and was treated with surgery.

Clinical and radiological outcome

In 50 patients (98.0%) there was no tumor regrowth or
recurrence. The median postoperative KPS was 90 (range:
30-100). The KPS improved in 42 patients (82.4%),
remained stable in 5 patients (9.8%), and worsened in 4
patients (7.8%), postoperatively. Overall, the clinical symp-
toms improved in 34 patients (66.7%), remained stable in 12
patients (23.5%) and worsened in 5 patients (9.8%) (Table 2).
Neck pain and headache improved in more than half of the
patients (62.7% and 56.8%, respectively), while hemiparesis,
ataxia and imbalance improved in more than one third of the
patients (39.2%, 39.2%, 37.3%, respectively). The median
length of stay in the hospital was 5 days (range: 3—70 days).

Overall, complications developed in 15 patients (29.4%),
which included: cerebrospinal fluid (CSF) leak in 4 patients
(7.8%), swallowing dysfunction due CN IX and X injury in
3 patients (5.9%), hydrocephalus in 3 patients (5.9%), imbal-
ance and ataxia in 2 patients (3.9%), meningitis secondary
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Table 1 Patient and tumor characteristics of the cohort

Table 1 (continued)

Total (%) Total (%)
Patient characteristics Cervical Laminectomy alone 1(1.9)
Age (years) Histological tumor grade (WHO)
Median 59.0 Grade 1 47 (92.2)
Range 20-77 Grade 2 4(7.8)
Gender Grade 3 0(0.0)
Male 13 (25.5) Treatment of residual tumors
Female 38 (74.5) Observation 6 (11.7)
KPS at presentation Surgery 1(1.9)
Median 70.0 Stereotactic radiosurgery 3(5.8)
Range 50-80 Treatment of recurrent tumors
Neurofibromatosis type 2 3(5.9) Observation 0(0.0)
Neurological symptoms Surgery 1(1.9)
Neck pain 41 (80.4) Stereotactic radiosurgery 0(0.0)
Headache 39(76.5) CS craniospinal; KPS Karnofsky Performance Scale; SC spinocra-
Hemiparesis 30(58.8) nial; WHO World Health Organization; VA vertebral artery
Ataxia 25(49.0) #0Others: 1 patient with right foot drop, 1 with ocular ischemia and 1
Imbalance 24 (47.1) with myelopathy
Nausea and vomiting 22 (43.1) "With respect to the dentate ligament (DL)
Paresthesia 21(41.2) ‘Including far-lateral, extreme lateral and trans-condylar approaches
Cranial nerves deficits 14 (27.5)
Concentration impairment 3.9
Memory impairment 269 to CSF leak in 2 patients (3.9%), aspiration pneumonia
Speech impairment 269 secondary to swallowing dysfunction in 1 patient (1.9%),
Others" 359 quadriparesis due to post-surgical acute subdural hematoma
Previous surgeries 2(3.9)

Follow-up months, median (range)
Tumor characteristics
Tumor volume (cm?)
Median
Range
Craniocaudal location
Craniospinal (CS)
Spinocranial (SC)
Anteroposterior location®
Anterior
Posterior
Vertebral artery (VA) involvement
No involvement
Compression of the VA
Encasement of the VA
Brainstem/spinal cord compression
No compression
Compression
Surgical approach
Sub-occipital craniotomy
Alone
Combined with cervical laminectomy
Posterior-lateral approaches®
Alone

Combined with cervical laminectomy

36.00 (0.30-180.0)

8.18
1.77-57.9

34 (66.7)
17 (33.3)

37 (72.5)
14 (27.5)

24 (47.1)
20 (39.2)
7(13.7)

4(7.8)
47(92.2)

30 (58.8)
5(9.8)
25 (49.0)
20 (39.3)
7(13.8)
13 (25.5)
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in 1 patient (1.9%), CN VI palsy in 1 patient (1.9%), CN
VII palsy in 1 patient (1.9%), CN VIII palsy in 1 patient
(1.9%), and CN XI palsy in 1 patient (1.9%). Among these
patients, only 5 patients (9.8%) developed permanent deficits
including: 3 patients (5.9%) with swallowing dysfunction, 1
patient (1.9%) with quadriparesis, and 1 patient with CN VI
palsy (1.9%). Among patients with dysphagia (5.9%) caused
by CN IX and X deficits, 2 patients required feeding tube
placement. One patient (1.9%) with quadriparesis underwent
tracheostomy and PEG placement due to respiratory failure
as a result of bulbar dysfunction.

Univariable and multivariable analysis

The results of univariable and of the multivariable testing of
factors associated with clinical improvement, surgery-related
complication, length of hospital stay, and completeness of
resection are shown in Table 3.

Univariable analysis revealed that clinical improvement
is statistically significantly negatively associated with older
patient age (> 60 years) (p=0.05), location anterior to
DL (p=0.05), SOA (p=0.008), addition of laminectomy
(p=0.05). Conversely, clinical improvement is statisti-
cally significantly associated with lower histological grade
(WHO 1) (p=0.05), Multivariable analysis confirmed the
statistically significant negative association for patient
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Table 2 Radiological and clinical outcome

Characteristics Number (%)
No tumor regrowth or recurrence 50 (98.0)
Extent of tumor resection

Gross total resection (GTR) 41 (80.4)

Subtotal resection (STR) 10 (19.6)
Post-surgery KPS, median (range) 90 (30-100)
Length of stay in hospital (days) (median, range) 5.00 (3-70)
Complications 20 (39.2)

CSF Leak 4(7.8)

CN IX-X (swallowing dysfunction) 3(5.9)

Hydrocephalus 3(5.9)

Imbalance and ataxia 2(3.9)

Meningitis 2(3.9)

Aspiration pneumonia 1(1.9)

Quadriparesis 1(1.9)

CN VI palsy 1(1.9)

CN VII palsy 1(1.9)

CN VIII palsy 1(1.9)

CN XI palsy 1(1.9)
Transient deficits 15 (29.4)
Permanent deficits 5(9.8)
Outcome of preoperative symptoms Improved Stable Worsened
Overall 34 (66.7) 12 (23.5) 5(9.8)

Neck pain 32 (62.7) 7(13.7) 2(3.9)

Headache 29 (56.8) 8 (15.7) 2(3.9)

Hemiparesis 20 (39.2) 7(13.7) 3(5.9

Ataxia 20 (39.2) 5(9.8) 0(0.0)

Imbalance 19 (37.3) 4(7.8) 1(1.9)

Nausea and vomiting 17 (33.3) 5(09.8) 0(0.0)

Paresthesia 16 (31.3) 3(5.9) 2(3.9)

Cranial nerves deficits 10 (19.6) 1(1.9) 3(5.9)

Concentration impairment 3(5.9) 0(0.0) 0(0.0)

Memory impairment 2(3.9) 0(0.0) 0(0.0)

Speech impairment 2(3.9) 0(0.0) 0(0.0)

Others 2(3.9) 1(1.9) 0(0.0)

CN, cranial nerve, SD: Standard Deviation; KPS: Karnofsky Performance Scale

age > 60-years (HR: 0.38, 95% CI 0.15-0.88, p=0.04), loca-
tion anterior to DL (HR: 0.11, 95% CI 0.02-0.65, p=0.04),
addition of laminectomy (HR: 0.27, 95% CI 0.10-0.68,
p=0.05). Clinical improvement is statistically significantly
associated with lower histological grade (WHO 1) (HR:
2.80,95% CI 1.21-20.7, p=0.05).

Univariable analysis revealed that surgical complication
rate is associated with CS location (p=0.02), location ante-
rior to DL (p=0.01), VA involvement (p=0.01) and GTR
(p=0.05). Multivariable analysis confirmed the statistically
significant association of CS extension (HR: 3.83, 95% CI

1.54-38.6, p=0.03), and location anterior to DL (HR: 5.74,
95% CI 1.97-31.1, p=0.02), VA involvement (HR: 1.12,
95% CI 1.01-13.8, p=0.03).

Univariable analysis revealed that length of hospital stay
is statistically significantly associated with SOA (p=0.01),
as confirmed by multivariable analysis (HR: 1.26, 95% CI
1.09-7.89, p=0.02).

Univariable analysis revealed that GTR is negatively
associated with CS location (p=0.02), location anterior
to DL (p=0.03), VA involvement (p=0.03) and SOA
(p=0.02). Multivariable analysis confirmed the statistically
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Table 4 Foramen Magnum Meningioma Risk Score (FMMRS)

Factor Points
Anteroposterior location
Posterior 1
Anterior 5
Craniocaudal location
Spinocranial 1
Craniospinal 3
VA Involvement
No 0
Yes 1
RMMRS class Points Predicted risk of
complications (%)
Low risk (24 points) 2 0.00-4.76
3 5.31-9.52
4 10.5-28.6
Intermediate risk (5-7 points) 5 29.3-38.1
6 39.2-61.9
7 62.4-76.2
High risk (8-9 points) 8 77.4-95.2
9 96.1-100

Fig.1 Low-risk (FMMRS 1) (a-d) FMM. A 43-year old women with no
previous family history of meningioma, presented with history of head-
aches and progressive gait difficulties. MRI revealed heterogenous con-
trast enhancing lesion measuring 2.1 cmx 1.5 cmx 1.1 cm at the foramen
magnum with severe cervicomedullary contact, and no left VA encase-
ment, as illustrated on the axial (a) and sagittal plane (b). The FMMRS
score is 2, due to: spinocranial location (1 point), location posterior to the
DL (1 point), no VA involvement (0 point). A sub-occipital approach with
removal of posterior arch of C1 was adopted. Her postoperative course
was regular. A 1-year follow-up MRI confirmed GTR with craniocervical
decontact, as visualized on the axial (c) and sagittal plane (d). High-Risk
(FMMRS 5) FMM (e-h). A 67-year old women with no previous family
history of meningioma, presented with history of headaches, progressive
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unsteadiness, double vision to the leftward gaze, swallowing difficulty
including choking on solids and left-sided drooling. MRI revealed con-
trast enhancing lesion centered at the lower third of the clivus measuring
3.1 cmXx2.9 ecmx3.1 cm, extending to the foramen magnum with severe
cervicomedullary contact and partial left VA encasement (arrowhead), as
illustrated on the axial (e) and sagittal plane (f). The FMMRS score is 9:
craniospinal location (3 points), location anterior to the DL (5 point), VA
involvement (1 point). A transcondylar approach with removal of poste-
rior arch of C1 was adopted. Her postoperative course was complicated by
a posterior fossa subdural and subarachnoid hematoma with left hemipa-
resis and hydrocephalus (requiring permanent shunting). A 2-year follow-
up MRI revealed GTR with complete left VA (arrowhead) and craniocer-
vical decompression, as visualized on axial (g) and sagittal plane (h)
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significant negative association with CS location (HR: 0.71,
95% CI 0.23-0.95, p=0.03), location anterior to DL (HR:
0.63, 95% CI 0.25-0.98, p=0.03), involvement of VA (HR:
0.44,95% C10.20-0.97, p=0.04), and SOA (HR: 0.29, 95%
CI10.13-0.67, p=0.004).

Classification scheme for foramen magnum
meningioma

A novel classification scheme, Foramen Magnum Meningi-
oma Risk Score (FMMRS), ranging from 2 to 9 points, was
developed to estimate the risk of post-operative complica-
tions, on the basis of craniocaudal location, anteroposterior
location, and VA involvement. (Table 4) Patients harboring
FMM located in SC position, located posteriorly to the DL,
without VA involvement (FMMRS =2 point), have the low-
est predicted risk of complications after surgery (0-4.76%)
(Fig. 1). In our series, 3 patients (5.9%) belonged to this
category and none of them had complications. Conversely,
patients harboring FMM located in CS position, located
anteriorly to the DL, with VA involvement (FMMRS =9
points) have the highest predicted risk of complications after
surgery (96.1-100%) (Fig. 1). In our series, 4 patients (7.8%)
belonged to this category and all of them had complications.

The risk of surgical complications was estimated to be
low (<£28.6%) when the total score was 2—4, intermedi-
ate (29.3-76.2%) when the total score was 5-7, and high
(>77.4%) when the total score was 8-9. The estimated
risk and the observed values for each score were simi-
lar (R2=O.363, Homer-Lemeshow goodness-of-fit test,
p=0.898). The area under the receiving operating charac-
teristic curve was 0.81 (95% CI 0.61-0.98). (Supplemental
Fig. 1a).

To determine the generalizability of our FMMRS, exter-
nal validation was performed using an additional data set of
15 patients. The observed values of complications at each
score were comparable to the values estimated by the scor-
ing system. The AUC of the scoring system was 0.86 (95%
CI 0.65-0.97). (Supplemental Fig. 1b).

Discussion
Surgical approaches and radiological outcome

The goal of surgery for FMM is to achieve the maximal
resection, while minimizing the morbidity (“maximal safe
resection”), due to injury of critical neurovascular struc-
tures nearby. Over the past years, several approaches were
advocated for the resection of these tumors [5-9, 14, 15],
depending on their location on the axial plane, with respect
to the medulla. Two main approaches can be identified. First,
the SOA is ideal for the resection of FMM posterior to the

DL and of small FMMs anterior to the DL and lateral to the
medulla [10]. Posterior FMMs accounts only for 27.5% in
our series, and for 2.5-28.5% in other series.[16, 17]. The
posterior-lateral approaches (PLAs) to the posterior fossa
include the far-lateral approach[14, 15, 18], the extreme-
lateral approach,[9], and the transcondylar approach [19]
This approach is ideal for tumors located anteriorly to the
DL, in anterior or anterolateral position with respect to the
medulla. Tumors anterior to the DL are the majority in our
series (72.5%) as well as in previous series (12.5-100%). [1,
16, 17, 20] Various degrees of partial condylar drilling (less
than 40%) allows for maximizing the visualization of the
pre-medullary space, while minimizing the manipulation of
the brainstem and the risk for atlantoaxial instability [21]. In
our series, no cases of atlantoaxial instability were reported.
Multivariable analysis shows that SOA carries lower chances
of complete tumor resection (GTR) with respect to PLAs
(HR: 0.29; 95% CI 0.15-0.67; p=0.004), while the risk for
complications and for clinical improvement were not sig-
nificantly different. These data confirm that PLAs plays a
pivotal role in complete excision of FMM, especially with a
pre-medullary component, as it provides excellent exposure
of the lateral aspect and anterior aspect of the brainstem
and upper cervical spinal cord. [22] The addition of cervi-
cal laminectomy to the surgical approach is associated with
a lower chance of clinical improvement (HR: 0.27; 95% CI
0.1-0.68; p=0.05) and a higher, yet not statistically sig-
nificant, risk of complications. Arguably, FMMs requiring
cervical laminectomy could expose brainstem, lower CN and
VA to a higher risk of injury during manipulation of the
upper cervical spinal cord [23].

In selected cases of small FMMs anterior to the medulla
without VA involvement, the transoral approach [5] and,
more recently, the endoscopic endonasal approach [6] were
found to be valuable alternatives to the PLAs. However,
anterior approaches to FMMs are rarely performed because
of the relevant risk for incomplete dural repair, CSF leak and
meningitis. [5, 24-26] In our series, GTR was achieved in
80.4% of the cases, while STR in 19.6%. Multivariable anal-
ysis shows that the most technically challenging tumors to
resect, namely CS tumors, tumors anterior to DL and tumors
involving VA are statistically significantly negatively associ-
ated with GTR. Importantly, the VA involvement negatively
correlates with the completeness of resection in multivari-
ate analysis (HR: 0.44, 95% CI1 0.2-0.97, p=0.04). In these
cases, a conservative approach was adopted to prevent VA
injuries. When STR is achieved, the residual tumor was
further treated with SRS in 5.8%, surgery in 1.9%, while
in the remaining 11.7% no further treatment was required.
At the end of follow-up, the absence of tumor regrowth or
recurrence was 98%. In one case (1.9%), a gross-totally
resected tumor (WHO grade 2) recurred after 18 months.
Although our study has a short median follow-up, our data
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about tumor regrowth or recurrence are consistent with pre-
vious studies. [10, 27]Although GTR is certainly the most
desirable goal, surgical aggressiveness should be tempered
in cases with significant risk for surgical morbidity, consid-
ering the extremely low risk of recurrence of FMMs, and
that, if needed, any residual can be safely treated with SRS.
[28] Accordingly, GTR carries a borderline higher risk of
complications (HR: 2.13; 95% CI 1.43-15.9; p=0.06) and
a non-statistically significant longer hospital stay than STR.

Clinical outcome and risk of complications

After surgery, symptoms improved or remained stable in
90.2%, while worsened in 9.8%. Complications occurred in
29.4% of the patients, mainly due to: first, incomplete dural
repair, which include CSF leak, pseudomeningocele and
meningitis and, second, CN deficits including CN VI, VII,
VIII, IX, X, XI and associated complications like aspiration
pneumonia due to swallowing dysfunction. Our results are
consistent with previous series, reporting clinical improve-
ment in 70-100%, stability in 2.5-20% and worsening in
7.5-10% [1, 13, 17]. Surgical morbidity was reported around
40%, with incomplete dural repair and lower CN deficits as
the most frequent complications [27, 29-31]. Although in
our series the mortality rate is null, that has been estimated
to range between 0 and 25% [10].

Several predictors of complications were identified in the
literature, such as: anterior tumor location [32, 33], tumor
size [10], tumor invasiveness [10], extradural extension [32],
VA encasement [8], absence of arachnoidal sheath [17], and
adherence to the surrounding structures in recurrent lesions.
[17] Our analysis revealed that 3 factors are strongly associ-
ated with the risk of complications both in univariate and
multivariate analysis, namely CS location, anterior location
and VA involvement. Arguably, CS location and anterior
location could require longer and more complex surgical
exposure with higher risk of injury to the anterior surface
of the brainstem, to the CN and to the VA. In a similar fash-
ion, VA involvement with displacement and/or encasement
requires careful microsurgical dissection with potential
morbidity. In the present series there were not any VA inju-
ries. Although the size of the present cohort does not allow
any further dichotomization on the basis of the complica-
tion type, 3/5 of the lower CN complications occurred in
tumors encasing the VA and therefore requiring extensive
microsurgical dissection. Moreover, the VA was involved in
3/4 cases of CSF leak. This is typically due to the complex
dural reconstruction after dissection to mobilize the VA at
the level of its dural entry and intradural course.

In the present series, CSF complications (leak/hydroceph-
alus) were the most frequent and were included in our risk
analysis and predictive score. When the radiological char-
acteristics of FMMs with CSF complications are compared
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with the characteristics of the entire cohort, the tumors
were more frequently in CS position (85.7% vs. 66.7%),
were bigger (median size 10.3 cm® vs. 8.1 cm?) and more
frequently involved the VA (71.4% vs. 52.9%), but were in
anterior location with similar frequency (71.4% vs. 72.5%)
Although the characteristics of our cohort (size and number
of complications) limits further analysis of the predictors of
each complication type, the abovementioned tumor features
taken together suggest that large, CS, VA-involving FMMs
could indirectly lead to increased risk of CSF complica-
tions as they require more extensive myofascial dissection,
bone drilling, dural exposure and repair, especially when
VA exposure and transposition is needed at the level of its
dural entry and intracranial course. Posterior fossa surgery
requiring more extensive myofascial dissection and bone
disruption is associated with higher risk of CSF leak and
pseudomeningocele [34, 35]. When indicated and feasible,
minimally-invasive techniques of myofascial dissection and
bone drilling in posterior fossa approaches allows dramati-
cally reducing the risk of CSF leakage and pseudomenin-
gocele [35-37].

The FMMRS is a new classification based on craniocau-
dal extension, anteroposterior location and VA involvement.
That system simplifies previous classifications, such as the
classification proposed by Bruneau and George [10] based
on anteroposterior location (tumor anterior, lateral, poste-
rior), VA involvement (tumor below, above, on both sides)
and intra-extradural extension of the FMM. [10, 17] At the
best of our knowledge, the FMMRS is the first scoring sys-
tem to estimate the surgical risk of post-operative compli-
cations of FMM. Although the scoring system underwent
successful internal and external validation, further larger
studies are required for validation. Our study is limited by its
retrospective nature, the sample size, lack of standardization
of the surgical procedure. The different experience of the
surgeons could affect the outcome of patients and the gen-
eralizability of our results. Objective evaluation, comparison
and standardization of the surgical experience remains an
unresolved challenge in neurosurgical training and research.
Moreover, the present series includes patients operated
across two decades, with evolving concepts and techniques,
such as stereotactic radiosurgery that was successfully used
to treat 3 sub totally-resected tumors [28]. Our multivariate
analysis revealed a statistically significant negative correla-
tion between completeness of resection with CS location,
anterior location and VA involvement. The correlation sug-
gests that the three anatomical features prompt neurosur-
geons with different experience across different institutions
to embrace a more conservative approach. In our analysis the
VA encasement and VA contact with tumor were grouped in
a single category as VA involvement. Although any degree
of VA involvement mandates additional tumor dissection
and manipulation, VA encasement can be more technically
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challenging with respect to VA contact, in order to preserve
the VA, lower CN and brainstem. Further larger studies are
required to investigate the impact of different degrees of
VA involvement on the surgical morbidity. In the present
series cervical laminectomy is not associated with a statisti-
cally significant difference in complication rate. Moreover,
there is no obvious association with a specific complication
subtype such as spinal fluid leakage or cranial neuropathy.
Larger studies could ascertain the impact of laminectomy
on the morbidity.

Conclusions

Microsurgical resection of FMMs through SOA and PLAs
allows for symptomatic improvement or stability as well as
for GTR in the vast majority of patients, despite complica-
tions in one third of the patients. Risk of tumor recurrence
or regrowth after surgery is minimal. CS and anterior tumor
locations, VA involvement are significant independent pre-
dictors of complications and can be successfully used as part
of a classification and scoring system (FMMRS) to estimate
the risk of post-operative complications.
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