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CLINICAL STUDY
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Abstract Petroclival meningiomas are difficult to treat
due to their intimate location with critical structures, and
complete microsurgical resection is often associated with
significant morbidity. In this study, we evaluate the out-
comes of petroclival meningiomas treated with Gamma
Knife radiosurgery (GKRS) as an adjunct to microsurgery
or a primary treatment modality. A multicenter study of
254 patients with a benign petroclival meningioma was
conducted through the North American Gamma Knife
Consortium. One hundred and forty patients were treated
with upfront radiosurgery, and 114 following surgery.
Multivariate analysis was used to determine predictors
of favorable defined as no tumor progression following
radiosurgery and the absence of any new or worsening
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neurological function. At mean follow up of 71 months
(range 6-252), tumor volumes increased in 9 % of tumors,
remained stable in 52 %, and decreased in 39 %. Kaplan—
Meier actuarial progression free survival rates at 3, 5, 8, 10,
and 12 years were 97, 93, 87, 84, and 80 % respectively.
At last clinical follow-up, 93.6 % of patients demonstrated
no change or improvement in their neurological condition
whereas 6.4 % of patients experienced progression of
symptoms. Favorable outcome was achieved in 87 % of
patients and multivariate predictors of favorable outcome
included smaller tumor volume (OR = 0.92; 95 % CI
0.87-0.97, p = 0.003), female gender (OR 0.37; 95 % CI
0.15-0.89, p = 0.027), no prior radiotherapy (OR 0.03;
95 % CI 0.01-0.36, p = 0.006), and decreasing maximal
dose (OR 0.92; 95 % CI 0.96-0.98, p = 0.010). GKRS of
petroclival meningiomas achieves neurological preserva-
tion in most patients and with a high rate of tumor control.
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Abbreviations

GKRS Gamma Knife radiosurgery

SRS Stereotactic radiosurgery

MR Magnetic resonance

CT Computed tomography

IMRT Tintensity-modulated radiotherapy
FSRT  Fractionated stereotactic radiotherapy
Introduction

Patients with a petroclival meningioma commonly present
with neurological deterioration due to the tumor’s close
proximity to neurovascular structures. Because of the
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availability of neuro-imaging, the diagnosis of these lesions
as incidental findings has also increased. Although surgical
resection has historically been the primary treatment
modality for symptomatic tumors or tumors with progres-
sion on serial imaging studies, microsurgery has been
associated with significant morbidity and mortality,
incomplete resection, and delayed progression [1-26].

Stereotactic radiosurgery (SRS) has emerged as a valuable
therapeutic option for selected patients following microsur-
gery and as a primary treatment modality. Outcomes of pet-
roclival meningiomas treated with surgery and/or radiotherapy
are limited to small patient series which limit rigorous statis-
tical analysis [8, 21, 27]. Petroclival meningiomas present
unique challenges from a radiosurgical planning standpoint
due to their proximity to the brainstem, cranial nerves, and
vascular structures and their potential for causing the future
development of hydrocephalus. In this multi-institutional
study, we assess the outcomes of patients with petroclival
meningiomas treated with Gamma Knife radiosurgery
(GKRS) to determine long-term predictors of neurological
function, tumor progression, and overall outcome.

Materials and methods

Institutional review board approval to participate in this
study was obtained individually by medical centers who
are members of the North American Gamma Knife Con-
sortium (NAGKC). Collection of the outcomes of 254
patients with petroclival meningiomas treated with GKRS
was conducted at each center (Table 1). The following
centers contributed to this study: the Cleveland Clinic
(N = 2), Yale University (N = 6), Barrow Neurological
Institute (N = 30), University of Pittsburgh (N = 161),
University of Pennsylvania (N = 11), University of Sher-
brooke (N = 16), and University of Virginia (N = 28).
Petroclival meningiomas were defined as tumor whose
maximal volume was centered over the region between the
petrous apex and the upper two-thirds of the clivus [1, 27].
44.9 % of the patients included had a histologically diag-
nosed WHO grade I petroclival meningiomas. Remaining
patients had clinical and neuro-imaging features consistent
with a benign meningioma. For inclusion, patients were
required to have a minimum of 6 months neuro-imaging and
clinical follow-up after GKRS. This minimum follow-up
period enabled some evaluation of the beneficial and adverse
effects from radiosurgery since any effects usually are latent.

Radiosurgical technique
The Gamma Knife Models U, B, C, 4C, or Perfexion® were

used depending on the technology available at the time of
treatment at participating centers. Median prescription dose
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Table 1 Baseline characteristics of patients with petroclival menin-

giomas treated with GKRS

Characteristic

Total

Female gender
Median age

Previous resection

195 (76.8)
57.1 & 13.4 years (18-89)
114 (44.9)

Prior radiotherapy 4 (1.6)
Mean time from presentation to GKRS  14.6 & 33.3 months
(0-264)

Initial presentation
Headache 64 (25.2)
Subjective dizziness 71 (28.0)
CN III/IV/VI 31(14.6)
CN V 23 (9.1)
CN VII 106 (32.6)
CN VIII 70 (27.6)
CN IX/X 14 (5.5)
CN XI 10.4)
CN XII 3(1.2)
Ataxia 22 (8.7)
Other cerebellar alteration/deficit 5(2.0)
Body weakness 13 (5.1)
Change body sensation 11 (4.3)

Mean volume

Mean follow up

7.8 £ 6.6 cc (0.17-36.1)

71.1 £ 50.8 months
(6-252)

Characteristics are presented as sample size (percent) and mean £+ SD

(range)

delivered to the tumor margin was 13 Gy (range 940 Gy;
Table 2). Radiosurgical treatment parameters (e.g. margin
dose, treatment isodose) were determined individually by
each treatment center and included considerations related to
tumor volume, proximity to critical structures, pre-existing
neurological deficits, and history of previous treatments.

Clinical and neuro-imaging follow-up
Clinical and neuro-imaging evaluations were generally per-

formed at 6 month follow-up intervals for the first 2 years
after radiosurgery. Patients without evidence of tumor growth

Table 2 Gamma Knife treatment parameters

Characteristic Total

Margin dose 13.4 + 2.4 (940) Gy

27.6 + 5.5 (18-80) Gy
48.9 % + 4.6 (30-60)

11.2 £ 6.7 (1-41)

7.5 £ 6.2 (0.3-33.1)

Maximum dose
Isodose line
Isocenters

Isodose volume

Characteristics are presented as sample size (percent) and mean £ SD
(range)
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and or new neurological findings, follow up intervals were
subsequently increased to every 1-2 years. The follow-up
images were compared with the images obtained at the time of
GKRS. Tumor growth (an increase of more than 10 % from
the original tumor volume at the time of GKRS) within the
planned treatment volume or adjacent to it was defined as
tumor progression. Guidelines for imaging review were pro-
vided to each center in the NAGKC network and films were
independently reviewed at each participating institution.

Statistical analysis

Statistical analyses of categorical variables were carried out
using Chi square and Fisher’s exact tests. Calculations of nor-
mality were assessed statistically and graphically. Statistics of
means were carried out using unpaired student ¢ test, and Wil-
coxon rank sum tests when variables were not normally dis-
tributed. Youden indices were used to determine the optimal
dichotomized breakpoint of maximal dose to predict favorable
outcome and optimal dichotomized breakpoint of tumor vol-
ume to predict tumor progression. The following dependent
variables were assessed in univariate and multivariate analysis:
tumor free progression, worsening or new decline in neuro-
logical function, and favorable outcome (no tumor progression
and no worsening or new decline in neurological function). The
following factors were assessed to determine predictors of the
above dependent outcomes: patient age, gender, year of GKRS
treatment, time from symptom onset, tumor location, tumor
volume, maximal tumor diameter, history of chemotherapy,
specific signs and symptoms on presentation and/or at the time
of treatment, history of surgery, history of radiotherapy, max-
imal GKRS dose, marginal GKRS dose, isodose line, number
of isocenters, duration of imaging follow up, and duration of
clinical follow up. Kaplan—Meier risk of tumor progression was
calculated. Factors predictive of tumor progression (p < 0.15)
were entered into multivariate Cox regression analysis to assess
hazard ratios. Clinical covariates predicting new or worsening
neurological function with a univariate p value < 0.15 were
included in multivariate logistic regression analysis. Addi-
tionally, clinical covariates predicting unfavorable outcome
with a univariate p value < 0.15 were included in multivariate
logistic regression analysis. Clinically significant variables and
interaction expansion covariates were further assessed in both
Cox and logistic multivariate analyses as necessary.

Results
Clinical outcomes
During a mean follow-up of 71.1 months (range

6252 months), 6.4 % of patients had new or worsening neu-
rological function, 27.1 % had improvement in neurological

Table 3 Overall clinical and tumor outcomes

Characteristic Outcome

7.8 £ 6.6 (0.17-36.1)
6.2 £ 5.9 (0.4-33)

Mean pre-GKRS tumor volume
Mean post-GKRS tumor volume

Tumor size

Decrease tumor volume 98 (39.2)

No change in volume 129 (51.6)

Increase tumor volume 2(9.2)
Clinical outcome

No change in outcome 157 (66.5)

Improvement in outcome 64 (27.1)

New or worsening neurological function 15 (6.4)
Favorable overall outcome 202 (86.7)
Unfavorable overall outcome 31 (13.3)
Post-GKRS hydrocephalus 7(2.8)
Post-GKRS ventriculoperitoneal shunt 7 (2.8)
Post-GKRS radiotherapy 1(0.4)
Post-GKRS surgery 8 (3.2)

Table 4 Specific alterations in clinical signs and symptoms follow-
ing Gamma Knife

Characteristic Presentation New or
worsening
function

Initial presentation

Subjective dizziness 71 (28.0) 7 (2.8)
CN III/TV/VI 31(14.6) 6 (2.4)
CNV 23 (9.1) 10 (3.9)
CN VII 106 (32.6) 3.2
CN VIII 70 (27.6) 1(04)
CN IX/X 14 (5.5) 3(1.2)
CN XI 1(0.4) 0

CN XII 3(1.2) 2 (0.8)
Ataxia 22 (8.7) 5 (2.0)
Other cerebellar alteration/deficit 52.0) 2 (0.8)
Body weakness 13 (5.1) 3(1.2)
Change body sensation 11 (4.3) 1(0.4)

function, and 66.5 % had no change in neurological function.
Specific improvement and decline in signs, symptoms, and
cranial nerve functions are displayed in Table 3 and 4.
Patient, tumor, and GKRS planning variables predictive
of new or worsening neurological function following
GKRS in univariate included male gender, presentation,
and increasing prescription dose, and increasing volume. In
multivariate analysis, those with pre-existing dizziness and
imbalance (OR 3.47; 95 % CI 1.02-11.72, p = 0.015) and
those with pre-existing alterations in either visual function
or movement (OR 5.28; 95 % CI 1.44-19.41, p = 0.012)
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Table 5 Factors predictive of new/worsening symptoms in multi-
variate analysis

Pre-GKRS variables Odds ratio

(95 % CI, p value)

Dizziness or imbalance 3.47 (1.02-11.72, 0.015)

Alteration visual function or movement 5.28 (1.44-19.41, 0.012)

were most likely to worsen following GKRS (Table 5).
There was a trend towards new or worsening neurological
function with increasing volume in multivariate analysis
(OR 1.07; 95 % CI 1.00-1.14, p = 0.065) when control-
ling for the above baseline alterations in function. Addi-
tionally, patients with tumor progression were more likely
to experience new or worsening neurological function (OR
4.59; 95 % CI 1.31-16.06, p = 0.017).

Radiologic outcome

Mean tumor volume decreased from 7.8 cc (range 0.2-36.1)
prior to GKRS to 6.2 cc (range 0.4-33) following GKRS
(Table 3). At last follow-up, tumor volumes increased in 9 %
of tumors, remained stable in 52 %, and decreased in 39 %. In
Kaplan—Meier analysis, actuarial progression free survival at 3,
5,8,10,and 12 years was 97,93, 87,84, and 80 %, respectively
(Fig. 1a). Factors predictive of tumor progression in univariate
analysis included male gender, increasing time from symptom
onset, history of radiotherapy, increasing volume, decreasing
maximal dose, and decreasing isodose percent. Absence of
prior surgical resection was not predictive of tumor progression
(HR 1.34;95 % C10.58-3.12, p = 0.495; Fig. 1b). Regarding
tumor control, the optimal breakpoint for tumor volume
occurred at 8 cc. Patients with a tumor volume greater than or
equal to 8 cc (i.e. 40 % of the study population) were signifi-
cantly more likely to have tumor progression (HR 2.77; 95 %
CI 1.16-6.61, p = 0.022, Fig. 1c).

In multivariate analysis, covariates predictive of tumor
progression included increasing time from diagnosis (HR
1.01; 95 % CI 1.00-1.02, p = 0.001), history of prior
radiation (HR 8.64; 95 % CI 1.90-39.27, p = 0.005),
increasing tumor volume (HR 1.07; 95 % CI 1.03-1.13,
p = 0.002), and decreasing maximal dose (HR 1.08; 95 %
CI 1.02-1.13, p = 0.004; Table 6). When controlling for
other independent predictors, tumors with a volume greater
than 8 cc were 3.7 times more likely to have tumor pro-
gression (95 % CI 1.5-9.2, p = 0.006). Resection prior to
GKRS was not predictive of long-term tumor control in
multivariate analysis when controlling for other variables.

Further treatments after radiosurgery

During follow-up, one patient underwent fractionated
radiation therapy because of out of field tumor progression.
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Fig. 1 a Tumor free progression after Gamma Knife radiosurgery.
b Tumor free progression in patients with and without a history of
microsurgical resection. ¢ Progression free tumor survival in patients
with tumors <8 cc and those >8 cc (p = 0.022). The integers along
the X-axis denote the number of patients reaching each of the major
time milestones

Seven patients required a ventriculoperitoneal shunt. Only
one patient who required a shunt had tumor progression
during the follow-up. Seven patients had a single micro-
surgical resection after radiosurgery because of tumor
progression and one patient underwent two resections. All
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Table 6 Factors predictive of tumor progression in multivariate
analysis

Table 7 Factors predictive of favorable outcome in multivariate
analysis

Pre-GKRS Variables Hazard ratio (95 % CI, p value)

Variables Odds ratio (95 % CI, p value)

1.01 (1.00-1.02, 0.001)
1.07 (1.03-1.13, 0.002)
8.64 (1.90-39.27, 0.005)
1.08 (1.02-1.13, 0.004)

Time from symptom onset
Volume

Prior radiotherapy
Maximal dose

Volume 0.92 (0.87-0.97, 0.003)
0.37 (0.15-0.89, 0.027)
0.03 (0.01-0.36, 0.006)

0.92 (0.96-0.98, 0.010)

Male gender
Prior radiotherapy

Decreasing maximal dose

tumors resected after radiosurgery were confirmed WHO
grade I meningiomas.

Other serious complications

In the current series, there was no evidence of vascular
injury or brainstem ischemia as a result of radiosurgery.
Additionally, there were no cases of malignant transfor-
mation of an existing meningioma nor radiation related
tumor development.

Overall outcome after stereotactic radiosurgery

Favorable outcome (tumor control along with neurological
stability or improvement) was achieved in 87 % of patients
and unfavorable outcome in 13 %. Of those with an
unfavorable outcome, 1.7 % exhibited both tumor pro-
gression and neurological decline. Univariate predictors of
favorable outcome included female gender, no prior sur-
gery, no prior radiotherapy, decreasing time from symptom
onset, presentation, decreasing volume, decreasing maxi-
mal dose, and increasing isodose line. Patients with a his-
tory of surgery before radiosurgery were 1.8 times more
likely to have an unfavorable outcome in univariate ana-
lysis (95 % CI 1.07-3.01, p = 0.026), but prior resection
was not an independent predictor of outcome. Patients with
a tumor volume greater than 10 cc were 2.3 times more
likely to have an unfavorable outcome (95 % CI 1.03-5.10,
p = 0.041). The rates of favorable outcome for those
patients with a tumor volume greater than versus less than
10 cc were 73.9 and 55.2 %, respectively. Multivariate
predictors of favorable outcome included decreasing vol-
ume (OR 0.92; 95 % CI 0.87-0.97, p = 0.003), female
gender (OR 0.37; 95 % CI 0.15-0.89, p = 0.027), no
prior radiation therapy (OR 0.03; 95 % CI 0.01-0.36,
p = 0.006), and decreasing maximal dose (OR 0.92; 95 %
CI 0.96-0.98, p = 0.010) (Table 7).

Regarding a favorable outcome, the optimal dose
breakpoint occurred with a maximal dose of 31 Gy.
Patients treated with a maximal dose greater than 31 Gy
were 77 % less likely to achieve a favorable outcome (OR
0.33; 95 % CI 0.14-0.80, p = 0.014). Twenty-two of 200
patients (11.0 %) treated with a maximal dose less than or

equal to 31 Gy had unfavorable outcome versus 9 of 33
patients (27.3 %) patients treated with a maximal dose
greater than 31 Gy (p = 0.011). When controlling for
independent predictors of favorable outcome (i.e. tumor
volume, female gender, no prior radiation therapy), those
treated with a maximal dose above 31 Gy were 84 % less
likely to achieve a favorable outcome than those treated
with a maximal dose of 31 Gy or less (95 % CI 0.06-0.44,
p < 0.001).

Discussion

Symptomatic petroclival meningiomas are among the most
difficult skull base tumors to successfully manage. Their
various growth pattern and the adjacent neurovascular
structures contribute to the difficulty in obtaining long-term
tumor control while avoiding neurological morbidity and
mortality. The management paradigm of deep-seated skull
base tumors, such as petroclival meningiomas, has gener-
ally shifted away from attempts at aggressive gross total
surgical resection to a more tempered approach. The goal
of the initial subtotal surgical debulking is to decompress
critical structures such as the brainstem, cranial nerves, and
basilar artery complex in order to facilitate subsequent
radiosurgery for residual tumor [26].

Surgical resection

Complete surgical resection may be curative; however, the
morbidity and mortality associated with surgical resection
of petroclival meningiomas can be very high. Nanda et al.
[28] reported 50 petroclival meningioma patients who
underwent surgical resection and indicated that 44 % of
patients sustained new postoperative cranial neuropathies
including 14 % who suffered permanent cranial nerve
palsies. Additional postoperative complications included
hydrocephalus requiring cerebrospinal fluid (CSF) diver-
sion (16 %), CSF leak (4 %), and wound dehiscence (2 %).
Of the 31 patients with at least 6 months radiologic follow-
up (mean 22 months), 19 % had tumor progression or
recurrence at a median time to recurrence of 84 months
[28].
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Stereotactic radiosurgery in the management
of petroclival meningiomas

The present multicenter study comprises the largest pet-
roclival meningioma SRS series reported. GKRS affords
excellent tumor control rates of 93 % at 5 years and 84 %
at 10 years. Additionally, there was a 21 % decrease in
mean tumor volume. In the current study and based upon
multivariate analysis, predictors of tumor progression
were: (1) increased time from symptom onset, (2) prior
radiation therapy, (3) increased tumor volume, and (4)
decreased maximal dose. Previously irradiated meningio-
mas have been shown to be more radioresistant to radio-
surgery [29]. It remains unclear whether a subset of
meningiomas are in fact more radioresistant or that prior
radiation reduces susceptibility to additional ionizing
radiation. Alternately, this finding may be an artifact of
selecting and delivering a reduced radiosurgical dose to
previously irradiated meningiomas.

Larger tumor volumes hinder the ability to deliver the
optimal prescription dose to the tumor margin while at the
same time delivering a dose within the tolerance of adja-
cent structures such as the brainstem or adjacent neuro-
vascular structures [30]. A lower marginal dose will
correspondingly reduce the odds of successful tumor con-
trol [31]. However, the upper limit of the tumor margin
radiosurgical dose must be adjusted by the adjacent
brainstem and cranial nerves. The present study found that
a maximal dose of less than or equal to 31 Gy was asso-
ciated with a favorable outcome. If a 50 % isodose line is
adopted (mean 49 Gy in present study), an optimal margin
dose to a WHO grade I petroclival meningioma would be
approximately 15 Gy. Prior studies have also found similar
dose regimens to provide an effective and safe outcome
after single session radiosurgery [31-33]. Although eval-
uation of previously treated patients may provide some
guidelines for GKRS treatment planning, both patient and
tumor characteristics for each patient must be evaluated
individually to determine the optimal strategy. Increasing
dose increases the chances of achieving tumor control, but
this must be balanced against the risk of radiation induced
injury associated with increasing radiosurgical margin
dose.

Cranial nerve risks to GKRS

Over a relatively long mean follow-up period of 71 months,
we observed a6 % rate of neurological deterioration. CN VII
was the most common baseline deficit but new or worsening
CN V function was the most common during the post-SRS
period (Table 4). Also, multivariate analysis identified dys-
equilibrium symptoms such as dizziness and imbalance
(p = 0.015) and alterations in visual function or movement
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(p = 0.012) at presentation as independent predictors of
delayed clinical deterioration. Dizziness and imbalance are
typically the result of dysfunction of the cerebellar pathways
traversing the brainstem although damage to the vestibular
portion of cranial nerve VIII may also result in similar
symptoms. Ocular motility dysfunction may result from
compression of the abducent nerve, and motor impairment
may be secondary to compression of the cerebral peduncles
or the corticospinal tracts as they pass through the pons. It is
likely that patients with larger tumors, especially those with
neurological dysfunction at the time of presentation, are
more likely to develop new or worsened neurological mor-
bidity after SRS. Patients with tumor progression after
radiosurgery were at increased risk for neurological decline
(p = 0.017).

The rate of favorable outcome (tumor control and sta-
bilization or improvement in neurological function) in this
study was 87 %. From the multivariate analysis of this
study, increased tumor volume and prior radiation therapy
were statistically associated with an unfavorable outcome
after GKRS (Table 5). Female patients were more likely to
have a favorable outcome after GKRS. While we do not
know to what extent estrogen and progesterone effects may
have led to this finding, the observation bears further
investigation. For patients with large, symptomatic petro-
clival tumors, cytoreductive surgery prior to radiosurgery
may be beneficial if additional morbidity can be avoided.
Both tumor progression and toxicity associated with SRS
after prior radiation therapy lead to increased risk of
unfavorable outcomes after SRS.

In a single center GKRS study of 137 patients with
intracranial meningiomas, a tumor volume over 10 cc was
the only independent predictor of poorer survival [34].
Roche et al. evaluated the GKRS outcomes for 32 patients
with petroclival meningiomas [21]. The rate of tumor
control over a mean following period of 53 months was
100 %, and the rate of favorable outcome was 94 %. These
authors did note that two patients suffered stroke symptoms
related to pontine infarcts after radiosurgery. Flannery et al.
reported outcomes for a series of 168 petroclival menin-
gioma patients with a median follow-up of 72 months after
GKRS [35]. Those patients are also included in the present
report. The rates of progression-free survival at 5 and
10 years were 91 and 86 %, respectively, which are similar
to the tumor control rates reported in this study. The rate of
neurological deterioration was 15 %, and tumor volumes of
at least 8 cc and male gender were significant predictors of
tumor progression.

Study limitations

Our multicenter study is the largest radiosurgery series of
petroclival meningioma to date. The large number of
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patients with significant radiologic and clinical follow-up
allows detailed statistical analysis for predictors or tumor
progression, neurological dysfunction, and overall favor-
able outcome. However, this study remains limited by its
retrospective nature and therefore by the selection and
treatment biases of the physicians and institutions involved.
The treatment period of this study spans over 20 years. In
that time, GKRS technology and techniques have evolved
accordingly to improve the accuracy of radiosurgical tar-
geting. We are unable to reliably account for the effect of
changes in GKRS units, refinement of dose planning and
dose selection, and targeting strategies on the reported
outcomes. While we excluded all patients with a known
histological diagnosis of an aggressive meningioma 55 %
of the tumors in this study were treated on the basis of
neuroimaging features and clinical characteristics alone.
Therefore, the slight possibility remains that a small frac-
tion of tumors treated with GKRS were WHO grade II or
IIT meningiomas or were extra-axial skull base tumors
other than meningiomas, such as schwannomas.

Conclusion

GKRS for petroclival meningiomas is associated with high
rates of long-term tumor control. Those with a smaller
tumor volume and no radiation therapy are most likely to
have favorable outcomes. In addition, certain presenting
symptoms such as cerebellar, visual, facial, and motor
dysfunction should be considered when selecting patients
as they portend a greater risk for an unfavorable outcome
after radiosurgery.

Conflict of interest Dr. Lunsford is a consultant for and stockholder
in Elekta AB.
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