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Abbreviations

AVM  Arteriovenous malformation

CISS Constructive interference in steady
state

CS Cavernous sinus

CSMN Cavernous sinus meningioma

CT Computed tomography

GTV Gross target volume

Gy Gray

ID Integral dose

LGKRS Leksell Gamma Knife radiosurgery

Linac  Linear accelerator

LTC Local tumour control

MD Maximum dose

MN Meningioma

MRI Magnetic resonance imaging
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MT Malignant transformation

NHS National Health Service

PD Prescription dose

PI Prescription isodose

RIT Radiation-induced tumorigenesis
RT Radiotherapy

SRS Stereotactic radiosurgery

WHO  World Health Organization

7.1 Introduction

Cavernous sinus meningiomas (CSMNs) occur
in 0.5/100,000 people in the general population,
and account for more than 90% of cavernous
sinus tumours [1, 2]. From an epidemiological
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perspective, CSMNs are more common in
females and in middle to advanced age [2]. In
most cases, CSMNs are histologically Grade I on
the WHO classification or show imaging features
compatible with benign forms [1, 3].

Surgical treatment is the primary therapeutic
choice for intracranial meningiomas. However,
CSMN s constitute a great surgical challenge due
to their close anatomical relationships with par-
ticularly delicate and vital vascular, endocrine
and nerve structures (cavernous segment of the
inner carotid artery, upper and lower petrous
sinuses, basilar plexus, cavernous sinus, anterior
visual pathways, pituitary stalk, ocular nerves,
first and second branches of the trigeminal nerve
and brainstem) [4]. As a result, and despite con-
siderable advances in neurosurgical technology
and intraoperative neurophysiological monitor-
ing methods, the surgical approach is burdened
by a high risk of serious and long-lasting side
effects, especially in attempts at radical resection.
In fact, the literature reports high rates of perma-
nent neurological complications (17.9-74.0%)
and a post-operative mortality rate of up to 9.5%
associated with such interventions [5-7].

Stereotactic radiosurgery (SRS), on the other
hand, is minimally invasive and associated with
excellent efficacy (high local tumour control,
LTC) and safety, a very low risk of permanent
neurological side effects and no secondary mor-
tality. These features have facilitated the rapid
diffusion of this therapeutic approach in selected
cases of CSMNs (maximum diameter of less than
3 cm or volume less than 15-20 cm? and which
do not significantly compromise the anterior
visual pathways) around the world, both as an
alternative to surgery (primary treatment, espe-
cially when the morphological and volumetric
features of a meningioma preclude the surgical
approach) and as part of a combined surgical
treatment (adjuvant removal of residual tumour
following resection, or as a salvage treatment for
progressing or recurring tumours) [8, 9].

Worldwide, over 10,000 CSMNss have thus far
been treated via SRS and reported in the litera-
ture—a total of about 150 published articles.
Reported outcomes are excellent, with regard to
both LTC (85-100% at 5 years and 75-98% at

Table 7.1 Total actuarial LTC across the entire series of
200 patients at 5, 10 and 15 years
5-year LTC 10-year LTC

94% 91%

15-year LTC
89%

10 years) and risk of permanent side effects (an
incidence of between 0% and 19%); radiosurgi-
cal treatment is associated with a 0.0% mortality
rate (Table 7.1). That being said, few studies have
evaluated the effectiveness and safety of SRS for
CSMN s in the long term, i.e. after an observation
period of longer than 10 years. Hence, in this
chapter, we present the results of our retrospec-
tive study on 200 CSMN patients treated via
Leksell Gamma Knife radiosurgery (LGKRS)
and subjected to neuroradiological and clinical
follow-up for at least 10 years. In addition, we
share data from our uni- and multivariate statisti-
cal analysis, performed to assess the prognostic
role of several independent variables, namely
age, sex, gross tumour volume (GTV), prescrip-
tion dose (PD), stereo-CT vs. stereo-MRI, loca-
tion limited to the cavernous sinus vs. local
spread, primary vs. adjuvant/salvage LGKRS and
WHO Grade I vs. II classification, in the post-
SRS LTC (end point). Finally, we compare our
data with those collected from a wide range of
literature reports on the subject.

7.2  Materials and Methods

Between February 1993 and December 2007,
200 CSMN patients underwent SRS with Leksell
Gamma Knife (LGKRS) at our department. All
selected patients were followed up for at least
10 years. At the time of admission, signed con-
sent was obtained from all patients included in
the study, as the general policy at our LGKRS
centre (Verona University Hospital) is to acquire
consent from all patients before their medical
records and radiological images are used for
research purposes. The sample comprised 51
males and 149 females, of average age 53.7 years
(range 25-83 years). CSMNs were classified by
site as either limited to the cavernous sinus (lim-
ited) or spread to nearby structures of the cranial
base (spread). There were 97/200 WHO Grade 1
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CSMNs, 91/200 with neuroradiological charac-
teristics compatible with a benign form and
12/200 Grade II CSMNs. LGKRS was used as a
primary treatment in 91/200 patients (45.5%), as
an adjuvant in 77/200 cases (38.5%) and as sal-
vage therapy in 32/200 patients (16.0%).

On the day of radiosurgical treatment, the MRI-
compatible Leksell model G stereotactic frame
(Elekta Instruments) was positioned to the
patient’s head. Then, stereo-CT was performed in
69 patients and stereo-MRI in 131. Currently, our
stereo-MRI protocol for CSMNs includes the fol-
lowing algorithms and specific sequences, all with
contrast: T1 sequences for saturated fats, construc-
tive interference in steady-state (CISS) sequences
and 1 mm isovoxel Q1 volumetric sequences. SRS
procedures were carried out using an LGK C 201
unit with Co® source until June 2008, and LGK
Perfexion (both from Elekta Instruments) thereaf-
ter. Three-dimensional treatment planning was
developed using commercially available pro-
grammes, namely Kula (Elekta Instruments) from
February 1993 to February 1998 and Leksell
Gamma Plan (versions 4.12, 5.34 and 8.3, Elekta
Instruments) after February 1998. The neurosur-
geon, radio-oncologist and medical physicist
jointly created an extremely conformational treat-
ment plan using multiple collimators, selecting the
dose most appropriate for the individual case. The
treatment plan was carried out with the aim of
achieving full and highly conformational coverage
of the tumour, sparing and preserving the sur-
rounding healthy structures (cranial nerves, pitu-
itary stalk, etc.). The average parameters and their
treatment plan ranges were as follows: GTV
9.88 cc (1.4-42.6), PD 14.2 Gy (10-22.5), PI
48.3% (48.3% 30-60), MD 29.8 Gy (16.9-66.7),
ID 169.7 mJ (26-713) and number of shots 13.8
(3-35). The DP and MD of the SRS treatment
were selected and administered in accordance with
the known radio-tolerance levels for the optic
nerve, optic chiasm and pituitary stalk.

The first scheduled follow-up was at 6 months
after SRS, then annually for 2 years and then
every 2-3 years. Patient status was monitored at
these time points using MRI, field-of-vision anal-
ysis, Hess—Lancaster screen and full pituitary
hormone profiling.

Actuarial LTC rate curves were plotted using
the Kaplan—Meier method [10], and log-rank uni-
variate analysis was used to assess factors poten-
tially related to LTC. Statistical significance was
calculated using Fisher’s exact test. Next, to
assess statistical significance more accurately,
regression analyses were performed using a
logistic model. Uni- and multivariate statistical
analyses were performed to assess which of the
following independent variables could poten-
tially affect the LTC (end point): age, gender,
GTYV, PD, stereo-CT vs. stereo-MRI, limited vs.
spread site, primary vs. adjuvant/salvage LGKRS
and WHO Grade I vs. II. Based on the interna-
tionally accepted criteria, p values <0.05 were
considered statistically significant. Statistical
analysis was performed using Stata software,
version 13.1 (Stata Corp.). Since this is a retro-
spective, single-centre study, the possibility of
bias in patient selection cannot be ruled out.

7.3  Results

The median observation period was 165.9 months
(137.0-256.0). Clinical neurological outcome
was classified as stable (52/200) or improved
(121/200) in 173 patients (86.5%), regardless of
the extent of tumour reduction. The median clini-
cal performance index, based on Karnofsky clas-
sification, rose from 80.5% in the period prior to
LGKRS to 85.7% at the last clinical-neurological
check-up  after  radiosurgical  treatment
(p =0.041). Among the 27/200 patients with neu-
rological deterioration, 22 had worsened due to
tumour progression. In five cases (2.5%) there
was a slight permanent fifth and/or sixth cranial
nerve deficit secondary to the LGKRS treatment.
During the observation period, there were ten
deaths, one being a patient with pre-LGKRS
WHO Grade II MN which exhibited dramatic
late progression leading to death; a further two
patients diagnosed with WHO Grade I MN had
uncontrollable local progression after LGKRS
leading to their deaths; and in the remaining
seven cases, the cause of death was not related to
meningioma. None of the cases in our clinical
series resulted in radiosurgery-related mortality,
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Fig. 7.1 Comprehen-
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and in the 10 years after SRS, there were no cases
of radiation-induced cancer or proven malignant
transformation.  Overall, 171/200 patients
(85.5%) had actuarial LTC rates of 94%, 91%
and 89% at 5, 10 and 15 years, respectively
(Fig. 7.1 and Table 7.1). A comparison between
Grade I CSMNs (97/200), or those with neurora-
diological characteristics compatible with benign
meningioma (91/200), and WHO Grade II
(12/200) revealed actuarial LTCs of 94.9%,
94.9% and 89.3% at 10, 15 and 20 years, respec-
tively, for Grade I CSMNs, and 76.2%, 76.2%
and 0.0% at the corresponding time points for
Grade II CSMNSs (Fig. 7.2 and Table 7.2). Among
the 27/200 CSMNs that displayed progression
after LGKRS, 11/97 (11%) had originally been
diagnosed as WHO Grade I, 9/91 (10%) had
CSMNs with neuroradiological characteristics
compatible with benign forms and 7/12 (58%)
were originally WHO Grade II. According to uni-
and multivariate statistical analyses, the only
independent variables that significantly influ-
enced the LTC were primary vs. adjuvant/salvage
treatment (p = 0.037) and histology (WHO Grade
I vs. Grade II) (p = 0.019). In other words, our
results indicate that patients treated with LGKRS
without having previously undergone neurosurgi-
cal intervention and those suffering from a
CSMN of WHO Grade I or with neuroradiologi-
cal characteristics compatible with benign forms
have a more favourable prognosis for survival
without local progression.

60 90 120 150

180 MONTHS

7.4 Discussion

7.4.1 Epidemiology, Anatomy
and Clinical Data

As mentioned in Sect. 7.1, CSMNs occur in
0.5/100,000 people in the general population, and
account for more than 90% of tumours of the cav-
ernous sinus [1, 2]. They are more common in the
middle decades of life, but also occur frequently
in old age. The ratio of female to male patients is
2:1 [2]. CSMINs have distinctive features related
to their location, owing to their close anatomical
relationships with particularly delicate but vital
vascular, endocrine and nerve structures, includ-
ing the cavernous segment of the inner carotid
artery, upper and lower petrous sinuses, basilar
plexus, cavernous sinus, anterior visual path-
ways, pituitary stalk, ocular nerves, first and sec-
ond branches of the trigeminal nerve and
brainstem [4]. Indeed, they tend to cause clinical
symptoms secondary to compression or invasion
of neighbouring neurovascular structures, often
diplopia, ophthalmoplegia and/or eyelid ptosis.
Compression of the anterior visual pathways or
infiltration of the optic tract can cause visual
impairment, resulting in complete loss of visual
acuity, as well as a complete or partial trigeminal
syndrome secondary to the compression of the
fifth cranial nerve. More rarely, hormonal deficits
due to impaired pituitary function are also seen.
Patients with CSMNs involving the sphenoid
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Fig. 7.2 Comparison of
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Table 7.2 Comparison of actuarial LTC rates at 10, 15
and 20 years for WHO Grade I CSMNs or those with neu-
roradiological characteristics compatible with a benign
form versus Grade II CSMNs

WHO grade | 10-year LTC | 15-year LTC | 20-year LTC
Grade I 94.9% 94.9% 89.3%
Grade II 76.2% 76.2% -

wing and infiltrating the cavernous sinus may
suffer seizures or corticospinal motor deficits.
Finally, CSMNs are frequently associated with
headache [2].

7.4.2 Imaging

The neuroradiological characteristics compatible
with meningioma are extra-axial localization,
homogeneous intake of contrast medium, base in
the dura mater, clear demarcation from the nor-
mal surrounding brain tissue, slow and gradual
tumour growth at repeat neuroradiological
exams, exclusion of systemic metastasis and, in
some cases, tumour calcification [3, 9]. These
morphological features lend themselves to accu-
rate localization using stereo-MRI. In addition,
with their generally homogeneous capture of the
contrast medium, clear and well-defined margins
and excellent delimitation of the dural tail of the
lesion, meningiomas—in particular CSMNs—

— MONTHS

100 150 200 250

are ideal targets for treatment via SRS. MRI
sequences employed to obtain accurate CSMN
localization for the purposes of SRS, all using
contrast medium, generally include T1 sequences
for saturated fats (to provide clear demarcation of
the volume, morphology and boundaries of the
MN); CISS sequences (for clear definition of the
cranial nerves and other critical brain structures
to be preserved during SRS); and axial T1
sequences; these imaging protocols provide
excellent definition of the tumour margins within
the cavernous sinus and orbit.

7.4.3 Surgical Treatment

Surgery is usually the primary treatment option
proposed for intracranial meningioma. However,
although technically possible in the case of
CSMNE, surgical resection may involve a very
laborious and complex operating procedure. In
addition, due to above reasons it is also associ-
ated with a very high risk of permanent neuro-
logical side effects, and a non-negligible
probability of post- and perioperative mortality,
without ensuring the possibility of complete
tumour removal. In fact, several literature reports,
even those on recent and numerous CSMN case
series, cite rates of permanent neurological dam-
age ranging from 17.9% to 74.0%, and a post-
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operative mortality rate of between 0.0% and
9.5% [5, 7]. Moreover, the probability of
recurrence after partial or subtotal surgical resec-
tion of CSMN remains significant (13% at 3 years
and 38% at 5 years) [2].

7.4.4 SRS and Its Advantages

SRS, on the other hand, has numerous advan-
tages over surgical treatment for CSMN. First
and foremost, it is associated with excellent out-
comes in terms of efficacy and safety. Actuarial
survival rates with 5-year LTC are reported as
being between 85.7% and 100%, associated with
stable or improved neurological conditions in the
vast majority of cases; SRS limits the progression
of the disease in most patients, with very low
risks of retreatment. In addition, SRS has very
low morbidity and secondary mortality, with
severe neurological deterioration being extremely
rare. Indeed, via SRS it is possible to obtain
extremely accurate tumour localization using
stereo-MRI images, since CSMNs usually dis-
play homogeneous capture of the contrast
medium, clear and well-defined margins and
excellent delimitation of their dural tail.
Additional advantageous features of the radiosur-
gical procedure include simple, easy and rapidly
implemented treatment plan, modelled with mul-
tiple isocentres, and a non-invasive intervention
that requires, in most cases, only a few hours of
hospitalization.

Hence, hospitalization costs are also low as
compared to surgery. According to the UK
National Health Service (NHS) clinical commis-
sioning policy for stereotactic radiosurgery/
radiotherapy for meningioma (DO05/P/e) pub-
lished by the NHS England SRS reference group
in September 2013 [11], there is evidence—from
a comparative study of the costs of microsurgery
vs. SRS—that the total expenditure on microsur-
gery is more than double that of SRS. Indeed,
SRS requires significantly shorter hospitalization
than microsurgery, and has a less harmful impact
on the quality of life. Furthermore, secondary
mortality is avoided, and there is a lower inci-
dence of treatment-related complications, mak-

ing the savings for the NHS in England
considerable. In fact, SRS is usually carried out
in day surgery under local anaesthesia, whereas
microsurgical resection necessarily requires gen-
eral anaesthesia, and usually entails operating
from 2 to 10 h or more, depending on the com-
plexity and volume of the meningioma to be
removed. In addition, patients undergoing micro-
surgery require a minimum stay of 12-24 h in an
intensive care environment. Hospital stays are
usually between 4 and 10 days, but can extend to
several weeks or months if post-operative com-
plications occur (such as cerebrospinal fluid leak,
severe motor deficits), which could put a strain
on neurological rehabilitation resources. In con-
clusion, compared to microsurgery SRS offers
shorter hospitalization, less harmful impact on
quality of life, no post-operative mortality, lower
incidence of treatment-related complications and
much lower costs.

7.4.5 Comparison of Different Cases

Thus far, there have been reports on several thou-
sand patients treated via SRS for CSMNs pub-
lished in the literature (Tables 7.3 and 7.4). These
clinical series, with an average or median obser-
vation period of less than or equal to 62 months,
indicate that the actuarial LTC rates range
between 85.7% and 100% at 5 years and between
75.8% and 98% at 10 years (Table 7.3). Moreover,
a clear relationship between the volume of the
CSMNs treated and the post-SRS prognosis
emerges. Specifically, when the average or
median treatment volume remains below 10 mL,
the LTC at 5 and 10 years generally remains
above 90%. From a clinical perspective, the pos-
sibility of neurological improvement, especially
at the expense of cranial nerve deficits, in patients
already symptomatic before SRS treatment is
very significant. In fact, the improvement fre-
quency reported in the literature varies between
20% and 69.3% (Table 7.3). Conversely, the risk
of permanent side effects secondary to SRS treat-
ment is always very low (0.0-19.2%). Once
again, a relationship seems to exist, this time
directly proportional, between the treated tumour
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volume and the onset of complications. In fact,
iatrogenic worsening due to radiation is usually
reported as being less than 10% in clinical series
with average or median treated volumes of less
than 10 mL.

Patient series with a medium-term observation
period of 62 months have also led to the identifi-
cation of several prognostic factors related to
LTC and neurological improvement (Table 7.3).
In particular, the increased extent and volume of
CSMNs, suboptimal coverage of tumour volume
by the treatment dose and more aggressive histo-
logical grade (WHO Grade II/III) all appear to
correlate with a lower probability of LTC. On the
other hand, SRS treatments on CSMNs that have
never previously been operated on (primary treat-
ments) and the number and entity of modest cra-
nial nerve deficits appear to be associated with a
greater likelihood of neurological improvement
after SRS (Table 7.3).

However, since CSMNs are usually benign
and therefore affect patients with a prolonged life
expectancy, it is fair to ask whether the effects
of SRS, in terms of efficacy and safety, on this
type of cranial base tumour are maintained in the
long term. In order to clarify this issue, the out-
comes in selected larger case series (exceeding
30 patients) and an average or median observa-
tion period of more than 62 months (Table 7.4)
were compared. These studies also confirm the
stability of the effects of radiosurgery for CSMN
over time, with 15-year LTC rates ranging from
75% to 94.9%. In particular, in our study on 200
CSMNs treated via LGK and with a median
observation period of 165.9 months, the LTC at
20 years in the 188 CSMNs with baseline WHO
Grade I or neuroradiological features compatible
with a benign form was extremely high (89.3%).
From a clinical perspective, these patient series
with long-term follow-up also demonstrate
that SRS is associated with an improvement in
the neurological status, especially with regard
to cranial nerve deficit (from 21% to 60.5%)
(Table 7.4). Similarly, the risk of permanent
neurological complications secondary to SRS—
especially those involving the cranial nerves—
remains particularly low, with sequelae occurring
in between 0.0% and 12.5% of cases.

Finally, studies with long observation periods
and numerous cases (at least 100 patients) have
also identified some prognostic factors related to
LTC and neurological status. Specifically, SRS is
associated with a greater success rate when
applied as a primary treatment for WHO Grade 1
sporadic (i.e. single) meningiomas, particularly
in females. Furthermore, success rates are higher
when the treatment plan involves full tumour
coverage and a radiant dose to the surface of
>13 Gy. In contrast, adjuvant or salvage SRS for
MN volumes >10 mL seems to be a factor associ-
ated with the onset of new cranial nerve deficits
and worse neurological prognosis for CSMN
patients (Table 7.4).

7.4.6 Long-Term Complications

7.4.6.1 Stroke Risk

Another pertinent topic is the long-term risk of
stroke after radiosurgical treatment of CSMNss.
While the risk of stroke after proton or photon RT
for partially resected MN has been examined
over long-term observation periods, the fre-
quency of stroke after single-session SRS had
never been previously studied in patients with
MN. However, a recent randomized study by
Massachusetts General Hospital on 44 patients
with relapsed or progressed WHO Grade I MN
who had previously undergone incomplete surgi-
cal resection and were subsequently treated using
fractional proton-photon therapy at a minimum
total dose of 55.8 Gy revealed that, at a median
follow-up of 17.1 years, the risk of stroke onset
was 20.5%, with an average interval between RT
term and stroke diagnosis of 5.6 years [41]. This
stroke risk is up to ten times higher than the 2-6%
calculated and expected for the general popula-
tion aged 40-79 years, according to recent statis-
tics published by the American Heart Association
[42]. However, more recently, prompted by this
data, McClelland et al. [43] carried out a detailed
study of PubMed looking for articles related to
the treatment of SRS on MNs. On the basis of
precise inclusion criteria—(a) median/average
clinical follow-up of at least 6 years (interval
chosen to ensure that these studies had exceeded
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the 5-6-year period between RT and stroke onset
established by the Sanford et al. study); (b)
minimum 30 patients; (c) written in English; (d)
single-session SRS exclusively for meningioma;
(e) inclusion of post-SRS morbidity analysis; and
(f) patient pool not reported in multiple published
studies—they selected 14 studies with long-term
follow-up, comprising a total of 1431 patients
followed up for a median/average interval of
75-144 months. Overall, stroke following SRS
treatment was reported in 24 patients, i.e. 1.7%.
This long-term stroke rate after single-session
photon SRS for benign MN is more than 12 times
lower than that reported in the above fractional
proton-photon therapy clinical series, and was
comparable to that expected for the general popu-
lation. Most of these patients underwent surgical
resection prior to SRS, and the authors concluded
that to avoid the high risk of stroke associated
with fractional proton-photon therapy, patients
with benign MN should instead undergo SRS,
which seems not to raise the stroke risk as com-
pared to the general population.

7.4.6.2 Tumorigenesis and Malignant
Transformation

There are two possible carcinogenic effects asso-
ciated with SRS treatments: radiation-induced
tumorigenesis (RIT) and malignant transforma-
tion (MT). Nonetheless, the real risk of RIT or
MT after single-session SRS to intracranial tar-
gets remains undefined, despite more than
1,000,000 patients having already undergone this
type of treatment to date. That being said, it does
appear to be particularly low and is certainly sig-
nificantly lower than that associated with frac-
tional RT. The term ‘radiation-induced
tumorigenesis”, however, seems inappropriate
because it implies that there is definitive molecu-
lar evidence that radiation is the causal factor.
This information has never been reported, and the
term “radiation-associated” may therefore be a
more appropriate definition [44, 45]. At present,
however, the definition of SRS-associated tumor-
igenesis is still based on the indirect criteria
developed by Cahan et al. [46] in 1948; specifi-
cally, secondary cancer must develop within the
field of previous irradiation; it should not be pres-

ent before RT; there must be some period of
latency between the treatment and tumour onset
(usually 5 years); the secondary cancer must be
histologically distinct from the original pathol-
ogy; and there must be no genetic predisposition
for the onset of a secondary tumour or cancer
progression.

With regard to the risk of SRS-associated
tumorigenesis, according to the literature data the
incidence of SRS-associated cancers is between
0.0 and 3.0 per 200,000 patients per year [47], or,
to cite a more recent estimate, between 0.04%
and 2.6% at 15 years [48, 49]. In this regard,
Rowe et al. [50] conducted a retrospective cohort
study comparing the incidence of new central
nervous system malignancies in their SRS-treated
patients with the UK national incidence. Based
on 4877 patients treated via SRS and more than
30,000 patients followed up for a median
5.2 years, the authors reported one new astrocy-
toma in the SRS group in the entire follow-up
period, as compared to an expected incidence of
2.5 cases. In 2014, Patel and Chiang, on the other
hand, reviewed the published literature on this
topic and identified 19 cases of RIT and 17 cases
of MT following SRS out of approximately
80,000 selected patients [48]. Based on this esti-
mate of 80,000 patients treated via SRS for
benign brain pathology with an observation
period of at least 15 years, it was estimated that
the combined risk of SRS-associated tumorigen-
esis and MT onset was 0.04% at 15 years.

Similarly, Rahman et al. compared the number
of cancer cases observed in a group of patients
after linac SRS with the number of cancer cases
one would expect in a group of age- and sex-
matched patients, as extracted from the
Surveillance, Epidemiology and End Results
(SEER) database [51]. Out of a total of 627
patients with more than 5 years of follow-up—
comprising 202 MNs, 223 intracranial schwan-
nomas, 165 arteriovenous malformations (AVM)
and 37 other cancers—the cancer rate observed
in patients with MN was 3.96%, as compared to
the expected rate of 10% (binomial confidence
interval of 95%, CI = 1.85-7.94). The authors
concluded that after long periods of observation
of a large population of patients treated for intra-
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cranial MN, there was no increased risk of cancer
associated with linac SRS with respect to the
general population. More recently, Kondziolka
and Lunsford observed no cases of SRS-
associated tumorigenesis in more than 13,000
SRS patients treated at the University of
Pittsburgh between 1987 and 2013 [52]. Finally,
Pollock et al. [53] carried out a retrospective
review of 1142 patients treated via single-fraction
intracranial radiosurgery at the Mayo Clinic
College of Medicine between 1990 and 2009.
Their sample comprised 233 AVM, 316 MN, 358
vestibular schwannomas, 188 pituitary adenomas
and 47 jugular glomus tumours, divided into two
patient populations, similar in gender, age, num-
ber of previous surgical resections, prescribed ID
and number of doses, on the basis of whether
they were excluded or included in the study.
Specifically, patients were excluded if they
refused permission for research, had a genetic
predisposition for cancer or had been subjected
to RT either previously or concurrently with the
intracranial radiosurgery. Any case of RIT or MT
was recorded, irrespective of the duration of the
observation period, although the median neurora-
diological follow-up of the 1142 patients was
9.0 years (range 5-24.9). The authors identified
no cases of RIT in the 11,264 patients throughout
the observation period. Therefore, according to
the authors’ conclusions, the risk of developing a
RIT after SRS remained 0.0% at 5, 10 and
15 years.

In summary, the lessons learned so far on the
risk of SRS-associated RIT lead to the following
final considerations and recommendations: (1)
RIT can occur both within the full-dose region
and in peripheral regions exposed to very low
doses; (2) the risk of RIT is substantially lower
with SRS than in patients treated with radiation
to larger volumes and/or with fractionated treat-
ment regimes; (3) the latency period after SRS is
similar to that observed with fractionated RT,
with a range of 6-20 years, and malignant
tumours have a shorter latency period than benign
radiation-induced forms; (4) a long-term obser-
vation period should be mandatory for all SRS
patients to detect benign brain injuries; and (5)
current standard guidance regarding SRS should

not be changed, due to the extremely low risk of
associated RIT.

As regards MT, this is defined as occurring
when a purported or histologically proven benign
tumour shows progression after SRS, and histo-
pathological examination at surgery or re-
intervention reveals a higher tumour grade or a
real malignant cancer [53]. It is particularly
unfeasible to assess the relative risk of MT in
SRS for intracranial MNs without a non-
irradiated control group of patients, since MN
MT has also been observed in patients who have
never been previously given RT [54, 55].
Nonetheless, Patel and Chiang [48] reported that
the risk of MT following SRS was 0.04% at
15 years in a series of 80,000 patients treated for
benign intracranial MN. Kondziolka et al. [56],
on the other hand, published a retrospective study
of 290 patients consecutively treated via LGKRS
for intracranial MN (97% Grade I WHO or with
imaging characteristics typical of benign MN)
between 1987 and 1997, and with a median clini-
cal observation period of 56 months after SRS. In
the 6 patients who underwent surgical resection
after MN progression following SRS, docu-
mented by imaging, no MT was identified. The
same team [9] reported on 200 patients with
WHO Grade I CSMNSs consecutively treated via
LGKRS and with an average neuroradiological
follow-up time of 101 months. In this long-term
observational study, no patient developed
radiation-related secondary cancers. Finally,
Pollock et al. [53] evaluated MT in a sample of
1142 patients who underwent single-session SRS
and had a neuroradiological follow-up of at least
5 years. Of the 316 patients with MN, they
observed MT in 7 (2.2%) over a median observa-
tion period of 4.9 years (range 2.8-13.8). They
reported 5-, 10- and 15-year actuarial risks of MT
of 0.5%, 0.8% and 2.4%, respectively. All seven
affected patients had previously undergone surgi-
cal resection of the MN prior to SRS, and WHO
Grade I was confirmed histologically in all cases.
After re-intervention, however, MNs were found
to be WHO Grade II in four cases and Grade III
in three. Statistical analysis led the authors to
conclude that patients with intracranial MN and
previous surgical resection were at increased risk
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of MT. Nevertheless, a 2.2% rate of MT is
extremely low as, if we consider the
histopathological classification criteria and pat-
terns reported for 2000, 2007 and 2016, the inci-
dence of Grade II tumours has drastically
increased in frequency from 3—-4% to 20-35% in
MNs recently subjected to primary resection and
diagnosis [57-59]. In addition, several clinical
series have shown that up to 2% of all benign
MNs spontaneously turn into higher grade histo-
logical forms (II or III), while up to 28.5% of all
previously irradiated surgical recurrences of
benign MN turn out to be atypical or anaplastic at
histological examination [60].

Overall, these studies show that the incidence
of SRS-associated tumorigenesis is certainly
extremely low, and that the potential risk of sec-
ondary cancer associated with SRS should be
weighed against the potential benefits of the pro-
cedure. In particular, the oncogenic risk linked to
SRS is generally considered to be significantly
lower than that observed after fractional RT, due
to the steeper dose gradients, minimal irradiated
volumes of healthy cerebral parenchyma and sig-
nificantly lower total doses overall associated
with the former [61, 62]. In addition, there is
growing evidence that the genesis of new cancers
is more likely after combined treatment methods
(radiotherapy and chemotherapy)—now an
increasingly common therapeutic approach in
clinical practice [44, 45]. Finally, it should always
be borne in mind that alternative treatments, if
available, are also not devoid of risk, and some-
times there are no other therapeutic options avail-
able in place of SRS. In summary, it is possible to
conclude that the risk of RIT or MT after SRS is
very low, and should not therefore be used as a
justification for choosing alternative therapeutic
approaches (surgical resection, observation) to
SRS in properly selected patients suffering from
intracranial MNs.

7.5  Conclusions

Our experience and the data collected from our
careful literature review on the subject lead us to
the following conclusions:

e SRS is a safe, effective and reliable treatment
option for symptomatic patients with CSMNs
(volume <15-20 cc and not adhering to the
anterior visual pathways), both as a first choice
and as part of an approach combined with sur-
gery (adjuvant or salvage treatment); in most
cases SRS provides excellent LTC (volume
reduction or halting tumour growth) and an
improvement in or stabilization of neurologi-
cal deficits, with a minimal risk of permanent
neurological side effects, as confirmed by data
after prolonged periods of observation (over
10 years).

* Several prognostic factors related to LTC and
neurological outcomes of SRS have been
identified; greater success rates on CSMNs of
volume >10 mL are associated with primary
radiosurgical treatment, female sex, sporadic
(i.e. single) WHO Grade I, inclusion of the
entire volume of meningioma in the treatment
plan and a radiation dose >13 Gy to the sur-
face of the meningioma, whereas adjuvant or
salvage SRS treatments following neurosur-
gery may be associated with the onset of new
cranial nerve deficits and worse neurological
prognosis.

* Finally, numerous cases followed up over long
periods of time reveal that SRS does not
expose CSMN patients to an increased risk of
either malignant transformation or an increase
in the incidence of new cancers, as compared
to the general population.
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