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ABSTRACT

Stereotactic radiosurgery can nowadays be considered not only as a potential adju-
vant to surgical treatment of several neuro-oncological pathologies, including pri-
mary tumors and metastatic lesions, but in some cases also as a valuable alternative
tailored option. In Part I of the review, we propose a dissertation focused on the dif-
ferent irradiation stereotactic radiosurgery techniques to date available for clinical in-
dications more relevant to oncologists and oncologic surgeons, such as high-grade
and low-grade gliomas, metastases and meningiomas. It is noteworthy that the most
recent body of literature correlated with this topic shows that the therapeutic results
presently achievable are revolutionizing the way patients are diagnosed and managed
worldwide. As we sought to shed light on the current potentialities of stereotactic ra-
diosurgery, we must consider that to exploit all the benefits provided by this shift in
clinical practice, a profound awareness by all practitioners involved in the care of
neoplastic patients is certainly warranted.

Introduction

Lars Leksell, the pioneer of stereotactic radiosurgery (SRS), defined this therapeutic
option as “a technique of closed skull destruction of a predetermined intracranial tar-
get by single-fraction, high dose of ionizing radiation using a precision stereotactic
apparatus”1. In contrast with spatially less accurate radiotherapy techniques, SRS has
the capacity to maximize/optimize the dose exposure on the target volume while
minimizing the irradiation of surrounding critical structures, thereby reducing collat-
eral damage. Those characteristics led SRS to be considered not only as a potentially
adjuvant to surgical treatment but in some cases also as a valuable alternative option. 
The aim of Part I of this review article is to provide a thorough description of the

state-of-the-art of SRS with special regard to neuro-oncology, and in particular to the
tailored approach for each single pathological subgroup. 

Study design

Radiosurgery includes a wide range of reliable, minimally invasive options that can
be used as either primary or adjuvant therapy in the management of both malignant
and benign pathologies, including also vascular or functional ones. SRS, in the ab-
solute majority of cases, differs from conventional “ab externo” radiotherapy basical-
ly because a single large fraction radiation is used, with very few exceptions, rather
than multiple daily fractions. Moreover, radiotherapy relies on the difference in sus-
ceptibility between tumor tissue and normal brain, whereas SRS delivers an ablative
dose to the target margin with a higher dose delivered centrally. In this regard, the ac-
curacy of SRS presents a much smaller standard error (less than 0.3 mm), and the

Tu mo ri, 100: 459-465, 2014

- Copyright - Il Pensiero Scientifico Editore downloaded by  A.O. Universitaria Integrata di Verona IP 85.18.109.100 Sat, 15 Nov 2014,10:19:02



460 M GANAU, RI FORONI, M GEROSA ET AL

dose gradient is extremely steep so that radiation out-
side of the target volume is minimized. 
Currently, SRS techniques may utilize different types

of penetrating radiation. They include the cyclotron- or
synchrotron-generated particles, such as protons or
heavy charged particles, and photon devices such as
modified linear accelerators (LINAC) or Gamma Knife.
Each of the techniques as well as different management
options are herein described, with specific regard to the
field of neuro-oncology, by weighting their pros and
cons in order to introduce the reader to the emerging
field of SRS. 

SRS techniques

Gamma Knife Perfexion. Its core is represented by 192
individual 60Co sources aligned with a collimation sys-
tem, able to delivery each of the radiation beams to a
very precise focal point. As a consequence, even very
small targets can be treated by a high radiation dosage,
whereas peripheral dose levels remain low2. The Gam-
ma Knife allows for very complex intracranial SRS treat-
ments, in which accuracy is guaranteed by possible fu-
sion of different imaging sources (computed tomogra-
phy, magnetic resonance imaging, angiography, etc).
Moreover, critical structures such as optic pathways and
cranial nerves may be shielded through the application
of beam blocking patterns that minimize the contribu-
tion of putatively dangerous shots.

LINAC radiosurgery. Recognized as an effective alter-
native to Gamma Knife radiosurgery, particularly in cas-
es of larger target volumes, the LINAC option is charac-
terized by an easy patient setup and a wide possibility of
reaching any irradiation position within the human
body3. Few basic parameters such as patient couch an-
gle, gantry arc angle, isocenter position, and collimator
size are able to provide significant flexibility in the con-
formal 3D dose distribution for a single isocenter3,4. By
using multiple isocenters and exploiting strategies to in-
crease LINAC accuracy, it is also possible to maximize
the buffer exposure of the target and of the adjacent
critical structures4.

CyberKnife. CyberKnife combines a lightweight 6-
MeV LINAC designed for radiosurgery and a highly ma-
neuverable robotic arm, which can position and point
the LINAC5. On the market for 15 years, CyberKnife SRS
has clearly shown its main advantages including easier
fractionation, no need for general anesthesia even in
young patients, and flexibility to treat lesions through-
out the body. However, the absence of a stereotactic
frame and mobility of the radiation source entail a
slightly superior error margin compared to Gamma
Knife SRS6. In fact, whenever the patient moves, internal
controls detect the change and stop radiation, before
correcting the trajectory of the beam and starting irradi-
ating all over again6. Moreover, CyberKnife operative
programs are essentially based on computed tomogra-

phy scan imaging recognition. Therefore, for peculiar
types of targets this might involve a less sophisticated
imaging. 

Proton beam. High energy protons represent an ex-
tremely important alternative option to photon and
electron beams5. In fact, proton beams offer the advan-
tage to improve tumor control especially for the treat-
ment of small volumes, where it is necessary to obtain a
localized dose distribution in small deep-sited locations
while sparing the surrounding normal tissue7. Further-
more, there is no theoretical limit to the size of the tar-
get lesion, and charged-particle radiosurgery can be
precisely contoured to treat complex shapes. The draw-
backs of these techniques include some compromise in
spatial accuracy (because instead of a frame attached to
the skull, the patient wears an immobilizing plastic
mask or bite block in the mouth to achieve fixation) and
the need for beam-modifying devices that must be cus-
tom made for each patient, thereby increasing the time
and cost of treatments7. Currently, only 20 hadron ther-
apy facilities are available worldwide (half of them being
situated in Europe), and physicists and physicians are
still refining the quality of proton treatments from both
a dosimetric point of view and from the transport beam
line control. 

Management options

Single versus fractionated SRS. Besides standard single
dose treatment, for many of the aforementioned tech-
niques fractionation or multisession protocols are
emerging as valuable options for treating large lesions
in critical brain areas, thus reducing the adverse effects
on surrounding structures. Fractionated SRS is particu-
larly advocated for the treatment of primary lesions,
such as high-grade and low-grade gliomas8,9, as well as
large or multiple metastases10,11, and has also proved to
be effective in fragile classes of patients as the pediatric
one12. The rationale behind fractionated SRS is to in-
crease the total dose while improving outcome. Howev-
er, some questions are still open to debate. For instance,
the optimal number of fractionated SRS sessions, the
marginal isodose (%), and the marginal dose have not
been established yet. Moreover, the exact long-term in-
cidence of adverse effects on the surrounding brain is
still to be determined13.

Primary, adjuvant or salvage SRS. Along with the com-
mon uses of SRS as a primary (single treatment strategy)
or adjuvant (ancillary treatment for lesions primarily
undergoing surgery or chemotherapy) therapeutic op-
tion, salvage SRS (the last advisable treatment for le-
sions already treated with all existing therapeutic
modalities) is becoming more and more appealing for
obvious reasons. Among the various available manage-
ment modalities, salvage SRS has emerged in the last
decade as the most commonly viable strategy for recur-
rent or progressive brain tumors previously treated, as
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they represent a peculiar challenge mainly due to the
intrinsic characteristics of the patients and their pri-
mary pathology. Many clinical studies of class III evi-
dence have demonstrated satisfactory results concern-
ing the local tumor control and survival of patients with
relapsing brain lesions14. Due to the increased life ex-
pectancy in the near future, the number of patients with
relapsing brain tumors will certainly grow, acting as a
stimulus to redefine treatment strategies in this direc-
tion. 

Results

Over the last 30 years, the advent of SRS in neuro-on-
cology has yielded remarkable clinical results, becom-
ing a definitive alternative to microsurgery for patients
with newly diagnosed or recurrent benign tumors, espe-
cially those of the skull base, involving critical neural or
vascular structures where residual disease is associated
with a high risk of additional deficits. As seen above, in
some cases adjuvant SRS is also used for incompletely
removed lesions requiring tumor debulking because of
incumbent mass effect. Moreover, pre-planned second-
ary SRS is becoming more and more an effective strate-
gy to deal with these residual tumors, by preserving
neurological functions. Bearing in mind the different
techniques and management options available, the cur-
rently achievable results for each clinical entity as well
as the most dangerous side effects are herein presented.

Neuro-oncological subgroups 

High-grade gliomas. Malignant gliomas continue to
represent one of the most serious clinical challenges in
neuro-oncology. Despite the limited results, radiothera-
py has joined surgery as a mainstay of the treatment. In-
deed, the observation that local control and median
survival can be improved through radiation dose escala-
tion has gradually introduced SRS in the therapeutic
panel for high-grade gliomas. Randomized trials have
confirmed that SRS administered as a boost within 6
weeks of the completion of external beam irradiation
may lead to a significant improvement in median sur-
vival without an increase in treatment-related toxicity15.
However, such experiences are still limited both in
terms of number of patients and of recruiting centers.
Although limited data are available concerning salvage
SRS, a 2012 retrospective study of 77 recurrent high-
grade glioma patients showed that the median post-
treatment survival doubled for those receiving Gamma
Knife radiosurgery compared to patients treated with
second-surgery alone, advocating that SRS may be an
alternative to open surgery for high-grade gliomas at
the time of recurrences, with a significantly lower com-
plication rate and a possible survival benefit compared
with reoperation16. Table 1 lists the articles reporting

clinical results in radiosurgical series of more than 90
patients harboring high-grade gliomas17-21.

Low-grade gliomas. Low-grade gliomas represent a
substantially different issue. Oncotypes may be consid-
ered “late responding” radiobiological targets due to
their relatively small proportion of cells in a proliferative
phase of the cell cycle22. As published by the Prague
Gamma Knife team using a protocol for fractionated
SRS, 83% partial or complete tumor regression and 11%
stabilization of disease were achieved. Progression-free
survival was 92% at 3 years and 88% at 5 years, but mod-
erate acute or late toxicity was observed in 5% of pa-
tients23. Gamma Knife fractionated SRS seems to com-
bine the effectiveness of the conformal 3D dose distri-
butions with a reduced toxicity of fractionation. Howev-
er, given the persistent possibility of malignant transfor-
mation of these lesions and cognitive impairment, this
therapeutic option remains debated24. Table 2 shows
the articles reporting clinical results in radiosurgical se-
ries of patients harboring low-grade gliomas with fol-
low-ups longer than 5 years22,23,25,26.

Metastases. Compared to brain gliomas, intracranial
metastases are usually more spherical, relatively small,
and typically have discrete borders that are clearly visu-
alized with computed tomography and magnetic reso-
nance imaging. As a consequence, SRS seems an appro-
priate therapeutic option for patients harboring
oligometastatic (up to 4 lesions) brain disease27. The
goal of SRS in these patients is the radiological reduc-
tion/disappearance of the lesions with improvement in
remission of related symptoms. During the last decade,
SRS has been proposed as a primary and an adjuvant
therapy, as a boost with whole-brain radiotherapy

Table 1 - High-grade glioma series

Authors No. WHO SRS Median Median Overall 
(Year) cases (Class) Tech & dose vol survival 

management (Gy) (cm3) (mo)

Sarkaria 115 HGG LIN 12 10.0 24
et al. (IV) Primary
(1995)17

Larson 93 HGG GK 16 6.5 III: 13.3, 
et al. (III and IV) Recurrent IV: 10
(1996)18

Souhami 186 HGG LIN/GK 15 3.0 13.6
et al. (IV) Primary
(2004)19

Kong 114 HGG LIN/GK 16 10.6 III: 26, 
et al. (III and IV) Recurrent IV: 13
(2008)20

Kida et al. 95 HGG GK 14.7 - III: 68, 
(2009)21 (III and IV) Primary IV: 27

HGG: high-grade glioma; WHO, World Health Organization; SRS
Tech, stereotactic radiosurgery technique; LIN, Linac; GK, Gamma
Knife.
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(WBRT) in newly diagnosed patients, as well as a sal-
vage therapy for progressive or recurrent intracranial
disease after WBRT. Several retrospective studies have
shown excellent local tumor control rates after radio-
surgery (73-94%) compared to WBRT alone (55-60%)
and an increase in median survival from 3-6 months
with WBRT to 7-12 months with radiosurgery28-30. The
incidence of side effects (symptomatic adjacent edema
and/or radiation necrosis) is generally, low ranging be-
tween 2% and 5% in most series. It is noteworthy that
tumor volume seems to be a better indicator than max-
imum diameter for predicting clinical response. Al-
though the results of sole SRS seem roughly comparable
to those achieved with more aggressive intervention
consisting of surgery and WBRT, both tumor volume
and edema respond better in patients undergoing SRS
alone30-32.
However, such interesting results have been con-

firmed by retrospective studies rarely reaching class III
evidence, whereas stratified, randomized studies hope-
fully taking into account factors such as elderly popula-
tion and quality of life are still limited13,33.
For a decade, fractionated SRS has challenged single-

dose SRS for large metastases or for those located in elo-
quent brain areas, because the treatment of lesions lo-
cated in the brainstem or enveloping the optic tracts has
dose limitations even for single-fraction SRS. The ap-
proach has opened new therapeutic horizons in ad-
vanced cancer patients because of the non-invasiveness
and the avoidance of general anesthesia or long hospi-
talization-related issues. Although optimal local tumor
control, reaching rates of 100% for brainstem metas-
tases, have been reported with single-fraction SRS (i.e.,
with marginal doses of 13-20 Gy using a Gamma Knife
or LINAC radiosurgery), the complication rates have
been reported to range from 0-27%29. The 12 Gy volume
of the brainstem is recommended to be decreased to as

low as 0.1 cm3 during single-fraction radiosurgery to re-
duce the occurrence of any adverse effects of radiation
on the brainstem, detectable by imaging, and to avoid
new neurological deficits29. Table 3 lists the articles re-
porting clinical results in radiosurgical series of more
than 70 patients harboring brain metastases32,34,35. 

Meningiomas. There is an obvious general agreement
that the optimal treatment for these lesions, whenever
feasible, is a Simpson grade I resection of the tumor. Un-
fortunately, when meningiomas infiltrate the skull base,
cranial nerves, or vascular structures, complete resec-
tion may not be feasible. In such cases, SRS offers an ef-
fective alternative to surgery for residual or recurrent
meningiomas, as well as whenever complete resection
would lead to unacceptable morbidity. Surgical mortal-
ity and delayed tumor recurrence after surgery have in-
creasingly emphasized the role of SRS even in primary
management of critically located meningiomas. Most
skull base meningiomas, particularly those of the cav-
ernous sinus, are eloquent examples of the “therapeutic
shift” of the last decade. To date, the absolute majority
of these tumors are treated with SRS procedures, where-
as surgical approaches are usually limited to the de-
bulking of larger volumes. It is also noteworthy that in
cavernous sinus meningiomas SRS has been shown to
be clinically effective in restoring ocular motility, not
only by reducing the tumor volume and its mechanical
compression but also via an octreotide receptor-medi-
ated effect, which seems to prevent an anticholinergic
activity of the lesions even without modifying the actu-
al tumor size36. With these premises, tumor growth con-
trol in large series of patients with mid-term (10-years,
tumor growth control 87%) to long-term (20 years, tu-
mor growth control 82%) follow-up further confirms the
favorable results observed in the past37-42. As a rule, cy-
tological grading of the oncotype is the main determi-
nant of the effectiveness of SRS on the target, so that
malignant meningiomas may require multimodality
management including resection, radiosurgery and ra-

Table 2 - Low-grade glioma series

Authors No. WHO SRS Median Median Overall 
(Year) cases (Class) Tech & dose vol survival 

management (Gy) (cm3) (mo)

Simonova 70 LGG GK 25 4.2 88% 
et al. (I and II) fSRS at 5 yr
(2005)23

Wang 21 LGG GK 14.5 2.4 65% 
et al. (I and II) at 10 yr
(2006)25

Heppner 49 LGG GK 15 2.4 41% 
et al. (I and II) sSRS at 5 yr
(2008)22

Park et al. 6 LGG GK 14 2.75 67% 
(2011)26 v at 6 yr

LGG, low-grade glioma; GK, Gamma Knife; fSRS, fractionated stereo-
tactic radiosurgery; sSRS, single dose stereotactic radiosurgery.

Table 3 - Metastases series

Authors No. Metastases SRS Median Median Median 
(Year) cases (No.) Tech dose vol survival 

(Gy) (cm3) (mo)

Yang 70 >1 GK 16 >3 8.2
et al.
(2011)32

Han 80 >1 GK 13.8 14.0 7.9
et al.
(2012)34

Lee 109 1-2 GK 13.6 16.8 8.3
et al.
(2014)35

SRS Tech, stereotactic radiosurgery technique; vol, volume; GK, Gam-
ma Knife.
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diation therapy38. A recent review published by the
Gamma Knife group in Pittsburg confirmed in a cohort
of 972 patients, with a long-term follow-up (up to 20
years), an overall tumor control rate of up to 97% and
morbidity rate of 7.7%38. Morbidity rates are usually low,
slightly higher for crucial locations such as the cav-
ernous sinus and petroclival region36. Table 4 lists the
articles reporting clinical results in radiosurgical series
of more than 200 patients harboring meningiomas37-42.

Risks of SRS

Radionecrosis. Improved local tumor control for high-
grade gliomas could be achieved by extending the treat-
ment margin 0.5-1 cm beyond the enhanced magnetic
resonance imaging region, Nonetheless, a greater local
tumor control seems to bear an increase in adverse ra-
diation effects. Although it may be challenging to distin-
guish between a radiation effect and tumor recurrence
on MR imaging alone, the use of spectroscopy or PET
imaging in those particular cases is highly encour-
aged43. Since each of these methods has advantages and
limitations that may influence its usefulness and accu-
racy, a multimodal radiological approach seems the on-
ly reasonable one. As a result, such a complex diagnos-
tic evaluation should be reached by weighing the multi-
ple clinical, biological, radiosurgical and radiological
factors involved44.

“De Novo” malignancies. One of the most dangerous
effects of radiation therapy on normal tissues is muta-
genesis, which is the basis for radiation-induced malig-

nancies. “De novo” malignancies might in fact be con-
sidered as possible late complications among long sur-
vivors of both pediatric and adult cancers who under-
went SRS. To date, a total of 36 cases of SRS-induced
neoplasms have been described in the literature. Ac-
cordingly, the overall risk of developing SRS-induced tu-
mors is approximately 0.04% at 15 years, with menin-
giomas followed by gliomas as the most frequently oc-
curring lesions45. Thus, although the risk is low, long-
term surveillance imaging is much advised for every pa-
tient previously treated with SRS.

Conclusions

During the last decades, we have witnessed a tremen-
dous advancement in the field of neuro-oncology, and
part of the success is related to the widespread use of
novel therapeutic strategies. Every day, hundreds of pa-
tients all over the world benefit from the satisfactory tu-
mor control provided by SRS techniques with only min-
imal side effects. In the near future, management strate-
gies for oversized tumors, multiple brain metastases
and deep-seated lesions will routinely include the use of
primary, adjuvant or at least salvage SRS treatment, with
additional protection of normal brain structures. In-
deed, the ultimate tenets of SRS for brain tumors have
yet to be determined.
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