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    Preface 

   The present volume of  Acta Neurochirurgica Supplement  contains the Proceedings of the Fifth 
Annual Meeting of the Asian Gamma Knife Academy held on September 29 to October 1, 2011 
in Saint Petersburg, Russia. This event was organized by the International Institute of the 
Biological Systems (St. Petersburg, Russia) and was supported by Elekta Instruments AB 
(Stockholm, Sweden). It was joined by 70 participants from 19 countries on  fi ve continents. 
The scienti fi c program covered various options for optimal management of brain tumors, vas-
cular lesions, and functional disorders. 

 There are at least three factors that make this meeting unique. First, it is unusual that a con-
ference of an Asian professional society was organized in a European country. This issue 
raised multiple questions, but the reason for the decision was, in fact, rather simple. At the time 
of preparation for the meeting, there was no functioning Gamma Knife facility in the Asian 
part of the Russian Federation. Thus, it was decided to organize the conference in St. Petersburg, 
where a young, but already well-established radiosurgical program was in place at the 
Diagnostic and Treatment Center of the International Institute of the Biological Systems. 

 Second, the meeting was de fi nitely multidisciplinary, involving not only Gamma Knife 
users but microneurosurgeons and neuroradiologists, which maintained a good balance 
between microneurosurgery and radiosurgery, in keeping with the intended design of the con-
ference. The presentation and discussion of information from multiple treatment methods will 
help provide better service to patients. These objectives were realized through the scienti fi c 
sessions with the presentation of alternative surgical and radiosurgical treatment options, with 
open discussions on their advantages and disadvantages. Moreover, an overview of current 
radiological modalities and their possible application for Gamma Knife treatment planning 
and subsequent follow-up was offered during the special symposium dedicated to advanced 
neuroimaging for radiosurgery. 

 Third, following the traditions of the Asian Gamma Knife Academy meetings, a special 
workshop was organized on the last day of the conference at the Radiosurgical Center of the 
International Institute of the Biological Systems. Leading professionals demonstrated real-
time dose planning for various brain diseases and shared their opinions on possible solutions 
to speci fi c practical problems. 

 The materials included in this volume re fl ect the scienti fi c program of the meeting. Some 
articles, speci fi cally highlighting alternative treatment options, are accompanied by editorials 
prepared by recognized experts in the  fi eld. We hope that all of our colleagues worldwide, who 
are looking for the best possible treatment for their patients,  fi nd the presented material 
scienti fi cally interesting and practically useful. 

 The Editors          
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 Lars Leksell initially described the concept of stereotactic 
radiosurgery in 1951 and initiated use of the  fi rst Gamma 
Knife in Stockholm, Sweden in 1968. During the next 14 
years, 762 patients with various brain disorders underwent 
radiosurgical treatment  [  3  ] . Highly promising results led to 
steady worldwide dissemination of the technique. In 1987, 
the  fi rst Gamma Knife facility in North America became 
operational at the University of Pittsburgh  [  3  ] . 

 Development of Gamma Knife radiosurgery (GKS) in Asia 
started in 1990, when units at the University of Tokyo Hospital 
(Tokyo, Japan) and ASAN Medical Center (Seoul, Korea) were 
opened  [  2,   5  ] . Since then, the number of new centers gradually 
increased, re fl ecting the clinical need  [  1,   2,   7,   8  ] . By the end of 
2010, a total of 120 Gamma Knife centers were operating in 14 
Australasian countries  [  6  ] . Several national radiosurgical soci-
eties were established, and their regular scienti fi c meetings 
were organized. Asian doctors actively participated in the 
worldwide congresses of the Leksell Gamma Knife Society 
and International Stereotactic Radiosurgery Society. However, 
no international professional organization dedicated to GKS 
had existed in the South-East Asia until 2007, which limited 
collaboration of the practicing radiosurgeons. 

 There was also another reason to initiate international 
Gamma Knife activities here. Whereas the doctors from 
well-developed countries could be trained abroad in the 
 leading European and North American radiosurgical centers, 
their colleagues, particularly the younger ones, from coun-
tries with low income rarely had such an opportunity. Even 
the short-term visits for participation in practical workshops 
organized by Elekta Instruments AB (Stockholm, Sweden) at 
designated training centers were dif fi cult as none of these 
centers was located in Asia. 

 These problems were highlighted during my talks with 
Dr. Maheep Singh Gaur from India, whom I met during the 
international conference in 2005. We both had advanced 
GKS training under the supervision of leading specialists: 
I had spent 2.5 years in Marseille working with professor 
Jean Régis, and Dr. Gaur had a year of training in Japan 
with Dr. Tatsuo Hirai. It was evident to us that the know-
ledge and experience we obtained during these fellowships 
should be spread more widely to our colleagues to improve 
the quality of Asian radiosurgery. 

 Therefore, along with some colleagues we founded the 
Asian Gamma Knife Training Program (AGKTP) in 2007. 
The initial group of faculty members was joined by Professor 
Jung Kyo Lee from ASAN Medical Center (Seoul, Korea), 
Dr. Chung Ping Yu from Canossa Hospital (Hong Kong, 
China), Professor David Hung-Chi Pan from Taipei Veterans 
General Hospital (Taipei, Taiwan), Dr. Mikhail Chernov 
from Russia, who at the time was a Clinical and Research 
Fellow in the Department of Neurosurgery of the Tokyo 
Women’s Medical University, and three Japanese colleagues: 
Drs. Hiroyuki Kenai, Toru Serizawa, and Takashi Shuto. The 
objectives of the new organization were to exchange ideas 
and skills among Asian radiosurgeons and disseminate 
knowledge regarding the Gamma Knife technique in Asian 
countries, particularly among those colleagues who were not 
familiar with it. Special emphasis was placed on educating 
young neurosurgeons and training them in GKS. 

 The  fi rst meeting of the AGKTP was organized the same 
year (2007) at Saitama Gamma Knife Center of the Sanai 
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Hospital (Saitama, Japan). At that time, the organizers did not 
have any of fi cial sponsor of their activities. The donations, 
which were generously provided by the president of Sanai 
Hospital Mr. Teruhisa Watayou and former presidents of the 
Japan Gamma Knife Society Professors Kintomo Takakura 
and Tomokatsu Hori, were mainly spent to support several 
young participants of the meeting who came from India, 
Korea, Russia, and Japan. All faculty members covered their 
own expenses for travel and accommodation. They received 
no honorarium for presentations. Despite these possible 
obstacles, the 3-day event was rather successful. The activi-
ties included multiple educational lectures, which covered in 
depth nearly all of the main topics regarding GKS. We allowed 
generous time for discussion after each talk, with the goal of 
clarifying all possible nuances and to make the presented 
material suitable for clinical application. Practical training 
was performed during the meeting as well. It focused on the 
technique of stereotactic frame  fi xation on the patient’s head 
and on real-time treatment planning with the use of the 
GammaPlan (Elekta Instruments AB) for various brain disor-
ders. The latter was accompanied by critical evaluations and 
comparisons of the different radiosurgical strategies and con-
cepts. Special efforts were made to involve younger col-
leagues in simulating the clinical decision-making, which 
was considered an important educational part of the program. 
In fact, such practical training and detailed discussions orga-
nized in the free and friendly atmosphere became the typical 
features of subsequent AGKTP activities (Fig.  1 ).  

 Subsequently, the annual AGKTP meetings were orga-
nized  fi rst by me in Tokyo, Japan (2008), Professor Jung Kyo 
Lee in Busan, Korea (2009), and Professor David Hung-Chi 
Pan in Taipei, Taiwan (2010). These meetings obtained par-
tial  fi nancial support from Bracco Co. (Italy) and Elekta K.K. 
The number of participants steadily increased, and the quality 
of the scienti fi c program gradually improved. Several leading 
professionals from outside Asia were invited to participate in 
these activities (Fig.  2 ). In 2009, AGKTP was renamed the 
Asian Gamma Knife Academy (AGKA) to re fl ect its educa-
tional and scienti fi c objectives, which were now directed not 
only at radiosurgical practitioners but neurosurgeons from 
other subspecialties and colleagues from different medical 
 fi elds (e.g., neurology, oncology). Nevertheless, the original 
unique concept of the meetings, which made it somewhat dif-
ferent from typical professional conferences, was generally 
preserved: that is, in-depth coverage of up-to-date knowledge 
of the all main aspects of contemporary GKS by educational 
lectures instead of usual scienti fi c reports, clinical practice-
oriented presentations, wide discussions, and hands-on work-
shops with real-time radiosurgical treatment planning 
(although because of technical reasons the latter were not 
organized at the 2009 and 2010 meetings).  

 In 2011, for the  fi rst time AGKA went outside Asia for its 
 fi fth annual meeting, which was organized by Dr. Mikhail 

Chernov in St. Petersburg, Russia. The decision to do so was 
based on wanting to bring knowledge about the clinical pos-
sibilities of GKS in the management of various brain disor-
ders to the wide Russian medical community as the use of 
radiosurgery had rapidly increased there. The event was wel-
comed by European Gamma Knife users  [  4  ] , many of whom 
took an active part in this program. The list of invited speak-
ers included not only representatives of Eurasia but also 
North America (Professor Ian E. McCutcheon from The 
University of Texas M. D. Anderson Cancer Center, Houston, 
Texas, USA), South America (Professor Julio C. Antico from 
FLENI, Buenos Aires, Argentina), and Africa (Professor 
Abdeslam El Khamlichi from Mohammed V University, 
Rabat, Morocco). It re fl ected the growth of international 
interest in our activities. 

 All AGKA faculty members are eager to disseminate 
knowledge about contemporary GKS, particularly among 
those who are not yet familiar with it. Continuing education 
of radiosurgical practitioners is another goal. Initiating the 

  Fig. 1    Typical features of AGKA meetings: wide and open panel dis-
cussions on the various aspects of GKS ( upper ) and practical hands-on 
sessions with the real-time treatment planning using the Leksell 
GammaPlan ( lower )       
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development and realization of multicenter scienti fi c research 
projects in the  fi eld of GKS with involvement of Gamma 
Knife users from different countries is also important. Wide 
collaboration with colleagues from outside Asia and close 
cooperation with other national and international profes-
sional organizations, particularly the Asian Leksell Gamma 
Knife Society (organized in 2009), are planned. Our main 
objective is still the same: improving the quality of radiosur-
gery in Asia (and beyond) for the greatest bene fi t of the 
patients.     

  Con fl ict    of Interest   The author declares that he has no con fl ict of 
interest.  
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  Abstract   The availability of advanced computer-aided robot-
ized devices for the Gamma Knife (i.e., an automatic posi-
tioning system and PerfeXion) resulted in signi fi cant changes 
in radiosurgical treatment strategy. The possibility of apply-
ing irradiation precisely and the signi fi cantly improved soft-
ware for treatment planning led to the development of the 
original concept of robotic Gamma Knife microradiosurgery, 
which is comprised of the following: (1) precise irradiation of 

the lesion with regard to conformity and selectivity; (2) inten-
tional avoidance of excessive irradiation of functionally 
important anatomical structures, particularly cranial nerves, 
located both within the target and in its vicinity; (3) delivery 
of suf fi cient radiation energy to the tumor with a goal of 
shrinking it while keeping the dose at the margins low enough 
to prevent complications. Realization of such treatment prin-
ciples requires detailed evaluation of the microanatomy of the 
target area, which is achieved with an advanced neuroimag-
ing protocol. From 2003, we applied the described microra-
diosurgical concept in our clinic for patients with benign skull 
base tumors. Overall, 75 % of neoplasms demonstrated 
shrinkage, and 47 % showed   50 % and more volume reduc-
tion. Treatment-related complications were encountered in 
only 6 % of patients and were mainly related to transient cra-
nial nerve palsy. Just 2 % of neoplasms showed regrowth after 
irradiation. In conclusion, applying the microradiosurgical 
principles based on advanced neuroimaging and highly pre-
cise treatment planning is bene fi cial for patients, providing a 
high rate of tumor shrinkage and a low morbidity rate.  

  Keywords    Automatic positioning system  •  Gamma Knife 
PerfeXion  •  Gamma Knife radiosurgery  •  Microradiosurgery  • 
 Robotics  •  Skull base tumor      

   Introduction 

 The concept of stereotactic radiosurgery as precise delivery 
of a single-fraction high-dose radiation to an imaging-de fi ned 
target was originally developed by Professor Lars Leksell 
from Karolinska University in Stockholm, Sweden. In 1951, 
he performed the  fi rst radiosurgical procedure to treat a 
patient with trigeminal neuralgia. The technique involved 
focusing multiple beams of ionizing radiation in such a way 
that they collided at the same point in the three-dimensional 
(3D) space. Each beam contained a dose low enough to avoid 
altering normal brain, but at the point of intersection of all of 
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the beams a destructive dose of radiation was delivered. 
Initially X-rays were used, but later they were replaced by 
radioactive cobalt emitting a form of high-energy radiation 
called gamma rays. Therefore, the new technique was desig-
nated Gamma Knife stereotactic radiosurgery (GKS). 

 At present, GKS is an approved and widely accepted man-
agement option for a variety of intracranial tumors, vascular 
malformations, and functional brain disorders. Around 50,000 
patients undergo treatment each year worldwide, and the num-
ber is growing. Contemporary technological achievements have 
resulted in profoundly improved safety and clinical applicabil-
ity of radiosurgery and currently permit administration of treat-
ment with microsurgical precision and even better. Moreover, at 
the beginning of the new millennium, advanced computer-aided 
robotized devices were introduced into clinical practice, includ-
ing an automatic positioning system (APS) and later the newest 
model of the Gamma Knife designated PerfeXion (Elekta 
Instruments AB, Stockholm, Sweden) (Fig.  1 ).   

   Advantages of the Modern Computer-Aided 
Robotized Devices for Gamma Knife 
Radiosurgery 

 The APS is a robotized computer-controlled device for auto-
matic positional changes of the patient’s head  fi xed in a 
Leksell G stereotactic frame during radiosurgery using 

Gamma Knife model C or 4C (Elekta Instruments AB). The 
device provides extremely high mechanical precision, within 
0.1 mm in any coordinate direction. The initial evaluation of 
the system after its introduction into clinical practice showed 
bene fi cial effects regarding the treatment time and signi fi -
cantly improved options for multi-isocenter radiosurgery 
with application of small collimators, which resulted in a 
prominent increase in the precision of GKS  [  20,   21,   26,   27, 
  36,   42  ] . Particularly, in cases of vestibular schwannomas, 
application of APS resulted in increased conformity and 
selectivity indices from 95 to 97 % and from 78 to 84 %, 
respectively  [  36  ] , whereas in a cohort of cavernous sinus 
tumors utilization of the device led to a signi fi cant reduction 
of the radiation dose delivered to the optic chiasm  [  27  ] . It 
became possible to create radiosurgical treatment plans with 
more homogeneous high-dose distribution and avoid under-
dosed areas within the lesion  [  21  ] . Finally, there was a 
signi fi cant decrease of extracranial irradiation, which is 
important in patients with benign lesions and long life expec-
tancy  [  26  ] . Among the limitations of APS is that technically 
it cannot be used in some cases, particularly for peripherally 
located intracranial lesions  [  26,   36,   42  ] . 

 All of the above-mentioned treatment advantages associ-
ated with application of APS are augmented with the use of 
PerfeXion  [  29,   37,   46  ] . This fully robotized model of the 
Leksell Gamma Knife has several unique features that make 
it fundamentally different from its predecessors. First, it has 
an integrated permanent collimator system that incorporates 
openings for collimators of three diameters (4, 8, and 16 mm), 

  Fig. 1    Modern computer-aided robotized devices for Gamma Knife radiosurgery: automatic positioning system ( left ) and Leksell Gamma Knife 
PerfeXion ( right )       
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which are separated into eight independently movable sectors 
around the circumference of the device. During treatment, the 
collimator size of each sector can be individually chosen or 
blocked off. The device allows generation of a single isocen-
ter composed of different beam diameters (called a composite 
or hybrid shot) with optimized shape. This feature signi fi cantly 
increases conformity and selectivity of radiation delivery and 
is especially effective for complex targets located in the vicin-
ity of critical anatomical structures  [  29,   46  ] . The improved 
dose homogeneity and greater precision of GKS permits its 
application to intracranial lesions of larger volume than tradi-
tionally considered suitable for such treatment. Additionally, 
modi fi cation of dose distribution is possible with “dynamic 
shaping.” It requires only delineation of the critical structure 
or area and its de fi nition as a “risk volume” with resultant 
automatic blocking of the beams that pass through it  [  29,   46  ] . 
Second, improved dosimetry usually permits the treatment to 
be done as a single run  [  37  ] . This advantage, along with the 
ability to block all the beams during fast transition of coordi-
nates from one isocenter to another, eliminates the need to 
remove the patient from the machine during GKS, which in 
turn results in relatively increased effective (beam on) treat-
ment time, shortens the total treatment time, and reduces the 
extralesional (particularly extracranial) irradiation doses  [  29, 
  37  ] . Third, the coach itself represents the positioning system, 
which provides not only <0.05 mm mechanical accuracy but 
also greater comfort for the patient because no movements of 
the head are necessary during irradiation  [  37  ] . Fourth, the 
signi fi cantly increased volume of the radiation cavity and the 
change of its shape from hemispheric to cylindrical practi-
cally eliminates the possibility of collisions. It also has an 
important implication on the management of multiple brain 
metastases and avoids staged treatment with reapplication of 
the stereotactic frame even for patients with lesions located in 
the opposite intracranial areas  [  29,   37  ] . Moreover, at least 
theoretically, PerfeXion provides an opportunity to apply 
GKS to previously nonaccessible lesions of the external skull 
base, maxillofacial region, and cervical spine  [  29,   37  ] . Finally, 
full automatization and robotization of the device greatly alle-
viates the workload of the staff because establishing the 
gamma angle (70º, 90º, or 110º) remains the only manipula-
tion that is set up manually  [  29  ] . It also results in signi fi cantly 
increased safety of the treatment because it eliminates the risk 
of human error during adjustment of the isocenter position 
 [  37  ] . The operator does not have a choice of switching to 
manual mode or blocking of the individual beams to protect 
distant structures (e.g., the lens) and these points represent 
potential disadvantages of the device. However, they are of 
limited if any clinical signi fi cance  [  29,   37  ] . It should be 
emphasized that despite technological complexity the techni-
cal failures during use of PerfeXion are exceptionally rare 
 [  29,   37,   46  ] . 

 Availability of the described computer-aided robotized
devices for GKS led to signi fi cant changes in the 

radiosurgical treatment strategy. The possibility of apply-
ing highly conformal and selective irradiation and the 
signi fi cantly improved software for treatment planning 
and dosimetry (Leksell GammaPlan; Elekta Instruments 
AB) permitted for us to create the concept of robotic 
Gamma Knife microradiosurgery  [  7,   40  ] . It was originally 
developed and then applied in practice after installation 
of the Leksell Gamma Knife model 4C with APS in our 
clinic (December 2002).  

   Concept of Robotic Gamma Knife 
Microradiosurgery 

 The concept of microradiosurgical treatment is based on 
three main principles: (1) precise irradiation of the lesion 
with regard to conformity and selectivity; (2) intentional 
avoidance of excessive irradiation of functionally important 
anatomical structures, particularly cranial nerves, located 
both within the target and in its vicinity; (3) delivery of 
suf fi cient radiation energy to the tumor with the goal of 
shrinking it while keeping the dose at the margins low enough 
to prevent complications. Realization of such treatment prin-
ciples requires detailed evaluation of the microanatomy of 
the target area, which is performed using the advanced neu-
roimaging protocol. 

   Advanced Neuroimaging Protocol 

 The original neuroimaging protocol for robotic Gamma 
Knife microradiosurgery requires access to high-resolution 
thin-sliced plain constructive interference in steady state 
(CISS) images, gadolinium-enhanced CISS images, and 
gadolinium-enhanced axial modi fi ed time-of- fl ight (TOF) 
images obtained with a 1.5 T clinical magnetic resonance 
imaging (MRI) scanner  [  11,   13,   19  ] . Usually for MRI 
examinations of benign skull base tumors, a single dose 
(0.1 mmol/kg) of the gadolinium-based contrast medium 
gadoteridol (ProHance ® ; Eisai, Tokyo, Japan) is adminis-
tered intravenously. Additionally, thin-sliced plain, “bone 
window,” and contrast-enhanced axial computed tomogra-
phy (CT) scans are obtained. The recognizable advantages 
of the CT scans include a low risk of image distortion arti-
facts and clear visualization of the osseous structures, 
which can be important during radiosurgery of skull base 
lesions  [  24,   35  ] . In some cases, metabolic information 
obtained with positron emission tomography (PET) or 
multivoxel proton magnetic resonance spectroscopy ( 1 H-MRS) 
is used for radiosurgical treatment planning and can be 
particularly helpful during repeat GKS of recurrent tumors 
 [  24,   28  ] .  



8 M. Hayashi et al.

   Detailed Evaluation of the Target 
Neuroanatomy 

 All neuroimaging data are exported via the Intranet to Leksell 
GammaPlan (current version 8.3). This advanced software 
dedicated to planning the GKS and dosimetry provides an 
opportunity for highly accurate and precise co-registration 
and fusion of the various images obtained with different 
modalities and their magni fi cation and reconstruction. It also 
allows for the surgeon to delineate various intracranial struc-
tures and to perform their evaluation from different angles 
and directions using 3D visualization  [  24  ] . 

 After constructing the original workspace, the local neu-
roanatomy is assessed in detail. Identi fi cation of the cranial 
nerves either in the vicinity of the lesion or within its mass is 
especially emphasized. Plain CISS images permit clear visu-
alization of the anatomical structures located intradurally or 
within the subarachnoid cisterns. Moreover, separate compo-
nents of some cranial nerves can be differentiated from each 
other even with 1.5 T MR scanners. In the same time gado-
linium-enhanced CISS images make the tumor “lucid” or 
half-tone but do not affect signal intensity of the adjacent 
cranial nerves. Therefore, the cranial nerves can be clearly 
delineated in the vicinity of the lesion (Figs.  2  and  3 ). 
Gadolinium-enhanced TOF proved helpful for 3D evaluation 
of the interrelations between the neoplasm and adjacent 

 vessels. Fused “bone window” CT and MRI permit simultane-
ous visualization of soft tissue and bone structures  [  24,   35  ] .   

 Even with the advanced neuroimaging protocol and eval-
uation of images within the Leksell GammaPlan, delineation 
of the cranial nerves in the vicinity of large neoplasms is 
sometimes impossible. In such cases, identifying the tumor’s 
origin may allow the surgeon to presume the direction of its 
growth and the corresponding shift of adjacent anatomical 
structures. Therefore, their expected location can be pre-
dicted rather precisely and taken into consideration during 
radiosurgical treatment planning.  

   Principles of Microradiosurgical Treatment 
Planning 

 Microradiosurgical treatment planning is performed by refer-
ring to simultaneous onscreen displays of all obtained images 
in the 3D workspace of the Leksell GammaPlan. The dose 
plan is created with the use of multiple small isocenters, 
which are carefully positioned within the border of the mass 
with the goal of attaining its conformal and selective cover-
age with the prescribed isodose (Fig.  4 ). For GKS of benign 
skull base tumors, we usually try to attain a conformity index 
(CI) > 0.95 and a selectivity index (SI) > 0.90  [  3,   46  ] . 
Although it requires a signi fi cant number of shots, it should 

Coronal Axial Sagittal

  Fig. 2    Gadolinium-enhanced multiplanar reconstructed ( MPR ) mag-
netic resonance ( MR ) images ( upper row ) and constructive interference 
in steady state ( CISS ) MR images ( lower row ) of a left cavernous sinus 

meningioma. Note the greater resolution of the CISS images, which 
permits detailed evaluation of the local neuranatomy       
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not be an obstacle for treatment using robotized computer-
aided devices such as APS or PerfeXion. Special emphasis is 
placed on avoiding projection of any isocenter on function-
ally important anatomical structures located nearby, particu-
larly the cranial nerves. If the cranial nerves cannot be 
visualized, excessive irradiation of areas where they would 
presumably be located are intentionally avoided. It is easily 
done as Leksell GammaPlan allows adjustment of the isoce-
nters’ coordinates with 0.1 mm precision.  

 Usually, a 50 % prescription isodose is applied to the bor-
der of the neoplasm. For benign skull base lesions, the dose at 
the margins varies from 10 to 14 Gy, depending on the lesion 
volume and location. In the vast majority of cases it consti-
tutes 11–12 Gy. An exception to this guideline is hormone-
secreting pituitary adenomas, which require larger irradiation 
doses to inhibit excessive hormone production. In such cases, 
a dose at the margins of, at least,  ≥ 20 Gy seems necessary. 

   Speci fi c Technique Directed at Tumor Shrinkage 

 The traditional goal of radiosurgery for intracranial tumors is 
growth control. However, reduction of the mass volume 
seems important for restoring the affected neuronal func-
tions, particularly those related to direct compression of the 
cranial nerves. In fact, in one-third to two-thirds of cases, 
GKS results in shrinkage of benign skull base neoplasms 
(meningiomas, schwannomas, pituitary adenomas). Our 
experience demonstrated that reduction of the lesion volume 
after radiosurgery is directly associated with the amount of 

delivered radiation energy. Its variations may correspond to 
differences in the treatment effects despite the use of similar 
doses at the tumor margins  [  10,   16,   18  ] . This is in concor-
dance with the experimental results of Massager et al.  [  30  ] , 
which clearly showed that the presence of a “hot spot” within 
the target volume is likely to lead to the desired radiobiologi-
cal result of GKS. It seemingly does not increase the risk of 
complications unless the radiosurgical treatment planning 
was insuf fi ciently selective and the high-dose radiation 
extended to the adjacent normal tissue  [  2  ] . Therefore, in each 
case we try to attain a homogeneous dose distribution with 
creation of a wide 80 % prescription isodose area within the 
tumor while keeping a suf fi ciently low dose at the margins, 
which usually corresponds to a 50 % isodose. For skull base 
meningiomas, the suspected area of tumor origin on the dura 
mater is included in the high-dose irradiation area for possi-
ble obliteration of the feeding vessels  [  16  ] . 

 To evaluate the high-dose area within the target, the 
homogeneity index (HI) is calculated as:

     piv80% piv50%HI TV / TV=    

where TV 
piv80 %

  and TV  
piv50 %

  correspond to target volumes 
covered by 80 % and 50 % prescription isodoses, respec-
tively. During GKS of benign skull base tumors, we try to 
keep the HI at least at the level of 0.5. If the volume or 
distribution of the high-dose irradiation area in the target is 
considered insuf fi cient, it can be optimized by adding 
additional small, low-weight isocenter(s). An original 
parameter, designated the unit energy (UE), re fl ects the 

  Fig. 3    CISS images of a craniopharyngioma. Plain image ( left ) pro-
vides clear differentiation of the tumor border and subarachnoid cis-
terns, whereas administration of gadolinium ( right ) makes the tumor 

half-tone and facilitates determination of its border along adjacent cere-
bral structures, including visual pathways (from Yomo et al.  [  45  ] )       
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  Fig. 4    Schematic ( upper ) and actual ( lower ) treatment planning for a 
Koos grade III right-sided vestibular schwannoma according to the con-
cept of robotic Gamma Knife microradiosurgery. Note the use of mul-
tiple small isocenters, providing conformal and selective coverage of 

the lesion with a 50 % prescription isodose line, limited irradiation of 
the anterior border of the tumor for preventing facial nerve injury, and 
avoidance of extending the 80 % isodose area to the intracanalicular 
part of the neoplasm       
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average amount of radiation energy delivered to a unit of 
the tumor volume (mJ/cm 3 ). The radiosurgical plan corre-
sponding to current treatment standards and safety require-
ments, but providing the greatest possible UE, seems 
preferable because it provides greater probability of tumor 
shrinkage  [  10,   16,   18  ] .  

   Safety Considerations 

 Low-dose GKS for skull base tumors provides optimal bal-
ance between good growth control and low risk of treatment-
related morbidity, even for neoplasms of prominent size 
 [  4,   5,   23  ] . Additionally, use of multi-isocenter treatment with 
application of small isocenters provides a steep dose falloff 
outside the treated volume  [  21,   26,   29  ] . Even in relatively 
large skull base neoplasms, the described technique allows a 
gradient index far below 3, which is usually recommended 
for safe radiosurgical practice  [  3,   32  ] . 

 To avoid complications, the maximum doses to speci fi c 
functionally important structures should be kept within the 
safety range (Table  1 ). Particularly, excessive irradiation of 
the cranial nerves should be avoided. Although it is widely 
accepted that oculomotor, trochlear, and abducent nerves 
may safely tolerate doses up to 40 Gy  [  41  ] , we prefer to keep 
their irradiation as low as possible. Therefore, if they are 
located within the target, which is not uncommon with cav-
ernous sinus tumors, the treatment plan is preferably created 
in such a way that cranial nerves remain not covered by the 
high-dose irradiation area within a mass. A similar technique 
is used to protect the trigeminal nerve in the case of petro-
clival and Meckel’s cave neoplasms.  

 Additionally, the intratumoral 80 % prescription isodose 
area should not extend to the parts of the lesion located in 
strictly con fi ned areas (e.g., internal acoustic canal, superior 
orbital  fi ssure) to avoid possible compression of the adjacent 
cranial nerves during the period of temporary enlargement of 
the neoplasm after irradiation. The latter is a well-described 
phenomenon after GKS of vestibular schwannomas. It has 
also been demonstrated with nonvestibular schwannomas 
 [  15  ]  and pituitary adenomas  [  33  ] . It usually appears 6–9 
months after irradiation and does not require treatment unless 
symptomatic. 

 In more than half of the patients with cranial nerve dys-
function after GKS, the neuropathy is caused not by irradia-
tion of the nerves themselves but by its effects on the the 
brain stem, which is usually associated with edema  [  1,   5  ] . 
This point strongly supports the need for precise dose plan-
ning and prevention of the inadvertent excessive irradiation 
of the functionally important brain structures. Higher selec-
tivity of GKS with more rapid falloff of the dose outside the 
target is associated with less risk of adverse reactions in adja-
cent tissues  [  20,   23,   31  ] .  

   Evaluation and Correction of Distortion Artifacts 
on MR Images 

 Targeting accuracy has a signi fi cant effect on the outcome 
of GKS. Although in general MRI allows detailed charac-
terization of the intracranial lesion and allows creation of 
a precise radiosurgical treatment plan, mislocalization 
errors caused by distortion of the images during their 
acquisition and/or stereotactic transformation are possible 
 [  20  ] . Fusion with “bone window” CT allows 3D evalua-
tion and correction of distortion artifacts on MRI scans, 
which is particularly important for GKS in the vicinity of 
functionally important anatomical structures  [  16,   35–  37  ] . 
For this purpose, after completing the treatment planning 
and calculating the radiosurgical parameters (CI, SI, HI, 
UE), several anatomical landmarks in the vicinity of the 
target are de fi ned and their position on MRI compared to 
that on CT is checked in the axial, sagittal, and coronal 
planes. If a difference is identi fi ed, it is considered the 
result of MRI distortion artifacts. Therefore, coordinates 
of all isocenters are shifted in a measured distance along 
the  X ,  Y , or  Z  axes to compensate for mislocalization 
error.    

   Clinical Results 

 During the last decade the described microradiosurgical 
treatment strategy was consistently applied in our clinic for 
GKS of benign skull base tumors. Among cases with at least 
2 years of follow-up after treatment, 75 % of neoplasms 
demonstrated shrinkage, and in 47 % of lesions  ≥ 50 % vol-
ume reduction was noted. Occasionally, it was accompanied 
by de fi nite improvement of the affected neurological func-
tions. Treatment-related complications were encountered in 
only 6 % of patients, and they were mainly related to tran-
sient cranial nerve palsy. Just 2 % of neoplasms showed 
regrowth after GKS. 

   Table 1    Maximum safe irradiation doses for functionally important 
intracranial structures during GKS for benign skull base tumors   

 Anatomical structures  Maximum safe irradiation dose (Gy) 

 Brain stem  14 

 Cranial nerves III, IV, VI  20 

 Cranial nerves V, VII, VIII  12 

 Optic pathways  10 

 Unaffected venous sinuses  8 

 Cochlea  4 
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   Benign Meningioma 

 The results of GKS for 66 benign skull base meningiomas, 
which were followed 26–80 months after treatment, were 
reported recently  [  16  ] . At the time of radiosurgery, the vol-
ume of the lesion varied from 0.3 to 50.6 cm 3  (mean 6.6 cm 3 ). 
Tumor growth control was attained in 99 % of cases. 
Shrinkage of the neoplasm was marked in 82 % of patients. 
Tumor volume reduction of   50 % and more was noted in 
23 % of cases. Treatment-related morbidity was limited to 
transient abducent nerve palsy in one patient with a cavern-
ous sinus tumor.  

   Vestibular Schwannoma 

 From December 2002, a total of 260 consecutive patients 
with a vestibular schwannoma underwent GKS in our clinic 
 [  10,   12,   18  ] . At the time of treatment, the tumor volume var-
ied from 0.1 to 9.0 cm 3  (mean 1.6 cm 3 ). More than 3 years of 
follow-up data after irradiation were available for 182 
patients. Tumor growth control was attained in 98 % of cases. 
Shrinkage of the neoplasm was marked in 76 % of patients. 
Tumor volume reduction of   50 % and more was noted in 
55 % of cases. Postoperative complications included deterio-
ration of hearing in 8 % of patients and occasional mild ver-
tigo during the period of temporary enlargement of the 
neoplasm after irradiation.  

   Nonvestibular Schwannoma 

 Four patients with abducent nerve schwannoma were fol-
lowed 7–43 months after GKS  [  15  ] . At the time of radiosur-
gery, the volume of the neoplasm varied from 1.7 to 4.9 cm 3  
(mean 3.0 cm 3 ). Tumor growth control was attained in all 
cases. Shrinkage of the neoplasm was marked in three 
patients, who were followed at least 12 months after irra-
diation. Treatment-related morbidity included deterioration 
of vision with transient amaurosis (one case), transient (two 
cases) and permanent (one case) abducent nerve palsy, and 
formation of the intratumoral cyst (one case), which dem-
onstrated spontaneous regression during long-term 
follow-up. 

 Recently, we analyzed results of GKS in six patients with 
a facial nerve schwannoma who were followed for 6–72 
months after treatment. Tumor shrinkage was noted in three 
cases. None of the neoplasms regrew after irradiation. 
Transient facial nerve palsy after irradiation was marked in 
two patients.  

   Sellar Tumors 

 The results of GKS on 89 pituitary adenomas invading the 
cavernous sinus that were followed for 24–76 months after 
treatment were reported  [  14  ] . There were 43 nonfunctional 
and 46 hormone-producing tumors. Growth control was 
attained in 97 % of cases. Shrinkage of the lesion was marked 
in 64 % of cases. In 80 % of patients with secreting pituitary 
adenomas, radiosurgery resulted in normalization or improve-
ment of endocrinological function. Treatment-related mor-
bidity included transitory deterioration of the extraocular 
movements in two patients. 

 The results of GKS on 18 craniopharyngiomas followed 
for 12–52 months after treatment were analyzed as well  [  45  ] . 
Tumor growth control was attained in 94 % of cases. 
Shrinkage of the lesion was marked in 72 % of patients. 
There were no cases of treatment-related morbidity. 

 It should be speci fi cally emphasized that none of the 
patients with a sellar tumor experienced diabetes insipidus, 
new pituitary hormone de fi cit, or deterioration of visual 
function after GKS.  

   Cavernous Sinus Hemangiomas 

 Cavernous sinus hemangiomas are rare benign skull base neo-
plasms for which surgical treatment is extremely dif fi cult owing 
to abundant vascularization. It was demonstrated, however, that 
radiosurgery can be effective in these cases  [  22,   43,   44  ] . From 
December 2002, six patients with cavernous sinus hemangioma 
underwent GKS in our clinic and were followed for 30–78 
months thereafter. Shrinkage of the neoplasm was marked in all 
of them. Reduced tumor volume of >50 % was noted in  fi ve 
cases (83 %). No treatment-related morbidity was noted.  

   Other Applications of Robotic Gamma Knife 
Microradiosurgery 

 With some modi fi cation, the described principles of robotic 
Gamma Knife microradiosurgery can be applied to parenchymal 
brain tumors  [  17,   39  ] . It has also been used to manage trigeminal 
neuralgia  [  9  ]  and other intractable pain syndromes  [  6,   8  ] .   

   Future Perspectives 

 The advent of modern technology and introduction of 
the described microradiosurgical treatment principles 
may change the paradigm of GKS for benign skull base 
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neoplasms from attaining just tumor growth control to clin-
ically meaningful reduction of lesion volume. The latter 
may lead to reversal of the neurological de fi cit, particularly 
that related to dysfunction of the cranial nerves. Further 
research should clarify optimal radiosurgical parameters 
for attaining such treatment goals with minimal risk of side 
effects and complications. Particularly, possible applica-
tion of staged GKS for larger neoplasms requires thorough 
clinical evaluation. 

 Future advances of robotic Gamma Knife microradiosur-
gery will be de fi nitely in fl uenced by the development of new 
neuroimaging modalities and their application for treatment 
planning. Radiosurgical experience with functional MRI, 
diffusion-tensor imaging (DTI), and tractography has already 
demonstrated the high effectiveness of these methods in 
visualizing eloquent cortical areas and  fi ber tracts  [  24,   25, 
  34  ] . DTI is also helpful for identifying cranial nerves in cases 
of their being severely compressed by the tumor  [  38  ] . It may 
lead to prevention of excessive irradiation of functionally 
important anatomical structures and signi fi cantly increased 
treatment safety. Certainly, advanced MRI techniques can be 
effectively used with utilization of high-magnetic- fi eld clini-
cal scanners, which is usually considered unacceptable for 
GKS because of the high risk of distortion artifacts. Currently 
developing neuroimaging protocols directed at acquisition of 
geometrically accurate images may allow us to overcome 
this problem and pave the way for effective use of 3 T MRI 
for radiosurgical treatment planning  [  47  ] . 

 The improved dose homogeneity and greater precision of 
GKS attained with available robotic devices may permit 
effective application of low-dose treatment to large-volume 
intracranial lesions  [  4,   5  ] . Nevertheless, the size of the neo-
plasm still represents the major limitation for radiosurgery 
 [  1,   2  ] . It should be noted, however, that large benign skull 
base tumors are frequently not suitable for total surgical 
resection because of the high risk of postoperative complica-
tions, particularly those related to injury of the cranial nerves. 
The best functional outcome in such cases can be attained 
with combined application of microneurosurgery and radio-
surgery. Detailed 3D evaluation of the local neuroanatomy 
and treatment simulation within the Leksell GammaPlan 
may permit precise planning of combined management, with 
clear delineation of the part of the tumor amenable to safe 
resection and identi fi cation of the portion of the mass that is 
to be left in situ for subsequent irradiation.  

   Conclusion 

 The availability of robotic computer-aided devices for GKS 
led to signi fi cant changes in radiosurgical treatment strategy, 
particularly for benign skull base tumors. Application of the 

principles of Gamma Knife robotic microradiosurgery based 
on advanced neuroimaging and highly conformal and selec-
tive treatment planning is bene fi cial for patients, providing a 
high rate of tumor shrinkage and a low morbidity rate.      
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 Management of vestibular schwannomas (VSs) had been the 
neurosurgeons’ responsibility since Cushing’s time. This 
practice, however, has been changing during the last 10–15 
years. With the blossoming of microsurgery, skull base 
approaches, radiosurgery, and stereotactic radiotherapy, neu-
rosurgeons, otologists, and radiation oncologists are claim-
ing a role as stakeholders, as individuals or as part of a 
multidisciplinary team. The good news is that expertise in 
each of the specialties pushes the standard of care to unprec-
edented heights with near-zero operative mortality. Facial 
nerve injury is a rare occurrence, and hearing preservation is 
a realistic goal. However, such high standards may not be 
achievable in communities where the case load, surgical 
expertise, and/or state-of-the-art technology are lacking. 

 Many treatment algorithms exist, with consensus in some 
areas but controversy in others. For example, most agree that 
small intracanalicular VSs in elderly patients can be actively 
observed. VSs with a diameter of <3 cm can be treated by 
microsurgery or radiosurgery, depending on the availability 
of expertise or by patient choice. In this volume of  Acta 
Neurochirurgica Supplement , Hori and Maruyama  [  2  ]  high-
light the excellent microsurgical outcome, and Hayashi et al. 
 [  1  ]  illustrate the class leading results of Gamma Knife sur-
gery (GKS). Also, Polovnikov et al.  [  5  ] , discussing multi-
fraction stereotactic radiotherapy, provide an additional 
choice for patients who are not suitable candidates for open 
surgery or radiosurgery. 

 There is no consensus, however, on the management of 
large VSs with diameters equal or larger than   3 cm. Treatment 
options range from gross total resection (GTR), subtotal 

resection, combined microsurgery and GKS, and stereotactic 
radiotherapy alone. The proponents of GTR claimed excellent 
results, but facial nerve damage still occurred in 25 % even in 
the best hands  [  9  ] . To minimize this devastating complication, 
some authors recommend subtotal debulking and use radio-
surgery as salvage. Recently, one center reported planned 
microsurgery and GKS for large VSs with excellent results: 
92 % tumor control rate and only 6 % facial nerve injury  [  10  ] . 
We use a similarly planned microsurgery plus GKS approach 
for large VSs in a prospective study that has been ongoing 
since 1998   . Additionally, it is the same neurosurgeon who per-
forms the case selection, informed consent, microsurgery, and 
subsequent radiosurgery. In this era of super subspecialization, 
this same team approach is rather unique but has obvious 
advantages. Professor Lars Leksell, inventor of the Gamma 
Knife, already had this vision in 1983, stating that “the same 
individual can be a competent microsurgeon and also a ste-
reotactic radiosurgeon”  [  3  ] . We presented our preliminary 
results of 63 cases of large VSs previously, reporting a mean 
90 % volume reduction in all cases and zero mortality plus 
near-zero facial nerve injury  [  11  ] . 

 Further controversy exists when radiation is used to treat 
VSs  [  4,   7  ] . We believe in healthy competition rather than 
monopoly by a single technology, be it GKS, LINAC, proton 
beam, or stereotactic radiotherapy. Nevertheless, based on 
having a larger volume of published data, particularly studies 
with long-term follow-up  [  6  ] , GKS seems to lead the  fi eld. 

 Vestibular schwannoma is an uncommon disease. Its prev-
alence is around 1:100,000 per year. The mean number of 
neurosurgeons in developed countries, such as the European 
Union, is approximately 1:100,000 population  [  8  ] . In a closed 
community, this equates to one new case per neurosurgeon 
per year. Inevitably, some patients are managed by otologists 
or radiation oncologists, further diluting the case load per 
neurosurgeon. Without concentrated experience, young neu-
rosurgeons may never achieve the level of surgical skills of 
the giants in the  fi eld, such as House, Samii, or Malis. 

 Vestibular schwannoma used to be a disease managed 
 primarily by neurosurgeons. It remains a fact that no 
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other specialist has the same depth of knowledge in clinical 
presentation, neuroimaging, neuroanatomy, surgical anatomy, 
operative approaches, stereotactic techniques, and treatment-
related complications and how to deal with them. We propose 
that neurosurgeons take the leadership by setting up Centers of 
Excellence with an open and accountable database in their 
community. All neurosurgeons with interests in VS must have 
thorough training in the skull base approach, microsurgical 
technique, and intraoperative neuromonitoring as well as train-
ing in stereotactic radiosurgery, such as with the Gamma Knife. 
For complex cases such as large VSs in patients with serious 
co-morbid diseases, VS affecting the only hearing ear, and VS 
in patients with neuro fi bromatosis type 2, among others, engag-
ing in dialogue with otologists, radiation oncologists, and 
patients themselves is crucial for selecting the best treatment 
options. With the team approach led by neurosurgeons, the 21st 
century can witness near-zero mortality and morbidity when 
managing VS of whatever size and medical complexity.     
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  Abstract   The present study was directed at establishing the 
role of Gamma Knife radiosurgery (GKS) in the manage-
ment of vestibular schwannomas (VSs), particularly those 
that are large. We analyzed a consecutive series of 222 tumors 
operated on by a single neurosurgeon (T. Hori) at Tottori 
University (1981–1998) and Tokyo Women’s Medical 
University (1998–2011). The surgical strategy for sporadic 
unilateral VSs was typically total or nearly total tumor 
removal with facial nerve preservation, whereas in some 
cases of neuro fi bromatosis type 2 intentional subtotal resec-
tion was performed. In all, 15 patients (8.6 %) in the series 
underwent GKS before (4 cases), after (9 cases), or before 
and after (2 cases) tumor removal. Overall, 211 patients 
(95 %) were cured by microsurgery alone. Of note, six 
patients underwent primary radiosurgery but were operated 
later on for regrowth of the neoplasm, and in four of them 
near-total resection led to good long-term tumor control. 
GKS was required in only 5 % of cases for management of 
residual VS or, more frequently, its regrowth. Radiosurgery 
resulted in volume reduction in one-third of these tumors. In 
other cases it stabilized the lesion, preventing further pro-
gression. Thus, GKS is considered a reasonable management 
option for residual or regrowing small VSs to obtain maxi-
mum tumor growth control after initially attempting com-
plete surgical removal.  

  Keywords   Endoscopy  •  Gamma Knife  •  Koos stage  • 
 Retrosigmoid transmeatal approach  •  Vestibular schwannoma      

   Introduction 

 Many medical practitioners, including neurosurgeons, con-
sider radiosurgery an option for treating patients with a ves-
tibular schwannoma (VS). It is an effective alternative to 
open surgery. The technique might be helpful for improving 
tumor growth control after incomplete removal of large neo-
plasms and for small residual lesions  [  9,   10  ] . At present irra-
diation is frequently used for primary management of VSs 
of various sizes. Although its usefulness is advocated widely 
 [  4  ] , the ef fi cacy of stereotactic irradiation in such cases 
raises serious concerns. The present study focused on estab-
lishing the role of Gamma Knife radiosurgery (GKS) in the 
management of VS, particularly large ones by analyzing a 
consecutive series of such tumors operated on by a single 
surgeon (T. Hori).  

   Materials and Methods 

 The series included 222 patients with a VS. The initial 48 
patients were treated surgically at Tottori University (1981–
1998). None of these patients underwent GKS before or after 
tumor removal. The VS recurred in two of the patients in this 
group, and both underwent reoperation, which led to excel-
lent long-term tumor control. Hence, the ef fi cacy of radio-
surgery in this cohort could not be analyzed. Among the 
subsequent 174 patients with a VS surgically treated at Tokyo 
Women’s Medical University (1998–2011), 15 (8.6 %) 
underwent GKS before (4 cases), after (9 cases), or before 
and after (2 cases) tumor removal. Their clinical course was 
evaluated in the present study. 
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 There were six men and nine women (mean age 47.4 
years). In all, 14 VSs were classi fi ed as Koos stage IV, and 1 
VS was a Koos stage III tumor  [  6,   7  ] . The latter patient ini-
tially underwent GKS abroad, but there was subsequent 
tumor regrowth. In all cases, the lesion was removed via a 
retrosigmoid transmeatal approach with or without endo-
scopic assistance  [  5,   8  ] . The surgical strategy in 11 cases of 
sporadic unilateral VS was typically directed at total or near-
total tumor removal with facial nerve preservation. The strat-
egy differed slightly in four patients with neuro fi bromatosis 
type 2 (NF2), who underwent intentional subtotal resection. 
Nevertheless, the latter cases were included in the analyzed 
group because the ef fi cacy of radiosurgery is considered 
similar in cases of sporadic VS and NF2  [  4  ] . 

 All of the patients were categorized into three groups 
according to time of GKS application with regard to surgery 
and the effectiveness of the irradiation.
    1.    GKS was performed after surgery for management of a 

residual or regrowing tumor, and it resulted in shrinkage 
of the tumor (three cases).  

    2.    GKS was performed after surgery for management of a 
residual or regrowing tumor, and it resulted in stabiliza-
tion of the tumor (six cases).  

    3.    GKS was performed as the initial treatment, but the patient 
was later operated on because the tumor had increased in 
size (six cases).     

 All 15 patients were followed with regular clinical evalua-
tions and yearly magnetic resonance imaging (MRI) to check 
the size and characteristics of the residual tumor.  

   Results 

   Group 1 

 If GKS of the residual or regrowing VS after the initial surgi-
cal resection resulted in shrinkage of the neoplasm, none of 
the lesions exhibited regrowth during subsequent follow-up. 

   Illustrative Case 

 A 71-year-old man presented with right-sided deafness. MRI 
disclosed a VS of Koos stage IV (Fig.  1 ). The retrosigmoid 
transmeatal approach was used to remove the tumor. Despite 
the large size of the neoplasm, the facial nerve was function-
ally preserved, and postoperative House-Brackmann grade 2 
was noted. There was a small residual intrameatal lesion, 
which was followed by yearly MRI. At 5 years after surgery, 
it exhibited mild regrowth into the posterior and middle cra-
nial fossae. After detailed discussion with the patient and his 
family, it was decided to perform GKS. Four years later the 
tumor showed de fi nite size reduction, and there was no facial 
nerve dysfunction.    

   Group 2 

 If GKS of the residual or regrowing VS after initial surgical 
resection resulted in stabilization of the VS, none of these 
patients experienced regrowth of the lesion during subse-
quent follow-up (Fig.  2 ).   

   Group 3 

 At the time of primary radiosurgery, the group 3 patients 
typically had large tumors. One of the patients with 
regrowth of the neoplasm 2 years after GKS was initially 
operated on elsewhere, but there was progression of the 
lesion 1 year later. Reoperation was undertaken at our 
clinic. We performed the initial tumor removal in the other 
 fi ve patients. 

 In four cases near-total removal of the lesion was attained. 
None of the four, including one who had been operated on 
twice after the primary GKS, had further progression of the 
tumor (Fig.  3 ). In the other two patients, postoperative obser-
vation revealed regrowth of the residual neoplasm. It led to a 

a b c

  Fig. 1    Right-sided Koos stage IV tumor in a 71-year-old man ( a ). Initial near-total surgical resection was followed 5 years later by Gamma Knife 
surgery (GKS) when regrowth ( b ) was discovered. GKS resulted in reduction of the lesion volume ( c )       
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second GKS, which resulted in stabilization of the lesion in 
both cases.    

   Discussion 

 Hasegawa et al.  [  4  ]  reported long-term outcomes in patients 
with VS after GKS and 10-year subsequent follow-up. It was 
found that if there was good tumor control during the initial 
5 years after radiosurgery there is a minimal risk of further 
recurrence or the need for additional treatment. Hence, this 
interval may be the minimal limit of close clinical and radio-
logical observation after stereotactic irradiation. In that 
series, there were no cases of delayed malignant 

transformation of the neoplasm. Because GKS was effective 
in the majority of patients over a prolonged period of time, it 
was suggested that such treatment is an acceptable alterna-
tive to microsurgical resection. 

 It should be mentioned, however, that in the same study 
the outcome depended on tumor size. Actuarial 10-year pro-
gression-free survival after GKS of a VS with volume of 
<10 cm 3  was 93 %, whereas in neoplasms with volume of   10 
cm 3  and more it was 64%; this difference was statistically 
signi fi cant in both univariate ( P  = 0.0013) and multivariate 
( P  = 0.0054) analyses  [  4  ] . It is evident that the large size of 
the tumor may preclude use of a suf fi cient radiation dose, 
which may lead to treatment failure. Of note, in the present 
series, tumors progressing after primary GKS (group 3) and 
requiring subsequent surgical resection usually were large at 

a b
  Fig. 2    Right-sided Koos stage 
IV tumor in a 33-year-old man 
( a ). Initial near-total surgical 
resection was followed by GKS 
2 years later after a neoplastic 
remnant was found to have 
in fi ltrated the pyramidal bone. 
GKS resulted in stabilization of 
the lesion ( b )       

a b
  Fig. 3    Left-sided VS in a 
42-year-old woman. Primary 
GKS was undertaken. Five years 
later the tumor had enlarged, 
reaching Koos stage IV ( a ). 
Near-total surgical resection was 
performed. No further regrowth 
was noted during the 
postoperative follow-up ( b )       
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the time of irradiation. Radiosurgery of large VSs is some-
times associated with a high risk of neurological deteriora-
tion, particularly impairment of cranial nerve function, 
during the period of temporary tumor enlargement. This is a 
well-recognized phenomenon, typically observed within 3–4 
months after treatment. Hence, for patients with a Koos stage 
III or IV VS, microsurgery is a better option. In particular, 
indications for radiosurgical management of tumors com-
pressing the brain stem are limited. Our strategy in such 
cases is total or near-total removal of the neoplasm, which 
corresponds well with the opinions of others  [  9,   12,   14  ] . 

 The true ef fi cacy of GKS regarding tumor growth control 
has not been de fi nitively established for small VSs (Koos 
stage I or II). Several recent studies on conservative manage-
ment of such neoplasms reported prolonged stability of their 
growth, particularly in cases of small intra-canalicular 
lesions. For example, Bakkouri et al.  [  1  ]  reported results in 
386 cases of unilateral VS, analyzing their progression and 
consequences of observational policy. The annual tumor 
growth rate was <1 mm/year in 58.6 % of patients, 1–3 mm/
year in 29.2 %, and   3 mm/year or greater in 12.2 %. The 
growth rates of intrameatal (1.02 ± 1.8 mm/year) and 
extrameatal (1.40 ± 3.1 mm/year) neoplasms did not differ 
signi fi cantly, and no associations were found with sex, age, 
initial hearing status, or tumor grade. Taking these results 
into consideration, it seems that the true effectiveness of GKS 
for tumor control of small asymptomatic VSs can be estab-
lished only in a randomized controlled study (RCT). Because 
an RCT has not yet been done, observation may be the 
method of choice for patients with a Koos stage I or II tumor 
if the neoplasm does not cause cranial nerve dysfunction. 

 In the presence of even a mild neurological de fi cit associ-
ated with a small lesion, however, initiation of treatment with 
radiosurgery or microsurgery is de fi nitely reasonable to pre-
vent further functional deterioration. Modern methodology 
and technical achievements have allowed application of GKS 
without risk of severe cranial nerve injury. The treatment usu-
ally results in stabilizing tumor growth or even a small reduc-
tion of its volume. However, there are also real disadvantages 
of stereotactic irradiation compared to microsurgery. Contem-
porary surgical equipment and meticulous technique  frequently 
allow total or near-total removal of the VS, even its most 
peripheral intrameatal part  [  5,   8,   9,   12,   14  ] . Removing the 
bulk of the neoplasm makes adjuvant postoperative treatment 
unnecessary and in fact leads to cure. There are also several 
reports on malignant transformation of VSs after GKS or the 
occurrence of another tumor in the irradiated  fi eld  [  3,   13  ] . 

 There is no doubt that, compared to microsurgery, GKS 
provides a better chance of preserving hearing and facial 
nerve function  [  8  ] . In 2005, Betchen et al.  [  2  ]  reported long-
term results of hearing preservation after VS removal. Of 
142 patients deemed eligible, 38 (26.8 %) retained their 
hearing immediately postoperatively. Repeated testing at a 

mean follow-up of 7 years revealed functional hearing in 30 
of 35 cases (85.7 %). In fact, the rate of postoperative hear-
ing preservation in cases of VS depends on the size of the 
tumor, the level of preoperative hearing, and the skills of the 
surgeon  [  6,   7  ] . For small tumors it varies from 20 % to 70 %. 
However, even with large neoplasms some patients still have 
useful hearing, and in some of them it is preserved after 
tumor removal  [  5,   6,   8,   9,   12,   14  ] . In our series of 222 VS, 
the hearing preservation rate in eligible patients was 62.5 %, 
and the facial nerve was preserved in 90 %. 

 In the present study, all but one patient who underwent 
operation before or after GKS had a Koos stage IV tumor. If 
surgery was chosen as the primary treatment modality and for 
some reason the lesion was not totally removed, a “wait and 
see” policy with regular MRI examinations was the preferred 
follow-up. Radiosurgery was then applied immediately after 
detecting tumor regrowth, which frequently was found only 
after many years. Despite the typically small size of the lesion 
at the time of irradiation (usually <1.5 cm), its volume reduc-
tion after GKS was marked only in one-third of cases. 
Application of a second GKS was effective in two patients 
who had been operated on after failed primary radiosurgery 
and exhibited tumor progression after microsurgical removal. 

 Even if surgery was performed after failed primary radio-
surgery, we tried to achieve complete resection. This goal is 
sometimes dif fi cult to meet because of the presence of radia-
tion-induced adhesions between the tumor and adjacent ana-
tomical structures. In such cases, intentional subtotal removal 
of the lesion has been recommended  [  11  ] . In our opinion, 
however, total elimination of the neoplasm has a signi fi cant 
impact on its long-term control, which was achieved in four 
of six of our patients operated on after failed primary GKS. 

 The question, then, is whether GKS is really necessary for 
management of VS. In our opinion, it should be considered a 
reasonable management option for residual or regrowing 
small tumors to obtain the best possible growth control after 
the initial attempt at complete surgical resection. In fact, 
these cases are not uncommon—even when the operation is 
performed by experienced surgeons  [  9,   12,   14  ] . Nevertheless, 
in the present series, adjuvant or salvage radiosurgery was 
required in only 5 % of patients. The other 95 % were cured 
by microsurgery alone. Tumor removal should be considered 
a mainstream treatment option for VSs, particularly for large 
neoplasms. Our results support this statement.  

   Conclusion 

 In the presented consecutive series of 222 VSs surgically 
treated by a single neurosurgeon, 211 patients (95 %) were 
cured by microsurgery alone. Six patients underwent pri-
mary GKS but were later operated on for regrowth of the 
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neoplasm. In four of the six, near-total resection led to good 
long-term tumor control. Radiosurgery was required just in 
5 % of our cases for management of residual or, more fre-
quently, regrowing VS. GKS consistently resulted in good 
control of lesion progression, including two cases in which 
primary irradiation performed before tumor resection had 
failed.      

  Con fl ict    of Interest   The authors declare that they have no con fl ict of 
interest.  
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  Abstract    Background : Gamma Knife surgery (GKS) should 
be considered a standard treatment option for small and 
medium-sized vestibular schwannomas (VSs). It results in a 
tumor control rate similar to that seen with microsurgery and 
provides better preservation of facial nerve function and 
hearing. 

  Methods : From December 2002 to April 2011, a total of 
260 patients with VS underwent GKS using Leksell Gamma 
Knife model 4C with an automatic positioning system. 
There were 30 Koos stage I tumors, 112 stage II, 100 stage 
III, and 18 stage IV. All patients were treated with the use 
of high-resolution magnetic resonance imaging; creation of 
the highly precise conformal and selective multi-isocenter 
dose planning with small collimators, carefully sparing 
adjacent cranial nerves of any excessive irradiation; and 
creation of a wide 80 % isodose area within the tumor while 
applying a low marginal dose (mean 11.9 Gy) at the 50 % 
isodose line. 

  Results : Among 182 patients who were followed for more 
than 3 years after treatment, the tumor control and shrinkage 
rates were 98.4 % and 76.4 %, respectively. Volume reduc-
tion of >50 % was marked in 54.9 % of VSs. Preservation of 
facial nerve function and hearing at the pretreatment level 
was noted in 97.8 % and 87.9 %, respectively. There was 
marked improvement of facial nerve function and hearing 
after GKS in 2.2 % and 3.8 %, respectively. There was no 
major morbidity. 

  Conclusion : Due to contemporary technological and metho-
dological achievements GKS can be focused not only on growth 
control but on shrinking the VS, with possible reversal of the 
neurological de fi cit.  

  Keywords   Gamma Knife surgery  •  Outcome  •  Treatment  • 
 Vestibular schwannoma      

   Introduction 

 There are two main options for management of vestibular 
schwannomas (VSs): microsurgery and radiosurgery. In gen-
eral, surgical resection is recommended  fi rst. However, dur-
ing the last decade there is a gradual increase in the number 
of patients who are undergoing radiosurgery, particularly 
using Gamma Knife surgery (GKS) as the primary treatment 

      Do We Really Still Need an Open Surgery for Treatment 
of Patients with Vestibular Schwannomas?         

     Motohiro   Hayashi   ,    Mikhail F.   Chernov   ,    Samuel   M.   Lipski   ,    Noriko   Tamura   ,    Shoji   Yomo   ,    Ayako   Horiba   ,    Shyunsuke   Tsuzuki   , 
   Masahiro   Izawa   ,    Yoshikazu   Okada   ,    Yoshihiro   Muragaki   ,    Hiroshi   Iseki   ,    Pavel   Ivanov   ,    Jean   Régis, and       Kintomo   Takakura      

    M.   Hayashi    (�)
     Department of Neurosurgery ,  Neurological Institute, 
Tokyo Women’s Medical University ,
  8-1 Kawada-cho, Shinjuku-ku ,  Tokyo  162-8666 ,  Japan   

  Faculty of Advanced Techno-Surgery , 
 Institute of Advanced Biomedical Engineering and Science, 
Tokyo Women’s Medical University ,   Tokyo ,  Japan   

  Saitama Gamma Knife Center, Sanai Hospital ,   Saitama ,  Japan  
  e-mail:  gkrmoto@aol.com  

     M.  F.   Chernov,       Y.   Muragaki,       H.   Iseki,   and     K.   Takakura  
     Department of Neurosurgery ,  Neurological Institute, 
Tokyo Women’s Medical University ,     Tokyo,      Japan  

   Faculty of Advanced Techno-Surgery , 
 Institute of Advanced Biomedical Engineering and Science, 
Tokyo Women’s Medical University ,   Tokyo ,  Japan  

      S.  M.   Lipski  
     Department of Ear, Nose, and Throat ,  Tivoli University Hospital ,
  La Louviere ,  Belgium  

      N.   Tamura,                 A.   Horiba,       S.   Tsuzuki,       M.   Izawa,   and     Y.   Okada  
     Department of Neurosurgery ,  Neurological Institute, 
Tokyo Women’s Medical University ,     Tokyo,     Japan       

     S.   Yomo  
     Saitama Gamma Knife Center, Sanai Hospital ,   Saitama ,  Japan  

      P.   Ivanov  
     Radiosurgical Center, International Institute of the Biological Systems ,
  Saint Petersburg ,  Russia  

      J.   Régis  
     Department of Functional and Stereotactic Neurosurgery , 
 Timone University Hospital ,   Marseille ,  France   

  Faculty of Advanced Techno-Surgery , 
 Institute of Advanced Biomedical Engineering and Science, 
Tokyo Women’s Medical University ,   Tokyo ,  Japan    



26 M. Hayashi et al.

modality. If previously the main indication for stereotactic 
irradiation in cases of VS was advanced age or inability to 
perform craniotomy for any reason, nowadays many other 
factors in fl uence the decisions of both the neurosurgeon and 
the patient. 

 The traditional objective of GKS in cases of VS is to con-
trol its growth while preserving neurological functions, par-
ticularly those related to adjacent cranial nerves. Multiple 
published reports have demonstrated >95 % tumor control 
rate. Although transient enlargement of the neoplasm is fre-
quently observed at 6–12 months after irradiation, the lesions 
usually not only return to their pretreatment size but demon-
strate some volume reduction during subsequent years. 
Compared to surgical resection, GKS de fi nitely provides 
higher rates of preserving facial nerve function and hearing 
 [  14  ] . Moreover, with recent achievements in technology and 
neuroimaging, the main goal of contemporary radiosurgery 
is to achieve not only growth control but shrinkage of the 
intracranial neoplasm, which in turn may reverse the neuro-
logical de fi cit. Herein we report the details of our current 
GKS strategy in cases of VS and discuss the treatment 
results.  

   Materials and Methods 

 Leksell Gamma Knife model 4C with an automatic posi-
tioning system (APS) (Elekta Instruments AB, Stockholm, 
Sweden) was installed at the Tokyo Women’s Medical 
University in December 2002, and until April 2011 a total 
of 260 patients with VS underwent radiosurgical 
treatment. 

 According to the Koos topographical classi fi cation (stages 
I through IV  [  11,   12  ] ) 30 tumors (11.5 %) were stage I 
(“intracanalicular”), 112 (43.1 %) were stage II, 100 (38.5 %) 
were stage III, and 18 (6.9 %) were stage IV. At the time of 
GKS the mean maximum diameter of VS was 18.3 mm 
(range 8.2–33.7 mm), and its mean volume was 1.6 cm 3  
(range 0.1–9.0 cm 3 ). 

 According to the House-Brackmann scale (grades 1–6 
 [  10  ] ), before GKS 214 patients (82.3 %) had grade 1 facial 
nerve function (“normal”), 22 (8.5 %) had grade 2, 14 
(5.4 %) had grade 3, and 10 (3.8 %) had grade 4 or 5. 
According to the Gardner-Robertson classi fi cation (classes 
I–V  [  4  ] ), before GKS 46 patients (17.7 %) had class I hear-
ing (“good to excellent”), 54 (20.8 %) had class II, 64 
(24.6 %) had class III, 28 (10.8 %) had class IV, and 68 
(26.1 %) had class V. 

 From the whole cohort, 182 patients (70 %) were fol-
lowed clinically and radiologically for more than 3 years 
after GKS. 

   Radiosurgical Technique 

 All patients were treated according to our concept of robotic 
Gamma Knife microradiosurgery  [  7,   8  ] . Of note: pretreatment 
simulation of GKS has recently been performed routinely in our 
practice using new functions (“Image merge” and “Preplan”) 
available in the latest versions of Leksell GammaPlan (Elekta 
Instruments AB). 

 On the day of treatment, a Leksell G stereotactic frame 
(Elekta Instruments AB) was attached to the patient’s head 
under local anesthesia. Computed tomography (CT) and 
magnetic resonance imaging (MRI) were performed rou-
tinely. Thin-sliced (slice thickness 1.0 mm) axial CT was 
used not only to evaluate the tumor but always included “bone 
window” images. In all cases, our original MRI protocol was 
used. Axial plain and gadolinium-enhanced constructive 
interference in steady state (CISS) images (slice thickness 
0.5 mm), and axial modi fi ed time-of- fl ight (TOF) images 
(slice thickness 1.0 mm) were obtained. All neuroimaging 
data were exported to the Leksell GammaPlan. The CT and 
MR images were fused. 

 An original workspace was constructed in the GammaPlan 
for detailed 3D understanding of the interrelations between the 
VS and functionally important anatomical structures. The main 
emphasis during treatment planning was clear identi fi cation of 
the borders of the neoplasm and adjacent VII and VIII cranial 
nerves. They can be clearly distinguished with plain CISS 
images, which provide excellent visualization of the structures 
in the pontocerebellar cistern. Although it is dif fi cult to de fi ne 
the anatomy within the internal acoustic canal (IAC) with those 
images, the problem can be resolved with the use of gadolin-
ium-enhanced CISS images, on which the neoplasm becomes 
“lucid.” Its distinction from the adjacent cranial nerves is thus 
possible. The fundus of the IAC can be effectively evaluated 
with fused “bone window” CT and CISS images. The modi fi ed 
TOF provides 3D understanding of the interrelations between 
the neoplasm and adjacent vessels. 

 Even with such advanced MRI protocol, delineation of 
the facial and vestibulocochlear nerves is often impossible 
for large tumors (Koos stages III and IV). Therefore, during 
treatment planning we tried to identify the origin of the 
neoplasm and differentiate three types of VS: those arising 
from the cochlear, superior vestibular, and inferior vestibu-
lar nerves. It is our opinion that this differentiation helps 
the surgeon predict the direction the adjacent cranial nerves 
shift during growth of the neoplasm. Therefore, even if they 
cannot be visualized directly, their location, particularly in 
the IAC, can be presumed and taken into consideration. 

 The treatment planning was carefully performed with a 
goal of attaining both conformal and selective coverage of 
the tumor with a 50 % isodose. The radiosurgical parame-
ters in the present series of VSs are presented in Table  1 . 
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In cases of Koos stage III and IV neoplasms we intentionally 
avoided excessive irradiation of the anterior border of the 
tumor, where the facial and vestibulocochlear nerves were pre-
sumably located. After treatment planning was completed, the 
positions of the isocenters were visualized simultaneously and 
carefully checked once again. If some of them projected on the 
adjacent cranial nerve in its visualized or presumed position, 
the coordinates of this isocenter were corrected with 0.1 mm 
precision to avoid any coverage of the nerve. In this way we 
tried to put all isocenters only within the border of the neo-
plasm without involving other anatomical structures located 
nearby, particularly the anterior and inferior walls of the IAC.  

 Finally, the location of the 80 % isodose area was evalu-
ated. If its volume or distribution within the tumor was con-
sidered insuf fi cient, another low-weight isocenter was added 
to make the high-dose irradiation reach as much of the neo-
plasm as possible. However, in cases with preserved hearing 
we usually avoided extension of the 80% isodose area on the 
intracanalicular part of the lesion.   

   Results 

 Of 260 tumors, 246 (94.6 %) showed loss of central contrast 
enhancement on T1-weighted MRI scans within a median 
period of 6 months after GKS. Signi fi cant transient enlarge-
ment of the lesion (>2 mm in any dimension) was noted in 67 
cases (25.8 %), although almost all of these neoplasms 
shrank to pretreatment size by 12 months after radiosurgery. 

 Among 182 patients who were followed for >3 years after 
treatment, tumor control and shrinkage rates were 98.4 % (179 
cases) and 76.4 % (139 cases), respectively. Volume reduction 
of >50 % was marked in 54.9 % of the VSs (100 cases). In 178 
patients (97.8 %), facial nerve function rate was preserved at 
the pretreatment level, and in 4 (2.2 %) patients it had improved. 
In 160 patients (87.9 %) hearing was preserved at the pretreat-
ment level, and in 7 (3.8 %) patients it had improved. 

 Although some patients complained on mild vertigo dur-
ing the period when the VS was temporarily enlarged after 
GKS, major posttreatment morbidity was not noted in the 
present series. No cases of hydrocephalus or trigeminal neu-
ropathy were identi fi ed. Also there were no cases in which 
suggestive malignant transformation of the tumor was 
marked, although the length of follow-up was too short for 
reliable evaluation of this particular complication.  

   Illustrative Cases 

  Case 1 

 A 58-year-old woman developed a sudden episode of deaf-
ness. MRI disclosed right-sided VS (Koos stage I). Her hear-
ing on the ipsilateral side corresponded to Gardner-Robertson 
class II. Facial nerve function was normal (House-Brackmann 
grade 1). The patient decided to undergo GKS. On the day of 
treatment, thin-sliced CT and MRI were performed under ste-
reotactic conditions and a total of 280 images were transported 
to the Leksell GammaPlan. The dose planning is shown in 
Fig.  1 . On the coronal view, it was clearly seen that the neo-
plasm was localized to the groove right under the horizontal 
bar (inferior vestibular groove). Therefore, it was thought to 
be an inferior vestibular schwannoma. On the axial view, facial 
and cochlear nerves were directly visualized in front of the 
lesion and were not included in the 50 % isodose area, which 
covered the neoplasm both conformally and selectively. At 6 
years after GKS the tumor demonstrated approximately 30 % 
volume reduction, and there were no neurological de fi cits.   

  Case 2 

 A 70-year-old woman complained on progressive hearing 
disturbance. MRI demonstrated left-sided VS (Koos stage 
II). Her hearing on the ipsilateral side corresponded to 
Gardner-Robertson class IV, and facial nerve function was 
normal (House-Brackmann grade 1). We performed a simu-
lation of the radiosurgical treatment using “Preplan” based 
on 360 thin-sliced MRI and “bone window” CT (Fig.  2 , 
 upper ). Detailed analysis of images revealed that the tumor 
extended to the fundus and was destroying the inferior wall 
of the IAC. Therefore, the inferior vestibular groove was 
wider than usual. It was suspected that the neoplasm origi-
nated from the inferior vestibular nerve, so the facial nerve 
should be, presumably, shifted to the anterosuperior direc-
tion, whereas the cochlear nerve would be shifted anteriorly. 
Because the elderly patient had progressive hearing loss, it 
was decided to perform GKS despite the small size of the 
neoplasm. On the day of treatment, only CT was undertaken 

   Table 1    Treatment parameters during Gamma Knife surgery for 
vestibular schwannomas   

 Treatment parameters  Mean (range) 

 Target volume (cm 3 )  1.96 (0.14–12.9) 

 Marginal dose (Gy)  11.9 (11–12) 

 No. of isocenters  18.5 (2–50) 

 Conformity index  0.94 (0.33–1.00) 

 Selectivity index  0.83 (0.26–1.00) 

 Energy delivered to tumor (mJ)  25.1 (1.8–126.4) 

 Unit energy delivered to tumor (mJ/cm 3 )  16.8 (14.0–19.6) 

  All patients were treated with the Leksell Gamma Knife model 4C with 
automatic positioning system version 1.1 and 1.2 (Elekta Instruments 
AB, Stockholm, Sweden)  
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(320 images) and was fused with the preplan MRI. Treatment 
planning was carefully done with a special emphasis on 
avoiding excessive irradiation of the anterosuperior portion 
of the tumor and excluding the anterosuperior wall of the 
IAC from projection of any isocenter. The lesion was conformally 
and selectively covered with a 50 % isodose (Fig.  2 ,  lower ), 
and an 80 % isodose area widely covered the bulk of the 
mass to increase the intratumoral irradiation dose.   

  Case 3 

 A 65-year-old woman had gradual hearing disturbance and 
balance problems. MRI revealed right-sided VS (Koos stage 
IV). Her hearing on the ipsilateral side corresponded to 
Gardner-Robertson class IV, and facial nerve function was 
normal (House-Brackmann grade 1). Because of a docu-
mented history of myocardial infarction, the patient decided 
to be treated with GKS instead of microsurgery. The treat-
ment planning is shown in Fig.  3 . The large size of the tumor 
prevented the facial and vestibulocochlear nerves to be 

visualized on axial plain CISS images, but use of gadolinium-
enhanced CISS images made the lesion “lucid.” The VII 
nerve could then be seen adhering to its anterior part, and the 
VIII nerve was visualized under it. The full extents of these 
nerves were excluded from the 50 % isodose area, which cov-
ered the tumor conformally and selectively (Fig.  4 ). The 80 % 
isodose area widely covered the bulk of the mass to increase 
the intratumoral irradiation dose.    

  Case 4 

 A 56-year-old woman had gradual hearing disturbance and 
balance problems. MRI revealed right-sided VS (Koos stage 
III). Her hearing on the ipsilateral side corresponded to 
Gardner-Robertson class III, and facial nerve function was 
normal (House-Brackmann grade 1). It was decided to per-
form GKS. On the day of treatment, thin-sliced CT and MRI 
were performed under stereotactic conditions and a total of 
360 images were transported to the Leksell GammaPlan. The 
dose planning is shown in Fig.  5  ( upper ). Visualizing the facial 

  Fig. 1    Dose planning for a Koos stage I vestibular schwannoma based 
on fused plain constructive interference in steady state (CISS) and 
“bone window” computed tomography (CT) images. The facial and 

vestibulocochlear nerves could be clearly detected.  Yellow  and  green 
circles  correspond to 50 and 80 % isodose lines, respectively       
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  Fig. 2    Preplan simulation ( upper ) and Gamma Knife surgery (GKS) 
dose planning ( lower ) for a Koos stage II vestibular schwannoma based 
on fused gadolinium-enhanced CISS and “bone window” CT images. 
The inferior vestibular groove was enlarged by the tumor, which 

 presumably corresponded to its origin. During treatment planning 
 special emphasis was placed on excluding the facial nerve from the 
50 % isodose area.  Yellow  and  green circles  correspond to 50 and 80 % 
isodose lines, respectively       
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  Fig. 3    GKS dose planning for a Koos stage IV vestibular schwannoma. 
Adjacent cranial nerves are not identi fi able on plain CISS images 
( upper ) but can be visualized on gadolinium-enhanced CISS images 

( lower ), which made the tumor “lucid.”  Yellow circles  correspond to the 
50 % isodose line, whereas the delineated VII and VIII cranial nerves 
are marked  green and blue , respectively       
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and vestibulocochlear nerves on the axial view was dif fi cult. 
Therefore, during treatment planning, emphasis was placed on 
avoiding excessive irradiation to the anteroinferior part of the 
tumor and eliminating projection of any isocenter on the ante-
rior wall of the IAC. With this plan, the lesion was confor-
mally and selectively covered with a 50 % isodose. The 80 % 
isodose area widely covered the bulk of the mass to increase 
the intratumoral irradiation dose. At 2 years after GKS there 
was a >50 % volume reduction of the VS (Fig.  5 ,  lower ), and 
it remains the same size at 8 years after treatment.    

   Discussion 

 The Koos topographical classi fi cation  [  11,   12  ]  is useful dur-
ing the decision-making process regarding optimal manage-
ment of VS and evaluation of its risks and advantages. A 
tumor is characterized as stage I if it is located purely within 
the IAC, as stage II if it protrudes into the posterior cranial 
fossa from the internal acoustic meatus (IAM) but does not 

touch the brain stem, stage III if it reaches the brain stem but 
does not compress it, and stage IV if it compress the brain 
stem. Usually VSs of Koos stages II and III are considered 
the most suitable for radiosurgery. However, such treatment 
is now applied also to Koos stage I tumors, with the goal of 
having a better chance to preserve hearing than is attained 
with observation or microsurgery. Despite recent technical 
and methodological advances in GKS, the majority of 
patients with Koos stage IV neoplasms should be treated 
with surgical resection. Nevertheless, the present series 
included 18 such tumors, and their management was not 
accompanied by any major morbidity. 

   Volumetric Changes After Gamma Knife 
Radiosurgery for Vestibular Schwannoma 

 It is well established that low-dose radiosurgery for VS (mar-
ginal dose of 12–13 Gy at the 50 % isodose line) provides 
optimal results with regard to tumor growth control and 

  Fig. 4    Three-dimensional view of radiosurgical treatment planning for a Koos stage IV vestibular schwannoma. The entire extent of the facial 
( green ) and vestibulocochlear ( blue ) nerves adjacent to the tumor are excluded from the 50 % isodose area ( yellow circles )       
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  Fig. 5    GKS dose planning for a Koos stage III vestibular schwannoma 
( upper ) and follow-up magnetic resonance imaging 2 years thereafter 
( lower ). The treatment was based on fused gadolinium-enhanced 
T1-weighted and “bone window” CT images. The tumor was conformally 

and selectively covered with the 50 % isodose ( yellow circles ), whereas 
the 80 % isodose area widely occupied the bulk of the mass 
( green  circles ). After treatment the tumor demonstrated volume 
 reduction of >50 %       
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preservation of facial nerve function and hearing. Multiple 
reports had been published to date highlighting the outcomes 
of such treatment. With few inconsistencies, the tumor con-
trol rate has varied in recent studies from 87 % to 97 % (aver-
age 93 %)  [  1–  3,   5–  7,   13,   18–  20,   23,   27  ] . In our patients with 
short- to medium-term follow-up it was 98.4 %. Of note, 
even in series reporting posttreatment observation of >10 
years, tumor control rates were 91–97 %  [  5,   13  ] . It was sug-
gested that if no regrowth of VS is evident during the  fi rst 3 
years after GKS the probability of its long-term growth con-
trol is high  [  6,   18  ] . 

 Nevertheless, it should be clearly recognized that 14.4–
41.0 % of VSs show transient enlargement after radiosur-
gery  [  7,   18,   20,   27  ] . This phenomenon was observed in 
25.8 % of our patients. It usually appears 6–9 months after 
treatment and is typically accompanied by loss of central 
contrast enhancement, which is encountered in 70–84 % of 
tumors  [  1,   7,   18  ] . Pollock  [  20  ]  investigated transiently 
enlarged VSs after GKS and found loss of central enhance-
ment in 93 % of the cases. These changes are caused by 
subacute in fl ammation induced by irradiation, and in most 
cases both contrast enhancement of the lesion and its size 
return to the pretreatment level within a few subsequent 
months  [  18,   27  ] . 

 Three patterns of volumetric changes of VS after radio-
surgery are usually mentioned  [  20  ] : transient enlargement 
(57 % of cases), stabilization of size (29 %), and continuous 
growth (14 %). Less attention is devoted to possible shrink-
age of the neoplasm, although its rate was 60 % at 5 years in 
one study  [  14  ]  and 70 % at 10 years in another  [  5  ] . In the 
present series, it was seemingly even greater as 76.4 % of our 
patients demonstrated shrinkage of VS during short- to 
medium-term follow-up after GKS. Also, in more than half 
of the tumors volume reduction of >50 % was noted, which 
is considered clinically signi fi cant.  

   Cranial Nerves Function After Gamma Knife 
Radiosurgery for Vestibular Schwannoma 

 When GKS is compared with microsurgery, the postopera-
tive complication rate—e.g., facial nerve dysfunction and 
hearing disturbances—should always be taken into 
consideration. 

 If currently recommended marginal irradiation doses of 
12–13 Gy are used, temporary or permanent treatment-
related dysfunction of the VII cranial nerve after GKS for VS 
can be avoided in 99 % of cases. This  fi gure corresponds to 
the results obtained in the present series: There was no dete-
rioration of facial nerve function after treatment in any of the 
patients. Tamura et al.  [  25  ]  reported better preservation of 
lacrimal function with radiosurgery than with microsurgery. 

These results are re fl ected in a comparative evaluation of the 
patients’ quality of life after treatment of VS, which also 
demonstrated the superiority of GKS  [  16  ] . 

 Results on hearing preservation after radiosurgery for 
VS are controversial. Combs et al.  [  2  ]  preserved hearing in 
55 % of 27 VS patients at 9 years after LINAC-based treat-
ment, whereas the rate after GKS varies from 63 % to 84 % 
(average 75 %)  [  3,   5,   7,   13,   15,   19,   23,   27  ] . It was demon-
strated that hearing preservation rate can be improved from 
70 % to 84 % if the maximum dose to the tumor is lowered 
from 26 to 20 Gy  [  27  ] . Based on detailed evaluation of the 
treatment planning, Massager et al.  [  15  ]  reported that a 
large lesion volume in the IAC and high integrated dose to 
the neoplasm have negative associations with hearing pres-
ervation. In concordance, Paek et al.  [  19  ]  identi fi ed hearing 
deterioration more frequently in patients with high irradia-
tion dose to the cochlea and emphasized that an excessive 
dose to the intracanalicular part of the VS could have a 
negative impact on hearing preservation. Excellent radio-
surgical results in cases of intracanalicular VS (Koos stage 
I) have been reported, particularly among patients who pre-
sented with tinnitus and serviceable hearing, with a hearing 
preservation rate of >90 %  [  3,   6,   13  ] . In the present series 
of tumors of various sizes, the hearing preservation rate 
was 87.9 %. It seems that low-dose GKS is suf fi ciently safe 
and provides a high probability of hearing preservation in 
patients with a VS. Hence, this treatment can be recom-
mended even in patients with neuro fi bromatosis type 2 and 
an unfavorable prognosis for hearing preservation after 
observation or surgery. 

 Analysis of the series of patients with VS treated at Tokyo 
Women’s Medical University by Maruyama et al.  [  14  ]  
revealed a higher preservation rate for facial nerve function 
and hearing after GKS than after microsurgery. However, 
restoration of the preexisting neurological de fi cit was not 
investigated and its possible resolution remained unclear. In 
the present study, improvement of the function of cranial 
nerves VII and VIII was demonstrated in 2.2 % and 3.8 % of 
patients, respectively, during short- to medium-term follow-
up after GKS. 

 Radiosurgery for large VSs (Koos stages III and IV) is 
associated with a higher rate of posttreatment neurological 
deterioration, particularly, trigeminal neuropathy. The latter 
is sometimes considered a consequence of the temporary 
tumor enlargement after irradiation, but the 2–5 % incidence 
of this complication seems low when seen in relation to the 
rate of volumetric changes  [  5,   13,   19,   20,   23  ] . There were no 
disturbances of the V cranial nerve in the present series 
despite a signi fi cant proportion of large tumors and rather 
frequent observation of temporary enlargement of the lesion 
after treatment. Therefore, inadvertent inclusion of the 
trigeminal nerve in the irradiation  fi eld seems a more likely 
cause of that complication.  
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   Recent Advances in Gamma Knife Equipment 
and Neuroimaging Modalities 

 During recent years GKS equipment has undergone 
signi fi cant technological upgrading. Conventional manual 
procedures were replaced by fully automatic robotic devices, 
such as the APS and PerfeXion (Elekta Instruments AB), 
which provide 0.1 mm preciseness of radiation delivery. 
Additionally, computer-aided manipulations signi fi cantly 
reduced the risk of human error and, correspondingly, 
increased treatment safety  [  8,   21,   26  ] . 

 These technical changes were accompanied by the 
development of advanced methods in diagnostic radiol-
ogy. Previously, GKS for VS was usually depended on 
conventional gadolinium-enhanced T1-weighted images. 
Those ones provide suf fi cient information regarding the 
anatomical interrelations between tumor, brain stem, 
and cerebellum but do not permit visualization of the 
VII and VIII cranial nerves. Hence, these nerves were at 
risk of being inadvertently included in the irradiation 
 fi eld. In fact, the desire to preserve the cranial nerves 
and avoid posttreatment neuropathy was one of the main 
reason for wide introduction of low-dose radiosurgery 
for VS. High precision treatment planning requires 
detailed understanding of neuroanatomy, which can be 
attained at present with advanced neuroimaging 
protocols. 

 Currently available thin-sliced CISS images pro-
vide clear visualization of the facial and vestibulo-
cochlear nerves, which allows their preservation by 
avoiding excessive irradiation during radiosurgical treatment  
[  9,   17,   22  ] . In cases of small VSs (Koos stages I and II), 
cerebrospinal  fl uid separates the neoplasm and brain stem, 
which permits for the surgeon to visualize clearly the intra-
cisternal part of the nerves  [  9,   17,   22  ] . Even with 1.5 T MR 
scanners, the components of the VIII cranial nerve (cochlear, 
superior vestibular, inferior vestibular) can be differentiated. 
GammaPlan provides 3D visualization, so the course of the 
nerve can be followed from the brain stem to the internal audi-
tory meatus (IAM). When visualization of the intracanali-
cular part of the cranial nerves is limited by the IAC being 
occupied by tumor, the problem can be effectively resolved 
with the use of gadolinium-enhanced CISS images, which 
make the neoplasm “lucid” and in many cases permit track-
ing the nerves to the most peripheral part  [  24  ] . Additionally, 
fusion of MRI and “bone window” CT images within the 
GammaPlan allows identi fi cation of such landmarks as the 
facial notch, which runs from the IAM to geniculate ganglia. 
As result, the whole length of the intracanalicular cranial 
nerves can be clearly delineated even if the tumor reaches 
the fundus, which is not uncommon. Being experienced with 

such neuroimaging technique, we strongly advocate it for 
detailed visualization of the anatomical structures adjacent 
to the VS. In contrast, gadolinium-enhanced T1-weighted 
imaging may cause partial enhancement of the IAC content 
and preclude its detailed differentiation. Therefore we do not 
recommend its use for radiosurgical treatment planning.  

   Concept of Robotic Gamma Knife 
Microradiosurgery 

 The concept of robotic Gamma Knife microradiosurgery 
was developed by us when the Leksell Gamma Knife model 
4C with APS became available to our practice (December 
2002). It is based on high-resolution neuroimaging proto-
col that permits detailed understanding of the neuroanat-
omy in the vicinity to the target, and use of computer-aided 
device (APS) that provides 0.1 mm treatment preciseness 
and signifi cantly facilitates multi-isocenter radiosurgery 
 [  7,   8  ] . According to our treatment strategy, the dose plan-
ning is conformal and selective, preserving all adjacent 
functionally important anatomical structures, particularly 
the cranial nerves, by protecting them from excessive irra-
diation. Such treatment goals are not new in radiosurgery, 
but only the availability of the upgraded equipment and 
advanced neuroimaging modalities made possible reliable 
incorporation of these principles into routine everyday 
 clinical practice. 

 We apply the marginal dose at the 50 % isodose line 
and consistently place special emphasis on wider distribu-
tion of the 80 % isodose area within the tumor. Sometimes 
a small low-weighted isocenter is added to increase the 
area of higher irradiation inside the mass, consequently 
maximizing the integrated dose delivered to the lesion. A 
new parameter, the unit energy (mJ/cm 3 ), has been estab-
lished to allow comparison of the treatment plans. It is 
linearly associated with the mean intratumoral dose and 
re fl ects the average amount of radiation energy delivered 
to a unit of tumor volume. In our current practice, unit 
energy is calculated routinely and recorded in a prospec-
tively maintained database. Retrospective analysis of the 
conventional GKS technique for VSs revealed an average 
value of approximately 15 mJ/cm 3 , whereas in the present 
series with application of the described treatment strategy 
it was greater (mean 16.8 mJ/cm 3 ). We believe that it is a 
possible reason for the rather high tumor shrinkage rate 
and signi fi cant prominence of volume reduction attained 
in our patients after treatment. In fact, variations of the 
unit energy may make a difference in effectiveness of 
radiosurgery in patients treated with similar doses at the 
tumor margins. 
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 It should be noted that in some of our patients the tumor 
volume reduction after GKS was accompanied by improved 
facial nerve function and even hearing. These changes might 
have been caused by elimination of nerve compression due 
to the tumor pressing against the walls of the IAM or IAC. It 
can be hypothesized that such functional recovery is more 
likely in cases with shorter duration and lesser severity of 
symptoms, lower Koos stage of the VS, and less  fi lling of the 
IAC by the tumor. This important issue should be evaluated 
in further studies.  

   New Goals and Challenges of Gamma Knife 
Radiosurgery for Vestibular Schwannoma 

 The results of the present study strongly suggest that meticu-
lous treatment planning—optimal dose selection, conformal 
and selective tumor coverage, prevention of the excessive 
irradiation of adjacent anatomical structures, homogeneous 
intratumoral dose distribution—is directly related to 
improved radiosurgical outcomes. Based on the above-men-
tioned treatment considerations, we suggest that the goals of 
GKS for VSs be expanded, and should not be limited to con-
trolling the growth of the neoplasm and preserving neuro-
logical functions but also be focused on reducing lesion 
volume (preferably early), restoring the neurological func-
tions (particularly that related to cranial nerves), and elimi-
nating the risk of further tumor progression. 

 To attain such objectives, GKS should be considered not 
just a radiation treatment but a microsurgical procedure. 
Neurosurgeons dealing with radiosurgical methods should 
use their best efforts to create precise treatment planning 
using the same microsurgical principles that are applied dur-
ing tumor resection under an operating microscope. Thus, 
all functionally important anatomical structures should be 
spared and the lesion treated as aggressively as possible to 
achieve the maximum treatment effect with minimal risk of 
postoperative complications. Of course, detailed knowledge 
of neuroanatomy, neurophysiology, and neurosurgery (!) is 
absolutely necessary. Currently available GKS equipment 
and neuroimaging modalities allow us to attain such treat-
ment standards, but their importance still requires under-
standing and acceptance by radiosurgical practitioners. 

 A number of reports have advocated fractionated stereot-
actic radiotherapy as the safest method for preserving neuro-
logical functions during management of VSs. In contrast, we 
think that contemporary radiosurgery provides optimal treat-
ment conformity and selectivity as well as suf fi cient homo-
geneity of irradiation dose distribution within the lesion, 
which better corresponds to microsurgical principles of the 
management of benign tumors.   

   Conclusions 

 Recent technological and methodological achievements in 
radiosurgery and neuroimaging may result in changing the 
main goals of GKS for VSs. Whereas previously the treat-
ment was directed at controlling tumor growth and preserv-
ing neurological functions, it is now possible to reduce the 
volume of the neoplasm and restore the neurological func-
tions, particularly related to cranial nerves. In the present 
series, 54.9 % of patients demonstrated tumor shrinkage of 
>50 % during short- to medium-term follow-up. Nevertheless, 
radiosurgery of large VSs compressing the brain stem is still 
a signi fi cant challenge because of the risk of neurological 
deterioration, mainly during the period of temporary enlarge-
ment of the neoplasm at 6–12 months after treatment. These 
patients should preferably undergo microsurgical tumor 
resection.      
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  Abstract    Background : Nowadays radiation treatment of 
patients with vestibular schwannomas (VSs) applied either as 
stereotactic radiosurgery (SRS) or stereotactic radiotherapy 
(SRT) represents a real alternative to surgical tumor resection. 

  Methods : During 2010–2011, 17 consecutive patients 
(19–75 years old) with a VS underwent treatment with SRS 
or SRT in our center. Microsurgery was initially offered in all 
cases but was declined for various reasons. Five lesions 
recurred after the initial partial resection. Two other patients 
with neuro fi bromatosis type 2 underwent initial surgery for a 
large tumor on the contralateral side and had the only hearing 
ear on the side of the remaining neoplasm. Three elderly per-
sons had somatic problems that were too severe for them to 
undergo craniotomy. Five small tumors without brain stem 
compression underwent single-fraction SRS (12.0–12.5 Gy 
at the 80 % isodose line). Other patients, mainly with large 
neoplasms that caused brain stem compression, were treated 
with hypofractionated SRT ( fi ve or six daily fractions at a 
dose of 4.5–5.0 Gy each). Treatment was performed with a 
dedicated linear accelerator (Elekta Axesse). Various stereot-
actic  fi xation devices were used: Leksell G frame, noninva-
sive HeadFIX frame, reinforced thermoplastic masks. 

  Results:  No adverse reactions or complications were seen 
in any case. Within 3 months after treatment three tumors 
demonstrated shrinkage accompanied by improvement of 
the neurological functions. 

  Conclusion : Radiation treatment, particularly hypofractionated 
SRT, can be safely applied even for large VSs that cause brain 
stem compression and are accompanied by prominent neuro-
logical symptoms.  

  Keywords   Radiosurgery  •  Stereotactic radiotherapy  • 
 Vestibular schwannoma      

   Introduction 

 Vestibular schwannoma (VS) is a benign neoplasm originat-
ing from the Schwann cells covering vestibular portions of 
the VIII cranial nerve. It accounts for 5–10 % of all primary 
intracranial tumors and holds third place among such lesions 
 [  7,   11  ] . The majority of VSs are sporadic, although it is com-
mon in patients with neuro fi bromatosis (NF) types 1 and 2. 
In NF2 patients, bilateral lesions are typical. Usually schwan-
nomas do not in fi ltrate the surrounding tissue but cause more 
or less severe compression. Malignant VSs are rare. 

 The growth rate of VS is on average 1–2 mm per year but 
may be as much as 20 mm per year. The clinical symptoms 
and signs mainly correspond to the size of the lesion and 
stage of the disease. The tumor usually manifests clinically 
with ipsilateral hearing loss or tinnitus, which are typical for 
intracanalicular VS. As the size of the neoplasm increases, it 
extends into the cerebellopontine cistern, which usually is 
accompanied by the appearance of ataxia and dysfunction of 
the facial and trigeminal nerves. Further growth may result 
in brain stem compression with corresponding symptoms 
and in the development of occlusive hydrocephalus. 

 For a long time surgery was the only option for manage-
ment of VSs. Even now it is still advocated by many neuro-
surgeons, particularly when confronted with a large neoplasm. 
Despite the development of microsurgical techniques and 
advanced intraoperative neurophysiological methods, sur-
gery for a VS represents a signi fi cant challenge  [  3,   6  ] . Even 
removal of small tumors carries the risk of hearing and facial 
nerve function loss. On the other hand, the current 
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availability of advanced imaging systems and image-guided 
devices for stereotactic radiosurgery (SRS) and radiotherapy 
(SRT) provides an opportunity for effective and safe irradia-
tion of VSs. Particularly, dedicated linear accelerators 
(LINACs) allow us to treat tumors of any size, including the 
large ones that cause brain stem compression and are accom-
panied by prominent dysfunction of the cranial nerves. In the 
present study, we review our initial experience with SRS and 
hypofractionated SRT of patients with a VS.  

   Patients and Methods 

 During 2010–2011, a total of 17 consecutive patients with 
VS underwent treatment with SRS or SRT at the Center of 
Radiosurgery and Radiotherapy of the Meshalkin Research 
Institute of Circulation Pathology (Novosibirsk, Russia). The 
main clinical characteristics and treatment details for these 
cases are presented in Table  1 .  

 There were nine women and eight men whose ages varied 
from 19 to 75 years (mean 47.8 years). NF2 was diagnosed 
in two patients. Each of these two patients had undergone 
previous surgery for a contralateral tumor and had the only 
hearing ear on the side of the remaining neoplasm. Five 
lesions were recurrent after previous partial resection. Recent 
subtotal microsurgical removal of the tumor preceded radia-
tion treatment in four patients. A ventriculoperitoneal shunt 
was implanted in two cases. 

 There was a marked decrease or total loss of hearing on 
the side of the lesion in all of the patients. Eight were also 
deaf on the contralateral ear, mainly as a consequence of the 
prior surgery in those with bilateral tumors. Dysfunction of 
the VII and V cranial nerves on the side of the lesion was 
seen in 12 (71 %) and 4 (24 %) patients, respectively. 

 The maximum diameter of the tumor, measured on gado-
linium-enhanced T1-weighted thin-slice (thickness 1.0–
1.5 mm) magnetic resonance imaging (MRI) scans at the 
level of the internal auditory canal, varied from 11 to 38 mm 
(median 18 mm). The volume of the neoplasm ranged from 
0.6 to 25.9 cm 3  (median 6.6 cm 3 ). 

   Indications for Radiation Treatment 

 Indications for SRS or SRT were determined by the radiation 
oncologist and the neurosurgeon. The patient was considered 
eligible for radiation treatment if there were typical neuroim-
aging features of VS, documented tumor progression or 
hearing deterioration on the side of the lesion during 12 pre-
vious months, and preservation of hearing on the side of the 
lesion according to objective (Gardner-Robertson class I–III) 

or subjective criteria. Irradiation was usually recommended 
for relatively small tumors without brain stem compression 
and occlusive hydrocephalus or if there were contraindica-
tions for craniotomy, particularly somatic disease(s), which 
was marked in three elderly patients of the present series. 
Clinical manifestations of VS and the patient’s preference 
were also taken into consideration. Microsurgery was con-
sistently offered as an alternative option. If radiation treat-
ment was indicated but hydrocephalus was presented, 
ventriculoperitoneal shunting was performed initially. In 
such cases irradiation was administered after stabilization of 
the patient’s condition.  

   Radiation Treatment 

 In all cases, radiation treatment was performed with a ste-
reotactic LINAC (Elekta Axesse; Elekta Instruments AB, 
Stockholm, Sweden). The choice between SRS and SRT 
depended mainly on tumor size and the presence of brain-
stem compression. Small VSs without brain stem compres-
sion underwent single-fraction SRS. To reduce the risk of 
complications in patients with large neoplasms that caused 
brain stem compression, hypofractionated SRT was used. In 
a few patients eligible for SRS, SRT was performed because 
of additional concerns regarding treatment safety. 

 Three  fi xation devices were used to immobilize the 
patient’s head: Leksell G frame (Elekta Instruments AB), 
noninvasive HeadFIX frame (Elekta Instruments AB), IMRT 
thermoplastic masks (CIVCO, Orange City, IA, USA). The 
choice of the immobilization device was mainly determined 
by the type of radiation treatment (SRS or SRT). 

 With a patient’s head  fi xed in the immobilization device, 
axial thin-sliced (maximum slice thickness 1.5 mm) con-
trast-enhanced T1-weighted MRI was performed with a 
1.5 T scanner (Philips Achieva; Philips MRI Equipment, 
Eindhoven, The Netherlands). Thereafter, thin-sliced com-
puted tomography (CT) (slice thickness 1 mm) was under-
taken using a dedicated scanner (Aquilion LB; Toshiba 
Medical Systems, Tokyo, Japan) with a gantry angle of 0°. 
The fusion of images and delineation of the target and adja-
cent anatomical structures were performed using FocalPro 
station (Elekta Instruments AB). Dose planning was undertaken 
with the ERGO++ stereotactic treatment planning system 
(TPS) (Elekta Instruments AB). Planning target volumes 
(PTVs) were created with a margin of 0–1 mm if Leksell G 
or HeadFIX frames were used and with a margin of 2–3 mm 
if thermoplastic masks were applied. The target volume was 
covered with the 80 % isodose. All treatment plans were 
calculated for 6 MeV energy on the Elekta Axesse LINAC. 
Doses were calculated with 1 mm grid resolution. For SRS the 
marginal dose constituted 12.0–12.5 Gy at the 80 % isodose line. 
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For hypofractionated SRT the dose of 4.5–5.0 Gy was 
applied to the 80 % isodose line during each of  fi ve or six 
daily fractions. 

 All treatment plans for SRT included a volumetric modu-
lated arc therapy (VMAT) technique, which is a commonly 
used contemporary method for small brain targets. It allows 
highly conformal distribution of the dose with a minimal 
load to normal tissue. All 12 SRT treatment plans had one 
noncoplanar arc added for optimal dose distribution, whereas 
SRS treatment plans included  fi ve to seven noncoplanar arcs, 
individually modi fi ed for protecting adjacent critical struc-
tures. The minimal  fi eld size provided by the beam modula-
tor was 8 mm, which is suitable for most cases and similar to 
that of the Gamma Knife.  

   Quality Assurance and Treatment 
Plan Veri fi cation 

 For precise stereotactic delivery of irradiation, quality 
assurance (QA) procedures for LINAC and TPS were 
emphasized. Standard testing con fi rmed that the mechani-
cal accuracy for gantry, collimator, and leaf movements 
was ~0.5 mm. For table movements it was <1 mm. 
Additional care was taken when testing the XVI imaging 
system and Hexapod system (Elekta Instruments AB). The 
correlation between KV and MV isocenters was better than 
0.2 mm in every direction and better than 0.3 mm on the 
radius. The accuracy of the Hexapod system according to 
calibration procedures was about 0.2–0.3 mm (for small 
shifts <2 cm and 2°). 

 Another QA procedure was directed at treatment plan 
veri fi cation. It was performed to check the delivered dose 
and to avoid any risks that could lead to collisions or inadver-
tent injury of the patient during treatment. For this purpose, 
we used a cylindrical phantom containing an ionic chamber. 
This chamber was located precisely at the isocenter, and the 
dose was measured continuously throughout the procedure. 
The measured dose was then compared with the planned 
dose recalculated for the QA phantom. The veri fi ed devia-
tion of the delivered and planned irradiation doses for all 
patients was <5 %.  

   Follow-Up 

 Regular MRI investigations were performed after treatment 
using the 1.5 T Philips Achieva scanner. Axial thin-sliced 
(thickness 1.0–1.5 mm) contrast-enhanced T1-weighted 
images were usually obtained, and maximum diameter of the 
tumor was measured at the level of the internal auditory canal 

and compared with pretreatment data. Changes in lesion size 
were considered signi fi cant if they exceeded 2–3 mm in any 
dimension. If the change was <2 mm, it was not taken into 
consideration because it might be a measurement error. 
Volumetric evaluations of the tumor were not performed dur-
ing follow-up.   

   Results 

 Radiation treatment was performed on an outpatient basis in 
all cases. None of the patients required admission to the hos-
pital. Medical sedation and general anesthesia were needed 
in three female patients. 

 High reproducibility and accuracy of patient positioning 
were achieved using the intensity guided radiation therapy 
(IGRT) technique supported by the XVI imaging system and 
Hexapod system for each treatment. The overall accuracy of 
dose delivery was estimated to be ~1 mm. 

 Stereotactic radiosurgery was performed in  fi ve patients. 
The invasive stereotactic Leksell G Frame was used in one 
case (at a time when alternative methods for immobilizing 
the patient’s head were not available at our center). The 
noninvasive HeadFIX frame was used in the other four 
cases. The positional accuracy during SRS sessions was 
better than 0.3 mm. During SRS the brain stem received 
9–25 % (average 14.6 %) of the total dose delivered to the 
target volume. 

 Hypofractionated SRT was performed in 12 patients. 
The reinforced thermoplastic mask was typically applied 
for immobilizing the patient’s head during SRT. It pro-
vided accuracy of repositioning within 1–2 mm. However, 
in one case it lost the required elasticity, and with each 
subsequent fraction immobilization of the patient’s head 
encountered some dif fi culty. It caused loss of time and the 
risk of mistakes with the repositioning. Therefore, it was 
 fi nally decided to use HeadFIX frame in this patient. For 
all of the SRT patients, the brain stem received 15–75 % 
(average 35 %) of the total dose delivered to the entire 
target volume. 

   Clinical Results 

 No adverse reactions or complications occurred in any of the 
patients. None required surgical treatment of the tumor dur-
ing the follow-up period. 

 Three tumors demonstrated some shrinkage within 
3 months after treatment. In four patients with follow-up of 
>6 months, the tumor showed de fi nite structural changes, 
with appearance of central lucency as a result of 
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irradiation. Such changes were observed after both SRS 
and SRT (Figs.  1  and  2 ).   

 Tumor shrinkage was accompanied by some resolution of 
the neurological symptoms. After SRT, two patients exhib-
ited improvement of the facial nerve function. Objective 
evaluation of hearing did not reveal any changes from the 
pretreatment level in any of the patients.   

   Discussion 

 The number of patients with VS who are undergoing SRS 
or SRT as an alternative to microsurgical tumor resection 
is increasing. Among the most common reasons for choos-
ing these minimally invasive treatments are the following: 
mild (if any) clinical manifestations of the disease, which 

  Fig. 1    A 58-year-old woman (case 9) with a right-sided vestibular 
schwannoma: The tumor did not cause brain stem compression ( a ). 
Therefore, stereotactic radiosurgery was performed using the marginal 
dose of 12 Gy at the 80 % isodose line. The isodose lines ( b ) and 

 dose-volume histogram (c) are shown. At 6 months after treatment, 
contrast-enhanced magnetic resonance imaging (MRI) demonstrated 
the appearance of central lucency ( d ) as an effect of the irradiation         
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would be at risk of aggravation after surgical removal of 
the tumor; previous incomplete resection of the neoplasm; 
presence of contraindication(s) for craniotomy; patient’s 
preference. 

 The choice between SRS and SRT in cases of VS is still 
not strictly determined, although tumor size is one of the 
most important factors. The goal of fractionated irradiation 
is to reduce the dose load to adjacent anatomical structures, 
particularly the brain stem. Therefore, it is usually recom-
mended for patients with large tumors. The fractionated 
approach seems reasonable to minimize the possible risk of 
treatment-related morbidity  [  4,   5,   12,   15  ] . Correspondingly, 
in the present series, small VSs without brain stem compres-
sion usually underwent SRS, whereas SRT was offered to 
patients who had more prominent VSs. Nevertheless, addi-
tional concerns regarding treatment safety led to application 
of SRT in a few patients who were eligible for SRS  [  1,   2,   9, 
  16,   17  ] . 

 One of the most signi fi cant risk factors for complications 
after radiation treatment of VS is dose excess to the brain 
stem. We tried to eliminate the risk by using low-dose SRS 
and applying no more than 5 Gy per fraction during hypo-
fractionated SRT. In the majority of our cases the irradiation 
dose to the brain stem did not exceed 5 Gy/cm 3 , although it 

  Fig. 2    A 21-year-old woman (case 15) with neuro fi bromatosis type 2 
and bilateral vestibular schwannomas: The left-sided tumor was oper-
ated on. The right-sided tumor was causing prominent brain stem com-
pression ( a ) so SRT was applied using  fi ve fractions with a dose of 5 Gy 

for each. The isodose lines ( b ) and dose-volume histogram (c) are 
shown. At 6 months after treatment contrast-enhanced MRI demon-
strated the appearance of central lucency ( d ) as an effect of the 
irradiation         

a b

d

Fig. 1 (continued)
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was relatively greater in four patients (cases 9, 15, 16, 17) in 
whom there was a relatively large target volume. No adverse 
effects were noted in these four patients during the post-
treatment course. Of interest, there was marked improvement 
of facial nerve function in two of them. 

 Although of less signi fi cance than tumor size, the type of 
immobilization device in fl uences the choice of the radiation 
treatment  [  8,   10,   13,   14,   18–  20  ] . The Leksell G frame, which 
is frequently used for SRS, particularly with the use of 
Gamma Knife, provides precise positioning accuracy 
(<0.1 mm). However, this type of head immobilization has 

some limitations, such as the requirement of a special room 
for sterilization and  fi xation of the device, involvement of a 
neurosurgeon, the need to apply the radiation treatment within 
a relatively short period after  fi xation of the frame on the 
head, and the dif fi culty of using it with a fractionated regi-
men. Also some patients experience psychological discom-
fort during and after  fi xation of an invasive frame on the head. 
Therefore, we prefer to use an alternative immobilization 
device, the noninvasive HeadFIX frame. It was used during 
SRS in four patients of the present series and provided posi-
tional accuracy within 0.2–0.3 mm in each direction, which 
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seems suf fi cient for radiosurgical procedures. The main 
requirement for its application is an absence of the major 
defects of the upper jaw because it is necessary to create a 
mold of the upper teeth to produce accurate  fi xation. For SRT 
we prefer the reinforced thermoplastic mask, which provides 
positional accuracy of 1–2 mm. 

 Although minimally invasive radiation treatment is a real 
alternative to microsurgical tumor resection in patients with 
VS, it usually is not considered suitable for prominent tumors 
at a late stage of the disease. The typical requirements for 
SRT include the following: the largest diameter of the lesion 
<37 mm; its volume <18 cm 3 ; absence of severe symptoms 
of brain stem compression, hydrocephalus, or intracranial 
hypertension. Nevertheless, several patients in the present 
series underwent radiation treatment for large VSs that were 
accompanied by prominent neurological symptoms. The 
short duration of the follow-up in our series precludes to 
draw de fi nitive conclusions regarding treatment ef fi cacy. It 
should be noted, however, that no adverse reactions or treat-
ment-related complications were seen in any of our patients, 
and none required additional surgical removal of the tumor.  

   Conclusion 

 Both SRS and SRT can be used effectively as an alternative to 
microsurgical resection in patients with a VS. The results of 
this study demonstrate that particularly hypofractionated SRT 
can be safely applied even for large tumors that cause brain 
stem compression and that are accompanied by prominent 
neurological symptoms. Additional studies with more patients 
and longer follow-up are needed to con fi rm these  fi ndings and 
prove the usefulness of radiation treatment in these cases.      

  Con fl ict    of Interest   The authors declare that they have no con fl ict of 
interest.  
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 Pituitary adenomas and craniopharyngiomas comprise, 
respectively, around 10–20 % and 2–5 % of all intracranial 
neoplasms. Their management therefore constitutes an 
important part of neurosurgical practice. In the following 
articles, El Khamlichi et al.  [  1  ]  and Saleem et al.  [  13  ]  present 
their experience with Gamma Knife radiosurgery (GKS) in 
such cases. Herein I discuss the role of stereotactic irradia-
tion and share my own view on the optimal contemporary 
treatment of patients with sellar tumors based on the lifelong 
clinical experience. 

   Pituitary Adenoma 

 I strongly believe that, at present, the primary goal of neuro-
surgeons in cases of pituitary adenomas should be total 
removal of the lesion without postoperative morbidity. To 
attain cure, extracapsular resection of the tumor should be 
achieved irrespective of its histopathological subtype. Lee 
et al.  [  8  ]  reported results of aggressive microsurgical man-
agement of 616 pituitary adenomas over a period of 14 years. 
A pseudocapsule was identi fi ed in 343 patients (55.7 %) that 
was considered distinct (180 cases) or incompletely devel-
oped (163 cases). It frequently contained in fi ltrating tumor 
clusters. In cases of extracapsular tumor removal, the remis-
sion rate after surgery was 86.2 %, whereas the recurrence 
rates after total and subtotal resection of the neoplasm were 

0.8 and 42.1 %, respectively  [  8  ] . These data correspond well 
to earlier results of our group  [  6  ]  and those of others  [  11  ] , 
which demonstrated that aggressive resection of the pseudo-
capsule is essential for remission of the preexisting excessive 
hormone secretion. Also, this resection does not pose any 
additional risk of pituitary dysfunction. In fact, since adopt-
ing the mentioned technique, our surgical results in cases of 
pituitary adenoma have improved dramatically. For example, 
in cases of growth hormone-secreting tumors of Knosp grades 
0/1 and 2/3 the respective postoperative cure rates, corre-
sponding to the Cortina criteria, had risen from 76.7 and 40 % 
during 2002–2005 to 100 and 75 % during 2006–2008. 

 It should be emphasized that complete resection of pitu-
itary adenomas is facilitated by the introduction of dedicated 
long-length surgical instruments  [  4  ]  and application of the 
endoscopy-assistant technique, which is particularly useful 
for removing tumors invading the cavernous sinus or extend-
ing into the third ventricle. Taking into account these consid-
erations, it is our current policy to treat all patients with 
pituitary adenomas (with the possible exception for prolacti-
nomas) with initial microsurgical resection directed at the 
maximum possible removal of the lesion. If such a goal is not 
attained at the time of the initial surgery, a second-look pro-
cedure can be considered. 

 Even with such an aggressive surgical strategy, radiosur-
gery plays an important role in the management of pituitary 
adenomas  [  12,   14  ] . Irradiation has long been used in such 
cases as adjunctive treatment modality because the reported 
rates of recurrence following pure surgical removal of the 
tumor in historical series were 20 % after 5 years of follow-up 
and 40 % after 10 years  [  9  ] . It was reduced to 6 % after 10 
years and 12 % after 20 years with application of fraction-
ated radiotherapy  [  9  ] . This technique, however, is not selec-
tive and is associated with certain side effects, including 
optic neuropathy, deterioration of pituitary function, radia-
tion-induced necrosis of the mesial temporal lobe, and devel-
opment of secondary malignancies. In contrast, radiosurgery, 
particularly GKS, offers the advantage of reducing the unde-
sirable damage to adjacent anatomical structures because it 
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provides highly conformal delivery of the irradiation and a 
steep dose falloff outside the target volume. 

 Gopalan et al.  [  2  ]  investigated long-term outcomes after 
GKS in patients with a nonfunctioning pituitary adenoma 
and reported frequent durable treatment effects, particularly 
for lesions with a volume of <5 cm3. Larger neoplasms had a 
signi fi cantly higher incidence of regrowth. In their series of 
48 patients, overall tumor control was attained in 83 % of 
cases, 75 % of neoplasms shrank, in 8 % of tumors the growth 
was stabilized, and 17 % showed further progression. New 
hormonal de fi ciency occurred in 39 % of patients. Park et al. 
 [  12  ]  studied results of GKS in 125 patients with nonfunc-
tioning pituitary adenomas over 22 years of follow-up after 
treatment. Volume reduction of the tumor was marked in 
53 % of cases, stabilization occurred in 37 %, and progres-
sion was seen in 10 %. Once again, large tumor volume 
(>4.5 cm3) and two or more previous recurrences were asso-
ciated with shorter progression-free survival. Based on these 
data it can be concluded that radiosurgery can effectively 
manage patients with pituitary adenomas. However, the large 
size of a tumor should be a matter of concern because cure 
rate decreases as the size of the neoplasm increases. 

 In my opinion, radiosurgery is useful for controlling 
tumor growth and improving or normalizing hormone secre-
tion after incomplete surgical removal of a pituitary adenoma. 
If a small amount of residual neoplasm is left in an area 
dif fi cult to access surgically (e.g., on the lateral side of the 
internal carotid artery, within the cavernous sinus, or attached 
to ventral part of the optic chiasm), the lesion can be effec-
tively controlled by GKS. Additionally, in agreement with 
El Khamlichi et al.  [  1  ] , in exceptional patients who are not 
suitable for surgery under general anesthesia because of 
advanced age or poor general medical condition, we do con-
sider use of radiosurgery as a primary treatment option as an 
alternative to tumor removal. 

 In 2000, Izawa et al.  [  5  ]  analyzed the results of GKS in 
108 patients with pituitary adenoma who were treated at 
our center during a 7-year period. The authors reported the 
outcomes for 79 of them (73 %) who were followed for >6 
months after radiosurgery. In their series, the mean marginal 
irradiation dose was 22.5 Gy: 19.5 Gy in 23 nonfunction-
ing neoplasms and 23.8 Gy in 56 hormone-secreting tumors. 
Overall, tumor growth control was attained in 93.6 % of 
cases. The rates were 95.6 and 92.8 % for nonfunctioning 
and hormone-secreting pituitary adenomas, respectively: 
100 % for patients with acromegaly, 86.7 % for those with 
prolactinomas, and 83.3 % for patients with Cushing dis-
ease. Reduction of tumor volume was marked in 24.1 % of 
patients. The rates were 26.1 and 23.2 % for nonfunctioning 
and hormone-secreting pituitary adenomas, respectively: 
44.8 % for patients with acromegaly, 20.0 % for those 
with prolactinomas, and 8.3 % for patients with Cushing 

disease. Thus, the rate of shrinkage was most prominent in 
patients with acromegaly. Endocrinological improvement 
was marked in 80.3 % of patients with hormone-secreting 
pituitary adenomas: a rate of 93.1 % for those with acro-
megaly, 73.3 % for those with prolactinomas, and 58.3 % 
for patients with Cushing disease. Moreover, normalization 
of excessive hormone secretion was noted in 30.3 % of these 
cases, being 16.7 % for patients with Cushing disease. The 
treatment-associated morbidity rate was 2.5 %, but none 
of the patients developed hypopituitarism after stereotactic 
irradiation  [  5  ] . 

 During the last decade the results of GKS for pituitary 
adenomas in our Gamma Knife unit were further improved 
owing to installation of upgraded radiosurgical equipment, 
development of an advanced neuroimaging protocol for dose 
planning, and creation of a new treatment concept directed at 
maximally effective management of the tumor with minimum 
risk of associated complications  [  3  ] .  

   Craniopharyngioma 

 Whereas craniopharyngioma is a histologically benign 
tumor, its well-known propensity for locally in fi ltrative 
growth may hamper radical surgical resection without 
visual, pituitary, and/or hypothalamic dysfunction  [  10  ] . 
Yamada et al.  [  15  ]  analyzed the results of transsphenoidal 
surgery in 90 cases of such neoplasms. Total tumor removal, 
which was attained in 77.8 % of patients, was more fre-
quently performed at the time of the initial surgery than at 
a secondary operation (90.3 % vs. 50.0 %). Subtotal resec-
tion of the lesion was done in 18.9 % of cases and partial 
resection in 3.3 %. Postoperative endocrinological deterio-
ration was marked in 66.0 % of patients, who had normal 
anterior pituitary function or only partial hypopituitarism 
before surgery. New onset of the diabetes insipidus after 
tumor resection was noted in 52.2 % of cases. On the other 
hand, 90.2 % of patients with preoperative visual impair-
ment noted prominent improvement after surgery. 
Postoperative cerebrospinal  fl uid leak occurred in 12.2 % 
of cases, necessitating reoperation in nearly half of them. 
The early mortality rate was 2.2 %. During a mean follow-
up of 4.6 years, tumor recurrence was observed in 7.8 % of 
patients. In fact, these results are better than those of sev-
eral previous reports. Hence, it may be concluded that use 
of the transsphenoidal approach for management of cranio-
pharyngioma is associated with acceptable postoperative 
morbidity. The problem is that by the time of surgery the 
majority of these tumors have already reached a large size 
and/or have widespread extension, necessitating transcra-
nial resection. 
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 Our group at Tokyo Women’s Medical University devel-
oped a dedicated grading system to aid in reliable compari-
sons of outcomes according to different surgical appoaches 
and treatment strategies for craniopharyngiomas. The sys-
tem, which is based on scoring surgically relevant tumor-
associated factors (i.e., maximum diameter, structure, 
extension) (Table  1 ), provides support for neurosurgeons’ 
decision making regarding the choice of the optimal 
 management. In our analysis of the surgical outcomes of 99 
consecutive patients with craniopharyngioma (unpublished 
data) there were no one grade I tumors, 38 grade II (38.4 %), 
44 grade III (44.4 %), 16 grade IV (16.2 %), and 1 grade V 
(1 %). Overall, 28 patients underwent GKS before or after 
surgical removal of the neoplasm, and 71 were treated with 
surgery alone. Overall, total tumor removal was achieved in 
67.7 % of cases: in 50.0 % of patients operated on via the 
pterional approach, 79.3 % operated on via the transsphenoi-
dal approach, and 65.5 % operated on via the anterior inter-
hemispheric approach  [  4  ] . No recurrences were noted after 
total surgical removal of the tumor. Two patients who under-
went several resections of their neoplasms died at 7 and 24 
months, respectively, after the last operation as result of 
pneumonia in one patient and endocrinological complica-
tions in the other. All of the other 97 patients have main-
tained a good quality of life, with a mean Karnofsky 
Performance Status (KPS) score of 86.0 (the mean KPS 
score before surgery in this series was 73.7). Thus, our cur-
rent strategy for management of craniopharyngiomas focuses 
on total or near-total resection of the tumor with close post-
operative clinical and radiological follow-up.  

 It should be emphasized that as soon as cranipharyngioma 
recurrence is identi fi ed on magnetic resonance imaging 
(MRI) radiosurgery can be effectively applied. In 2003, 
Kobayashi et al.  [  7  ]  analyzed long-term results of GKS of 
these neoplasms. With the mean maximum and marginal 
irradiation doses of 21.8 and 11.5 Gy, respectively, a 

complete tumor response was noted in 19 % of cases, partial 
response in 44 %, no volumetric changes in 14 %, and pro-
gression in 23 %. The age of the patient and structure of the 
tumor (cystic, mixed, solid) were identi fi ed as prognostically 
important factors  [  7  ] . Such bene fi cial results were con fi rmed 
by our own experience  [  16  ]  and by the data of Saleem et al.  [  13  ] . 
Therefore, it can be concluded that GKS should be consid-
ered a safe and effective management option for residual 
and/or recurrent craniopharyngiomas after the initial surgical 
resection, providing durable treatment effect and acceptable 
risk of complications. Special emphasis, however, should be 
put on cystic, particularly multicystic, neoplasms as those 
ones are sometimes resistant to irradiation and demonstrate 
clinically signi fi cant expansion after treatment  [  13,   16  ] . 
Also, one of our patients developed an intratumoral hemor-
rhage 3 years after GKS of residual craniopharyngioma that 
necessitated emergency surgery with total resection of the 
lesion. However, it remained unclear whether this complica-
tion was related to irradiation.  

   Conclusion 

 Total or near-total surgical resection is the optimal manage-
ment option for pituitary adenomas and craniopharyngiomas. 
It frequently results in complete cure, facilitates detailed 
histopathological diagnosis, and increases the effectiveness 
of adjuvant therapy, if it is required. Incomplete (near-total) 
removal of the lesion should not be considered an indica-
tion for immediate administration of radiation treatment 
unless other factors (e.g., excessive hormone secretion) are 
present. The residual lesion can be followed with neuroim-
aging over a prolonged period of time. GKS can be applied 
later on, if tumor progression is de fi nitely diagnosed. In any 
case, close cooperation among neurosurgeon, radiosurgeon, 

   Table 1    Tokyo Women’s Medical University grading system of cranipharyngioma based on scoring surgically relevant tumor-associated factors   

 Tumor-associated factors 

 Score 

 0  1  2  3 

 Maximum sagittal diameter  –  <2 cm  2–4 cm  >4 cm 

 Maximum coronal diameter  –  <2 cm  2–4 cm  >4 cm 

 Structure  Cystic (single cyst)  Cystic (multiple cysts)  Mixed  Solid 

 Extension relatively 
to clinoidal line 

 Extending above clinoidal
line 

 Located under clinoidal line  –  – 

 Extension relatively 
to foramen of Monro 

 Not reaching foramen of 
Monro 

 Reaching foramen of Monro  –  – 

 Extension relatively 
to mammillary bodies 

 Not reaching mammillary 
bodies 

 Reaching mammillary bodies  –  – 

  The total score may vary from 2 to 12, and corresponds to the grade of the cranipharyngioma: grade I (score 2), grade II (score 3–5), grade III 
(score 6–8), grade IV (score 9–11), grade V (score 12)  
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endocrinologist, radiologist, and pathologist is mandatory to 
attain optimal treatment results in patients with sellar tumors.      

  Con fl ict    of Interest   The author declares that he has no con fl ict 
of interest.  
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  Abstract    Introduction : Radical microsurgical removal of 
pituitary adenomas (PAs) and craniopharyngiomas (CPHs) 
is often dif fi cult. In such cases radiosurgery can be used as a 
second-line treatment option. 

  Materials and Methods : Our series included 436 PAs and 
164 CPHs. The majority of patients had large or giant tumors 
and were treated with microsurgery. Additionally, between 
June 2008 and August 2011, a total of 29 PAs and 10 CPHs 
underwent radiosurgery using Leksell Gamma Knife 
PerfeXion. At the time of treatment the volume of the PAs 
varied from 0.6 to 26.0 cm3 (mean 5.9 cm3) and that of the 
CPHs from 0.19 to 17.0 cm3 (mean 6.6 cm3). The marginal 
doses ranged from 12 to 15 Gy (mean 14.5 Gy) for nonsecret-
ing PAs, from 22 to 25 Gy (mean 24 Gy) for hormone-secret-
ing PAs, and from 8 to 14 Gy (mean 11 Gy) for CPHs. 

  Results : The postoperative mortality rates after surgical 
removal of PAs via the transspenoidal approach and cran-
iotomy were 2.4 % and 8.0 %, respectively, whereas after 
surgery for CPH it was 5.9 %. No major complications were 
noted in our limited number of patients after radiosurgical 
treatment. Taking into consideration only cases with radio-
logical follow-up of at least 12 months, shrinkage of the 
tumor was demonstrated in 5 of 11 patients with a PA and in 
4 out of 6 patients with a CPH. 

  Conclusion : Radiosurgery is safe and effective second-
line management option in cases of recurrent or residual PA 

or CPH. Occasionally, it can be applied even as a primary treat-
ment in selected patients.  

  Keywords   Cranio pharyngioma  •  Pituitary adenoma  • 
 Radiosurgery  •  Sellar tumors      

   Introduction 

 Pituitary adenomas (PA) and craniopharyngiomas (CPH) are 
the most common neoplasms in the sellar region, represent-
ing 12–18 % of all intracranial tumors (15 % in our experi-
ence). Despite their benign nature and signi fi cant technical 
achievements in management, these lesions remain a chal-
lenge for neurosurgeons. 

 PAs and CPHs are not similar tumors, and they arise from 
different anatomical structures. The former originates from 
the anterior pituitary gland, whereas the latter has an embry-
onic origin and grows from epithelial cells of Rathke’s 
pouch. Nevertheless, although PA and CPH are differ in their 
origin, epidemiology, histology, morphology, and imaging 
appearance, they share some common characteristics, includ-
ing benign nature, slow growth, and similar effects on adja-
cent anatomical structures (optic nerve, pituitary stalk, 
hypothalamus, pituitary gland). The latter results in typical 
clinical manifestations, mainly the optochiasmatic syndrome, 
endocrine dysfunction, and intracranial hypertension. 
Generally, the main treatment options are similar in cases of 
PA and CPH. 

 Because of the delay in diagnosis, most of the sellar  
tumors seeing in our practice in Morocco are large or giant, 
thus frequently requiring multimodality treatment, including 
sterotactic radiosurgery. From June 2008 to August 2011, a 
total of 477 patients with various brain pathologies were 
treated at our University Hospital by means of the Leksell 
Gamma Knife PerfeXion (Elekta Instruments AB, Stockholm, 
Sweden). This series included 29 PAs (6 %) and 10 CPHs 

      Role of Gamma Knife Radiosurgery in the Management 
of Pituitary Adenomas and Craniopharyngiomas        

     Abdeslam   El   Khamlichi      ,    Adyl   Melhaoui   ,    Yasser   Arkha   ,    Mohamed   Jiddane   , and    Brahim   Khalil   El   Gueddari      

    A.   El   Khamlichi   (�) ,    A.   Melhaoui  , and     Y.   Arkha    
   Department of Neurosurgery ,  Hopital des Specialites, 
Mohammed V University Souissi ,   Rabat ,  Morocco  
 e-mail:  fh2nch@menara.ma    

    M.   Jiddane    
   Department of Radiology ,  Hopital des Specialites, 
Mohammed V University Souissi ,   Rabat ,  Morocco    

    B.  K.   El   Gueddari    
   Oncology Institute ,  Mohammed V University Souissi , 
  Rabat ,  Morocco    



50 A. El Khamlichi et al.

(2 %). Analysis of these limited cases along with evaluation 
of the role of Gamma Knife radiosurgery (GKS) in the man-
agement of PAs and CPHs represent the main objective of 
the  present report.  

   Materials and Methods 

    Pituitary Adenomas  

 Our series of 436 PAs included 239 women (55 %) and 197 
men (45 %) whose mean age was 36.7 years. Children repre-
sented just 5 % of the whole cohort. There were 136 nonse-
creting or nonfunctional tumors (31 %). Hormone-secreting 
neoplasms included 122 prolactinomas (28 %), 72 growth 
hormone (GH)-secreting adenomas (16.5 %), 59 adrenocor-
ticotropic hormone (ACTH)-secreting adenomas (13.5 %), 
and 47 other mixed adenomas (11 %). Microadenomas and 
intrasellar macroadenomas were noted in 95 cases (22 %), 
whereas 341 macroadenomas (78 %) extended into the 
suprasellar and/or laterosellar areas. Large and giant PAs 
predominated in our practice. 

 Surgery was done in 390 patients. Tumor removal was 
attained via the transsphenoidal approach in 81 % of cases, 
by craniotomy in 11 %, and by a combined approach in 7 %. 

   Radiosurgery 

 A total of 29 patients (22 men, 7 women) with PA underwent 
radiosurgical treatment at our center. Their age varied from 
31 to 74 years (mean 51 years). There were 14 nonsecreting 
and 15 hormone-secreting tumors. The latter included 3 pro-
lactinomas, 10 GH-secreting tumors, and 2 gonadotropin-
secreting neoplasms. 

 In two peculiar cases, GKS was used as a primary treat-
ment modality. The  fi rst case was a 65-year-old patient with 
purely intrasellar nonsecreting PA and agenesis of the sphe-
noid sinus, which precluded transsphenoidal surgery. The 
second case was a 60-year-old patient with multiple metasta-
ses from malignant melanoma and associated GH-secreting 
PA with endocrine complications. GKS was applied for man-
agement of both the metastatic brain tumors and the PA dur-
ing the same session. In the other 27 cases, radiosurgery was 
used as complementary treatment, either for recurrent PA 
after initial gross total removal (4 cases), or for management 
of the residual neoplasm after surgery (23 cases), which was 
particularly located in the cavernous sinus (16 cases). 

 At the time of GKS, the tumor volume varied from 0.6 to 
26 cm3 (mean 5.9 cm3). The marginal dose for nonsecreting 
and hormone-secreting PAs varied from 12 to 15 Gy (mean 

14.5 Gy) and from 22 to 25 Gy (mean 24 Gy), respectively. 
An average of 26 isocenters were used per treatment (range 
10–48). The mean duration of the procedure was 147 min 
(range 49–300 min).   

   Craniopharyngiomas 

 Our series of 164 patients with CPH included 73 women 
(44.5 %) and 91 men (54.5 %). Their mean age was 21 years, 
and 51 % of patients were under 15 years of age, providing 
almost the same distribution between adults and children in 
the whole cohort. There were 149 adamantinomatous (91 %) 
and 6 papillary (4 %) CPHs; 9 tumors remained unclassi fi ed 
(5 %). Cystic neoplasms were noted in 26 cases (16 %), solid 
in 15 (9 %), and mixed in 123 (75 %). 

 Surgery was performed in 156 cases. The tumor was 
removed successfully via the transsphenoidal approach in 6 % 
of patients. Other patients were operated on by craniotomy 
using mainly the frontolateral approach. 

   Radiosurgery 

 Ten patients with CPH underwent radiosurgery at our center. 
It was used as a complementary treatment in all of them to 
address  recurrent (6 cases) or residual (4 cases) tumors after 
the initial surgery. At the time of GKS the volume of the lesion 
varied from 0.19 to 17.0 cm3 (mean 6.6 cm3). The  marginal 
dose varied from 8 to 14 Gy (mean 11 Gy). The mean dura-
tion of the procedure was 69 min (range 36–124 min).    

   Results 

    Pituitary Adenomas  

 Of the 390 patients with PA who underwent surgery the 
tumor was totally removed in 241 (62 %). Subtotal or partial 
removal was achieved in 149 (38 %). Postoperative compli-
cations after total removal of PA included diabetes insipidus 
(18 cases, 7 %), rhinorrhea (16 cases, 7 %), meningitis 
(8 cases, 3 %), and new hypopituitarism (9 cases, 4 %). The 
mortality rates after use of the transsphenoidal approach and 
craniotomy were 2.4 % and 8.0 %, respectively. 

 For this study, more than 12 months follow-up was available 
in 15 of the 29 patients with PA who underwent radiosurgical 
treatment. No major complications were observed in any case. 
One patient with a recurrent macroadenoma who refused tumor 
removal before GKS was operated on 3 months thereafter 
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because of deterioration of vision. In three patients with acro-
megaly, clinical improvement was observed. In two of them it 
was associated with an improved GH level. The other 11 patients 
remained clinically unchanged. Radiological follow-up with 
regular yearly magnetic resonance imaging (MRI) examinations 
was available for 11 patients. Tumor volume reduction was 
marked in  fi ve of them (Fig.  1 ), whereas there were no signi fi cant 
volumetric changes  in the lesions of 6 other patients.   

   Craniopharyngiomas  

 Among 138 patients with CPH operated on via craniotomy, 
the tumor was totally removed in 73 (53 %), and subtotal or 
partial removal was achieved in 65 (47 %). Complications 
included diabetes insipidus in 25 % of cases, meningitis in 
2 %, and cranial nerve palsy in 1.5 %. The postoperative mor-
tality rate was 5.9 %. 

 During short- to mid-term follow-up after GKS, no compli-
cations or adverse effects were observed in any of 10 treated 
patients with CPH. Radiological follow-up longer than 12 
months was available for six of these patients, and MRI dem-
onstrated tumor shrinkage in four (Fig.  2 ).    

   Discussion 

    Current Treatment Modalities 
for Sellar Tumors  

 Microsurgery remains the gold standard for management of 
PA and CPH. The transsphenoidal approach is the most pop-
ular for PAs but also can be applied in some CPHs. Tumor 
removal is associated with various advantages, including his-
topathological con fi rmation of the diagnosis, immediate 
decompression of the optic apparatus, and rapid reduction of 
the excessive hormonal secretion. However, there are certain 
limitations for gross total resection of sellar neoplasms, 
which rate varies among series from 30 % to 90 %. Major 
morbidity after surgery (visual loss, ophthalmoplegia, stroke) 
is encountered in 3–4 % of cases, whereas less severe com-
plications appear in 5–20 %  [  4  ] . Postoperative mortality, 
even in experienced hands, constitutes 1–3 %. The rate of 
postoperative complications is certainly higher, whereas sur-
gical success is lower in cases of recurrent sellar tumors. Of 
note: the overall recurrence rate on the long-term follow-up 
after microsurgery for both PA and CPH varies between 8 % 
and 57 %  [  4  ] . 

  Fig. 1    A 42-year-old    man with acromegaly initially underwent trans-
sphenoidal removal of a growth hormone (GH)-secreting macroade-
noma and had a good postoperative course. However, 2 years later the 
tumor recurred, which was accompanied by hormonal changes and 
arterial hypertension. The patient underwent Gamma Knife radiosur-
gery ( left ) with a marginal dose of 24 Gy applied to the 50 % isodose 

line ( yellow circle ). At the time of treatment, the tumor volume was 
2.7 cm 3 . Two years later there was signi fi cant clinical and endocrino-
logical improvement along with markedly reduced tumor volume dem-
onstrated by magnetic resonance imaging (MRI) ( right ) Prescription 
isodose line on the follow-up image is shown to facilitate comparison of 
the tumor size       
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 Recently Elliott et al.  [  1  ]  performed a meta-analysis of 48 
studies on CPHs (in total 2,995 cases), which included all 
main surgical series published between 1990 and 2010. The 
authors revealed that mortality varied from 0 % to 16 % and 
the gross total resection rate from 19 % to 100 %. Resection 
rates of the tumor were reported to be >90 % and >80 %, respec-
tively, in only 3 and 9 of 48 series  [  1  ] . Recurrence after gross 
total resection varied from 3 % to 57 % and morbidity from 
0 % to 20 %. The latter included diabetes insipidus (34–
100 %), visual acuity worsening (5–41 %), and obesity and 
hyperphagia (6–70 %). Thus, although microsurgical tumor 

removal remains the best option for such tumors, there is a 
great need for other treatment modalities. 

 Medical treatment can be successfully applied to some 
hormone-secreting PAs. Particularly, dopamine agonists may 
be effective in prolactinomas, somatostatin analogs in acro-
megaly, and inhibitors of steroid synthesis in Cushing dis-
ease. Nevertheless, in a meta-analysis of 35 studies  [  4  ] , the 
results of medical treatment of PA were considered limited, 
with hormonal normalization varying from 55 % to 90 % and 
the tumor volume reduction rate from 20 % to 80 %. 
Moreover, such therapeutic options have recognizable side 

  Fig. 2    A 4-year-old boy    presented with optochiasmatic syndrome. He 
had signi fi cantly decreased visual acuity on the right eye, whereas the 
left eye was blind. MRI showed a giant suprasellar craniopharyngioma 
( upper row ). The patient underwent subtotal tumor removal via the left 
frontolateral approach. His postoperative course was favorable. Control 

MRI scans at 3 months demonstrated an intrasellar tumor remnant, and 
Gamma Knife radiosurgery was performed ( lower left ). Tumor shrinkage 
was evident 12 months after treatment ( lower right ).  Yellow circle  
 designates prescription isodose line at the time of treatment       
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effects. Also, the drugs are not always available everywhere 
and are rather expensive, so some patients cannot afford such 
treatment for a lifelong duration. 

 Conventional fractionated radiotherapy (FRT) has long 
been recognized as an effective treatment option for both 
PAs and CPHs. In cases of hormone-secreting PAs, it results 
in endocrinological normalization in 10–83 % of patients  [  4  ] . 
Particulalrly, GH production can be controlled in 73–90 % of 
cases  [  4  ] . However, such effect is usually delayed, and the 
complication rate associated with the treatment is rather 
high. Optic neuropathy is encountered in 3–8 % of cases and 
long-term hormonal de fi ciency in 50–100 %. Radiation-
induced neoplasms and stroke occur occasionally  [  4  ] . 

 Finally, in addition to microsurgery and FRT, cystic CPH may 
be treated with intracavitary irradiation using isotopes of phospho-
rus or iridium or with intracavitary chemotherapy with bleomycin. 
The results of such treatment seem inconsistent, however. 

 All of the mentioned treatment modalities for sellar 
tumors are usually used in various combinations.  

   Stereotactic Radiosurgery for Sellar Tumors 

 During the last decades, stereotactic radiosurgery, particularly 
GKS, has become a widely recognizable option in multimodal 
treatment of patients with PA and CPH. It can be helpful in 
solving several problems associated with their management. 
Histopathological investigations have con fi rmed that the 
radiobiological effect of high-dose single-fraction irradiation 
has a more profound impact on the aberrant cells’ behavior 
than do small radiation doses in a fractionated regimen. 

 Many studies have proved that radiosurgery is the best 
complementary treatment of PA if microsurgery and/or med-
ical treatment does not control tumor growth or hormonal 
oversecretion, or if those modalities cannot be used for any 
reason. Good PA growth control after radiosurgery has been 
reported, whereas endocrinological cure rates in patients 
with hormone-secreting tumors vary widely. Overall, it 
seems that GH and ACTH oversecretion better controlled 
than excess of prolactin  [  4–  6  ] . 

 A meta-analysis of 1,621 cases from 35 published series 
on radiosurgery for PA evaluated the ef fi cacy of this treat-
ment  [  4  ] . In all, 22 series included 314 patients with Cushing 
disease. Tumor growth control was achieved in 68–100 % of 
cases, and in the series with at least 10 patients and a median 
follow-up period of 2 years the endocrinological cure rates 
varied from 17 % to 83 %. A total of 25 studies included 420 
patients with acromegaly. Tumor growth control was achieved 
in 68–100 % of cases, and in the series with at least 10 
patients and a median follow-up period of 2 years the endo-
crinological cure rates varied from 20 % to 96 %. Another 25 
studies included 393 patients with prolactinomas. Tumor 

growth control was achieved in 68–100 % of cases, and 
endocrinological cure rates varied widely, from 0 % to 84 % 
 [  4  ] . It should be noted that in patients with hormone-secret-
ing tumors radiosurgery appears to result in faster normaliza-
tion of the hormonal levels than does FRT. Nevertheless, 
uniform endocrinological criteria for pre- and postradiosur-
gical evaluation of patients with sellar tumors still require 
clarifi cation  [  3  ] . 

 Although some morbidity accompanies radiosurgical 
treatment, according to the current data its risk in patients 
with sellar tumors is apparently lower than with FRT  [  3  ] . 
Reported complications of radiosurgery for PA were studied 
in the already mentioned meta-analysis of 1,621 cases in 
35 series  [  4  ] . Visual worsening (i.e., radiation-related optic 
neuropathy) developed in 16 cases (1 %). The occurrence of 
new endocrine de fi cit may concern one-third of patients dur-
ing the  fi rst 5 years after treatment. There were 13 cases of 
radiation injury to the brain parenchyma (mainly within the 
hypothalamus and/or temporal lobe), which clinical mani-
festations may appear as early as 5 h after treatment or as late 
as 1 year. Of note: 6 of the 13 patients with this complication 
had undergone previous FRT. Vascular complications were 
disclosed in two cases only. No cases of a secondary radia-
tion-induced neoplasm was identi fi ed  [  4  ] . 

 The results of radiosurgery continue to improve because of 
the technical advances that have resulted in the introduction of 
new devices (automatic positioning system, Leksell Gamma 
Knife PerfeXion), incorporation of the new imaging technolo-
gies into dose planning, and improved shielding techniques 
for better treatment conformity and steeper dose falloff out-
side the target volume. Moreover, whereas the role of radio-
surgery as a second-line treatment for PAs and CPHs seems 
well established, its application as a primary option for man-
agement of such tumors is also possible in selected patients.  

   Nuances of the Radiosurgical Technique 
for Sellar Tumors 

 Radiosurgical treatment planning for sellar tumors has 
de fi nite technical peculiarities, which are generally similar 
for PAs and CPHs. At present, treatment is usually recom-
mended for small neoplasms that recur or are left in situ after 
attempted surgical resection. Good delineation of the lesion 
on MRI is the major issue. 

 Great care should be taken to avoid high-dose irradiation 
to the optic pathways. A dose of 8 Gy delivered to these ana-
tomical structures seems suf fi ciently safe, whereas even 
10 Gy, which is sometimes recommended, is associated with 
a low risk of complications. Also, for optimal treatment plan-
ning, the stereotactic frame should be  fi xed on the patient’s 
head in an oblique position parallel to the optic pathways, 
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which optimizes their visualization on MRI and permits the 
surgeon to decrease irradiation to the optic tracts. Use of a 
70° gamma angle for treatment is also helpful. Dosimetry 
should be fashioned in such a manner that the best gradient 
index is in the  direction of the optic pathways. This is easier 
to achieve with the Gamma Knife PerfeXion and use of the 
“dynamic shaping” function, which allows the optic path-
ways to be de fi ned as critical structures and ensuring that 
they are not exposed to excessive irradiation (>8 Gy). This 
tool permits delivery of 25 Gy dose to the target but decreases 
the dose to <3 Gy at 2–3 mm from its border. Using this 
technique, the automatically generated plugging pattern is 
displayed as shaded sectors. 

 The radiation dose delivered to the lesion must be suf fi cient 
to attain the desired outcome. When choosing the optimal 
dose, not only the volume of the neoplasm and distance to the 
optic pathways should be considered but also the nature and 
functional activity of the tumor, particularly for hormone-
secreting PAs  [  4–  6  ] . High-dose treatment is preferable in 
such cases as it can control hormone secretion (mean recom-
mended dose is 25 Gy). In contrast, lower doses are effective 
for controlling the growth of nonsecreting PA (mean recom-
mended dose is 15 Gy). Although CPHs are sometimes con-
sidered radioresistant, they usually demonstrate a good 
response to GKS even with low doses (9–12 Gy)  [  2  ] .   

   Conclusion 

 Radiosurgery has been demonstrated  to be a safe and 
effective second-line management option for PAs and 
CPHs. Occasionally, it is applied as primary treatment in 

patients who are deemed un fi t for surgery or whose tumors 
are in inaccessible locations. The low tolerance of adjacent 
optic pathways to radiation represents the main limitation 
for the technique. To avoid possible complications, the 
dose delivered to these anatomical structures should not 
exceed 8 Gy.      
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  Abstract    Objective : This retrospective study evaluated the 
ef fi cacy and safety of the use of Gamma Knife Radiosurgery 
(GKS) along with other surgical procedures in the manage-
ment of craniopharyngioma. 

  Methods : Thirty- fi ve patients (17 children and 18 adults) 
with craniopharyngioma were treated with GKS between 
May 2008 and August 2011. The age of the patients ranged 
from 2 to 53 years (mean 20 years). There were 26 males 
and 9 females. Craniopharyngiomas were solid in 7 patients, 
cystic in 4, and mixed in 24. Tumor size ranged from 1 to 
33.3 cm 3  (mean 12 cm 3 ). The prescription dose ranged from 
8 to 14 Gy (mean 11.5 Gy). Maximum dose ranged from 16 
to 28 Gy (mean 23 Gy). Before GKS 11 patients underwent 
subtotal resection of the neoplasm, 2 – neuroendocopic fen-
estration of the large cystic component, and 10 – stereotactic 
aspiration of the neoplastic cyst content. 

  Results : The length of follow-up period varied from 6 to 36 
months (mean 22 months). The tumor response rate and con-
trol rate were 77.1 % and 88.5 %, respectively. Clinical out-
come was considered excellent in 10 cases, good in 17, fair in 
4, and poor in 4. No one patient with normal pituitary function 
before GKS developed hypopituitarism thereafter. Deterioration 
of the visual function after treatment was noted in one patient. 

  Conclusion : After GKS tumor control can be achieved in 
signi fi cant proportion of patients with craniopharyngioma. 
Treatment-related neurological morbidity in such cases is 
rare. Therefore, radiosurgery may be considered useful for 
management of these tumors.  

  Keywords   Craniopharyngioma  •  Gamma Knife 
radio surgery  •  Neuroendoscopy  •  Stereotaxy     

   Introduction 

 Craniopharyngiomas are histologically benign tumors originat-
ing from embryonic epithelial cells deposited along the incom-
pletely involuted hypophyseal-pharyngeal duct  [  24,   33  ] . 
Approximately 60 % of these lesions are primarily solitary 
cysts, 30 % have small neoplastic nodules with one or more 
cysts, and 10 % are solid  [  3  ] . Their management has been con-
troversial. Attempted complete surgical resection can result in 
signi fi cant morbidity and mortality especially at facilities with a 
low case load. Alternatively, subtotal resection followed by con-
ventional radiotherapy may lead to comparable outcomes while 
maintaining a good quality of life  [  25  ] . Particularly, the volume 
of cystic craniopharyngiomas can be easily reduced using various 
surgical techniques, including neuroendoscopic fenestration or 
stereotactic aspiration, with subsequent irradiation of the collapsed 
lesion  [  13,   22,   23,   26  ] . Nevertheless, still there are serious con-
cerns considering possible posttreatment complications because 
of exposure of the peritumoral vital structures to irradiation. 

 Since the advent of radiosurgery, precise stereotactically 
guided radiation treatment has been applied to primary or 
residual intracranial tumors while sparing the surrounding tis-
sues by a steep dose falloff outside the target volume  [  1–  4,   31  ] . 
In the present study, we reviewed our experience with Gamma 
Knife radiosurgery (GKS) of craniopharyngiomas and ana-
lyzed the complementary role of this treatment modality along 
with other surgical methods in patients with these neoplasms.  

   Material and Methods 

 From May 2008 till August 2010, a total of 35 consecutive 
patients (17 children, 18 adults) with craniopharyngioma 
underwent GKS at the Pakistan Gamma Knife and Stereotactic 
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Radiosurgery Center. These cases were analyzed retrospec-
tively. The main clinical, treatment, and outcome character-
istics of the series are presented in Table  1 .  

 The age of the patients varied from 2 to 53 years (mean 
20 years). There were 26 males (74 %) and 9 females 
(26 %). Craniopharyngiomas were solid in 7 patients, cys-
tic in 4, and mixed in 24. The tumor size ranged from 1.0 
to 33.3 cm 3  (mean 12 cm 3 ). Before GKS, subtotal resec-
tion of the neoplasm was performed in 11 patients, neu-
roendocopic fenestration of the large cystic component 
was undertaken in 2 patients, stereotactic aspiration of the 
neoplastic cyst content was performed in 10 patients, a 
ventriculoperitoneal shunt was placed because of associ-
ated hydrocephalus in 17 patients, and an Ommaya reser-
voir was implanted in 5 patients to reduce the cyst size. 
Two patients underwent previous conventional fraction-
ated radiotherapy. 

   Radiosurgical Technique 

 The Leksell G stereotactic head frame was attached to the 
patient’s head after application of a local anesthetic. Children 
less than 12 years of age received general anesthesia. Gadolinium-
enhanced axial T1-weighted and T2-weighted magnetic reso-
nance imaging (MRI) and computed tomography (CT) scans 
were acquired in 1-mm slices and imported into the Leksell 
GammaPlan (Elekta Instruments AB, Stockholm, Sweden). 

 Radiosurgery was carried out using the Leksell Gamma 
Knife Model 4C (Elekta Instruments AB). Prescribed doses 
were calculated on the basis of the tumor volume, location, 
previous fractionated radiotherapy, and isodose line used. 
A progressively smaller dose was chosen for larger neo-
plasms and in cases with previous irradiation to reduce the 
possible risk of complications. The prescription and maxi-
mum radiation doses varied from 8 to 14 Gy (mean 11.5 Gy) 
and 16 to 28 Gy (mean 23 Gy), respectively. The maximum 
dose to the optic pathways was kept below 8–10 Gy in all 
patients who had not received prior radiotherapy. If it was 
deemed necessary, selected beam channels within each col-
limator were plugged to shift the peripheral isodose curves 
away from the optic nerve, chiasm, or optic tract.  

   Follow-Up 

 The follow-up period varied from 6 to 36 months (mean 22 
months). After treatment, the patients were evaluated every 6 
months with MRI or CT. Any changes in neuroendocrinologi-
cal status and the presence of side effects were also assessed. 
Neuroimaging  fi ndings were classi fi ed into four groups to 
assess the tumor response, as described by Chung et al.  [  5  ] : 
complete response (CR)—residual tumor volume was <20 %; 
partial response (PR)—residual tumor volume was 20–50 %; 
no change (NC)—residual tumor volume was 50–80 %; pro-
gression (PG)—tumor volume increased or was >80 % of the 
initial volume. The clinical outcome was assessed by direct 
inquiry or clinical records and classi fi ed according to 
Kobayashi et al.  [  18  ]  as excellent, good, fair, and poor.   

   Results 

 The tumor response rate and control rate after GKS were 
77.1 % and 88.5 %, respectively. The overall responses of 
craniopharyngiomas evaluated on the latest postradiosurgery 
MRI scans were CR in 10 patients, PR in 17, NC in 4, and 
PG in 4. Solid and monocystic neoplasms after initial size 
reduction obtained with various surgical procedures had a 

   Table 1    Characteristics of patients with craniophharyngioma treated with 
GKS at the Pakistan Gamma Knife and Stereotactic Radiosurgery Center   

 No. of patients  35 

 Children/adults  17/18 

 Age (years)  2–53 (mean 20) 

 Sex (male/female)  26/9 

 Surgical procedures before GKS 

  Microsurgical tumor resection  11 

  Neuroendoscopic cyst fenestration  2 

   Stereotactic aspiration of the cyst 
content 

 10 

  Ventriculoperitoneal shunting  17 

  Ommaya reservoir placement  5 

 Fractionated radiotherapy before GKS  2 

 Tumor volume (cm 3 ) at the time of GKS  1–33.3 (mean 12) 

 Type of tumor (solid/cystic/mixed)  7/4/24 

 Prescription radiation dose (Gy)  8–14 (mean 11.5) 

 Maximum irradiation dose (Gy)  16−28 (mean 23) 

 Length of follow-up (months)  3−36 (mean 22) 

 Tumor response to GKS 

  Complete response  10 (28.6 %) 

  Partial response  17 (48.6 %) 

  No change  4 (11.4 %) 

  Progression  4 (11.4 %) 

 Additional surgical procedures after GKS 

   Stereotactic aspiration of the cyst 
content 

 4 

  Ventriculoperitoneal shunting  2 

  Ommaya reservoir placement  2 

   GKS  Gamma Knife radiosurgery  
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better control rate after radiosurgery than did the mixed-type 
craniopharyngiomas with multicystic components. 

 In the present series,  fi ve patients had long-standing complete 
visual loss before referral to our center. Among 14 other patients 
with visual impairment, visual acuity improved after GKS in 7 
patients, whereas 6 others had maintained their original visual status 
at the latest follow-up. One patient with mixed-type multicystic 
craniopharyngioma complained of deteriorated vision after ini-
tial improvement despite a signi fi cantly reduced tumor volume. 
None of the patients in this series developed additional endocri-
nological impairment or neurological deterioration that could be 
attributed to radiosurgical treatment. 

 Increased neoplastic cyst volume at various time periods 
after GKS necessitated stereotactic aspiration of their con-
tents in four patients and implantation of an Ommaya reser-
voir in two of them. Ventriculoperitoneal shunting was 
performed in two patients to relieve hydrocephalus. 

 Overall, the clinical outcome was considered excellent in 
10 patients, good in 15, fair in 6, and poor in 4. Patients with 
mixed-type craniopharyngiomas harboring multicystic com-
ponents had worse clinical outcomes than did those with 
single-component tumors.  

   Illustrative Cases 

  Case 1 

 A 7-year-old boy presented with headache and vomiting. 
A large cystic craniopharyngioma with associated obstructive 
hydrocephalus was diagnosed on neuroimaging. Neuro-
endoscopic fenestration of the cystic lesion was undertaken 
and a ventriculoperitoneal shunt was placed, which led to 
immediate relief of symptoms. GKS was performed subse-
quently. It was noted that prominent reduction of the cyst size 
permitted clear identi fi cation and delineation of the optic path-
ways and other adjacent anatomical structures, signi fi cantly 
facilitating treatment planning (Fig.  1a, b ). The volume of the 
residual cystic lesion was 5.2 cm 3 . A marginal dose of 12 Gy 
was applied to the 50 % isodose line with 98 % conformity. 
Multiple isocenters with 8- and 4-mm collimators were used 
in automatic positioning system (APS) mode. Follow-up CT 
scan after 1 year showed only a calci fi ed spot (Fig.  1c ). At 36 
months after treatment, the child remains asymptomatic and is 
doing  fi ne in school. The radiological  fi ndings are stable.   

  Case 2 

 A 32-year-old man was admitted after subtotal resection of a 
solid craniopharyngioma. He had reduced vision, which was 

more signi fi cant in the left eye, and experienced a single epi-
sode of generalized tonic-clonic seizure. The volume of the 
residual tumor was 7.2 cm 3 . GKS was performed with a 
12 Gy marginal dose applied to the 50 % isodose line with 
98 % conformity (Fig.  2a ). In all, 22 isocenters with 8- and 
4-mm collimators were used in APS mode. At 6 months after 
treatment, the tumor size was reduced and central hypoden-
sity had appeared, accompanied by markedly improved 
visual functions. At 12 months after GKS, the patient had no 
complaints and no neurological de fi cit. MRI demonstrated 
complete response of the tumor (Fig.  2b ). At the 2-year fol-
low-up, the patient had normal vision, and his clinical condi-
tion and MRI  fi ndings were stable (Fig.  2c ).   

  Case 3 

 A 33-month-old child presented with headache and vomiting 
and was diagnosed with a craniopharyngioma. The tumor 
had a mixed structure and compressed the visual pathways. 
Parents refused the proposed surgical treatment but agreed to 
radiosurgery. At the time of GKS, the tumor volume was 
3.0 cm 3 . The marginal radiation dose of 10.5 Gy was applied 
to the 50 % isodose line with 89 % conformity (Fig.  3a ). 
Three isocenters with an 8-mm collimator and 14 isocenters 
with a 4-mm collimator were used. At 3 months after treat-
ment, 80 % reduction of the lesion volume was noted 
(Fig.  3b ). Follow-up MRI at 1 year demonstrated a further 
reduction in the size of the neoplasm (Fig.  3c ). At the last 
follow-up, the child is clinically asymptomatic.    

   Discussion 

 Craniopharyngiomas have haunted the most experienced 
investigators since the time of Cushing, who declared them 
to be neurosurgeons’ most baf fl ing problem  [  6  ] . Radical 
excision is the primary intervention  [  8,   21,   36  ]  but is dif fi cult 
to achieve without signi fi cant morbidity and mortality, 
despite the advances in microsurgery, neuroradiology, and 
neuroendocrinology  [  6,   7,   11,   12,   14,   15,   17,   23,   26,   28  ] . On 
the other hand, incomplete tumor resection has led to high 
rate of recurrences, which are even more dif fi cult to treat 
 [  16,   17,   27,   29,   30,   32,   34  ] . 

 During the 1960s, Kramer was seemingly the  fi rst to men-
tion that craniopharyngiomas “are eminently suitable for 
radiation therapy and that combined treatment by surgery 
and irradiation offers these patients their best chance”  [  19  ] . 
This view was supported by various later studies  [  9–  11,   14, 
  20,   27,   35  ] . As these tumors proved to be radiosensitive  [  5,   9, 
  18  ] , stereotactic radiosurgery has been effective in their 
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  Fig. 1    Neuroimaging  fi ndings in a 7-year-old boy with a predominantly 
cystic craniopharyngioma treated with neurooendoscopic cyst fenestra-
tion, placement of a ventriculoperitoneal shunt, and GKS. Contrast-
enhanced T1-weighted magnetic resonance imaging (MRI) ( a ) and 

computed tomography (CT) ( b ) performed at the time of  radiosurgery 
demonstrated residual neoplastic cyst with a volume of 5.2 cm 3 , and 12 
Gy marginal dose was applied to the 50 % isodose line ( yellow circle ). 
CT at 12 months after treatment showed only a calci fi ed spot ( c )         

a b c

b ca

  Fig. 2    Contrast-enhanced    T1-weighted MRI of a 32-year-old man with 
a solid craniopharyngioma treated with subtotal resection and subse-
quent GKS. ( a ) At the time of radiosurgery, the volume of the residual 
tumor was 7.2 cm 3  and 12 Gy marginal dose was applied to the 50 % 

isodose line ( yellow circle ). ( b ) At 12 months after treatment, the tumor 
showed complete response, accompanied by signi fi cantly improved 
vision. ( c ) At 24 months after treatment, the tumor was stable, and 
visual functions of the patient were normal       

management, particularly if combined with subtotal resection 
and/or other treatment modalities. The majority of lesions 
in our series were either purely cystic or had a signi fi cant 
cystic component. Their management was effective after 
initial application of subtotal microsurgical resection, neu-
roendoscopic cyst fenestration, stereotactic cyst aspiration, 
ventriculoperitoneal shunting, and/or Ommaya reservoir 
placement. Reduction of the lesion size, particularly of its 

cystic component, may signi fi cantly facilitate radiosurgical 
treatment planning. It not only reduces the target volume but 
permits clear identi fi cation and delineation of the adjacent 
anatomical structures. Nevertheless, our illustrative case 3 
clearly demonstrates that GKS also can be used as a pri-
mary treatment modality in some patients with craniophar-
yngiomas. Thus, management can be individualized to the 
patient. 
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a b c

  Fig. 3    Contrast-enhanced sagittal T1-weighted MRI in a 33-month-old 
child with a mixed-type craniopharyngioma treated solely with GKS. 
( a ) At the time of radiosurgery, the volume of the tumor was 3.0 cm 3 . At 

3 months ( b ) and 1 year ( c ) after treatment, there was prominent reduc-
tion of the lesion size.       

 The optimal marginal doses usually recommended for 
GKS of craniopharyngioma vary from 6 to 12 Gy  [  5,   18,   31, 
  37  ] . In our series, marked regression of the tumor was fre-
quently observed at doses of approximately 10 Gy. Such low 
doses allow preservation of the adjacent functionally impor-
tant radiosensitive anatomical structures with or without use 
of the beam-plugging technique, even if the lesion is in direct 
contact with, for example, the visual pathways. 

 It was noted previously that cystic craniopharyngiomas 
may be resistant to radiosurgery  [  37  ] . In fact, in four our 
patients with mixed tumors, despite signi fi cant reduction of 
the solid component, prominent enlargement of the multi-
cystic part of the neoplasm was observed after GKS. It neces-
sitated stereotactic aspiration of the cyst content and 
implantation of an Ommaya reservoir in two of them. On the 
other hand, in many cases small monocystic craniopharyn-
giomas responded to radiosurgical treatment and showed 
excellent clinical outcomes within the limited follow-up 
period.  

   Conclusion 

 Gamma Knife radiosurgery may provide good tumor control 
and improve the quality of life of adult and pediatric patients 
with a craniopharyngioma. It may play a signi fi cant role in 
the management of such tumors as a single modality or in 
combination with other treatment options, such as microsur-
gery, neuroendoscopy, and stereotaxy.      

  Con fl ict    of Interest   The authors declare that they have no con fl ict of 
interests.  
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intracranial tumor  •  Management  •  Stereotactic radiosurgery      

 Stereotactic radiosurgery (SRS) works by applying highly 
localized, focused radiation to a pathological target. It pro-
duces cure by damaging the target with the high dose and 
sparing adjacent tissues by a rapid dose falloff outside the 
target. The targets should not be large. It follows that a well-
de fi ned lesion with a clear-cut margin is the ideal target. This 
being so, apart from cerebral metastases, most malignancies 
would seem to be unsuitable for the method. They have 
unclear margins as a consequence of invading surrounding 
normal tissue. Also, they have been seen to be resistant to 
conventional radiotherapy. Moreover, many of them are 
larger than ideal for SRS. 

 Nonetheless, experience demonstrates that while being 
guided by theoretical principles, as outlined in the previous 
paragraph, we should perhaps not be slaves to them. For exam-
ple, with glioblastomas it is well known that tumor cells extend 
well beyond the boundaries of the visible tumor. Yet recur-
rences almost invariably appear at the site of the original tumor. 
It is also known that a certain percentage of glioblastomas have 
a considerably longer survival than is usually expected, and 
there is at present no means to predict which tumor will behave 
in this way except by following up after treatment. 

 In the context of the tumors that are the subject of this 
discussion, the aim is (with one or two notable exceptions) 
palliation, not cure. However, adding a year or more of use-
ful life following only a few days of treatment is not a negli-
gible aim. Nonetheless, if SRS is to be applied for the 
treatment of such tumors, it must be done with strictness in 
the setting of indications. Moreover, in view of the 

complexity of the conditions, and with many patients having 
disease elements outside the cranium, it should not be under-
taken by individual practitioners but by teams of experts 
covering—at the very least—the  fi elds of neurosurgery, radi-
ation and medical oncology, diagnostic neuroradiology, and 
in some cases other specialties for speci fi c diseases, such as 
endocrinologists for pituitary adenomas. 

 The articles dedicated to a malignant topic in this volume 
of  Acta Neurochirurgica Supplement  illustrate the problems 
in a variety of ways. Takakura et al.  [  3  ]  focus on a speci fi c 
aspect of the treatment of brain metastases. They have devel-
oped a new dose-planning technique aimed at reducing the 
incidence of adverse radiation effects (AREs) following 
SRS. They demonstrate convincingly on a large number of 
patients that using multiple small collimator radiation shots 
has not demonstrated negative effects compared with the 
more conventional treatment of metastases with fewer but 
larger collimator shots. The tumor control rate is similar with 
these two methods. However, the incidence of complications 
is signi fi cantly lower. This is important. AREs following a 
palliative treatment in patients with an overall expected short 
survival have greater signi fi cance than those in patients with 
a long expected survival. The aim with using Gamma Knife 
surgery (GKS) for brain metastases is prolonged survival 
with a good quality of life. More than 10 % of AREs appeared 
in the group of patients who received a conventional dose 
plan and were demonstrated by the authors of this article. 
Using the multiple small collimator method resulted in this 
rate being reduced by nearly half. This is admirable, and 
there is every reason to consider applying this dose planning 
more widely. 

 It would be most helpful if the authors of this study con-
sidered providing us with more quantitative information 
about their method. The integral dose to the brain would be 
of interest. Even more interesting would be the 12 Gy vol-
ume of the brain, excluding tumors. With this information, 
other users could calculate more easily if they are to treat 
optimally. Another parameter of interest would be the gradi-
ent index. It is mentioned that the small collimator technique 
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produces a better gradient index, and the authors are aiming 
for a value of less than 3. It would again be helpful to know 
the actual values in the conventional and small collimator 
dose plans. It is hoped the authors will consider writing a 
supplementary paper to document this information. 

 Unlike the other two articles discussed in this short edito-
rial, Dr. McCutcheon  [  1  ]  presents not an original contribu-
tion but a valuable review of the status of treatment of a 
variety of intracranial malignant conditions with the Gamma 
Knife. The review is based on the extensive experience of 
one of the world’s leading cancer treatment centers. The 
well-known dif fi culties of skull base surgery with involve-
ment of vessels and nerves within the tumors are considered. 
The impossibilities of radical resection are noted. A further 
point that can easily be forgotten is the sad truth that chemo-
therapy of these various tumors has little or no part to play in 
their management. This makes radiation therapy of various 
kinds of great importance, given the limitations of surgery. 
However, perhaps the major value of this article is to provide 
a framework of what is possible. In almost all instances, 
management is palliative not therapeutic, yet this author pro-
vides evidence of the value of this palliation related to a vari-
ety of diagnoses. 

 Certain technical dif fi culties are reviewed with simple 
clarity. Invasive tumors often have highly complex shapes 
and so require complex treatment plans. Previous therapy 
may complicate the de fi nition of targets because of postop-
erative scarring, local  fi brosis, and other changes. Another 
problem arises because of the rarity of these tumors, so indi-
vidual centers  fi nd it dif fi cult to acquire broad experience. It 
is exactly this dif fi culty that Dr. McCutcheon’s article helps 
to rectify. It covers a wide variety of topics, which the inter-
ested reader would do well to peruse. However, its major 
interest lies in pointing out diagnoses where good results can 
be obtained. Although not exactly stating it, the article pro-
vides support for the work of others who now think that GKS 
can be applied as a primary treatment for glomus tumors. For 
chondrosarcomas and the rare pituitary carcinoma, long-
term survival is possible. Five-year survival for patients with 
a chordoma is encouraging. Thus, those of us faced with a 
malignant intracranial extracerebral malignancy would do 
well to familiarize ourselves with this article, which provides 

a most useful guide to sensible practice. It also demonstrates 
that although management remains largely palliative, it can 
be surprisingly worthwhile in a signi fi cant number of cases. 

 The possibilities of GKS for treating higher World Health 
Organization (WHO) grades of meningioma are illustrated in 
the study of Mori et al.  [  2  ] . Although there are too few 
patients with WHO grade III neoplasms to draw any clear 
conclusions, for the entire series (mostly atypical menin-
giomas) the tumor control rate was 74 % at 1 year, 52 % at 2 
years, and 34 % at 3 years. This is in keeping with the  fi ndings 
of others, as noted in the discussion. Thus, the article demon-
strates that although GKS does not cure these patients it pro-
duces useful extra survival. The study is a little less clear in 
the relations of the dose and volume to the results. 
Nonetheless, the article provides evidence that GKS for 
WHO grade II meningiomas has a useful role in prolonging 
a life of good quality. There has been until recently doubt 
about the appropriateness of GKS for these tumors, but this 
study provides a basis for an aggressive approach to the 
tumors, which is rather helpful. 

 The authors of all three articles  [  1–  3  ]  are to be congratu-
lated on providing information that assists in the manage-
ment of dif fi cult conditions. Optimal treatment remains 
elusive, but work such as discussed herein is surely a useful 
step on the way to providing it.     

  Con fl ict    of Interest   The author works as a consultant for Elekta AB 
Company, which manufactures the Gamma Knife. He has received no 
 fi nancial support in the preparation of this Editorial and can state that 
there is no con fl ict of interest.  
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  Abstract   From 1993 to 2011, a total of 3,095 patients with 
brain metastases underwent Gamma Knife radiosurgery 
(GKS) at Tokyo Women’s Medical University. Follow-up 
information on 2,283 of these patients was available for ret-
rospective analysis. The cases were separated into three 
groups according to the treatment period, the model of the 
Gamma Knife used, main goals of treatment, and technical 
nuances of radiosurgery. In the latest cohort of patients treated 
with the Leksell Gamma Knife model 4C with automatic 
positioning system, an optimized treatment strategy was 
applied. It was based on highly selective dose planning, with 
the use of multiple small isocenters located within the bulk of 
the mass, which was done for prevention of the excessive 
irradiation of the perilesional brain and avoidance of its post-
treatment edema. In cases of large cystic tumors, selective 
coverage of the contrast-enhancing capsule with chain-like 
application of multiple small isocenters was done. Introduction 
of the new treatment strategy did not affect the 1-year tumor 
control rate, which was consistently >90 %. However, it did 
result in a statistically signi fi cant reduction of severe post-
treatment peritumoral brain edema (from 15.5 % to 6.3 %; 
 P  < 0.0001). In conclusion, recent technical and methodologi-
cal achievements of GKS seemingly do not affect its high 

ef fi cacy in cases of brain metastasis with regard to tumor 
control. However, it may result in a prominent reduction of 
treatment-associated  morbidity, which is  particularly impor-
tant in patients with large and/or critically located neoplasm.  

  Keywords   Automatic  positioning system  •  Brain edema  • 
 Complication  •  Gamma Knife radiosurgery  •  Metastatic brain 
tumor  •  Treatment     

   Introduction 

 Cancer is a leading cause of death in Japan. In the past, 
intracranial metastases were thought to re fl ect the terminal 
stage of the disseminated disease, so their management was 
considered useless. Recent clinical evidence has demon-
strated, however, that many patients with metastatic brain 
tumors could survive long enough with a good quality of life 
after effective treatment. This is particularly true for stereot-
actic radiosurgery, which is currently one of the main stan-
dard therapeutic options in such cases. Particularly in Japan, 
Gamma Knife radiosurgery (GKS) is widely performed for 
management of brain metastases because its cost is fully 
covered by national health insurance. 

 Nevertheless, radiosurgical treatment is sometimes 
accompanied by undesirable morbidity  [  2,   12  ] , particularly 
that related to radiation-induced brain edema (Fig.  1 ). The 
incidence and severity of this complication is directly related 
to the volume of the target and the radiation dose. The greater 
the size and the higher the dose, the more frequent and severe 
is posttreatment peritumoral edema. The use of modern 
equipment, such as the automatic positioning system (APS) 
(Elekta Instruments AB, Stockholm, Sweden), may reduce 
the risk of complications after GKS of brain tumors. During 
the last decade, we developed and introduced an optimized 
radiosurgical concept for management of brain metastases, 
which is focused on avoidance of the excessive irradiation of 
the perilesional brain. This treatment method, based on the 
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use of  multiple small isocenters located within the bulk of 
the mass, was especially useful in cases of large, cystic, and/
or  deep-seated neoplasms, particularly located in or in close 
vicinity to the eloquent anatomical structures, such as the 
brain stem. The basic principles of this radiosurgical strategy 
are presented herein along with the main treatment results 
obtained in the large series of patients with intracranial 
metastases who underwent GKS at our clinic during the last 
18 years.   

   Materials and Methods 

 From 1993 until 2011, a total of 5,833 patients underwent 
GKS in Tokyo Women’s Medical University for manage-
ment of various intracranial disorders, and 3,095 of them 
(53.1 %) had metastatic brain tumors. In 2,283 of the lat-
ter cases, more or less suf fi cient follow-up information 
was available for retrospective analysis of the treatment 
results obtained with different models of the Leksell 
Gamma Knife (Elekta Instruments AB) and various treat-
ment concepts. The vast majority of tumors originated 
from the lung (63 %), followed by the breast (12 %), colon 
and rectum (8 %), kidney (4 %), and other organs (13 %). 
Patients with large neoplasms usually underwent initial 
partial tumor resection followed by GKS of the residual 
and/or distant lesions. Additional prophylactic whole-
brain radiation therapy (WBRT) was not administered 
routinely. 

   Treatment Groups 

 The patients were separated into three groups according to 
the treatment period, model of the Gamma Knife used, main 
goals of treatment, and technical nuances of radiosurgery. 

   Group A 

 From 1993 to 2002, a total of 220 patients underwent radio-
surgery using the Leksell Gamma Knife model B with man-
ual setting of coordinates for each isocenter. The main goal 
of treatment was to control tumor growth as much as possi-
ble. Standard gadolinium-enhanced T1-weighted magnetic 
resonance imaging (MRI) with a slice thickness of 2.0 mm 
was applied to delineate the target. Typically, 8- and 14-mm 
collimators were utilized. The marginal dose usually corre-
sponded to the 50 % isodose line and constituted 
22–24 Gy.  

   Group B 

 From 2003 to 2004, a total of 542 patients underwent radio-
surgery using the Leksell Gamma Knife model 4C-APS 
mainly with computer-controlled automatic setting of coor-
dinates for the isocenters. The main goal of treatment was 
accuracy of the irradiation with regard to conformity and 
selectivity of dose planning. Standard gadolinium-enhanced 
T1- and T2-weighted MRI with a slice thickness of 2.0 mm 

  Fig. 1    Severe perilesional brain 
edema after Gamma Knife 
radiosurgery (GKS) of a brain 
metastasis demonstrated on 
gadolinium-enhanced 
T1-weighted ( left ) and 
T2-weighted ( right ) magnetic 
resonance imaging (MRI)       
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was applied to delineate the target. Typically, a combination 
of 4-, 8, and 14-mm collimators was used. The marginal dose 
usually corresponded to the 50 % isodose line and consti-
tuted 20–22 Gy.  

   Group C 

 From 2005 to 2011, a total of 1,521 patients underwent radio-
surgery using the Leksell Gamma Knife model 4C-APS 
mainly with computer-controlled automatic setting of coordi-
nates for the isocenters. The main goal of GKS was de fi ned as 
providing the best possible quality of life for the patients by 
maximally effective treatment while avoiding the risk of com-
plications. To delineate the target, in addition to the standard 
gadolinium-enhanced T1- and T2-weighted MRI with a slice 
thickness of 2.0 mm, gadolinium-enhanced constructive inter-
ference in steady state (CISS) images with a slice thickness of 
0.5 mm were applied. Typically, a combination of 4- and 
8-mm collimators were utilized, and a 14-mm collimator was 
used very infrequently. The marginal dose usually corre-
sponded to the 50 % isodose line and constituted 20–22 Gy. 

 The most recent 521 group C patients (mean age 62 
years; range 20–92 years) were analyzed separately. This 
latest cohort was characterized by application of the original 
treatment concept based on the advantages of APS. To avoid 
excessive irradiation of the perilesional brain and prevent 
posttreatment edema, particularly in the presence of a large 
tumor, we used multiple small isocenters selectively located 
within the bulk of the mass (Fig.  2 ). In the case of 

huge cystic metastases—which, however, did not require 
immediate volume reduction—stereotactic aspiration of the 
cyst content was avoided, and GKS alone was performed 
with “donut-shaped” treatment planning  [  4  ]  directed at 
selective coverage of the contrast-enhancing tumor capsule 
with chain-like application of the multiple small isocenters 
(Fig.  3 ). The mean follow-up after GKS in this latest cohort 
of patients constituted 264 days (range 5–1,380 days).     

   Analyzed Factors 

 The 1-year tumor control rate, local recurrence rate, inci-
dence of severe posttreatment brain edema requiring speci fi c 
management, and frequency of radiation-induced necrosis 
were evaluated and compared among the treatment groups. 
Statistical analysis was performed with the   c   2  test. The level 
of signi fi cance was determined at  P  < 0.05.   

   Results 

 Reliable data on tumor control were not available for group 
A. Tumor control at 1 year was attained in 503 of 542 patients 
(92.8 %) in group B and in 487 of 521 cases (93.4 %) in our 
latest patient cohort. This difference did not reach statistical 
signi fi cance ( P  = 0.6672). 

 Reliable data on the local recurrence rate were not avail-
able for group A. In group B it constituted 7.2 % (39/542 

  Fig. 2    Shift    from traditional radiosurgery for a deep-seated metastatic 
brain tumor using a small number of large isocenters ( left ) to a new 
treatment strategy based on the advantages of the automatic positioning 
system ( APS ) with a large number of small isocenters selectively 

located within the bulk of the mass ( right ). The method focuses on 
avoidance of the excessive irradiation of the perilesional brain, thereby 
preventing posttreatment edema. Isocenters location ( red circles ) and 
50 % isodose line covering the tumor margin ( yellow line ) are shown       
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cases). Altogether, 30 of these patients underwent a second 
GKS, but in 6 of them surgical resection of the residual lesion 
was required later. In our latest patient cohort, the local recur-
rence rate was 6.6 % (34/521 cases), whereas the mean and 
median time periods up to diagnosing treatment failure were, 
correspondingly, 277 and 183 days (Fig.  4 ). In all, 14 of these 
patients underwent surgical resection of the residual lesion 
later. The local recurrence rate did not differ signi fi cantly 
between the aforementioned treatment groups ( P  = 0.6672), 
whereas the difference in number of patients requiring surgi-
cal resection of the neoplasm after initial GKS reached bor-
derline signi fi cance (1.1 % vs. 2.7 %;  P  = 0.0574).  

 Development of severe peritumoral brain edema after 
GKS of brain metastases was noted in 34 of 220 cases 
(15.5 %) in group A, 48 of 542 cases (8.9 %) in group B, and 
33 of 521 cases (6.3 %) in our latest patient cohort (Fig.  5 ). 
The difference between treatment groups was statistically 
signi fi cant ( P  < 0.001). The mean and median time periods 
up to diagnosing the complication in our latest patient cohort 
were 190 and 105 days, respectively (Fig.  6 ).   

 Reliable data on the incidence of radiation-induced necro-
sis were not available for group A. It had developed in 8 of 
542 patients (1.5 %) in group B. Surgical resection of the 
lesion was required in two of them. The complication was 
seen in 10 of 521 patients (1.9 %) in our latest cohort. This 
difference did not reach statistical signi fi cance ( P  = 0.5755).  

   Discussion 

 Because life expectancy of patients with metastatic brain 
tumors is generally limited, the goal of their treatment should 
be de fi ned as maximum prolongation of survival with a high 

quality of life. Such objectives can be attained by various 
modalities, including surgical resection, radiotherapy, che-
motherapy, and immunotherapy  [  11  ] , but minimally invasive 
therapeutic options are the most desirable. Therefore, ste-
reotactic radiosurgery—which can provide highly effective, 
nearly noninvasive, relatively low cost, rather safe manage-
ment of both single and multiple intracranial metastases—
has been widely accepted among medical practitioners  [  8  ] . 
In Japan, patients with metastatic brain tumors comprise 
56 % (53 % in the present series) of all patients undergoing 
GKS for various diseases. The corresponding proportion in 
other countries is approximately 35 %. 

 In cases of intracranial metastases radiosurgery provides a 
high rate of tumor control. In the present series of patients, 
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  Fig. 4    Kaplan-Meier curve demonstrates local tumor control after GKS 
of brain metastases in our latest cohort of patients ( N  = 521). Overall 
1-year tumor control rate is shown, as are the mean and median time 
periods up to diagnosis of the local treatment failure in 34 cases       

  Fig. 3    “Donut-shaped” radiosurgical    treatment for a large cystic 
 metastatic brain tumor without stereotactic aspiration of the cyst con-
tent. Selective coverage of the contrast-enhancing tumor capsule by 

chain-like application of multiple small isocenters ( left ) resulted in 
signi fi cant volume reduction of the lesion ( right ). Note the absence of 
the perilesional edema after treatment (From Hayashi et al.  [  4  ] )       
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who were treated without routine administration of WBRT, 
the rate was >90 % at 1 year of follow-up. Nevertheless, some 
neoplasms demonstrate more or less prominent resistance to 
irradiation and progress thereafter  [  2  ] . Previously in such 
cases, we usually performed a second radiosurgery, whereas 
at present we more often proceed to open surgery, which was 
re fl ected in the increased number of patients who underwent 
lesion resection after initial GKS in our latest cohort. 

 Radiosurgery may be accompanied by various complica-
tions  [  12  ] , among which the development of peritumoral 
brain edema is troublesome. Whereas mild-to-moderate 
edema can be successfully controlled with steroids, severe 
edema frequently presents a signi fi cant therapeutic 

challenge. This is especially true if the lesion is located in or 
in close proximity to important anatomical structures includ-
ing the brain stem. 

 Among the main factors that lead to the development of 
brain edema after GKS, inadvertent irradiation of normal 
brain tissue adjacent to the target has special importance, 
particularly because of its possible avoidance by highly 
selective dose planning. To attain such a goal we currently 
use application of the multiple small isocenters located 
within the bulk of the mass. This technique seems especially 
useful for large tumors and usually permits us to keep the 
gradient index at <3, which is recommended for safe radio-
surgical practice  [  3,   6  ] . Reducing the irradiation dose outside 
the target may preserve the function of the adjacent brain and 
prevent development of severe posttreatment perilesional 
brain edema. The incidence of such complication was 
reduced in our patients, from 15.5 % to 6.3 %, after introduc-
ing the described treatment strategy, whereas the tumor con-
trol rate was not affected. Of note: the relatively large number 
of isocenters does not create any obstacle for treatment 
because of the availability of APS, which signi fi cantly facili-
tates multi-isocenter GKS. 

 With some modi fi cation, a similar technique can be 
applied to management of large cystic metastases. In such 
cases, stereotactic aspiration of the cyst content before radio-
surgery is usually recommended, although it is sometimes 
complicated by hemorrhage, infection, or tumor dissemina-
tion. Taking into consideration the limited life expectancy of 
patients with metastatic brain tumors, the risk of such mor-
bidity is highly undesirable. Hence, stereotactic surgical 
intervention is avoided if strict indications are absent. In fact, 
during recent years we successfully treated 10 patients with 
large cystic neoplasms (which did not require immediate 
volume reduction) by GKS alone. The original “donut-
shaped” treatment planning  [  4  ]  was focused on selective 
coverage of the contrast-enhancing tumor capsule with 
chain-like application of multiple small isocenters leaving 
the central cystic part only minimally irradiated. Of the 10 
lesions, 9 demonstrated signi fi cant shrinkage after GKS, and 
none of the patients developed posttreatment edema. 

 It should be emphasized that in the majority of cases 
 metastatic brain tumors are multiple. Even in patients with 
a single neoplasm identi fi able by CT or MRI, there is a high 
possibility of additional tiny lesions, the sizes of which are 
beyond the resolution of contemporary neuroimaging 
modalities. WBRT is frequently recommended to prevent 
further progression of such hidden neoplasms. However, 
this treatment, although relatively effective, can result in 
injury of normal brain tissue and may signi fi cantly reduce 
the quality of the patient’s life, mainly owing to decline of 
higher cortical functions. There are several controversial 
reports on the results of studies evaluating the effectiveness 
of prophylactic WBRT after stereotactic radiosurgery  [  1,   5, 
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  Fig. 5    Incidence of peritumoral brain edema after radiosurgery of brain 
metastases performed with different models of the Leksell Gamma 
Knife (Elekta Instruments AB) according to various treatment concepts. 
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  7–  10  ] . In a randomized controlled trial, Aoyama et al.  [  1  ]  
revealed that there are no signi fi cant differences in overall 
survival or quality of life of patients treated with radiosur-
gery alone or with additional WBRT. Based on such results 
and taking into consideration that newly appearing brain 
metastases can be easily controlled with repeat GKS, we 
have practically abandoned administration of WBRT in our 
patients. 

 Despite the technical and methodological achievements 
of contemporary GKS, there are still limitations for its 

application in some patients, particularly related to the size 
of the tumor. Usually, brain metastases with a diameter of 
>3 cm are considered not suitable for radiosurgery. It is pos-
sible, however, that use of the described treatment strategy 
will permit application of GKS to relatively large lesions, 
which traditionally are considered not suitable for such treat-
ment. However, in patients with giant neoplasms, combined 
treatment with initial surgical resection and subsequent GKS 
is still preferable and frequently result in long-term control 
of metastatic brain disease (Fig.  7 ).   

  Fig. 7    Giant metastatic brain 
tumor at the time of diagnosis 
( upper ), after partial surgical 
resection ( center ), and during 
follow-up after subsequent GKS 
of the residual neoplasm ( lower ). 
Complete tumor response to the 
combined treatment was attained       
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   Conclusions 

 Gamma Knife radiosurgery is highly effective in the man-
agement of single and multiple metastatic brain tumors. In 
our large series of patients treated without routine adminis-
tration of WBRT, the tumor control rate at 1 year was >90 %. 
Moreover, an optimized treatment strategy based on the use 
of multiple small isocenters selectively located within the 
bulk of the mass avoids excessive irradiation of the adjacent 
brain and results in a signi fi cantly reduced incidence of 
severe posttreatment perilesional edema. It is especially 
important in the case of a large and/or a critically located 
tumor. For giant neoplasms, however, combined manage-
ment with surgical resection and subsequent radiosurgery 
still represents the preferable option.      
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  Abstract   Intracranial tumors extrinsic to the brain include a 
variety of histological types, including meningiomas and 
pituitary tumors, both of which are most commonly benign 
but can present with malignant biology and clinical behavior. 
In the same compartment arise a number of frankly malig-
nant tumors, which include chordomas, metastases (to bone 
or dura), and sarcomas (e.g., chondrosarcoma). These malig-
nant tumors derive from bone, dura, or vascular elements and 
pose signi fi cant therapeutic challenges. Because of the ana-
tomical constraints imposed by the cranial base and by 
venous sinuses, and because of the relentless tendency to 
recur shown by malignant tumors of meningeal origin, sur-
gery often achieves incomplete removal. Some tumors are 
not resectable without the use of complex approaches that 
endanger adjacent neurovascular structures. For these rea-
sons, stereotactic radiosurgery (SRS) has an important role 
in primary treatment of malignant intracranial extracerebral 
tumors and, most commonly, in treating residual or recurrent 
disease after resection has established the diagnosis and 
decompressed the tumor’s environs. Here we review the role 
and technique of SRS in a variety of these unusual lesions, 
including malignant meningioma, glomus tumor, pituitary 
carcinoma, skull base metastasis, chordoma, and chondro-
sarcoma. Understanding the speci fi c nuances of each is help-
ful in allowing optimal planning of patient selection, dose 
level, and dose contours for best treatment results. Currently, 
SRS can be useful in achieving effective palliation of these 
malignant tumors but does not usually provide a cure. In the 
future, better results are anticipated because of new methods 
of metabolic imaging for delineating tumor extent and new 
radiosensitizers that enhance tumor kill within a safe range 
of doses at the tumor margin.  

  Keywords   Chordoma  •  Gamma Knife  •  Intracranial tumor  • 
 Malignant meningioma  •  Pituitary  carcinoma  •  Stereotactic 
radiosurgery     

   Introduction 

 Although the majority of intracranial tumors arise from the 
cerebral parenchyma, a signi fi cant subset arise from the mem-
branes overlying the brain (arachnoid and dura) or from the 
adjacent skull bone (calvarium or skull base). When tumors 
in those extracerebral layers are malignant by histology or 
clinical behavior, they pose signi fi cant therapeutic challenges. 
Complete resection can be dif fi cult because of the involve-
ment of important venous sinuses upon whose patency cere-
bral venous out fl ow depends. At the skull base, cranial nerves 
can be intimately adherent to the tumor surface, and for some 
tumors association with the internal carotid artery makes their 
resection risky. For these reasons, radiation therapy holds an 
important place in the therapeutic repertoire. Because of the 
convenience and ef fi cacy of single-fraction radiotherapy 
delivered by stereotactic methods that allow precise and accu-
rate targeting, stereotactic radiosurgery (SRS) has played an 
increasing role in the management of these malignant intrac-
ranial, yet extracerebral, tumors—for most of which no truly 
effective chemotherapy exists. Thus, SRS can be used as the 
primary treatment strategy when surgery is too risky or bur-
densome to the patient or as a secondary treatment after an 
incomplete resection leaves a remnant from which a new 
lesion can arise. Here, we review the role of SRS in treating 
malignant tumors in this narrow anatomical zone. 

 The layers involved by these tumors include the arachnoid, 
dura, and skull bone. Malignant tumors arising in the scalp 
are not generally treated with SRS but with radical excision 
followed when necessary by rotational or free  fl ap recon-
struction of the anatomical defect  [  19  ] . When large tumors 
of extracerebral origin distort and displace the adjacent brain 
or cranial nerves they provoke signi fi cant syndromes 
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of neurological decline. Thus, radiosurgical strategies 
employing one of the systems used for this technique (e.g., 
Gamma Knife, LINAC, CyberKnife) can be important in 
retrieving or preserving good neurological function and 
extending both quality of life and survival. 

 Malignant tumors arising at the skull base differ from 
those found over the convexity (Table  1 ). Meningiomas occur 
in either location as dural sarcomas or metastases. However, 
other tumors (e.g., chordoma, pituitary adenoma) have more 
restricted patterns of distribution. As incomplete resection 
can lead to recurrence and to anaplastic transformation, SRS 
is often used as a postsurgical adjunct to suppress any remain-
ing active tumor, either at the primary resection site or at 
secondary sites left untouched.  

 When planning SRS, important factors include location 
(i.e., distance of the tumor from the radiosensitive optic chi-
asm), size, shape, multiplicity, and histology. SRS can be 
used not only as the primary treatment for a tumor of known 
histology but also to sterilize the margins of a resection cav-
ity, particularly when the risk of recurrence is high because 
of the tumor’s invasive nature. Delayed recurrence at the 
operative site may also lead to radiosurgical treatment, as 
can metastasis to the dura or skull.  

   Speci fi c Tumor Types 

   Glomus Tumor 

 The relevant subtype of glomus tumor whose treatment lies 
within the boundaries of SRS is the glomus jugulare, which 
is centered on the jugular foramen. It tends to erode bone at 
the base of the skull and is limited by the hyoid bone. 
Generally, it enhances after contrast administration as it is 
quite hypervascular. Its characteristic salt-and-pepper appear-
ance signals its presence on magnetic resonance imaging 
(MRI). Glomus tumors originate in chemoreceptor cells 
along the jugular bulb. They generally occur as a single 
lesion, although 10 % present as multifocal lesions. One 
unusual variant is the glomus tympanicum, which originates 

in the cochlear promontory. It too may be treated with SRS 
rather than by surgical excision, which is associated with 
increased morbidity caused by manipulation or sacri fi ce of 
adherent lower cranial nerves. The clinical  fi ndings are typi-
cally hearing loss, pulsatile tinnitus, and arrhythmias and 
blood pressure  fl uctuations caused by the release of cate-
cholamines intermittently into the tumor’s venous drainage. 

 The hypervascularity adds challenge to any attempt to 
remove these tumors. They may require preoperative embo-
lization, and intraoperative blood loss can be severe. Although 
originating in the jugular fossa, they can extend through the 
jugular foramen into the intracranial compartment and are 
known to go as high as the porus acousticus or even beyond. 
When they do extend in this fashion, lower cranial nerve 
function is at risk on the side ipsilateral to the tumor. 

 Good candidates for SRS include patients whose glomus 
tumor is associated with a classic appearance (and who thus 
present no diagnostic dilemma) and with incomplete cranial 
nerve palsy. Such patients risk cranial nerve injury at sur-
gery, which almost guarantees some loss of function in cra-
nial nerves IX, X, and XI. Also, blood loss can be high. Thus, 
in older patients the radiosurgical approach may be chosen 
as a less risky but still effective strategy. 

 Planning isodose contours for a glomus tumor can be 
somewhat tricky because the shape is never spherical but, 
rather, oblong with an irregular, almost knobby boundary 
(Fig.  1 ). Thus, with a Gamma Knife procedure it usually 
requires many shots and a signi fi cantly prolonged treatment 
time if the entire tumor is to be covered. However, complete 
coverage is not required if the goal of SRS is to control the 
tumor’s pressure effect on adjacent brain. It is possible to 
treat only the portion of a glomus tumor that extends intrac-
ranially and leave the portion in the neck alone. This does not 
stop the possibility of hypertensive crisis from catecholamine 
release, but it does generally control that portion of the tumor 
responsible for neurological dysfunction.  

 The series of glomus tumors treated with SRS at the 
University of Virginia is not the largest such series, but it has 
been well analyzed recently and can serve as a good repre-
sentation of what SRS can achieve with glomus tumors  [  3  ] . 
Of the 15 cases described, 3 required double-digit isocenters 
because of their large size or irregular shape. The dose at the 
margins was generally 13–16 Gy, with a maximum dose of 
26–50 Gy. The general  fl aw of most SRS series is the lack of 
long-term follow-up. However, the Virginia study reported 
an average follow-up of 40 months. Tumor shrinkage 
occurred in 60 % of patients, with the remainder showing 
moderate growth, except for one tumor that almost doubled 
in size over the ensuing 5 years. Most of the tumors in this 
series were of small volume, with only two exceeding 12 cm 3 . 
A meta-analysis just published by Guss et al. showed similar 
marginal doses but much higher rates of tumor control than 
are evident in the Virginia series  [  6  ] . In the meta-analysis, 15 

   Table 1    Malignant extracerebral tumors      

 Skull base  Convexity 

 Chordoma  Meningioma  Meningioma 

 Sarcomas  Glomus tumor  Hemangiopericytoma 

 Metastasis  Myeloma  Myeloma 

 Pituitary carcinoma  Chondrosarcoma  Sarcoma 

 Metastases 

 Occasional other tumors
(e.g., lymphoma, olfactory neuroblastoma) 
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of 19 studies showed glomus tumor control of 100 %, 
although somewhat more than half showed complete control 
of symptoms. Overall, the expected rate of tumor control 
was 90 %. 

 For glomus tumors, as for many other malignant tumors 
treated with SRS, patience is required as the effects are not 
immediate. Symptoms (when they are alleviated) take 6 
months to abate, and tumor shrinkage takes a year or more. 
Of note:  α - and  β -blockade are both helpful in avoiding post-
treatment hypertensive crisis—a statement as true for radio-
surgery as it is for open resection. We generally decrease the 
blocking agents every 3 months after SRS to allow a smooth 
clinical transition as the drug is eliminated.  

   Malignant Meningioma 

 Malignant meningiomas (grade III) comprise 3 % of all men-
ingiomas. They are de fi ned by the World Health Organization 
(WHO) grading criteria: brain invasion, cellular atypia, and a 
high MIB-1 labeling index. About 40 % eventually metasta-
size, and there is a high risk of both local and regional 

recurrence. As chemotherapy options are limited and surgery 
is often unsuccessful in completely clearing these insidious 
tumors, SRS is used at some point in the treatment for most 
patients with this disease. 

 The range and ef fi cacy of SRS for malignant meningioma 
are exempli fi ed in the following representative case. 

 A 60-year-old woman presented with right hemiparesis 
and expressive dysphasia for the prior 3 months. In December 
2008, she underwent resection of a dura-based tumor of the 
left frontal convexity. Pathology showed malignant menin-
gioma with a high but unquanti fi ed MIB-1 labeling index. 
She completed external beam radiotherapy (59.4 Gy) in 
March 2009 but could not be weaned off steroids. She began 
having new seizures in August 2009. Although her scan at 
that time was relatively clear, she developed a signi fi cant 
recurrence inferior to the prior resection cavity in November 
2009. This was resected by a second craniotomy at which 
time the tumor showed a MIB-1 labeling index of 47 %, 
which was high. The postoperative scan was clear of tumor, 
and she began hydroxyurea. A month later, a single new nod-
ule appeared on the temporal convexity just inferior to the 
sylvian  fi ssure. She underwent SRS for this single nodule, 
but scanning 2 weeks later revealed at least six new nodules 

  Fig. 1    Treatment plan for a patient with a glomus tumor (glomus jugu-
lare). The tumor has the typical oblong shape. It lies along the jugular 
vein, with some intracranial extension through the jugular foramen, 
where it crowds the IX, X, and XI cranial nerves. The patient received 
15 Gy to the 50 % isodose line with a total of 124 shots, requiring a 

treatment time of 357 min. The complexity of the plan and thus the 
treatment time could have been reduced by excluding the inferior por-
tion of the tumor from treatment, but this strategy was not chosen as it 
would allow catecholamine hypersecretion to persist       
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over the frontal convexity and the dura of the middle fossa. 
Gamma Knife SRS was undertaken, and  fi ve lesions were 
treated (instead of the original single lesion), each with 
15 Gy to the 50 % isodose line. A total of 40 shots were 
required with a treatment time of 236 min. Two months later, 
the lesions on the upper convexity were controlled, but the 
lower lesions continued to grow. Repeat Gamma Knife SRS 
was undertaken with two areas targeted. A month later she 
showed six additional growing tumors on the dura, each of 
which was targeted with SRS yet again. She also started 
sunitinib. Again, the tumors in the middle fossa continued to 
grow but not those higher on the convexity. She began cyto-
toxic chemotherapy (ifosfamide, carboplatin, etoposide) and 
promptly developed subgaleal nodules of the tumor. She 
entered hospice care and died in November 2010 with a 
relentlessly progressive tumor over the entire left convexity. 
At no point in the course did she develop tumor over the right 
convexity or the right skull base, and there were no distant 
metastases. 

 This case offers several lessons regarding SRS for malig-
nant meningioma. It can be useful for controlling focal 
intracranial metastases of this histology and may work for 
some lesions but not necessarily all. Large lesions are less 
likely to respond, and malignant meningioma may show 
itself as frankly resistant to SRS. However, judicious appli-
cation of repeat SRS is feasible with careful planning to 
avoid interference with prior radiosurgical  fi elds. It can pro-
vide palliation, although typically not cure, with these 
dif fi cult tumors. In some cases, survival duration from the 
discovery of the original meningioma (which may start as a 
tumor of atypical or even benign grade) can exceed 5 years. 
MIB-1 labeling in these tumors can go as high as 50–70 %, 
and correlates well with the high risk of recurrence. Because 
there may be multiple prior operations, outlining these 
lesions for isodose contouring can be tricky and demands a 
full understanding of radiological interpretation to allow 
accurate delineation of the tumor from adjacent  fi brosis or 
gliosis (Fig.  2 ).  

  Fig. 2    A 59-year-old woman had a parafalcine meningioma that had 
been resected twice and also treated with limited- fi eld radiotherapy 
using intensity modulated radiotherapy (IMRT) to 60 Gy. ( a ) Her sec-
ond recurrence was treated with stereotactic radiosurgery (SRS) (14 Gy 
to the 50 % isodose line using 21 shots). ( b ) Isodose contours show 
apparently good coverage of the tumor, although it is dif fi cult to tell 
how far along the falx the enhancement extends, and whether marginal 
enhancement represents tumor or  fi brosis from previous treatment. 

( c ) Edema worsened during the 4 months after the SRS, and the patient 
required further resection by redo craniotomy, at which time the sagittal 
sinus was resected en bloc with the tumor. Avastin was given for persis-
tent edema and paraparesis, but leg function did not improve. ( d ) At 51 
months after her original presentation, the tumor again recurred in the 
margins of the resection cavity. Reoperation is planned with radical en 
bloc removal and no expectation of restoration of function. She has 
never had systemic metastasis       

a
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Fig. 2 (continued)

 When caught early, even highly malignant meningiomas 
can be controlled by SRS, often for 6 months to 2 years. 
Salvage resection of a radical nature may be required when 
SRS fails to control the tumor. Unfortunately, the combina-
tion of multiple operations and multiple SRS sessions usu-
ally leads to the gradual onset of clinical decline. The onset 
of debility can be quite distressing to the patient and can 
signi fi cantly compromise quality of life. 

 No large series have been reported on the radiosurgical 
treatment of malignant meningioma. A well-described series 
from the University of California Los Angeles (UCLA) 
includes 20 tumors that were WHO grade II or III. Malignant 
progression occurred in one-third of these cases during the 

median follow-up period of 42 months. Progression-free sur-
vival rates at 3 years for grades II and III were 83 % and 0 % 
respectively. New tumors requiring additional treatment 
were common, 77 % of which occurred inside the original 
resection cavity. Sustained local control of grade II (atypical) 
meningiomas is thus feasible, whereas malignant menin-
giomas can usually be palliated but not cured  [  13  ] . 

 The University of California San Francisco (UCSF) series 
reported in 2000 is one of the few studies to have focused 
purely on grade III meningiomas  [  16  ] . Patients were generally 
treated with radiosurgery for recurrent tumor after limited- fi eld 
external beam radiotherapy. As is typical for meningiomas in 
general, there was a female predominance of 1.5:1.0, but males 
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were disproportionately represented in this (as in most series of 
aggressive meningioma) despite the female preponderance. 
Patients ( n  = 19) were included who harbored 31 lesions, the 
majority at parafalcine sites, with 20 % at the skull base. The 
mean interval from radiotherapy to SRS was 5.4 years, with a 
mean follow-up of 2.3 years. The progression-free survival 
rates were 43 % at 3 years and 34 % at 5 years. Survival curves 
are shown in Fig.  3 . Statistically signi fi cant factors that 
in fl uenced time to progression were age and target volume. 
Location, prescription dose, conformity, and sex made no dif-
ference. Complications were seen anywhere from 3 to 30 
months after Gamma Knife SRS. They were related to radia-
tion necrosis or radiation-induced cerebritis and in three patients 
required reoperation. The relatively high incidence of radiation 
necrosis is not completely surprising given that all patients had 
undergone prior irradiation before the radiosurgery.  

 These control rates differ signi fi cantly from those seen 
with WHO grade II meningiomas. Choi et al. reported a 
series of such tumors treated by CyberKnife that shows actu-
arial rates of locoregional control of 90 % at 12 months and 
a similar percent at 24 months, after which the rate dropped 
to 47 % at 36 months  [  4  ] . Thus, grade II meningiomas that 
have undergone Gamma Knife SRS show a persistent degree 
of control over a long period of time but ultimately tend to 
relapse in a fashion similar to their malignant counterparts. 
In general, grade III meningiomas are included in more com-
prehensive series that include other grades, and thus teasing 
out the speci fi cs for the rates of success for these tumors is 
not easy. All of these series share a main de fi cit: a lack of 
suf fi cient long-term follow-up. Ideally, the median follow-up 
would exceed 5 years for meaningful conclusions to be drawn 
from any series of meningiomas, benign or malignant. 

 Recurrence patterns for meningiomas after SRS are of 
some interest and are clinically relevant. The in- fi eld rate of 
recurrence for benign (grade I) meningiomas is 25 % com-
pared to 88 % for higher-grade meningiomas. This higher 
likelihood of recurrence in malignant tumors undoubtedly 
re fl ects the persistence of remnants of tumor after surgery, the 
in fi ltrative or adhesive quality of these tumors, and the fre-
quent dif fi culty of distinguishing tumor margin from adjacent 
brain. Delineation of the tumor margin can also be dif fi cult on 
imaging as most if not all malignant meningiomas undergoing 
SRS have had previous treatment by both surgery and radio-
therapy, each of which can blur the radiographic boundaries 
just as they blur the intraoperative borders. Overall, recur-
rence-free survival for patients with grade I meningiomas at 5 
years after SRS is 50 %, compared with 25 % at 5 years for 
those of higher grade. The median times to recurrence are 46 
and 31 months, respectively. Thus, SRS is typically not a cure 
for malignant meningioma but does offer signi fi cant pallia-
tion for periods of 1–3 years in most cases  [  1  ] .  

   Malignant Pituitary Tumor 

 Pituitary tumors can be classi fi ed as (1) benign adenomas, 
(2) adenomas that are locally aggressive with parasellar inva-
sion, or (3) carcinomas that are metastatic inside or outside 
the central nervous system. Locally aggressive adenomas 
and metastatic carcinomas may require radiosurgical treat-
ment when resection is incomplete or not feasible. It is 
important to note that pituitary tumors can invade or even 
metastasize yet still have an indolent rate of growth. Thus, 
treatment is not automatic for all tumors. Charting the rate of 
growth of the aggressive or malignant pituitary tumor may 
help identify those tumors worthy of treatment versus those 
for which observation is the better strategy. 

 Unlike benign adenomas, the majority of malignant 
 pituitary tumors are functional (>80 %) and thus are associ-
ated with syndromes of hormonal hypersecretion. The most 
common hormone excess in such tumors raises levels of pro-
lactin or adrenocorticotropic hormone (ACTH). Thus, the 
relevant hormone level can often be used as a marker of tumor 
viability both before and after radiosurgical treatment. 

 When treating pituitary tumors with SRS, adjacent struc-
tures have varying degrees of radiosensitivity and must 
therefore be differentially preserved. The optics nerves, chi-
asm, and tracts require absolute protection and are best 
served by a dose limited to 8 Gy. For tumors that have reached 
the dorsum sellae, limiting the brain stem dose becomes 
important. By contrast, the cranial nerves in the cavernous 
sinuses on either side of the sella are more radioresistant than 
the optic nerve and can tolerate higher doses. Invasive tumors 
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  Fig. 3    Overall survival and freedom from tumor progression after the 
 fi rst SRS in a cohort of patients with malignant meningioma (WHO 
grade III). Note that 80 % of patients show tumor progression over time, 
and that long-term survival is achieved by only 35 % ( Source : Ojemann 
et al.  [  16  ] )       
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usually have a highly complex shape and thus require many 
shots and complex treatment plans. The irregular tumor 
shapes and the need to preserve the optic apparatus from too 
much irradiation make planning dif fi cult, as does the 
dif fi culty of anatomic interpretation in this area. It is easiest 
to delineate the tumor’s extent on coronal MRI, although 
axial and sagittal images may also be needed. 

 Hormonal normalization with pituitary tumors requires 
higher doses than does control of tumor volume. For secre-
tory tumors, the usual dose is 18–25 Gy, and for nonfunctional 
tumors it is 12–20 Gy. Also, the hormonal subtype of the ade-
noma affects the success rate of therapy and de fi nes the criteria 
for tumor remission. For all adenomas, the success rate tends 
to be   50 % when rigorous criteria of hormonal normalization 
are applied to hypersecretory tumors treated with SRS. The 
time to remission tends to be longer for patients with acro-
megaly and is shortest for those with Cushing disease, who 
have an average delay to the onset of remission of 22 months 
 [  2  ] . Factors predictive of remission include initial hormone 
levels and for those with acromegaly the withdrawal of soma-
tostatin agonist at the time of Gamma Knife SRS treatment. It 
has also been suggested that using a dopamine agonist at the 
time of SRS is a  negative  predictor of success  [  18  ] . 

 Patients with pituitary carcinoma, the most aggressive 
pituitary tumor, usually follow complex and highly 

individualized treatment plans that unfold over a number of 
years. Although these tumors usually start out as adenomas 
with a low apparent risk of aggressive growth, they later 
transform into locally invasive and ultimately metastatic 
tumors that are dif fi cult to eradicate completely. The degree 
of local invasion can be profound, and preservation of optic 
nerve function is dif fi cult over time. Cavernous sinus involve-
ment is common as is in fi ltration into the skull base, foramen 
ovale, infratemporal fossa, and tentorial dura extending back 
from the dorsum sellae (Fig.  4 ). Foci of metastasis can be 
indolent, but when strategically located they require treat-
ment. Generally, we reserve focal therapy for tumors that are 
symptomatic or that are endangering neurological function. 
SRS can be a useful tool, particularly for intracranial pitu-
itary carcinoma metastases and in some cases for sterilizing 
the primary tumor bed after resection. Surgery for malignant 
pituitary tumors almost invariably leaves behind some tumor 
because of the anatomical complexity of the substrate. As 
chemotherapeutic strategies have largely been ineffective, 
Gamma Knife SRS is often used for palliation in these 
unusual cases. Some enthusiasm in the recent literature for 
treating such patients with temozolomide is now giving way 
to a realization that many either never respond or ultimately 
fail after initial success  [  8,   20  ] . Thus, Gamma Knife and 
other forms of SRS used to control aggressive pituitary 

  Fig. 4    A 44-year-old man had an aggressive pituitary adenoma that 
was resected twice and treated with SRS of the sella. ( a ) Tumor recurred 
in the right cavernous sinus and was subtotally removed by craniotomy. 
( b ) Fractionated SRS by CyberKnife (45 Gy in 25 fractions with mini-
multileaf collimator) was applied. ( c ) Good protection was afforded the 

optic apparatus, brain stem, cochlea, and eyes while maximizing the 
effective dose to the tumor. ( d ) Over the next 3 years, the tumor extended 
directly onto the petrous dura and metastasized to the dura of the middle 
and posterior fossae. ( e ) Leptomeningeal dissemination occurred, as 
did intramedullary metastasis. The patient is now in hospice         

a b
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tumors remain a central part of the therapeutic armamentar-
ium into the foreseeable future.  

 Points to note about pituitary tumors include the following.
    1.    SRS of a benign tumor does not prevent it from becoming 

frankly malignant. Although there is no proof that radio-
surgical treatment of an adenoma contributes to later 
malignancy, we have seen several patients who developed 
pituitary carcinomas after initial treatment of a benign 
lesion with the Gamma Knife.  

    2.    Treatment planning should include a targeted  fi eld that is as 
broad as possible. Although selectivity is the watchword 
with SRS, the pituitary region and adjacent structures should 
be liberally treated. The only truly protected areas are those 
sensitive neural structures (optic nerves, brain stem) that 
require exclusion from the  fi eld to prevent neurotoxicity.  

    3.    Finally, a low MIB-1 index can be seen in a clinically 
aggressive pituitary tumor with signi fi cant invasive reach. 
Thus, the MIB-1 index should not be the driving factor in 
decisions on whether to give or withhold SRS in this 
tumor type.     

 In aggressive pituitary tumors, as in aggressive menin-
giomas, the contouring of targets on radiographic imaging 
can be dif fi cult. Indeed, it may vary by operator, as Yamazaki 
et al. recently showed in a study on the variation of planning 
treatment volumes in such cases  [  22  ] . Thus, it is recom-
mended that the planning process involve both the radiation 
oncologist and the neurosurgeon responsible for the patient. 
Input from a neuroradiologist may also be helpful. Consensus 
must generally be reached as the ability to formulate targets 
precisely in the new-generation radiosurgical systems exceeds 
the precision of delineating the tumor margins for these tumor 
types in the typical patient with multiple previous therapies 
resulting in local  fi brosis and blurring of anatomical detail.  

   Metastases to the Skull Base 

 Metastases to the base of the skull are logical targets for 
SRS when they are symptomatic. As there is no barrier to 
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chemotherapeutic penetration of the tumor in such lesions, 
systemic chemotherapy given to patients with systemic 
metastases typically reaches such tumors and, when effec-
tive, controls them. Thus, the main subset of patients who 
become candidates for SRS with skull metastases are those 
with large, growing tumors that have broken through che-
motherapy to endanger cranial nerve or brain stem func-
tion. Tumors in the skull convexity (i.e., the calvarium) are 
less likely to require SRS because they are treated with 
whole-brain irradiation, chemotherapy, or surgical exci-
sion given their relative accessibility. In patients who are 
treated with SRS for calvarial metastasis, the likelihood of 
local hair loss is high as the dose limit for depilation is 
only 3 Gy. 

 Skull base metastases are less amenable to resection as 
the surgical techniques are quite invasive and complex. Such 
surgery is undertaken in selected cases, but a Gamma Knife 
procedure is chosen in many in whom the tumor diameter is 
within the usual limit of 3 cm. Common histologies include 
cancers arising from the breast (40 %), lung (14 %), and 
prostate (12 %). Metastases from cancers of the colon, kid-
ney, and thyroid are less often seen in the skull base but do 
occur occasionally  [  11  ] . The clinical syndromes triggered by 
skull base metastases include sellar and parasellar signs 
(double vision or loss of vision) in about 30 %, followed (in 
descending order) by syndromes of occipital condyle dys-
function, orbital involvement, gasserian ganglion involve-
ment, and jugular foramen dysfunction. One-third of patients, 
however, have either no symptoms or symptoms that do not 
 fi t these categories. We have treated a number of patients 

with LINAC or Gamma Knife SRS for skull base metastases. 
They generally respond well to this treatment, and several 
patients have had long-term survival because of successful 
suppression of systemic disease. In such cases, recurrence is 
uncommon at the treated skull base sites. 

 One series from Pittsburgh speci fi cally reported the results 
of Gamma Knife treatment of metastases to the pituitary 
gland from systemic cancers. This series included 18 patients 
with the typical pituitary metastatic pro fi le in which lung 
carcinoma is most common followed by cancers arising in 
the breast and kidney  [  9  ] . Melanoma metastases to the pitu-
itary gland are rare  [  14  ] . Only 3 of the 18 patients    in the 
Pittsburgh series had had prior surgery, which does not fol-
low our own practice in this regard. We usually attempt max-
imum resection to decompress the optic chiasm and then 
follow with stereotactic irradiation in either single or multi-
ple fractions, as appropriate. These patients are usually also 
treated with chemotherapy for concomitant systemic disease. 
We have had good resolution of visual de fi cits after such 
resections  [  5  ] . After surgery, we use radiosurgical treatment 
to suppress residual disease, which is almost always present 
given that these tumors usually metastasize not only to the 
pituitary but also to the adjacent bone and dura as well as to 
the cavernous sinuses unilaterally or bilaterally (Fig.  5 ). In 
the Pittsburgh series, among the patients who underwent 
SRS, patients <60 years of age fared better than those who 
were older. They tended to be free of tumor progression for 
10–12 months, after which they quickly began to exhibit fur-
ther tumor growth. This pattern mirrors observations of our 
own patients with metastasis to the sella. Thus, SRS in this 

  Fig. 5    Renal cell carcinoma metastatic to the sella. ( a ) After resection 
and immediately prior to Gamma Knife SRS. ( b ) The treatment plan 
used 13 shots to achieve a dose of 13.5 Gy to the 50 % isodose line. ( c ) 
Excellent sparing of the optic nerves and chiasm was achieved with the 
dose well below the safe cutoff of 8 Gy. Maximum doses to the chiasm 

and to the right and left optic nerves were 3.6, 3.1, and 4.4 Gy, respec-
tively. The tumor recurred locally 11 months later, and the patient died 
of systemic metastasis 5 months after that, maintaining full vision in 
each eye until his death         
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area, as in so many others involved by malignant  extracerebral 
tumors, is palliative more often than it is curative.   

   Chordoma 

 Chordomas arise from notochordal rests in the clivus. They are 
expansile, lytic lesions typically occurring at the midline, but 
they can have lateral extension. They tend to be well-delineated 
tumors with a large soft tissue component that extrudes from the 
bone in some cases, typically causing brain stem compression 
but sometimes going anteriorly into the retropharyngeal space 
or the sphenoid bone. They enhance heterogeneously and are 
dark on T1-weighted images but bright on T2-weighted images. 
The differential diagnosis for them includes clival meningioma 
as well as chordoma and chondrosarcoma (Fig.  6 ).  

 Only 35 % of chordomas arise in the clivus. The remainder 
begin in the sacrum (50 %) or in vertebral bodies (15 %) and 
are slow-growing but locally aggressive tumors. They can 
metastasize, although it tends to occur only late in the course 

of the disease. Typically, they cause cranial nerve de fi cits 
when symptomatic. Ideally, they are treated with complete 
surgical excision. However, resection en bloc is extremely 
dif fi cult in this region, and remnants are sometimes left behind 
as seeds for tumor regrowth. The role of SRS in chordoma 
tends to be for treatment of small, relatively asymptomatic 
lesions with the classic radiographic signature for chordoma 
or for controlling areas of recurrence after prior surgery. 

 Proton beam therapy has been proposed as the preferred 
form of radiotherapy for chordomas. In theory, it allows 
less scatter into the brain stem while allowing dose escala-
tion to the tumor. Conventional photon radiation therapy 
does not give good local control of chordomas. In a series 
of patients treated with charged-particle therapy for chor-
domas of the cranial base, median doses were typically in 
the range of 65–75 CGE, which produced 10-year local 
control rates of 54–58 %  [  15  ] . None of the series, however, 
included only patients treated purely with proton beam 
therapy. Most patients were subjected to combined proton 
with photon therapy, and the exact contribution of the pro-
ton component is dif fi cult to tease out. It appears that the 
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best dosimetry comes from combining the two techniques 
 [  21  ] . In addition, no direct comparative study of proton 
beam therapy versus SRS has been performed, and the rela-
tive ef fi cacy of the two treatment modalities remains 
unsettled. 

 The most comprehensive survey of SRS for chordomas 
comes from the North American Gamma Knife Consortium, 
which examined results in 71 patients from six centers. The 
overall control rate at 5 years was 66 %, which is compa-
rable or even superior to that achieved by proton beam irra-
diation. The best results are seen if the tumor volume is 
small, the patient is young, there has been no prior radio-
therapy, and fewer than three cranial nerve palsies are pres-
ent (indicating a small tumor volume). A longer interval 
from the time of diagnosis also improves results. One-third 
of the patients in this series had undergone multiple cran-
iotomies before SRS. Two-thirds had not had prior radio-
therapy, so the Gamma Knife was often being used instead 
of (rather than in addition to) other radiotherapeutic modal-
ities  [  10  ] . 

 Two patients (3 %) had a complete response after SRS. 
The remainder were evenly divided among groups show-
ing partial response, stable disease, or progressive disease. 
The best results are achieved when the margin dose is 
  15 Gy (Fig.  7 ). Although a few retreatments with the 
Gamma Knife were salvage treatment after failure of SRS, 
they were generally limited to resection. Complications 
after SRS were limited to new cranial nerve de fi cits or 
new loss of anterior pituitary hormone function. 
Nonetheless, symptomatic relief was occasionally seen 
for preexisting cranial nerve de fi cits, with the most likely 

to improve being abducens palsy, for which the improve-
ment rate was 42 %.  

 Proton beam therapy is more widely used for chordoma 
despite the greater availability of the Gamma Knife (and 
other radiosurgical equipment) and the lower cost of SRS. 
Chordoma is a relatively rare disease, but we expect SRS to 
be applied to it more frequently in the future. The proof of 
superiority of one technique over the other still awaits a pro-
spective randomized trial comparing SRS with proton beam 
radiotherapy in the chordoma population.  

   Chondrosarcoma 

 Tumors that extend from the posterior fossa and clivus into 
the middle fossa are likely to be chondrosarcomas, not chor-
domas. Only a minority of clival chordomas extend in this 
fashion, but most chondrosarcomas do so. Because chond-
rosarcomas are even less common than chordomas, compil-
ing outcome data for them has been dif fi cult. 
Chondrosarcomas present as an irregular destructive mass 
centered off the midline at the petrosphenoclival junction. In 
all, 70 % have calci fi cation, and they tend to exhibit hetero-
geneous enhancement and low-T1/high-T2 signals. They 
originate from synchondroses or in some cases from a pre-
existing cartilaginous tumor. Their typical site of origin 
intracranially is from either the paranasal sinuses or the 
parasellar and retrosellar region (Fig.  6b ). 

 The largest published series of chondrosarcomas treated 
by SRS was compiled at the University of Pittsburgh  [  12  ] . 

  Fig. 6    ( a ) Clival chordoma shows extension posteriorly against brain-
stem and anteriorly into the retropharyngeal space. This homogeneous 
tumor enhances minimally. ( b ) In contrast, this chondrosarcoma has a 

heterogeneous appearance with patchy enhancement and small areas of 
calci fi cation. It extends laterally from the sphenoclival region into the 
middle fossa, and it impinges to a lesser degree against the brain stem       
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This series included 10 patients con fi rmed to have a chond-
rosarcoma by prior biopsy or resection. The mean follow-up 
was 76 months, making it an unusually well documented and 
assiduously tracked set of patients. No patient required addi-
tional surgery after Gamma Knife SRS, although one patient 
(who had tumor in a cavernous sinus at the outset) had a 
recurrence in the opposite cavernous sinus 12 years later and 
underwent repeat SRS for the second lesion. With a mean 
tumor volume of 9.8 cm 3 , the tumors irradiated were quite 
small. The rate of local tumor control was 80 % at 5 years, an 
excellent result. Thus, chondrosarcomas do much better over 
time after SRS than do chordomas. This undoubtedly re fl ects 
not only a  different radiobiology but different tumor biology 
in general.   

   Conclusion 

 Gamma Knife and other forms of SRS have a wide range of 
utility in treating malignant extracerebral tumors in the head. 
SRS is generally palliative, not curative, in these highly resis-
tant tumors. Small case numbers make the nuances of treat-
ment dif fi cult to tease out, but certain principles can be noted 
for each of the tumor types. SRS is required more commonly 
for skull base tumors than for tumors of the convexity, with 
the exception of meningiomas, which are more likely to be 
malignant along the calvarium than at the skull base. Long-
term survivals are seen in patients with glomus tumors, chon-
drosarcomas, and in some cases pituitary carcinomas. 
Targeting can be dif fi cult because of peritumoral scarring 
and the anatomic disruption imposed by prior therapy. Further 

advances are likely to come from adding layers of metabolic 
or molecular imaging to the anatomical images now used. 
The only ways to improve results from SRS are to (1) enhance 
the completeness of coverage of the extent of the lesion and 
(2) make tumors more radiosensitive through pretreatment 
with radiosensitizing agents. Increasing targeting accuracy is 
the easier of the two ways to achieve better results as we can 
now image molecular signatures of neoplasia in tumor cells 
to a level not attainable previously. Thus, there is signi fi cant 
hope for an enhanced role for SRS not only for the malignant 
extracerebral tumors described here but for tumors of various 
grades in other intracranial compartments  [  7,   17  ] .      
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  Abstract    Background : Non-benign meningioma has a 
known trend to recur repeatedly. The results of Gamma Knife 
stereotactic radiosurgery (GKS) for recurrent or residual 
atypical and malignant meningiomas are reported. 

  Methods : Thirty patients (13 men, 17 women) with World 
Health Organization (WHO) grade II (24 cases) or grade III 
(6 cases) intracranial meningiomas underwent GKS. Their 
age varied from 30 to 86 years (mean 64 years). Before 
GKS, the tumor was surgically resected in all patients, and 
11 of them also underwent conventional external beam 
radiation therapy, LINAC-based stereotactic radiotherapy 
(SRT), or intensity-modulated radiation therapy. 

  Findings : Of the 30 patients, 23 were followed after the 
initial GKS for a median period of 28 months (range 2–135 
months). Local tumor control after treatment was 74 % at 1 
year, 52 % at 2 years, and 34 % at 3 years. A total of 15 
patients underwent repeat GKS (one to nine times) because 
of local or distant intracranial tumor progression, seven 
were subjected to surgical re-resection of the neoplasm, and 
four had additional SRT. At the time of the last follow-up, 
21 patients were alive, and 2 had died. One of the latter 
expired because of brain tumor progression at 91 months 
after the initial GKS, and the other patient died from lung 
cancer. 

  Conclusions : Although atypical and malignant menin-
giomas have a trend to recur repeatedly, aggressive tumor 
management with repeat GKS at the time of progression can 
provide long survival in these patients.  

  Keywords   Anaplastic meningioma  •  Atypical meningioma  • 
 Malignant meningioma  •  Meningioma  •  Radiosurgery  • 
 Recurrence  •  Re-growth     

   Introduction 

 Meninigomas arise from the dura mater covering the brain. The 
majority of these tumors are benign, slow-growing, and well-
circumscribed. Histologically, 4–7 % of meningiomas are con-
sidered atypical, and 1–2 % are anaplastic  [  9  ] . Non-benign 
neoplasms tend to recur within a relatively short time even after 
radical surgical resection. The 5-year survival rate for these his-
tologically aggressive tumors is 50–70 %  [  7,   13  ] . 

 Many recent reports demonstrated that benign menin-
giomas can be well controlled with stereotactic radiosurgery 
(SRS) or stereotactic radiotherapy (SRT) if their size after the 
initial surgical resection is not too large  [  7  ] . In the present 
series, Gamma Knife radiosurgery (GKS) was applied as sal-
vage treatment in cases of recurrent or residual atypical or 
malignant meningiomas if the localized lesion after initial sur-
gical resection had suitable volume. The objective of this study 
was to evaluate the ef fi cacy of such treatment for control of the 
tumor growth and prolongation of the patient’s survival.  

   Materials and Methods 

   Patient Characteristics 

 Between May 2004 and April 2011, a total of 30 patients (13 
men, 17 women) with an intracranial atypical (24 cases) or 
malignant (6 cases) meningioma were treated with GKS. 
Their age at the time of  fi rst radiosurgical procedure varied 
from 30 to 86 years (mean 64 years). There were 6 convexi-
tal, 13 parasagittal, 3 tentorial, and 8 skull base tumors. All 
of the patients underwent surgical resection of the neoplasm 
before GKS. Additionally, external beam radiation therapy 
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(EBRT) was done in eight cases, LINAC-based SRT in two, 
and intensity-modulated radiation therapy in one. Initial 
GKS was performed on 36 intracranial tumors (one to three 
per patient; median was one). Their volume varied from 0.4 
to 35.3 cm3 (median 8.6 cm3).  

   GKS Procedure 

 The Leksell model G stereotactic coordinate frame (Elekta 
Instruments AB, Stockholm, Sweden) was  fi xed on the patient’s 
head under local anesthesia supplemented by intramuscular 
and/or intravenous sedation. Stereotactic magnetic resonance 
imaging (MRI) was performed to de fi ne the tumor location and 
shape. Images were transferred via an ethernet connection to the 
Gamma Knife computer workstation (Leksell GammaPlan ver-
sion 5.34 or, later, 10.1.1; Elekta Instruments AB), where treat-
ment planning took place. Contrast-enhanced MRI was used for 
identifying irregular borders of the neoplasm. A neurosurgeon 
and a radiation oncologist identi fi ed the target and selected the 
dose. Choice of the prescription irradiation dose depended on 
the tumor volume and its spatial relation with adjacent anatomi-
cal structures, particularly the cranial nerves. The marginal irra-
diation dose varied from 11.0 to 20.15 Gy (mean 16.7 Gy). In all 
cases, stereotactic radiosurgery was performed using the Gamma 
Knife model C (Elekta Instruments AB) or, later, Perfexion 
(Elekta Instruments AB).  

   Follow-Up 

 The patients underwent regular follow-up at 2- to 6-month 
intervals. At each examination, the tumor response was eval-
uated by detailed comparison with the initial MRI scans. The 
response was categorized as complete (CR), de fi ned as tumor 
disappearance; partial (PR), de fi ned as >50 % reduction of 
the tumor volume; stable disease (SD); or tumor progression 
(PG), de fi ned as >25 % increase in its volume or the appear-
ance of new lesions. If development of the new tumors or 
progression of the treated neoplasm were revealed during 
follow-up, the patient typically was offered additional treat-
ment with either repeat GKS or other modality.   

   Results 

 In all, 23 of the 30 patients (19 with atypical and 4 with ana-
plastic meningiomas) were followed after initial GKS for a 
median period of 28 months (range 2–135 months). A total of 
15 patients underwent one to nine additional GKS procedures 

after the initial radiosurgery because of the development of 
new tumors or progression of the treated meningioma. 
Therefore, in total 68 GKS procedures were done in 30 
patients (from 1 to 10 in each case). Additionally, during fol-
low-up after initial radiosurgery, surgical re-resection of the 
tumor was performed in seven patients and SRT in four. No 
adverse effects—de fi ned as deterioration of the patient’s neu-
rological status without tumor progression—were observed 
during the follow-up either after the initial or repeat GKS. 

   Local Tumor Control 

 Local tumor control was evaluated in the 23 patients who 
were followed after  fi rst GKS. At the time of the initial treat-
ment they had 26 tumors (mean volume 9.8 cm3) that were 
irradiated with a mean marginal dose of 16.5 Gy (range 
11.0–20.15 Gy). All of the patients were subjected to regular 
MRI examinations during the posttreatment follow-up. 

 The treated neoplasms were controlled (CR + PR + SD) in 
10 patients until the last follow-up examination at 9–86 
months after initial GKS. In the other 13 patients the treated 
tumors recurred within 2–49 months after treatment. Local 
tumor control after initial GKS for atypical and malignant 
meningiomas was 74 % at 1 year, 52 % at 2 years, and 34 % 
at 3 years (Fig.  1 ).   

   Patient Survival 

 Of the 23 followed patients, 21 remained alive, and 2 had 
died. One patient expired because of progression of the 
intracranial tumor 91 months after initial GKS. The second 
patient died from lung cancer 17 months after initial GKS. 
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  Fig. 1    Kaplan-Meier curve demonstrates the local tumor control rate 
after the  fi rst Gamma Knife radiosurgery of non-benign meningioma       
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Thus, cause-speci fi c survival up to 91 months after initial 
GKS for atypical and malignant meningiomas in the series 
was 100 %.   

   Illustrative Case 

 A 67-year-old man underwent surgical resection of the pari-
eto-occipital parasagittal tumor, which caused bone destruc-
tion and protruded under the skin. Histological investigation 
revealed an atypical meningioma. At 2 months after the 
operation the residual neoplasm, which had a volume of 
18.6 cm3, was treated with GKS with a marginal dose of 
12.5 Gy (Fig.  2 ). Three years later, marginal progression of 
the anterosuperior part of the treated tumor was revealed. 
The enlarging lesion had a volume of 14.1 cm3 and was 
selectively treated with a second GKS with a marginal dose 
of 14 Gy. However, 1.5 year later two newly developed 
tumors located at the occipital and parietal convexity in the 
vicinity of the craniotomy  fl ap were disclosed during follow-
up MRI investigation. The volumes of these lesions were 2.1 
and 2.9 cm3, respectively, and both underwent a third GKS 
with a marginal dose of 18 Gy. Six months later the marginal 
treatment failures in the two portions of the main parasagittal 
tumor were disclosed. The volumes of the progressing lesions 
were 23 and 4.5 cm3, and they were  selectively treated with 
a fourth GKS with marginal doses of 13 and 18 Gy, respec-
tively. During the subsequent 10 months there was no evi-
dence of further tumor progression. With the help of four 
GKS procedures, the growth of the lesion seems controlled 
at 6 years after the initial surgical resection, and the neuro-
logical condition of the patient remains stable.   

   Discussion 

 Compared to their benign (WHO grade I) counterparts, 
atypical (WHO grade II) and malignant (WHO grade III) 
meningiomas have higher local recurrence rates and lower 
patient survival. Previously, the typical initial management 
of such tumors included surgical removal followed by EBRT. 
Although this procedure should de fi nitely be considered if 
gross total resection of the lesion is attained, it should be 
noted that residual or recurrent high-grade meningiomas 
are not particularly sensitive to conventional irradiation  [  2  ] . 
Therefore, early SRS in such cases was proposed  [  4,   5  ] . 
Because SRS and SRT can deliver higher irradiation doses 
to the tumor while sparing adjacent normal tissues, it can 
be expected that such treatment would be more effective 
for managing localized neoplasms of a suitable size. It is 
widely recognized that benign meningiomas, both residual 

and recurrent after  initial surgical resection, can be effec-
tively treated with SRS or SRT. In fact, 5-year local control 
rates of >90 % can be attained with both techniques  [  8, 
  11,   14  ] . However, only a few reports have mentioned treat-
ment outcomes after such treatment in cases of WHO grade 
II and III meningiomas  [  4–  6,   10–  12,   14  ] . Moreover, some 
of the series included an overwhelming number of benign 
tumors, which does not permit detailed analysis of results 
 [  1,   3  ] . 

 Previously published studies of GKS for atypical and 
malignant meningiomas are summarized in Table  1 . Low 
local tumor control rates and poor long-term survival were 
usually recorded, especially for WHO grade III tumors. 
Stafford et al.  [  14  ]  showed a striking difference in 5-year 
local control rates in atypical and anaplastic meningiomas 
(68 % vs. 0 %). In contrast, in the present series the 5-year 
local control rates for these two meningioma types did not 
differ (52 and 50 %, respectively, at 2 years after the initial 
GKS), although it should be noted that only 4 of our 23 
patients that were followed after treatment had malignant 
tumors. The prescribed marginal radiation dose during GKS 
for non-benign meningiomas typically varied from 14 to 
20 Gy, which is similar to doses for many other types of brain 
tumor. Of note: Kano et al.  [  6  ]  reported the results of LINAC-
based SRS for high-grade meningiomas and found 
signi fi cantly better outcomes for patients treated with a 20 Gy 
marginal irradiation dose than for those who received <20 Gy. 
Their 5-year progression-free survival rates were 63.1 % and 
29.4 %, respectively. In the present series, dose selection 
depended on the tumor volume and location. For small 
tumors we usually used a marginal dose of 18–20 Gy; for 
neoplasms with a volume of ~10 cm3, it was 16 Gy; and for 
larger lesions it was ~14 Gy. Seemingly, such dose selection 
permitted us to avoid adverse clinical effects, which were not 
observed during the follow-up in any patient either after the 
initial or repeated GKS.  

 It is evident that SRS fails to inhibit growth of high-grade 
meningiomas for a prolonged period of time. In the present 
series, the local tumor control rate after initial GKS was 
74 % at 1 year, 52 % at 2 years, and 34 % at 3 years. The high 
risk of recurrence necessitates close clinical and neuroradio-
logical follow-up. If detailed analysis of MRI scans reveals 
the appearance of new neoplasms or progression of the 
treated tumor, repeat GKS can be effective. As was clearly 
shown in our illustrative case, in patients with marginal treat-
ment failure, further irradiation can be selectively applied 
only to the enlarging portion of the lesion. It may then lead 
to cessation of further growth for a prolonged period of time. 
Other treatment options (re-resection, SRT) should be con-
sidered as well. Such aggressive treatment strategy for non-
benign meningiomas recurring after initial and repeat GKS 
permitted for us to obtain rather bene fi cial results. Although 
the presented series is not large and the follow-up period is 
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  Fig. 2    Axial postcontrast magnetic resonance imaging (MRI) of an 
atypical meningioma in a 67-year-old man. ( a ) The  fi rst GKS was per-
formed for residual tumor after the initial surgical resection ( arrows ). 
( b ) The second GKS was performed 3 years later to treat regrowth of 
the anterosuperior portion of the tumor ( arrows ). ( c – e ) The third GKS 
was performed 1.5 years after the second GKS to address two newly 
developed distant tumors ( arrows ) in the occipital ( c ) and parietal 

( e ) convexity adjacent to craniotomy  fl ap. The main parasagittal lesion 
showed shrinkage ( d ). ( f ,  g ) The fourth GKS was performed 6 months 
after the third GKS to address two newly progressing portions of the 
tumor ( arrows ). ( h – j ) Ten months after the fourth GKS and 6 years 
after the initial surgical resection there is no evidence of further tumor 
progression       
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limited, the 5-year cause-speci fi c survival rate of 100 % 
among our patients seems impressive.  

   Conclusion 

 Based on results of the present study, it can be concluded that 
atypical and malignant meningiomas, both recurrent and 
residual after initial surgical resection, can be effectively 
treated with GKS if the volume of the neoplasm is not too 
large. Regular neuroradiological follow-up with timely 
identi fi cation of the development of new tumors or progres-
sion of the treated neoplasm followed by repeat management 
with GKS or other modalities (microsurgery, SRT) are 
important for prolongation of the patient’s survival.      
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   Table 1    Reported series of Gamma Knife stereotactic radiosurgery for non-benign meningiomas   

 Author, year of publication 
 Histological 
subtype 

 No. of patients 
(lesions) 

 Marginal dose 
 (Gy)  Tumor control rate  Survival 

 Ojemann et al., 2000  [  12  ]   Malignant  19 a  (23)  Mean 16; median 15.5  ND  PFS: 48 % at 2 years, 34 % 
at 5 years 

 Stafford et al., 2001  [  14  ]   Atypical  13  Median 16; range 12–36 b   68 % at 5 years  CSS: 76 % at 5 years 
 Malignant  9    0 % at 5 years  CSS: 0 % at 5 years 

 Harris et al., 2003  [  4  ]   Atypical  18  Mean 14.9  ND  PFS: 83 % at 5 years 
 Malignant  12  Mean 15.7  PFS: 72 % at 5 years 

 Huffmann et al., 2005  [  5  ]   Atypical  15 (21)  Range 14–18  93 % at 6 months  100 % within median 
follow-up of 35 months 
(range 21–67 months) 

 Present series  Atypical  19 (22)  Mean 16.5  74 % at 1 year  CSS: 100 % at 5 years 
 Malignant  4 (4)    52 % at 2 years 

 34 % at 3 years 

   ND  no data,  PFS  progression-free survival,  CSS  cause-speci fi c survival 
  a All patients had recurrent tumors after external beam radiation therapy 
  b Including benign meningiomas  
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  Abstract    Objective : Results of Gamma Knife radiosurgery 
(GKS) were retrospectively evaluated in 16 patients with his-
tologically con fi rmed atypical and anaplastic intracranial 
meningiomas. 

  Materials and Methods : There were nine men and seven 
women (mean age 61.0 years). Atypical meningiomas were 
diagnosed in nine cases and anaplastic meningiomas in seven. 
In nine patients there was malignant transformation of a tumor 
that had initially proved to be benign. In total, 21 radiosurgical 
procedures were performed. The mean tumor volume at the 
time of GKS was 7.1 cm3. The mean marginal and maximum 
irradiation doses were 18.8 and 37.0 Gy, respectively. The 
mean length of follow-up after treatment was 37.1 months. 

  Findings : Of 21 radiosurgical procedures, 6 (29 %) led to 
stabilization of tumor growth during the mean follow-up of 
40.5 months. It was signi fi cantly associated with small 
lesion volume ( P  = 0.02), and greater marginal ( P  = 0.04) and 
maximum ( P  = 0.02) irradiation doses. Seven patients under-
went eight surgical resections of a progressing tumor during 
the mean period of 26.1 months after irradiation. Five 
patients (31 %) died because of tumor progression within the 
average time period of 16.8 months after GKS. Overall, at 
the time of the last follow-up just two patients (13 %) had no 
evidence of tumor regrowth, and only three patients (19 %) 

maintained good activities of daily living during 12, 59, and 
69 months, respectively, after radiosurgery. 

  Conclusion : GKS has limited ef fi cacy in cases of non-benign 
meningioma. Better tumor control rates can be attained for 
small neoplasms treated with greater marginal and maximum 
irradiation doses.  

  Keywords   Activities of daily living  •  Atypical 
meningioma  •  Gamma Knife radiosurgery • 
 Histopathological  fi ndings  •  Malignant meningioma •  
 Radiation injury  •  Tumor control      

   Introduction 

 The development and wide application of contemporary neu-
roimaging modalities and their frequent use for screening 
brain diseases have resulted in increased number of patients 
with incidental intracranial tumors, particularly menin-
giomas. Various treatment options can be applied in such 
cases, including stereotactic radiosurgery by means of the 
Gamma Knife  [  7,   10  ] , CyberKnife  [  2,   3  ] , or dedicated linear 
accelerator  [  1  ] . Nevertheless, choice of the optimal manage-
ment strategy for intracranial meningiomas is still a signi fi cant 
challenge, particularly because of the wide variation in their 
growth rates both before and after neurosurgical procedures, 
which are strongly related to the histopathological grade of 
the tumor. 

 Multiple reports demonstrated good tumor control and 
low risk of complications after Gamma Knife radiosurgery 
(GKS) applied either as primary treatment modality or after 
initial surgical resection of World Health Organization 
(WHO) histopathological grade I intracranial meningiomas 
 [  4,   5,   7,   9,   10,   13  ] . Therefore, incidentally found small men-
ingioma-like neoplasms are frequently regarded as benign 
and undergo radiosurgery without preliminary radiological 
evaluation of the growth rate or histopathological con fi rmation 
of the diagnosis. Such cohorts should de fi nitely include some 
proportions of atypical (WHO histopathological grade II) 
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and anaplastic (WHO histopathological grade III) tumors. 
Moreover, stereotactic irradiation at the time of recurrence or 
regrowth of the typical meningioma after its initial surgical 
resection also does not guarantee a benign nature of the 
lesion owing to possible malignant transformation. On the 
other hand, the ef fi cacy of GKS in cases of atypical and ana-
plastic meningiomas is much lower than for their benign 
counterparts  [  11,   12  ] . 

 The objective of the present study was to evaluate results 
of GKS for histologically con fi rmed non-benign menin-
giomas. Particular emphasis is placed on factors associated 
with tumor growth control and patients’ activities of daily 
living (ADL) after treatment.  

   Materials and Methods 

 A total of 96 consecutive patients with intracranial menin-
giomas underwent GKS in the Gamma Knife Center of the 
Koyo Hospital between 1995 and 2010. A histopathological 
diagnosis of atypical (WHO grade II) or anaplastic (WHO 
grade III) meningioma was established in 16 of the 96 
patients before radiosurgery. These cases represented the 
clinical basis of the present retrospective analysis. 

 There were nine men and seven women. Their age at the 
time of GKS varied from 31 to 81 years (mean 61.0 years). All 
patients underwent at least one surgical resection of the intrac-
ranial tumor before radiosurgery. Atypical meningioma was 
diagnosed in nine cases, whereas the diagnosis was anaplastic 
meningioma in seven. In 7 of the 16 patients, a non-benign 
type of intracranial meningioma was revealed after the  fi rst sur-
gical resection of the neoplasm, whereas in nine other patients 
there was malignant transformation of tumors that had initially 
been diagnosed as benign. The average interval between histo-
pathological establishment of the diagnosis and GKS was 26.9 
months (range 1–60 months) in the former group and 10.1 
months (range 3–44 months) in the latter group. 

 In all, 13 patients underwent a single radiosurgical proce-
dure, whereas 2 patients were treated twice and another 
patient was subjected to four GKS for spatially separate 
lesions. Therefore, a total of 21 radiosurgical procedures 
were performed in the investigated cohort. 

   Radiosurgery 

 All of the patients were admitted to the hospital the day before 
the scheduled radiosurgery and provided informed consent 
related to the procedure. On the day of treatment, a Leksell 
stereotactic frame type G (Elekta Instruments AB, Stockholm, 
Sweden) was  fi xed on the patient’s head under local 

anesthesia accompanied by light sedation. Axial T2-weighted 
and volumetric T1-weighted images without and with gado-
linium enhancement were obtained under stereotactic condi-
tions using a 1.5 T clinical magnetic resonance imaging (MRI) 
scanner (Toshiba Medical Systems, Tokyo, Japan). All images 
were imported into the Leksell GammaPlan (Elekta Instruments 
AB), and the tumor volume was assessed. It varied from 0.4 to 
28.5 cm3 (mean 7.1 cm3). The peripheral isodose varied from 
50 % to 70 % (mean 51 %). The marginal irradiation dose 
varied from 6 to 23 Gy (mean 18.8 Gy), whereas the maxi-
mum dose ranged from 12 to 46 Gy (mean 37 Gy). The num-
ber of isocenters varied from 1 to 43 (mean 15).  

   Follow-Up 

 All patients were followed at least 1 year after GKS or until 
death. MRI and neurological assessments with determination 
of the Karnofsky Performance Scale (KPS) score  [  8  ]  and 
evaluation of ADL were performed regularly every 3 months, 
which in our practice represents the standard interval for fol-
low-up investigations after radiosurgery for  malignant intrac-
ranial tumors. The mean length of the clinicoradiological 
follow-up period was 37.1 months (range 1–118 months). 

 Tumor control was evaluated after all 21 radiosurgical 
procedures, and its association with the following factors was 
assessed with univariate statistical analysis: histopathologi-
cal diagnosis of meningioma (WHO grade II vs. grade III), 
tumor volume, applied peripheral isodose, marginal and 
maximum irradiation doses, and number of isocenters. The 
nonparametric Mann-Whitney two-sample  T -test was used to 
evaluate continuous variables, and Fisher’s exact probability 
test was used for categorical variables. The results were con-
sidered signi fi cant for  P  less than 0.05. The statistical analy-
sis was performed with commercially available software. 

 The ADL measure was considered good if the KPS score 
was   80 and more; it was poor, if the KPS score was   70 or less.   

   Results 

 At the time of the last follow-up after GKS, just 2 of 16 
patients (13 %) had no evidence of tumor recurrence. Seven 
patients underwent eight surgical resections because of pro-
gression of the lesion within the mean period of 26.1 months 
after irradiation. Histopathological investigation revealed 
in- fi eld tumor recurrence in six cases treated with an average 
marginal dose of 15.5 Gy, out-of- fi eld tumor recurrence in 
one case treated with a marginal dose of 20 Gy, and  fi brous 
organization of the lesion after radiation-induced necrosis in 
one case after irradiation with a marginal dose of 23 Gy 
(Table  1 ).  
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   Tumor Control After Radiosurgery 

 Of 21 radiosurgical procedures 6 (29 %) led to stabilization 
of the tumor volume during the mean follow-up of 40.5 
months (good control group). In the other 15 cases, despite 
the treatment the neoplasms increased in size during the mean 
follow-up of 31.3 months (poor control group). Statistical 
analysis revealed signi fi cant association of good tumor con-
trol after GKS with small tumor volume ( P  = 0.02) and higher 
marginal ( P  = 0.04) and maximum ( P  = 0.02) irradiation doses 
(Table  2 ). Of note: tumor control did not depend on the WHO 
histopathological grade ( P  = 0.42) and was attained in 2 of 10 
cases (20 %) of atypical meningioma within a mean follow-
up of 29.0 months (median 23.5 months) and in 4 of 11 cases 
(36 %) of anaplastic meningioma within a mean follow-up of 
46.3 months (median 39.0 months).   

   ADL After Radiosurgery 

 Three patients (19 %) maintained good ADL after GKS for 
non-benign meningiomas (Fig.  1 ) during 12, 59, and 69 
months, respectively (average 46.7 months). One of patients 
had a WHO grade II meningioma and two others had WHO 
grade III meningioma. A total of six radiosurgical procedures 
were performed in this cohort. The mean volume of the 

neoplasms at the time of irradiation was 2.1 cm3, and the 
 marginal dose varied from 20 to 23 Gy. One anaplastic 
 meningioma was surgically resected 15 months after GKS.  

 Eight patients (50 %) had poor ADL after GKS for non-
benign meningiomas but were alive at the time of the last 
follow-up, which was an average of 49.3 months after treat-
ment. Nine radiosurgical procedures were performed in this 
cohort. Seven patients had WHO grade II meningiomas, 
three of whom underwent surgical resection of their tumor at 
7, 8, and 118 months, respectively, after radiosurgery. One 
patient had a WHO grade III meningioma, which was 
resected at 25 months after GKS. 

 Five patients (31 %) died because of tumor progression dur-
ing an average follow-up of 16.8 months (range 1–42 months) 
after GKS. Six radiosurgical procedures were performed in 
this cohort. One of the patients had WHO grade II, and four 
others had WHO grade III meningioma. Two patients with 
anaplastic meningioma underwent three surgical resections of 
the lesions at 6, 12, and 18 months, respectively, after GKS.   

   Illustrative Cases 

 A 62-year-old woman (case 2 in Table  1  and Fig.  2 ) under-
went GKS for residual anaplastic meningioma (WHO grade 
III), which was diagnosed after the  fi rst surgical resection. At 

   Table 1    Summary of patients who underwent surgical resection of a lesion after GKS for non-benign meningioma   

 Case no. 
 Tumor 
location 

 WHO 
histopatho-
logical grade 
before GKS 

 Tumor 
volume at the 
time of GKS 
 (cm3) 

 Marginal/maximum 
irradiation doses 
 (Gy) 

 Time interval 
between GKS and 
tumor resection 
 (months) 

 Location of 
regrowing 
tumor 

 Histopathological 
diagnosis after lesion 
resection 

 1  Cerebellar 
convexity 

 II  2.0  18/36  8  In- fi eld  Tumor recurrence (WHO 
grade II meningioma) 

 2  Temporal 
convexity 

 III  0.4  23/33  15  In- fi eld  Fibrous organization of 
the neoplasm after 
radiation-induced necrosis 

 3  Temporal 
convexity 

 III  3.4  20/40  25  Out-of-
 fi eld 

 Tumor recurrence (WHO 
grade III meningioma) 

 4a  Parietal 
convexity 

 III  1.6  18/36  12  In- fi eld  Tumor recurrence (WHO 
grade III meningioma) 

 4b  Temporal 
convexity 

 III  7.1  18/36  18  In- fi eld  Tumor recurrence (WHO 
grade III meningioma) 

 5  Tentorial  II  15.5  13/26  118  In- fi eld  Tumor recurrence (WHO 
grade II meningioma) 

 6  Frontal 
convexity 

 II  10.6  20/40  7  In- fi eld  Combined radiation 
injury and tumor 
recurrence (WHO grade 
II meningioma) 

 7  Temporal 
convexity 

 III  13.5  6/12  6  In- fi eld  Tumor recurrence (WHO 
grade III meningioma) 

  Two neoplasms were resected in case 4 
  GKS  Gamma Knife radiosurgery  
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the time of radiosurgery the volume of the neoplasm was 
0.4 cm3. The marginal dose corresponding to the 70 % iso-
dose line was 23 Gy. Tumor regrowth was diagnosed 15 
months later and was surgically resected. Histopathological 
investigation of the irradiated neoplasm revealed only its 
 fi brous organization after radiation-induced necrosis, and 
in fi ltrating neoplastic cells were seen outside the peripheral 
isodose line. During the 3 years after the second surgery 
there was no evidence of tumor recurrence. The patient main-
tained good ADL (KPS 100).  

 A 64-year-old man (case 6 in Table  1  and Fig.  2 ) was 
treated with GKS for residual atypical meningioma (WHO 
grade II), which at the time of the initial surgery proved to be 
benign but later underwent malignant transformation. At the 
time of radiosurgery, the volume of the neoplasm was 10.6 cm3. 
The marginal dose corresponding to the 50 % isodose line 
was 20 Gy. The frontal convexity tumor did not change its 
size after GKS, but an associated parasagittal neoplasm, 
which was also irradiated, showed progression. Therefore, 
another surgical resection was performed at 7 months after 

GKS. Histopathological investigation of the irradiated lesion 
within the peripheral isodose line revealed combined radia-
tion injury and recurrence of the WHO grade II meningioma. 
Subsequently, no recurrence of the frontal convexity tumor 
was disclosed, but the parasagittal neoplasm showed contin-
uous progression, accompanied by gradual decline of the 
KPS up to 40.  

   Discussion 

 Results of GKS for non-benign meningiomas in the present 
series were de fi nitely poor. Overall, just 29 % of radiosurgi-
cal procedures resulted in stabilization of tumor growth dur-
ing more or less prolonged period of time. During the mean 
posttreatment follow-up of 37.1 months, 44 % of patients 
required surgical resection of the lesion, and 31 % of patients 
died owing to progression of the neoplasm despite irradia-
tion. Just 13 % had no evidence of tumor regrowth, and only 

   Table 2    Factors associated with tumor control after 21 GKS procedures for non-benign meningiomas   

 Analyzed factors 

 Tumor control 

  P   Good ( N  = 6; mean follow-up 40.5 months)  Poor ( N  = 15; mean follow-up 31.3 months) 

 WHO histopathological grade 
of  meningioma (II/III) 

 2/4  8/7  0.42 a  

 Tumor volume (cm 3 )  Mean, 2.3; range, 0.4–5.0  Mean, 9.0; range, 0.4–28.5  0.02 b  

 Peripheral isodose (%)  Mean, 50.0; range, 50–50  Mean, 51.3; range, 50–70  0.53 b  

 Marginal irradiation dose (Gy)  Mean, 21.2; range, 15–23  Mean, 17.9; range, 6–23  0.04 b  

 Maximum irradiation dose (Gy)  Mean, 42.3; range, 30–46  Mean, 34.9; range, 12–44  0.02 b  

 No. of isocenters  Mean, 10.0; range, 3–28  Mean, 16.5; range, 1–43  0.17 b  

   N  number of cases 
  a According to Fisher’s exact probability test 
  b According to the Mann-Whitney two-sample  T -test  

Poor
(dead)
31 %

Poor
(alive)
50 %

8 patients (9 GKS)
7 WHO grade II and 1 WHO

grade III meningiomas
Mean follow-up: 49.3 months

3 patients (6 GKS)
1 WHO grade II and 2 WHO

grade III meningiomas
Mean follow-up: 46.7 months

5 patients (6 GKS)
1 WHO grade II and 4 WHO

grade III meningiomas
Mean follow-up: 16.8 months

Good
19 %

  Fig. 1    Activities of daily living 
after Gamma Knife radiosurgery 
(GKS) for non-benign intracra-
nial meningiomas. Good and 
poor correspond to KPS scores 
of   80 and more, and   70 or less, 
respectively       
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Tumor cells

23.0 Gy isodose line

Radiation
injury in-field
of 23.0 Gy

Combined radiation injury
and tumor recurrence

20.0 Gy isodose line

a
a

b

c

d

c

d

b

Case 2 (radiation injury)
Case 6 (combined radiation injury

and tumor recurrence)

  Fig. 2    Radiosurgical treatment planning ( a ), schematic explanation of 
the histopathological  fi ndings after subsequent lesion resection ( b ), and 
the microscopic view (H&E and MIB-1; ×200) of the pathological tis-
sue obtained within ( c ) and outside ( d ) the irradiation  fi eld in cases of 
GKS for non-benign meningiomas. In case 2 ( left ), only  fi brous organi-
zation after radiation-induced necrosis of the irradiated neoplasm was 

revealed; in fi ltrating neoplastic cells were seen outside the peripheral 
isodose line. In case 6 ( right ), combined radiation injury and recurrence 
of World Health Organization grade II meningioma was disclosed 
within the irradiation  fi eld. Microphotographs of MIB-1 immunostain-
ing correspond to those stained with H&E       
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19 % maintained good ADL. The questions are whether it is 
possible to improve the ef fi cacy of radiosurgery in such cases 
and, if so, how to do it. 

 In a large series of patients with intracranial meningiomas 
treated with GKS, Kondziolka et al.  [  10  ]  found a 50 % con-
trol rate during a median follow-up of 24 months in 54 WHO 
grade II tumors and a 17 % control rate during a median 
follow-up of 15 months in 29 WHO grade III neoplasms. In 
our series, growth control rates was not associated with the 
histopathological grade of the tumor and constituted 20 % 
during a median follow-up of 23.5 months for the atypical 
meningiomas and 36 % during a median follow-up of 39.0 
months for anaplastic meningiomas. On the other hand, both 
marginal and maximum irradiation doses showed statisti-
cally signi fi cant associations with tumor control after GKS. 
Our study suffers from the small number of analyzed cases 
and retrospective design, but it can be speculated that deliv-
ery of high irradiation doses during radiosurgery of non-
benign meningiomas may be more important for growth 
control than the histopathological grade of the neoplasm. 

 Furthermore, advantages of the high irradiation doses 
were demonstrated in our series during histopathological 
analysis of the tissue samples obtained during surgical resec-
tion of lesions progressing after GKS. In all  fi ve cases treated 
with marginal doses of 6–18 Gy, pure in- fi eld tumor regrowth 
was identi fi ed. In two cases treated with a marginal dose of 
20 Gy either out-of- fi eld tumor regrowth or radiation injury 
intermixed with viable tumor were demonstrated. Moreover, 
in the patient who received the highest marginal dose in the 
series (23 Gy), there was no viable neoplasm in the irradiated 
 fi eld. Thus, it seems that marginal doses of 12–14 Gy, which 
are currently used for GKS of benign meningiomas, may be 
insuf fi cient for atypical and anaplastic meningiomas. In the 
latter cases we are currently applying marginal doses >18 Gy, 
which is comparable to intracranial metastases. The validity 
of such an approach should be proved in additional studies. 
Also, the possible risk of long-term complications associated 
with high irradiation doses, such as development of symp-
tomatic perilesional edema  [  14  ]  or cyst formation  [  6  ] , should 
be borne in mind. Although achieving tumor control repre-
sents the primary goal of radiosurgery, improving the func-
tional outcome, particularly re fl ected in ADL, may be also 
very important. 

 The irradiation dose is determined by the volume of the 
tumor. This factor was also signi fi cantly associated with 
tumor control in our patients, which corresponds to the data 
of Ojemann et al.  [  12  ] , who analyzed the series of malignant 
meningiomas after fractionated radiotherapy combined with 
GKS and showed a trend for better growth control in neo-
plasms with a volume of <8 cm3.  

 Application of multi-isocenter dose planning with deliv-
ery of the greater radiation energy per tumor volume  [  5  ]  may 
increase ef fi cacy and decrease the risk of complications after 

GKS, particularly for large lesions. On the other hand, less 
selective treatment with inclusion of some of the adjacent 
tissues in the isodose area may be preferable in cases of non-
benign neoplasms because it potentially eliminates in fi ltrating 
neoplastic cells—which are frequently seen microscopically 
in the vicinity of the main mass—and thereby prevent out-of-
 fi eld recurrence. Close radiological follow-up after radiosur-
gery of atypical and anaplastic meningiomas and application 
of the repeated treatment as soon as lesion progression is 
identi fi ed represents another option for improving tumor 
control  [  9  ] . Finally, several factors that were not analyzed in 
the present study (e.g., the MIB-1 index  [  11  ]  or the patient’s 
age  [  12  ] ) may be associated with control of non-benign men-
ingiomas after GKS and therefore may in fl uence the choice 
of the parameters for radiosurgical treatment.  

   Conclusion 

 The present study demonstrated limited ef fi cacy of GKS in 
cases of histologically con fi rmed non-benign meningiomas. 
Just 29 % of radiosurgical procedures led to tumor control 
and only 19 % of patients maintained good ADL with KPS 
scores of at least 80 during prolonged periods of time after 
treatment. Surgical resection, undertaken because of tumor 
progression despite irradiation, was required in 44 % of 
patients. Nevertheless, better tumor control rates were found 
in patients with small neoplasms that were treated with 
greater marginal and maximum irradiation doses. These 
 fi ndings should be taken into consideration during GKS of 
non-benign intracranial meningiomas.      
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       Keywords   Brain cavernoma  •  Gamma Knife  •  Management •  
 Radiosurgery  •  Surgery      

 Intracranial cavernoma is a serious condition, and treatment 
should be necessary. But how necessary? The treatment 
comes with side effects. How can they be predicted? The 
treatment for cavernoma is rarely acute and hence primarily 
preventive. How effective is the treatment? The treatment 
decision for cavernoma is based on consideration of all these 
factors—on an educated computation of various risk levels 
in fl uenced by subjective assessments and objective calculations. 
With all data generally available, how can  fi nal conclusions 
differ completely? 

 Currently, there are three options for addressing a caver-
noma: operative resection, radiosurgery, no active treatment. 
The discussion has a long history and is still controversial 
 [  16  ] . The present two publications by Bertalanffy and 
Gerganov  [  1  ]  and Liscak et al.  [  7  ]  are interesting because 
they re fl ect the opposite ends of a highly polarized spectrum 
of potential decisions. In times of increasing medical confor-
mity, how can we explain opposing recommendations to our 
patients? Is evidence-based medicine based on evidence in 
general or only on evidence we chose as appropriate? 

 The effect of radiosurgery on cavernoma is still hypothet-
ical as only sporadic postirradiation histological specimens 
exist and magnetic resonance imaging (MRI) follow-up is 
generally inconclusive as to ascertaining the treatment effect. 
MRI generally shows local reactions and possibly shrinkage 
but hardly disappearance of the cavernoma. Hence, the effect 
of the treatment can be expressed only as a reduced hemor-
rhage rate for large groups of patients, which then requires 
reliable data of the natural course. On an individual level, the 
treatment effect is highly theoretical. 

 Here is one aspect of the dilemma: In an earlier analysis, 
Robinson et al.  [  13  ]  identi fi ed 66 patients with 76 caverno-
mas, with a symptomatic hemorrhage rate of 0.7 % per 
lesion-year. Another study reported an annual hemorrhage 
rate of 6.8 % per patient  [  14  ] . Thus, published estimated 
hemorrhage rates vary widely  [  13 ,  14 ,  17  ] . This large varia-
tion is important since treating a cavernoma means weighing 
a potential risk of later hemorrhage against an immediate 
treatment risk   . The outcomes of various treatment options 
can be measured, but we need to know the natural history of 
the condition to ensure that we have achieved a bene fi t. That 
seems dif fi cult for cavernomas. 

 Included in the earlier reports of radiosurgery for cavern-
oma were those of Kondziolka et al., who published two 
studies wherein they de fi ned the natural history of cavern-
oma based on a prospective registry between 1987 and 1993 
 [  6  ] . In patients without a prior bleed, the prospective annual 
rate of hemorrhage rate was 0.6 %, and patients with prior 
hemorrhage had an annual bleed rate of 4.5 %. The same 
group, in Pittsburgh, demonstrated elegantly that the propor-
tion of patients with hemorrhage after radiosurgery was 
signi fi cantly reduced, although an 8.8 % annual hemorrhage 
rate was still found during the  fi rst 2 years after radiosurgery. 
Only during the 2- to 6-year interval after radiosurgery was 
the annual bleeding rate decreased to 1.1 %  [  5  ] . A later, 
updated series of 82 patients from the same group had an 
annual hemorrhage rate of 12.3 % per year for the  fi rst 2 
years after radiosurgery followed by 0.76 % per year from 
years 2 to 12  [  3  ] . Other groups reported similar results, with 
the annual rebleeding rate after Gamma Knife treatment 
being 10.3 % for the  fi rst 2 years and 3.3 % thereafter  [  9  ] . 
Hence, with a rebleeding rate of 10–12 % within 2 years 
after radiosurgery the ef fi cacy of the treatment is determined 
based on the natural history. 

 A recent study of 113 patients with cavernomas of the 
brain stem, thalamus, and basal ganglia calculated both the 
risks for bleeding and rebleeding. In the group of patients 
with multiple bleedings before radiosurgery the fi rst-ever 
bleed rate was 2.9 % per lesion per year. Thereafter, the annual 
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rebleeding rate was 30.5 % per lesion per year  [  12  ] . 
A similar rebleeding risk of 33.9 % was found by others  [  3  ] . 
New bleeds were associated with an increasing risk of new, 
more severe disabilities  [  12  ] . Obviously, the cavernoma with 
previous bleeds must be considered as a different entity. 

 Side effects after radiosurgery comprise a second important 
issue. The risk for side effects has been considerable in previ-
ous studies. In 1995, Kondziolka et al. reported that 26 % of 
patients sustained neurological worsening that correlated with 
imaging changes after radiosurgery  [  5  ] . In 2000, Liscak et al. 
reported that transient morbidity caused by collateral edema or 
rebleeding occurred in 28 % of brain stem cavernomas  [  8  ] , 
which has to be considered a high risk for treatment-induced 
side effects. Hence, the radiosurgical treatment regimen has 
been modi fi ed during the last decade. Avoidance of the methe-
moglobin ring  [  15  ] , de fi nition of the treatment volume accord-
ing to T2-weighted MRI-de fi ned margins, and reduced 
radiosurgical doses  [  4  ]  have contributed considerably to reduc-
ing the side effects after Gamma Knife treatment. In 2010, the 
group in Pittsburgh reported in a summarizing review of 103 
patients that new neurological defi cits due to adverse radiation 
effects following radiosurgery developed in 13.5 %, with most 
cases occurring early in their experience  [  10  ] . Also, a recent 
study that had applied modern treatment standards for radio-
surgery of cavernomas in the brain stem and basal ganglia 
described transient neurological effects in fewer than 8.0 % 
and mild permanent defects in fewer than 7.3 %  [  12  ] . These 
lower incidences are a consequence of the modi fi ed radiosur-
gical regimen. 

 The alternative treatment is microsurgical resection of the 
cavernoma. Resection, when possible, prevents further bleed-
ings with immediate effect. Surgery is defi nitive treatment and 
must be considered curative. Gross et al.  [  2  ]  reviewed 46 pub-
lished surgical series where 92 % of 745 brain stem cavernomas 
were documented as completely resected. Because of the fre-
quently deep location of cavernomas and the resulting problem-
atic surgical access, perioperative morbidity and even mortality 
is an important issue. According to this extensive review, the 
early postoperative, often transient morbidity rate ranged from 
29 to 67 % in large surgical series, and the combined postopera-
tive rebleeding and surgery-related mortality rate was 1.9 %  [  2  ] . 
In cases of incomplete resection, 58 % of the partially resected 
lesions rebled. A microsurgical series from the Karolinska 
Hospital showed a 69 % risk of perioperative transitory neuro-
logical deterioration with signi fi cant permanent morbidity in 
8 %  [  11  ] . Hence for a validation of surgery, the percentage of 
untreated and inoperable cases, the immediate morbidity and 
mortality rates, and the risk of incomplete resection with the 
possibility of later hemorrhage have to be quanti fi ed. 

 In a position paper, Bertalanffy and Gerganov  [  1  ]  cited an 
experience with 147 brain stem cavernomas with a favorable 
risk/bene fi t ratio—unfortunately without mentioning speci fi c 
data or results. The authors argued that complete resection of 

the cavernoma is indicated if the lesion is symptomatic or 
hemorrhagic. On the other hand, in a subgroup of patients 
with symptomatic or hemorrhagic cavernomas that are con-
sidered inoperable, Bertalanffy and Gerganov recommended 
no treatment at all because in the senior author’s experience 
the vast majority remain free of hemorrhage and symptoms 
 [  1  ] . Data were not provided. There is an issue of logic in this 
reasoning: It remains unclear why the authors started with 
recommending a surgical resection if they assume, against 
prevailing evidence, that the bleeding risk is negligible even 
in cases with previous hemorrhage. 

 As already pointed out, it is important to differentiate 
between the annual bleeding risk in randomly discovered 
cavernomas, bleeding risk per patient, bleeding risk per 
lesion before and after treatment, and the rebleeding risks for 
cavernomas that have bled before. As a concrete example 
from a recent article  [  12  ] , there was a fi rst-ever bleed rate of 
2.9 % per lesion per year (39 bleeds in 1,341 patient-years), 
but there were 57 rebleedings in 187 patient-years, with a 
resulting risk for rebleeding of 30.5 % until treatment. Within 
2 years after radiosurgery, there was a reduced rebleed risk of 
15 %, which fell to 2.4 % per patient-year thereafter. These 
typical differentiated hemorhage rates appear to be less clear 
in the position paper by Bertalanffy and Gerganov  [  1  ] . 

 Many cavernomas are considered inoperable because of 
their critical location in basal ganglia and brain stem. Hence, 
surgically accessible cavernomas comprise a speci fi c selec-
tion, whereas many conventionally inoperable cases can 
potentially be treated with radiosurgery. Hence, the ef fi cacy 
of microsurgery and radiosurgery can be compared only 
based on a precise de fi nition of exclusion criteria and speci fi c 
risks for complications and rebleeding for both therapeutic 
options. The position paper by Bertalanffy and Gerganov 
does not provide these data  [  1  ] . 

 Liscak et al.  [  7  ]  reported the results of a large series of 
112 cavernoma that were treated relatively early, between 
1992 and 2000, using the Gamma Knife. The risk of edema 
on follow-up MRI after radiosurgery was 27.3 %. It was 
associated with temporary morbidity in 14.6 % of caverno-
mas and permanent morbidity of 0.9 %. Rebleeding occurred 
in 10 % after radiosurgery and was associated with perma-
nent morbidity in 5.4 %, among whom were two patients 
(1.8 %) with brain stem cavernoma who died. It is notewor-
thy that the risk of edema increased signi fi cantly with radia-
tion doses >13 Gy, and cavernoma rebleeding occurred more 
frequently in patients whose dose to the cavernoma margin 
was <14 Gy. These results are important because they de fi ne 
a narrow window of ef fi cacy. It is also important that the 
bleeding risk for patients with previous hemorrhage during 
the  fi rst 2 years after radiosurgery increased from 3.7 to 
5.3 % and was then reduced to 0.2 % after 2 years. 
Unfortunately, the authors did not mention statistical 
signi fi cance. 
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 Liscak et al.  [  7  ]  calculated the risk of bleeding before 
treatment as the number of hemorrhages divided by the years 
at risk from the patient’s birth. In contrast, others calculate 
the number of years at risk from the time of the  fi rst hemor-
rhage. The resulting risks differ considerably, which does not 
make comparisons easier. 

 Coming back to the confused patient who was given 
opposing evidence-based recommendations by two trustwor-
thy specialists. It would be helpful if we could provide a syn-
thesis: There is overwhelming evidence that there is a 
difference in bleeding risks for incidental cavernomas and for 
lesions that have bled before. The general attitude is to rec-
ommend treatment for the latter. The cornerstone of cavern-
oma treatment is evidence to support a quanti fi able bleeding 
risk. We are left with a persisting gap between evidence and 
credibility. 

 The available radiosurgical data are generally interpreted 
as evidence for a reduced risk for rebleeding after initial 
hemorrhages, whereas it appears dif fi cult to  fi nd arguments 
for treatment-induced signi fi cant improvement for incidental 
cavernomas. Because of the immediate curative effect of sur-
gery, there is a strong argument that cavernomas should be 
resected when the perioperative risk level is low. However, 
the mentioned modern radiosurgical series de fi ned a risk 
level for treatment-related side effects that has to serve as a 
standard even for surgical approaches. In fact, the periopera-
tive risk should be as low as that in comparable radiosurgical 
series when the early rebleeding rate, latency, adverse radia-
tion effects, and potential morbidity are considered. There is 
strong evidence that radiosurgery is an effective option for 
cavernomas in cases where a higher perioperative risk level 
is anticipated. In effect, for most deep-seated cavernomas it 
is dif fi cult to offer a microsurgical alternative at a compara-
ble level of perioperative risk. This generally comprises the 
majority of brain stem cavernomas. 

 The quality of a physician lies in the accuracy of predict-
ing individual risks that take the patient’s and the method’s 
prerequisites into consideration. While Gamma Knife treat-
ment is rather standardized, the individual experience of an 
operating neurosurgeon can clearly modify the risk assess-
ment. However, both “radiosurgeon” and neurosurgeon must 
allow benchmarking by objective comparisons of their indi-
vidual predictions with individual outcomes. Rather than 
recommending solitary treatment options, the published data 
should serve as a general standard that has to be matched if 
we are to provide state-of-the-art therapy. 

 The dilemma of our evidence-based credo is that there is 
evidence for most opposing views. The result is a decision 
often based on availability, credibility, and belief. This is the 
opposite of evidence. Is it a coincidence that the objective 
scienti fi c literature rarely provides data for the superiority of 
treatments that are not provided in the publishing center? 
Credibility cannot be reduced to the factual background of 

medical data. Credibility re fl ects the ability to integrate all 
available information and personal prerequisites.     
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  Abstract   Cranial cavernous malformations (CCMs) consti-
tute a heterogeneous group of lesions that tend to change 
dynamically over time with related periods of repeated exacer-
bation and alternating periods of remission. The decision on 
their management is based on estimating the inherent risk of 
further morbidity and the risk/bene fi t related to the particular 
treatment mode. Incidentally detected CCMs or lesions in 
asymptomatic patients presenting without major hemorrhage 
are best followed up. Complete resection of a CCM is the only 
healing option and is indicated for symptomatic or hemor-
rhagic lesions. In the large published series 83–92 % of the 
patients improved or remained unchanged after surgery, with 
only 8–11 % showing signi fi cant deterioration. For most 
patients, quality of life is improved. Analysis of the risk/bene fi t 
ratio for radiosurgery shows that it should not be regarded as 
an alternative option: It confers limited protection against 
bleeding and is related to a certain morbidity risk. In the sub-
group of patients with symptomatic or hemorrhagic CCMs in 
locations that preclude surgical resection with acceptable risks, 
we recommend follow-up. The senior author is following a 
group of more than 80 such patients, and the vast majority 
remain free of hemorrhage and symptoms.  

  Keywords   Brain stem  •  Cerebral cavernous malformation •  
 Radio surgery  •  Surgery     

   Introduction 

 Cerebral cavernous malformations (CCMs) consist of a clus-
ter of thin-walled capillary-like channels, or “caverns,” with-
out intervening brain parenchyma. These channels are lined 
with a single layer of leaky endothelium that has impaired 

tight junctions and barrier function  [  6,   24  ] . As a conse-
quence, red blood cells may leak into the surrounding paren-
chyma and cause a hemosiderin-laden rim circumferentially 
around the lesion, which is detectable on T2-weighted and 
T2-weighted echo-gradient magnetic resonance imaging 
(MRI)  [  23  ] . 

 The CCMs occur sporadically or as a familial form. The 
familial form of the disease is inherited in an autosomal 
dominant pattern with incomplete penetrance and variable 
expression pattern. Up to 30 % of all cases are familial  [  30,   48  ] . 
The familial CCMs have different biological behaviors. They 
are more likely to bleed, grow, and form new lesions than 
sporadic CCMs. Three genes have been identi fi ed in associa-
tion with familial CCM:  CCM1 ,  CCM2 ,  CCM3   [  41  ] . All 
three protein products are expressed in vascular endothelium 
and play a crucial role in the organization of the cytoskeletal 
and interendothelial junction proteins  [  24,   35,   47  ] . The loss 
of function ultimately impairs endothelial cell–cell junctions 
and vasculogenesis  [  47,   48  ] . 

 Cavernous malformations account for 8–15 % of all 
cerebral vascular lesions  [  6,   44  ] . Their incidence, based 
on MRI and autopsy studies, is approximately 0.5 %. 
The clinical prevalence, however, is much lower. Only 
 approximately 25 % of the affected individuals become 
symptomatic  [  23,   44  ] . 

 These CCMs constitute a heterogeneous group in regard 
to their biological characteristics, natural evolution, and clin-
ical behavior. They are dynamic lesions that tend to change 
over time, with periods of repeated exacerbation of com-
plaints and alternating periods of remission. Patients with 
CCMs may present with seizures, hemorrhage, focal neuro-
logical de fi cits, and/or nonspeci fi c headaches  [  1,   32,   44  ] . 
The management of each patient with CCM is based on an 
estimation of the inherent risk of further morbidity and the 
risk/bene fi t related to the particular treatment mode. As a 
general principle, the treatment for CCMs should be indi-
vidualized and tailored to the clinical presentation and his-
tory of the patient and the location, characteristics, and 
hemorrhagic activity of the lesion.  
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   Conservative Management 

 Incidentally detected CCMs or lesions in asymptomatic 
patients who present without major hemorrhage are best fol-
lowed with regular MRI and clinical examinations. This 
strategy is recommendable even in patients with mild symp-
toms, especially if the malformation is located deeply within 
functionally important areas of the brain  [  6  ] .  

   Surgery 

 Complete resection of CCMs is the only healing option and 
is indicated in surgically accessible symptomatic or hemor-
rhagic supratentorial and infratentorial lesions. Its safety and 
ef fi cacy in terms of preventing rebleeding has been well 
established in CCMs      [  6,   13,   14,   34,   40,   44  ] . Therefore, even 
young patients with such cavernomas not located in deep or 
eloquent areas and less severe symptoms are considered as 
surgical candidates in view of the cumulative risk of hemor-
rhage or neurological disability over time  [  6  ] . 

 Other candidates for surgery are patients with cavernoma-
related epilepsy that cannot be well controlled with medica-
tions. According to a recent multicenter study of 168 consecutive 
patients with a single supratentorial CCM and symptomatic 
epilepsy  [  5  ] , 70 % of the patients were seizure-free during the 
 fi rst 3 postoperative years, and only rare seizures or a worth-
while improvement (Engel grades II–III) occurred in 25 % of 
patients. No mortality was observed, and only 7 % of the 
patients had mild postoperative neurological de fi cits. Similar 
surgical outcomes have been presented by other authors 
 [  3,   8,   12  ] . Although some reports suggest a bene fi cial effect of 
Gamma Knife radiosurgery on epilepsy  [  39  ] , its ef fi cacy is less 
than that following lesionectomy  [  42  ] . 

   CCMs in Eloquent Brain Areas 

 Controversy exists about the best management of CCMs 
located in critical areas: highly eloquent cortical and subcor-
tical structures, thalamus, basal ganglia, brain stem. Surgery 
is indicated if they cause progressive neurological de fi cits, 
evidence of hemorrhage, or uncontrolled seizures. Our expe-
rience with 147 brain stem CCMs, in agreement with others, 
has proven that even such CCMs can be treated microsur-
gically with a favorable risk/bene fi t ratio. The operative 
strategy must be tailored to the individual characteristics of 
each CCM, considering its location and relation to essen-
tial cortical/subcortical structures and  fi ber tracts, and the 
relation between the cavernoma and the pial or ependymal 
surface  [  6  ] . The optimal approach must provide straight-line 

access to the lesion with the least impact on the surrounding 
brain and allow manipulations around the lesion. To remove 
the CCM completely and avoid recurrence, a clear dissec-
tion plane to the surrounding parenchyma should be estab-
lished. Modern technological advancements enhance the 
safety and ef fi cacy of surgery. Intraoperative guidance with 
anatomical and functional navigation, including integrated 
fMRI and  fi ber tracking data, is essential for selecting the 
optimal approach, trajectory, and parenchymal entry zone. 
Electrophysiological monitoring and stimulation, especially 
for brain stem CCMs, are obligatory. Notably, the great 
individual anatomical variability (e.g., of the facial nerve 
response area) should be considered  [  7  ] . Following these 
principles allows successful management of the vast major-
ity of patients and improvement of their quality of life, as 
assessed by the Patzold Rating and Karnofsky Performance 
Status Scale  [  10  ] . In large published series, the majority of 
patients (83–92 %) improved or remained unchanged after 
surgery, with only 8–11 % showing signi fi cant deterioration 
 [  6,   11,   13,   14,   29,   34,   40,   43  ] .   

   Gamma Knife Radiosurgery 

 Gamma Knife radiosurgery has been promoted as an alterna-
tive treatment for selected CCMs  [  17,   21,   28,   31  ]  or for all 
lesions, regardless of their location and surgical accessibility 
 [  20,   25,   27  ] . Based on our experience and on a profound 
study of the literature, we believe that the value of radiosur-
gery has not been proven. Analysis of its risk/bene fi t ratio 
shows that radiosurgery should not be regarded as an alterna-
tive to surgery  [  18,   37,   45  ] . The issue to discuss is whether 
radiosurgery offers some bene fi ts when compared to the nat-
ural evolution of the disease in patients who are poor surgical 
candidates—and if so, at what price. 

 Radiosurgery causes partial obliteration or decreases the 
size of some cavernomas  [  18,   26,   45  ] . To what extent this 
effect decreases the risk of future hemorrhage is controver-
sial. Clatterbuck et al.  [  9  ]  performed a volumetric MRI study 
in 68 untreated patients and found that CCMs exhibit a range 
of dynamic behavior: 10–22 % of the lesions remained sta-
ble, 35–43 % increased in volume, and 35–55 % decreased. 
Furthermore, there is no evidence of direct correlation 
between the size of a cavernoma and the risk of hemorrhage. 
The postradiosurgical rates of hemorrhage are therefore the 
only method by which to assess treatment success. 

 The CCMs are not static lesions with a constant annual 
bleeding risk. Thus, the presumed protective effect of irra-
diation may re fl ect their biological development  [  15,   32  ] . 
Studies on the natural evolution of cavernomas have shown 
that there is a temporarily increased risk of hemorrhage, last-
ing approximately 2 years following the earlier bleeding 
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episode  [  4  ] . This temporary natural hemorrhage clustering is 
not always accounted for by authors describing the bene fi cial 
effect of radiosurgery. 

 A sound scienti fi c evaluation of the outcome of radiosur-
gery and comparison with the natural evolution of the caver-
noma is dif fi cult because of some methodological  fl aws 
inherent in the studies, such as selection bias, variable 
de fi nition of hemorrhage, variable methods to calculate the 
annual risk of new bleeding, and the heterogeneity of the 
patient population. The estimated annual incidence of hem-
orrhage of untreated CCMs in large studies ranges from 0.25 % 
to 5.0 % per patient and from 0.7 % to 2.5 % per lesion  [  6,   15, 
  22,   32,   38  ] . In the radiosurgical literature, however, the 
bene fi t of the procedure is assessed by comparing posttreat-
ment versus pretreatment bleeding rates. Thus, the pretreat-
ment risk of hemorrhage in these series is assumed to be as 
high as 17–36 %  [  2,   16,   19,   27,   28,   33,   46  ] . A subgroup of 
CCMs does have a higher bleeding tendency that is inferred 
from the clinical history and radiological features. Although 
radiosurgical series are not restricted to such patients, the 
high incidence of hemorrhage prior to treatment is the only 
indicator of their assumed more-aggressive behavior, a form 
of “circular reasoning,” as Steiner pointed out  [  45  ] . The 
annual rebleeding rate after radiosurgery is 8–10 % for the 
 fi rst 2 years and 0.8–4.5 % thereafter  [  16,   27,   28,   33,   37, 
  42  ] —rates that well correspond to the bleeding incidence in 
studies on the natural evolution of CCMs. Altogether, 9–45 % 
of patients with brain stem CCMs rebleed after radiosurgery, 
with the total permanent morbidity rates from radiation 
injury and rebleeding ranging from 7 % to 40 %  [  13  ] . On the 
other hand, radiosurgery is associated with 13–59 % tran-
sient and 4–10 % permanent complication rates  [  18,   26,   28, 
  31,   36,   46  ] . The radiation-induced complication rate for 
CCMs has been evaluated to be  fi ve to seven times higher 
than that expected for arteriovenous malformations of the 
same size and location  [  18,   37  ] . 

 Although the imaging characteristics of CCMs on MRI 
are nearly pathognomonic, in some cases they cannot be 
clearly differentiated from other lesions, such as hemor-
rhagic neoplasms or metastases, gliomas, or in fl ammatory 
lesions, which precludes primary radiosurgery  [  6  ] . 

 There is a subgroup of patients who present with symp-
tomatic or hemorrhagic CCM in a location that precludes 
surgical resection with acceptable risks. The fundamental 
question is how to de fi ne these patients. The outcome is 
obviously related to the experience of the surgeon and the 
proper utilization of technological advancements. It differs 
from person to person. We believe that if surgery is deemed 
too risky the best option is to follow the patient conserva-
tively. The senior author is following a group of more than 
80 nonsurgical patients who harbor deep-seated CCMs with 
regular MRI checks. The vast majority of these patients have 
remained free of hemorrhage and symptoms over a long 

period of time—some individuals up to more than two 
decades. None of these patients underwent stereotactic radio-
surgery. The absence of any intervention does not affect the 
natural evolution of the disease but does avoid the morbidity 
associated with radiosurgery.      
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  Abstract    Purpose : Radiosurgery of cavernomas should pre-
vent rebleeding, growth of the lesion, and deterioration of 
clinical symptoms. However, there is no direct diagnostic 
tool to verify the endpoints of treatment. At present, the posi-
tive effects of radiosurgery are identi fi ed by clinical observa-
tion and analysis of imaging changes on magnetic resonance 
imaging during a suf fi ciently long follow-up period. 

  Methods : Between 1992 and 2000, a total of 112 patients 
with brain cavernomas were treated with Gamma Knife 
radiosurgery at our center. In all, 59 patients experienced 
bleeding before radiosurgery; the remainder did not. The 
median age of patients was 42 years, the median volume of 
the cavernomas was 0.9 cm 3 , and the median applied mar-
ginal dose was 16 Gy. 

  Results : After a 2-year latent interval after treatment 
(median follow-up 84 months), the risk of bleeding in the 
group of patients with bleeding before radiosurgery had 
decreased from 3.7 % to 0.2 %. For the patients without 
bleeding before radiosurgery, the annual risk of bleeding 
was 0.8 %. The cavernoma size decreased in 53.0 % of cases 
and increased in 6.4 %. Epilepsy, if present before the treat-
ment, was alleviated in 45 % of cases. The risks of tempo-
rary or permanent morbidity caused by radiosurgery were 
14.6 % and 0.9 %, respectively. 

  Conclusion : Radiosurgery of cavernomas was associated 
with a low risk of permanent morbidity. The risk of rebleed-
ing after the 2-year latent interval after radiosurgery had 
decreased. Treatment of cavernomas with no history of 
bleeding was halted at our center.  

  Keywords   Bleeding  •  Cavernoma  •  Gamma Knife 
 radiosurgery  •  Results     

   Introduction 

 The goal of Gamma Knife radiosurgery (GKS) of brain cav-
ernomas is mainly to prevent the risk of rebleeding after the 
treatment. An arteriovenous malformation (AVM) visible on 
angiography is treated through proliferative and degenera-
tive changes of tiny vessels inside the capillary nidus, lead-
ing to their obliteration  [  16  ] . Feeding arteries with larger 
diameters and sometimes even monstrous draining varicose 
veins are passively obliterated thereafter by formation of 
thrombus when blood  fl ow is halted through the nidus. The 
cure can be veri fi ed by angiography, showing that the AVM 
has disappeared after its obliteration. Both these aspects are 
missed by treating cavernomas with radiosurgery. 
Cavernomas are often formed by larger lacunas with no cap-
illary nidus, and there is no diagnostic tool to verify the suc-
cessful endpoint of the treatment because cavernomas are 
angiographically occult. However, it is possible to hypothe-
size that focused irradiation hits the angiographically occult 
feeders around the cavernoma, depriving the lesion from its 
sustenance. Indeed, the regression and decrease of a cavern-
oma is frequently observed after radiosurgery, although the 
pathophysiological process behind these changes is not fully 
understood. These features make the cavernoma a controver-
sial candidate for radiosurgery, because the difference in the 
clinical course after the treatment compared to the natural 
course of the disease can be evaluated only after a long 
follow-up.  

   Material and Methods 

 Between 1992 and 2000, a total of 112 patients with brain 
cavernoma were treated by the Leksell Gamma Knife in 
Prague, as published earlier  [  6  ] . The outcomes for this group 
of patients are upgraded herein after a signi fi cantly longer 
follow-up. The age of the patients ranged from 13 to 81 years 
(median 42 years). All locations were represented: brain 
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stem 33 patients, temporal 24, frontal 13, parietal 10, thalamus 
9, basal ganglia 8, occipital 7. 

 The cavernoma was solitary in 99 patients and multifocal 
in 13 patients. In cases of multiple cavernomas, the lesion 
causing symptomatic bleeding was treated. Seven patients 
had undergone previous partial microsurgical resection of 
the cavernoma, whereas GKS was the primary treatment in 
94 % of cases. The cavernomas evoked epilepsy in 44 
patients. Neurological de fi cit (according to the anatomical 
localization) persisted before radiosurgery in 51 patients, 
and 30 patients complained of headaches. 

 There were 89 events reported as bleeding before radio-
surgery in the case histories of 59 patients. In 23 of these 
patients the episodes were noted repeatedly (maximum of 
four bleedings per patient). The risk of bleeding before radio-
surgery was calculated from the number of hemorrhages 
divided by the years at risk starting at the birth of the patient 
(Table  1 ). The volume of the cavernomas ranged from 0.06 
to12.5 cm 3  (median 0.9 cm 3 ). The maximum dose ranged 
from 16 to 50 Gy (median 30 Gy). The marginal dose ranged 
from 9 to 36 Gy (median 16 Gy); it was applied to a median 
isodose of 50 %.   

   Results 

 Clinical follow-up was available for all patients, and radio-
logical follow-up for 110 of them. Both ranged from 5 to 
184 months (median 84 months). Rebleeding was observed 
in 11 patients at 5–168 months after radiosurgery (median 
24 months). The annual risk of rebleeding was calculated 
from the number of events divided by the number of follow-
up years (Table  1 ). Rebleeding was associated with morbid-
ity (impaired neurological de fi cit) in seven patients (6.5 %). 
It was temporary in one patient and persistent in six. Two 
patients with brain stem cavernoma died. 

 Radiological follow-up (median duration 84 months) 
after GKS with at least one magnetic resonance imaging 
(MRI) session was performed in 110 patients. The size of the 
cavernoma decreased at 8–131 months after radiosurgery 
(median 26 months) in 58 patients (53 %) and increased at 
8–168 after radiosurgery (median 86 months) in 7 patients 
(6.4 %). Collateral edema was detected in 30 patients 
(27.3 %) at 3–49 months after radiosurgery (median 

11 months). In 17 of them (15.5 %), brain edema was symp-
tomatic. Therapy with corticosteroids was administered to 
16 of these patients for a period of 1–12 months (median 
2.5 months). The edema resolved in 23 patients within 
8–40 months after radiosurgery (median 18 months). 
Symptoms resolved in 16 patients within 8–37 months after 
radiosurgery (median 12 months), although one patient 
(0.9 %) experienced persistent morbidity caused by edema. 
Morbidity from the radiosurgery itself (symptomatic edema) 
and unaffected natural course of the disease (rebleeding) is 
shown in Fig.  1 . Of note: One patient had symptomatic edema 
associated with rebleeding.  

 Twenty out of 44 patients (45%) with epileptic seizures 
before treatment demonstrated improvement within 1–30 
months (median 6 months) after GKS. Two patients were 
affected by impairment due to seizures caused by collateral 
edema at 6 and 8 months, respectively, after radiosurgery   . 
The problems had resolved by 12 months after treatment. 
Persistent morbidity from epilepsy impairment was not 
observed. 

 Six patients died during the follow-up. Two patients with 
brain stem cavernomas died at 6 and 51 months, respectively, 
after radiosurgery. Rebleeding probably caused both deaths, 
but no computed tomography, or autopsy results were avail-
able to prove it. The other two patients died from trauma and 
suicide. One patient died 14 years after radiosurgery for a 
gradually increasing brain stem cavernoma, but there was no 

   Table 1    Annual risk of bleeding in patients with brain cavernomas   

 Patient conditions  Before GKS (%)   ≤ 2 years after GKS (%)  >2 years after GKS (%) 

 Whole group ( N  = 112)  2.0  3.2  0.5 

 With bleeding before GKS ( N  = 59)  3.7  5.3  0.2 

 Without bleeding before GKS ( N  = 53)  0  1.0  0.8 

   GKS  Gamma Knife radiosurgery,  N  number of patients  

Overall morbidity after treatment 
21 %

Edema
15.5 %

both
1 % Rebleeding 

6.5 %

Temporary
14.6 %

Temporary
0.9 %

Persistent
5.6 %

Persistent
0.9 %

Exitus
2 %

  Fig. 1    Morbidity after Gamma Knife radiosurgery of brain cavernomas       
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ictal event classi fi ed as rebleeding. Another 61-year-old 
patient with temporal cavernoma died 5 years after radiosur-
gery for unknown reason. 

 A total of 11 patients underwent repeated treatment for 
their cavernoma. Nine of these patients had open microsur-
gery: one patient for collateral edema, two for rebleeding, 
three for cavernoma volume increase, and three for epilepsy 
(which was not cured by radiosurgery). Four patients with 
epilepsy and cavernoma located in the region of amygdalo-
hippocampal complex underwent repeated radiosurgery. 
However, instead of selective irradiation of the cavernoma, 
the whole amygdalohippocampal complex was the target for 
retreatment. This treatment was effective in two patients, 
whereas two others underwent microsurgical resection at a 
later time. 

 Among the whole group of patients, new cavernomas 
were detected during the follow-up in two. In one patient 
multiple new small cavernomas were detected 14 years after 
radiosurgery, and in the other patient a new small cavernoma 
was detected 10 years after treatment. Both of these patients 
were treated conservatively. One patient with a medial tem-
poral cavernoma with secondary epilepsy–which improve-
ment was accompanied by regression of the lesion 8 years 
after radiosurgery–had a new bizarre diffuse bilateral dural 
AVM detected 10 years after GKS with several hemorrhages 
at different sites in the brain. Additionally, multiple organ 
angiomatosis (liver, kidney, lung, spleen) and carcinoma 
uteri were diagnosed. This patient underwent  fi ve endovas-
cular embolizations of her new dural malformation, and 
14 years after the initial radiosurgery she was in poor 
condition. 

 Univariate analysis was performed using Kaplan-Meier 
statistics with the log-rank test. Multivariate statistical 

analysis was performed with the Cox proportional hazards 
model. Statistical analysis showed that cavernoma rebleed-
ing after GKS can be expected more frequently in middle-
aged patients (30–45 years), in patients with a history of 
hemorrhage, and in patients in whom the dose to the cavern-
oma margin was <14 Gy (Fig.  2 ). Edema after Gamma Knife 
treatment occurred more frequently in patients who had 
undergone prior surgery, those with a large cavernoma vol-
ume, and those in whom the dose to the cavernoma margin 
was >13 Gy (Fig.  3 ). Therefore, we consider that marginal 
dose of 14 Gy is a reasonable compromise for radiosurgery 
of cavernomas and use it in our current practice.    

   Discussion 

 Controversies regarding radiosurgery of cavernomas arise 
from several aspects. First, knowledge of the natural course 
of the disease is not complete, and the de fi nition of bleeding 
is ambiguous. Overt bleeding from a cavernoma (a blood 
clot inside or outside the hemosiderin ring of the lesion or 
evidence of hemorrhage after a lumbar puncture) is rarely 
diagnosed. Usually, any sudden onset of new symptoms or 
exacerbation of old symptoms is considered a hemorrhage 
despite the lack of any neuroimaging signs of overt bleeding. 
Second, growth of the cavernoma observed in some cases 
could simply be bleeding with no symptoms in functionally 
silent areas. Third, no diagnostic tool so far can indicate cure 
in patients, which has a signi fi cant impact on treatment 
results. Although GKS was repeated in 23 % of AVMs 
because their complete obliteration was not achieved within 
3 years after the fi rst treatment  [  7  ] , such subgroup of 
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“functioning” lesions cannot be distinguished in patients 
with cavernomas. It seems logical to consider repeated radio-
surgery of a cavernoma when the initial treatment failed. 
Unfortunately, treatment failure of cavernoma radiosurgery 
is diagnosed only after rebleeding occurs, which downgrades 
the results. 

 We have calculated the risk of bleeding before treatment 
as the number of hemorrhages divided by the years at risk 
beginning at the birth of the patient. Other authors prefer to 
calculate the number of years at risk from the time of the 
 fi rst hemorrhage  [  4,   9,   15  ] , and the annual risk is conse-
quently higher in such cases. The reasons given the latter 
calculation are mainly the absence or low incidence of hem-
orrhage from cavernomas in children and the de novo 
appearance of cavernomas in familial cases  [  4,   15  ] . We con-
sidered patients with cavernoma to be at risk of bleeding 
from their birth because the clinical manifestation of caver-
nomas does not differ from that of AVMs, which in both of 
our series (cavernoma and AVM) usually appeared at 
30–45 years of age, although children are included in both 
series  [  6,   7  ] . The youngest patient with cavernoma treated at 
our center, in 2008, was a 4.5 year-old boy with the lesion in 
the right thalamus and  fi rst bleeding at the age of 31 months. 
De novo appearance of cavernoma is possible but rare. It 
was seen in our series in just two patients (<2 %) during the 
follow-up. 

 A tendency for decreased risk of rebleeding after the 
latent period of 2 years after radiosurgery was reported in 
several articles. Lunsford at al.  [  9  ]  reported an annual risk 
of rebleeding of 1.06 % (mean follow-up of 5.65 years) 
after the 2-year latency period (the risk before the treat-
ment was 32.5 % from the time of the  fi rst symptomatic 
hemorrhage). Experience of colleagues at Karolinska 
University does not support the treatment of cavernomas 
with GKS, because the results were considered too limited 
 [  3,   4,   10  ] . However, the tendency toward a decreased risk 
of rebleeding after a 4-year period following radiosurgery 
was noted. The risk of complications was higher than for 
AVMs. In addition, lower, rather than higher, doses for 
cavernoma were recommended  [  4  ] . Along with the 2-year 
latency period, the decrease in the risk of rebleeding was 
observed in the group of patients treated by Kjellberg  [  1  ] . 
Using a cyclotron, radiosurgery resulted in morbidity in 
16 % of cases. Chang et al.  [  2  ]  observed a decrease in the 
risk of rebleeding after the treatment of cavernomas 
3 years after radiosurgery, which was associated with mor-
bidity in 11 % of cases. Protection from rebleeding after 
GKS of cavernomas was also observed by Mitchell et al. 
 [  11  ] . Liu et al.  [  8  ]  observed an annual rebleeding rate of 
10.3 % after treatment for the  fi rst 2 years and 3.3 % there-
after (mean follow-up 5.4 years). Nagy et al.  [  12  ]  evalu-
ated 113 patients with brain cavernomas. They found that 
41 patients with multiple bleedings had a  fi rst-ever bleed 

rate of 2.9 %/lesion/year, a rebleed rate of 30.5 %/lesion/
year, and an annual risk of rebleeding of 2.4 % after the 
2-year latency period. In that series, 77 patients with a 
single episode of bleeding in their history (annual risk 
2.2 %) had annual risk of rebleeding of 1.3 % after the 
2-year latency period, although adverse radiation effects 
were observed in 7.3 %. The authors concluded that radio-
surgery reduces the rebleeding rate in patients with 
repeated pretreatment hemorrhage, but they noted that the 
bene fi t of treating cavernomas with a single bleeding epi-
sode was less clear. 

 Another important effect of cavernoma radiosurgery can 
be observed in patients with secondary epilepsy. In the pres-
ent series, improvement of epilepsy was marked in 45 % of 
the affected patients. In a multicentric study, Régis et al.  [  14  ]  
observed even better results: 53 % of 49 patients were sei-
zure-free after radiosurgery, and the number of seizures had 
decreased in another 20 % of patients. The same epilepsy 
improvement (53 %) was reported by Liu et al.  [  8  ] . 

 One of the detectable effects after radiosurgery is regres-
sion of the cavernoma, which was observed in 53 % of our 
patients, usually within 2 years after treatment. Spontaneous 
regression of the cavernoma could be expected as absorption 
of the hematoma after previous bleeding. In the case of 
bleeding, radiosurgery in our patients was postponed for at 
least 3 months, but usually treatment was initiated 6 months 
after the bleeding episode. Therefore, we believe that a 
decrease in cavernoma volume after radiosurgery is a posi-
tive result of the treatment. Some authors have also observed 
a regression of the cavernoma after radiosurgery in as many 
as 57.3 % of cases  [  3,   5,   9  ] , although others noted only small 
changes  [  2  ] . 

 Cavernomas are thought to be at higher risk of complica-
tions after radiosurgery than AVMs  [  3,   4,   13  ] . In our experi-
ence, the risk of edema on follow-up MRI after radiosurgery 
of AVMs was 21.3 %  [  7  ] , whereas for cavernomas it was 
27.3 %. Edema was associated with temporary morbidity in 
7.7 % of patients with AVMs and in 14.6 % of those with 
cavernomas. There was permanent morbidity in 2.7 % of 
AVM patients and in 0.9 % of cavernoma patients. We do not 
consider this morbidity as unacceptably high; complications 
from rebleeding constituted the main risk (Fig.  1 ). Eventually, 
the higher risk of temporary complications after radiosurgery 
of cavernomas compared to AVMs was caused by our ten-
dency to apply high doses, similar to those used for AVMs. 
Nowadays, these doses seem inadequate as cavernoma doses 
>13 Gy signi fi cantly increase this risk of complications  [  6  ] . 
The median marginal dose in the study group of patients with 
cavernoma was 16 Gy, the same as in the series published by 
Lunsford et al.  [  9  ] . They observed a 13.5 % risk of morbid-
ity, which is similar to the 14.6 % from our experience. 
Pollock et al.  [  13  ]  observed complications in 59 % of cases, 
and the median marginal dose in their series was 18 Gy. 
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Analysis of our results changed our treatment strategy, and 
such high marginal doses are no longer used for cavernomas. 
Thus, the risk of radiosurgery is further decreased and does 
not stand out from the risks observed in patients with other 
pathologies that treated with radiosurgery. In a group of 125 
patients with cavernoma and a mean marginal dose of 
12.1 Gy, Liu et al.  [  8  ]  observed symptomatic complications 
in only 3 cases. Marginal doses of 14–15 Gy in our current 
practice represents a compromise between the higher risk of 
edema with increasing marginal dose and the higher risk 
of rebleeding with the lower marginal dose. 

 Over the last 18 years, the indications for radiosurgery of 
cavernomas at our center have become stricter as they have 
evolved hand-in-hand with advances in microsurgery. 
Cavernomas are considered easily operable today, whereas 
two decades ago, in the absence of neuronavigation and ste-
reotactic support, they frequently were not even identifi ed dur-
ing surgery. Therefore, the view of what was operable was 
different. Unlike AVMs, which usually are treated even when 
diagnosed incidentally, cavernomas in the same situation are 
treated conservatively. However, cavernomas with no history 
of bleeding do not display indolent behavior, which one might 
have expected. In the presented group, 53 of 112 patients had 
no bleeding before GKS. The reason to treat them, in fact, was 
mainly secondary epilepsy. Rebleeding after radiosurgery was 
observed in four of these patients (Table  1 ). However, based on 
the comparison of the protective effect, which is pronounced 
only in bleeding cavernomas, we have abandoned radiosur-
gery for cavernomas that had not bled before treatment.  

   Conclusion 

 A decreased risk of rebleeding after the 2-year latent interval 
was observed after radiosurgery of cavernomas in patients 
who bled before treatment. The risk of permanent complica-
tions after radiosurgery was <1 %, and temporary morbidity 
can be reduced by using lower marginal doses. Controversial 
issues—incomplete knowledge of the natural course of dis-
ease and the absence of diagnostic tools that can con fi rm elim-
ination of the risk of rebleeding—led us gradually to reserve 
radiosurgery for a selected group of patients with repeated 
bleeding or progressive impairment because of a neurological 
de fi cit if the alternative treatment (microsurgical resection) 
poses an unacceptable risk. Up to now, the only proof of treat-
ment failure after radiosurgery is rebleeding or an increase in 
the cavernoma after the 2-year latent interval following radio-
surgery. Future studies should evaluate whether repeated 
radiosurgery in such cases might result in a further decrease in 
the risks that accrue during the natural course of the disease.      
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  Abstract    Background:  This report presents our 15-year 
experience with Gamma Knife radiosurgery (GKS) for the 
treatment of 321 patients with dural arteriovenous  fi stulas 
(DAVFs) in different locations. 

  Methods:  The most common locations of DAVFs were the 
cavernous sinus (206 cases) and transverse-sigmoid sinus (72 
cases), which together accounted for 86.6 % of cases. In all, 
54 patients had undergone embolization or surgery prior to 
radiosurgery, and the other patients underwent GKS as the 
primary treatment. During GKS, radiation was con fi ned to 
the involved sinus wall, which was considered the true nidus 
of the DAVF. Target volume ranged from 0.8 to 52 cm 3 . 
Marginal and maximum doses to the nidus ranged from 14 to 
25 Gy and from 25 to 36 Gy, respectively. 

  Results:  The mean follow-up time was 28 months (range 
2–149 months). In 264 of 321 patients (82 %) available for 
follow-up study, 173 (66 %) showed complete obliteration 
of DAVFs with symptomatic resolution, 87 (33 %) had par-
tial obliteration, 2 (0.8 %) had stationary status, 1 (0.4 %) 
had progression, and 1 (0.4 %) died from a new hemorrhagic 
episode. Complications were found in only two (0.8 %) 
patients, one with venous hemorrhage and one with focal 
brain edema after GKS. 

  Conclusions:  GKS is a safe, effective treatment for 
DAVFs. It provides a minimally invasive therapeutic option 
for patients who harbor less-aggressive DAVFs but who suf-
fer from intolerable clinical symptoms. For some aggressive 

DAVFs with extensive venous hypertension or hemorrhage, 
multimodal treatment with combined embolization or sur-
gery is necessary.  

  Keywords    Dural arteriovenous  fi stula  •  Gamma Knife 
radiosurgery  •  Outcome  •  Treatment     

   Introduction 

 Intracranial dural arteriovenous  fi stulas (DAVFs) are direct 
arteriovenous shunts between meningeal arteries and dural 
sinuses or leptomeningeal veins  [  2,   16  ] . The incidence of 
DAVFs has been estimated at 5–20 % of all intracranial vas-
cular malformations  [  1,   21,   30  ] . DAVFs are thought to be 
acquired secondary to in fl ammation, thrombosis, or trauma 
of the dural sinus  [  7,   17,   22  ] . The exact etiology and underly-
ing disease in many DAVFs, however, are dif fi cult to trace, in 
which case they are considered idiopathic. 

 The estimated annual hemorrhagic rate of DAVFs is 
approximately 1.8 %  [  5,   13,   31  ] . The clinical presentation is 
dependent on their location and the pattern of the venous 
drainage. Patients with cavernous sinus DAVFs often have 
ocular manifestations, whereas patients with transverse-sig-
moid sinus DAVFs frequently suffer from headache and 
pulse-synchronous tinnitus on the affected side. DAVFs with 
antegrade cortical venous drainage (CVD) have been 
regarded as clinically benign, whereas DAVFs with retro-
grade CVD are considered aggressive in behavior  [  12,   27, 
  33  ] . The pattern of the venous drainage is not necessarily 
static. Gradual alternation of the venous  fl ow from antegrade 
to retrograde or delayed recruitment of arterial feeders (sump 
effect) has been observed in some DAVFs  [  1  ] . It is hypothe-
sized to occur as a result of progressive sinus hypertension 
with redirection of the blood  fl ow into cortical veins  [  9,   16  ] . 
The progressive venous hypertension and cortical venous 
re fl ux may eventually lead to cerebral hemorrhage or other 
aggressive neurological de fi cits  [  2  ] . 
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 Stereotactic radiosurgery has long been used for the treat-
ment of intraparenchymal AVMs, and treatment of DAVFs 
would be a natural extension  [  6,   8,   14,   25,   30,   35  ] . While our 
experience of treating DAVFs using Gamma Knife radiosur-
gery (GKS) at the Taipei Veterans General Hospital has been 
reported before  [  15,   24,   34  ] , we present here an update with 
an additional 83 patients and longer duration of follow-up.  

   Materials and Methods 

   Patients 

 Between 1993 and 2008, a total of 321 patients with intracra-
nial DAVFs were treated using GKS at the Taipei Veterans 
General Hospital. In all, 141 patients (44 %) were male and 
180 (56 %) were female. The age at the time of GKS ranged 
from 17 to 81 years (mean 57.8 years). Two potential inciting 
factors for DAVF formation could be traced: 31 patients 
(13.4 %) had a history of head trauma, and 14 patients (6 %) 
had a history of head and neck surgery prior to their DAVF 
diagnosis. Table  1  shows the anatomical location of the DAVFs 
in our patients. The most common locations are the cavernous 
sinus (CS, 206 cases) followed by the transverse-sigmoid sinus 
(TSS, 72 cases), which together account for 86.6 % of the 
cases. Because of the unique clinical characteristics of DAVFs 
involving the CS, we divided the DAVFs into two groups: the 
CS group and the noncavernous sinus (NCS) group. All NCS 
DAVFs are further classi fi ed based on their angiographic 
venous drainage pattern using the systems of Borden-Shucart 
and Cognard (Table  2 )  [  3,   9  ] . Of the 115 NCS DAVFs, 63 were 
Borden type I (Cognard types I and IIa) with solely antegrade 
sinus drainage—and thus considered benign  [  12,   27,   28  ] . The 
remaining 52 cases were Borden type II or III (Cognard types 
IIb, III, IV, V), demonstrating retrograde cortical venous drain-
age and thus considered clinically “aggressive”  [  11,   33  ] .    

   Treatment Modality 

 Before radiosurgery, some of the patients had attempted 
other therapeutic approaches for the treatment of their 
DAVFs. In all, 13 of the CS DAVFs and 28 of the NCS 
DAVFs had undergone prior endovascular embolization one 
to four times in an attempt to obliterate the lesion. The 13 
patients who suffered from intracranial hemorrhage from 
NCS DAVFs had undergone craniotomy for hematoma evac-
uation and clipping of feeding vessels. GKS was performed 
as the secondary treatment in these 54 patients because of 
residual  fi lling of the  fi stula seen angiographically. In three 

patients with CS DAVFs (1.5 % of CS DAVFs), spontaneous 
remission of symptoms or regression of the DAVFs was seen 
angiographically, and no further intervention was taken. The 
remaining patients underwent radiosurgery as the primary 
treatment. The indications for GKS are intolerable symptoms 
(ocular symptoms, headache, pulsatile tinnitus), focal neuro-
logical de fi cit, and the presence of a residual shunt following 
other therapeutic techniques.  

   Radiosurgical Method 

 A standard GKS procedure was performed using a Gamma 
Knife (Elekta Instruments AB, Stockholm, Sweden) either 
model B (from 1993 to 2006) or model 4C (after 2007). 

   Table 1    Anatomical locations of DAVFs in 321 patients treated with 
Gamma Knife radiosurgery   

 Location  No. of cases 

 Cavernous sinus  206  64.2 % 

 Transverse-sigmoid sinus  72  22.4 % 

 Petrosal sinus  9  2.8 % 

 Superior sagittal sinus  8  2.5 % 

 Anterior cranial fossa  6  2.0 % 

 Vein of Galen  2  0.6 % 

 Foramen magnum  1  0.3 % 

 Jugular foramen  2  0.6 % 

 Tentorium  9  2.8 % 

 Sphenoparietal  4  1.2 % 

 Clivus  2  0.6 % 

 Total  321  100 % 

   DAVFs  dural arteriovenous  fi stulas 
From Pan et al.  [  25  ]   

   Table 2    Angiographic classi fi cations of 115 patients with noncavernous 
sinus DAVFs treated with Gamma Knife radiosurgery   

 Type  No. of patients 

 A. Borden classi fi cation 

 I  63  54.8 % 

 II  35  30.4 % 

 III  17  14.8 % 

 B. Cognard classi fi cation 

 I  25  21.7 % 

 IIa  38  33.0 % 

 IIb  9  7.9 % 

 IIa + b  26  22.6 % 

 III  6  5.2 % 

 IV  8  7.0 % 

 V  3  2.6 % 

  From Pan et al.  [  25  ]   
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The target was localized by integrating imaging data from 
stereotactic noncontrast magnetic resonance imaging (MRI), 
thin-cut axial views time-of- fl ight (TOF) magnetic resonance 
angiography (MRA), and cerebral X-ray angiography. The 
goal of treatment was to occlude the  fi stulous shunts com-
pletely. It is crucial to delineate the treatment target such that 
all abnormal arteriovenous shunts on the sinus wall are 
enclosed in the treatment area  [  25  ] . The target volume was 

de fi ned along the involved dural sinus wall where the true 
arteriovenous  fi stula occurs  [  1,   16,   22  ] . The remote arterial 
feeders and drainage veins distal to the sinus were excluded 
from the treatment target as they are not considered part of 
the nidus (Fig.  1 ). In our patients, the mean treatment volume 
for CS DAVFs was 4.7 cm 3  (range 0.2–28.4 cm 3 ), whereas 
NCS DAVF comprised a larger mean treatment volume of 
16.9 cm 3  (range 0.8–52 cm 3 ).  

a

c d

b

  Fig. 1    A 60-year-old women with a Cognard type IIa + b dural arterio-
venous  fi stula (DAVF) involving the right transverse-sigmoid sinus. 
The patient presented with symptoms of mental status change and epi-
lepsy. Transarterial embolization for the DAVF was performed three 
times prior to Gamma Knife radiosurgery (GKS). Anteroposterior (AP) 
( a ) and lateral ( b ) angiographic views of the right common carotid 
before GKS revealed persistent DAVF. During GKS treatment planning, 

the radiosurgical target was delineated along the involved dural sinus 
wall ( dotted lines  in  a  and  b ). The arterial feeders and drainage veins 
distal to the sinus were excluded from the radiation  fi eld. In this case, 
the treatment volume was 36.6 cm 3 , marginal dose was 16.5 Gy, and 
maximum dose was 30.4 Gy. ( c ,  d ) Follow-up angiograms 26 months 
after GKS revealed complete obliteration of the DAVF. Clinical symp-
toms of the patient had also completely resolved       
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 The radiation dose pro fi le is shown in Table  3 . The pre-
scribed margin dose for both CS and NCS DAVFs were simi-
lar, with a mean dose of 17.2 Gy, although the mean maximum 
dose differed: 25 Gy for CS DAVFs and 30 Gy for NCS 
DAVFs. For the treatment of CS DAVFs, we prefer to use a 
large (14 or 18 mm) collimator to cover the margin of the CS. 
The average number of isocenters was three. For the NCS 
DAVFs, a larger number isocenters (several large and many 
small shots) were used to cover the treatment volume, with a 
mean number of 13 isocenters (range 1–27). Care was taken 
to protect the adjacent critical structures, such as the optic 
nerve and brain stem, from receiving radiation of >8–9 Gy.   

   Follow-up Program 

 After GKS, a clinical neurological examination and radiographic 
imaging study (MRI with MRA) were performed at 6-month 
intervals. Cerebral X-ray angiography was performed 1–3 years 
after GKS if complete regression of the lesion had been shown on 
MRI (Fig.  2 ). For CS DAVFs, noninvasive color Doppler ultra-
sonography (CDU) examined through eyeballs was performed 
every 3 months to evaluate  fl ow direction and velocity in the 
superior ophthalmic vein. Frequently, normalization of the CDU 
was associated with concomitant  fi ndings of complete oblitera-
tion of the DAVF on MRI and cerebral angiography  [  25  ] .  

   Table 3    Treatment data of Gamma Knife radiosurgery for 206 patients with CS DAVFs and 115 patients with NCS DAVFs   

 Parameter  Cavernous sinus DAVF  Noncavernous sinus DAVF 

 Radiation volume (cm 3 )  0.2–28.0  (4.7)  0.8–52.0  (16.9) 

 Marginal dose (Gy)  14–25  (17.2)  15–21  (17.2) 

 Maximum dose (Gy)  18–38  (25.2)  21–36  (30) 

 Isodose level (%)  50–96  (68.5)  50–90  (57.5) 

 No. of isocenters  1–14  (3.3)  1–27  (13) 

  Numbers within parenthesis indicate mean values 
  CS  cavernous sinus,  NCS  noncavernous sinus
From Pan et al.  [  25  ]   

  Fig. 2    A 55-year-old women with a Cognard type IIb DAVF involving 
the left transverse-sigmoid sinus. The patient presented after undergo-
ing endovascular embolization of the DAVF. Before GKS, lateral view 
of the vertebral angiogram ( a ) and common carotid angiogram ( b ) 
revealed extensive retrograde cortical venous drainage with aneurysmal 
dilation of veins and occlusion of the left sigmoid sinus. ( c ) Time-of- fl ight 

magnetic resonance angiography (MRA) of the patient on the day of 
GKS treatment. In this case, the treatment volume was 20.9 cm 3 , 
 marginal dose was 17.5 Gy, and maximum dose was 31.8 Gy. After 
GKS, sequential MRA follow-up at 6 months ( d ) and 26 months ( e ) 
revealed gradual regression of the DAVF nidus. There was complete 
obliteration of the DAVF at 50 months ( f )       
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 Patient outcomes after radiosurgery were grouped into 
four categories: (1) complete improvement, indicating 
complete resolution of symptoms with complete oblitera-
tion of DAVF on cerebral angiography and/or MRA; (2) 
partial improvement, indicating partial resolution of clini-
cal symptoms with >50 % regression of DAVF on MRA; 
(3) stationary, indicating no change of the DAVF on follow-
up MRA; (4) progression, indicating enlargement or aggres-
sive change of the DAVF on MRA.   

   Results 

 Post-GKS follow-up studies were available for 156 (76 %) of 
the 206 patients with CS DAVFs and 108 (94 %) of the 115 
patients with NCS DAVFs. The mean follow-up period was 
20.8 months (range 2–149 months) for the CS group and 
28 months (range 2–141 months) for the NCS group. Table  4  
summarizes the clinical outcomes for the 264 DAVF patients 
with follow-up. For the CS DAVFs, 109 of the 156 patients 
(70 %) showed complete improvement, and 47 (30 %) had 
partial improvement with signi fi cant  fl ow reduction. No 
lesion was stationary or progressed after radiosurgery. For 
the NCS DAVFs, 64 of the 109 (58 %) showed complete 
improvement, 40 (37 %) were partially improved, 2 (2 %) 
were stationary, and 1 (1 %) showed progression.  

 One patient died from a new intracerebral hemorrhage 
after treatment. He was a 70-year-old man with a Borden type 
III DAVF involving the tentorial region. Thus, the mortality 
rate of the entire series is 0.4 % (1/264 with follow-up avail-
able). Postradiosurgical hemorrhage due to uncontrollable 
venous hypertension was found in another patient with an 
extensive, aggressive DAVF (Borden type II) involving the 
transverse-sigmoid sinus. This patient recovered from the 
hemorrhage and improved after further combined treatment 
with endovascular embolization and repeated radiosurgery. 

 In this series, 98 % (260/264 patients) had a stable or 
improved clinical condition after radiosurgery. For the assess-
ment of adverse reactions to radiation seen on MRI scans, 
there was only one patient who developed radiation-induced 
brain edema, which occurred 6 months after radiosurgery. 
The edema subsided gradually after steroid treatment. 

 To evaluate the response to GKS of DAVFs with different 
venous drainage patterns, we further analyzed treatment 
results of the 108 patients with NCS DAVFs based on the 
Borden classi fi cation. The results show that radiosurgery was 
effective in treating Borden type I lesions, with a 72 % com-
plete obliteration rate; the remaining 28 % had partial improve-
ment. A lower success rate was achieved for Borden type II 
and III lesions. Of the 48 Borden type II and III patients, com-
plete obliteration was observed in 21 (44 %) patients, with 
another 48 % showing partial improvement, 4 % remaining 
stationary, and 2 % being progressive. There was one death, 
which was due to recurrent hemorrhage, as described above. 

 For some DAVFs with extensive involvement of dural 
sinuses and cortical veins, repeated radiosurgery might be 
necessary for complete obliteration of the DAVFs. In this 
series, 5 CS DAVFs and 14 NCS DAVFs required repeat 
radiosurgeries 1–3 years after the  fi rst treatment. The method 
and dose selection of the repeated radiosurgery were similar 
to those of the  fi rst treatment.  

   Discussion 

   Ef fi cacy of DAVF Radiosurgery 

 The current series of 264 DAVF patients treated by GKS at 
the Taipei Veterans General Hospital over the last decade and 
a half shows a 66 % complete obliteration rate, with another 
33 % of the patients demonstrating a reduction in DAVF size 
and alleviation of symptoms. These results are similar to those 
reported by other institutions. Shin et al. reported two patients 
with tentorial DAVFs treated with >20 Gy to the  fi stula, with 
complete obliteration in both patients at 27 and 29 months, 
respectively  [  29  ] . Söderman et al. reported 49 patients with 
52 DAVFs, showing a 68 % obliteration rate and another 24 % 
with  fl ow regression at 2 years  [  30  ] . O’Leary et al. achieved a 
77 % complete obliteration rate with improvement in another 
15 % of patients  [  23  ] . In the series of Brown et al., of the 
50 patients with angiographic follow-up, 68 % demonstrated 
complete obliteration, with another 14 % showing near-total 
obliteration  [  4  ] . In Koebbe et al.’s series, all 18 patients had 
complete or near-complete resolution of their presenting 

   Table 4    Clinical outcomes for 264 patients with DAVFs treated by Gamma Knife radiosurgery   

 Outcome  Cavernous sinus DAVF  Noncavernous sinus DAVF 

 Complete improvement  109  (70 %)  64  (59 %) 

 Partial improvement  47  (30 %)  40  (37 %) 

 Stationary (no change)  –  2  (2 %) 

 Progression  –  1  (1 %) 

 Death  –  1  (1 %) 

 Total  156  (100 %)  108  (100 %) 

  From Pan et al.  [  25  ]   
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symptoms  [  20  ] . More recently, Yang et al. reported a series 
of 40 DAVF patients treated at the University of Pittsburgh. 
They found an 83 % obliteration rate for patients who had 
upfront GKS with embolization, and a 67 % obliteration rate 
in patients who underwent GKS alone  [  35  ] . At the University 
of Virginia, Cifarelli et al. reported a 65 % obliteration rate 
in a series of 55 patients  [  8  ] . Although some of the patients 
in these publications had been treated with embolization or 
surgery prior to radiosurgery, they were referred for GKS for 
further management of the residual DAVFs. From these stud-
ies, we can estimate an overall success rate of complete oblit-
eration associated with radiosurgery of DAVFs at 65–83 %, 
with more patients gaining symptomatic relief from radiosur-
gical treatment. Complications directly related to the radio-
surgical procedure are rare, as shown in our series.  

   Rationale for DAVF Radiosurgery 

 The treatment of a DAVF should be individualized, taking into 
consideration the clinical presentation of the patient, the antici-
pated natural history of the lesion based on location and angio-
architecture of the DAVF, and the bene fi t and inherent risk of 
the treatment modality. It is widely accepted that DAVFs pre-
senting with hemorrhage, progressive neurological de fi cits, or 
increased intracranial pressure require prompt treatment by 
endovascular embolization, surgery, or a combination of these 
procedures to provide immediate relief of the venous conges-
tion. However, when DAVFs involve dural sinuses with multiple 
complex feeders and CVD, surgical or endovascular treatment 
can be technically challenging. Multisession and/or combined 
treatment is often needed. The rate of complete obliteration of 
DAVFs achieved by endovascular procedures differs from cen-
ter to center, ranging from 27.3 % to 81.0 %  [  18  ] . It has been 
well known that partially treated DAVFs may recruit new col-
laterals to the  fi stula or redirect the venous out fl ow  [  10  ] . 

 For DAVFs with antegrade sinus drainage alone (Borden 
type I) and no progressive focal neurological de fi cits, inter-
vention may not be necessary unless the patient’s symptoms 
(e.g., headache, pulsatile tinnitus) are intolerable. When a 
treatment is indicated for Borden type I DAVF, its bene fi t 
should outweigh its risk. Evidence has shown that injury or 
increased pressure in the dural sinus can trigger the develop-
ment of a DAVF or cause neurological de fi cits secondary to 
venous hypertension  [  16  ] . Therefore, sacri fi cing a functioning 
dural sinus in a Borden type I DAVF by transvenous interven-
tion or surgery may not be justi fi ed. Furthermore, it is dif fi cult 
to achieve complete obliteration of Borden type I DAVFs by 
transarterial embolization alone because of the frequently 
complex, tortuous course of the arterial supply  [  27  ] . Studies 
have shown that local ischemia caused by incomplete closure 
of DAVFs after endovascular and/or surgical intervention can 

increase expression of various vascular growth factors, which 
can recruit new collaterals, resulting in recanalizaton of the 
DAVFs  [  19,   32  ] . Thus, the use of endovascular intervention or 
surgery as a  fi rst-line treatment for Borden type I DAVFs with 
the intention of palliation rather than cure should be carefully 
considered, balancing the risks and bene fi ts of the procedure. 
Our study and others have shown that DAVFs with benign 
venous drainage can be safely treated using radiosurgery, with 
a high angiographic complete obliteration rate and preserva-
tion of the functioning dural sinuses  [  15,   24,   31,   34  ] . 

 Retrograde CVD has long been recognized as an angio-
architecture precursor of aggressive behavior of DAVFs. 
However, not all DAVFs with CVDs are symptomatic. In 
2009, Zipfel et al. presented a modi fi ed classi fi cation system 
for DAVFs that factors in the patients’ symptoms and out-
come  [  36  ] . They divided Borden type II/III patients into two 
subgroups: those with symptomatic CVD who present with 
hemorrhage or aggressive neurological de fi cits and those 
with nonsymptomatic CVD who present with benign symp-
toms of tinnitus or ophthalmological phenomena with a less-
aggressive clinical course. They suggested that, for patients 
with asymptomatic CVD the lower risk of immediate hemor-
rhage or neurological de fi cits impels a more judicious 
approach to therapeutic intervention. In many cases, endo-
vascular or surgical intervention is still indicated, although 
the timing of treatment may be performed in an elective 
nature. For others, particularly patients who are elderly, 
medically frail, or those harboring complex DAVF—posing 
risks and technical dif fi culties with traditional treatments—
radiosurgery is a reasonable alternative. 

 Our radiosurgical results support the above observation. 
Among our 48 patients with Borden type II/III NCS DAVFs, 
21 (44 %) achieved complete obliteration and 23 (48 %) 
showed a >50 % reduction of the lesion size with symptom-
atic alleviation. These data indicate that radiosurgery is also 
suitable for certain DAVFs with CVD but without immediate 
risk of hemorrhage or focal neurological de fi cits.   

   Conclusions 

 Gamma Knife radiosurgery is a safe and effective alternative 
treatment for DAVFs. It provides a minimally invasive thera-
peutic modality for patients who harbor less-aggressive 
DAVFs but who suffer from intractable headache, pulsatile 
tinnitus, or ocular symptoms. For aggressive DAVFs with 
extensive CVD, hemorrhage, or severe venous hypertension, 
initial treatment with endovascular embolization or surgery 
is suggested. In such cases, GKS can serve as a secondary 
treatment for further management of the residual nidus. It is 
believed that using a multidisciplinary approach to DAVF 
management yields better results.      
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  Abstract   Radiosurgery is commonly considered to be effec-
tive through a destructive physical mechanism acting on neu-
ral tissue. However, the results of modern neurophysiological, 
radiological, and histological studies are providing a basis on 
which to question this assumption. There are now multiple 
pieces of evidence pointing to a nonlesional mechanism of 
the radiosurgical action. It appears that tissue destruction is 
absent or minimal and in almost all cases insuf fi cient to 
explain the clinical effects produced. There is a real possibil-
ity that radiosurgery induces changes in the functioning of 
neural tissue by differential effects on various neuronal pop-
ulations and remodeling the glial environment, leading to 
modulation of function while preserving basic processing. 
Hence, the majority of radiosurgical procedures induce the 
desired biological effect without histological destruction of 
tissue. These  fi ndings may result in a major paradigm shift in 
the treatment of functional brain disorders.  

  Keywords   Apoptosis  •  Gamma Knife Radiosurgery  •  Glia  • 
 Plasticity  •  Subnecrotic dose     

   Introduction 

 Radiosurgery was clearly intended to be an instrument for use 
in functional neurosurgery. The  fi rst disorders treated were 
trigeminal neuralgia and Parkinson disease. Radiosurgery is 
commonly considered to exert its effects through a destructive 
physical mechanism that acts on neural tissue. Increasing evi-
dence, however, suggests a more subtle mechanism of action 
especially relevant for functional neurosurgical indications. 

 Radiosurgery, always considered a purely ablative treat-
ment, today relies on a  nonlesional mechanism of action . In 
the mind of its creator Lars Leksell, radiosurgery was clearly 
intended to mimic the lesional effects of a surgeon’s knife, 
hence he gave the name “Gamma Knife” for the fi rst such 
instrument. The high doses initially selected for thalamo-
tomy  [  50  ] , capsulotomy  [  7  ] , and benign tumors  [  29,   56  ]  were 
rapidly identi fi ed as being unnecessarily toxic. With func-
tional neurosurgery, the strategy is to target a small volume 
of normal tissue (e.g., ventralis intermedius nucleus (VIM) 
thalamotomy, capsulotomy, trigeminal neuralgia) with a high 
dose (80–140 Gy maximum) or a large volume of tissue (e.g., 
5–9 cm3 for epilepsy) with a moderate dose (17–24 Gy at the 
marginal isodose). 

 The dose reduction policy for vestibular schwannomas 
resulted in a dramatic decrease in the incidence of facial 
palsy, from 27 % to <1 %, and an increase in hearing preser-
vation to 80 % with no loss of tumor control  [  10,   39,   49  ] . 
With this new regimen of lower doses for benign tumors, the 
predominant mechanism of action was presumed to be  apop-
tosis  (cell death mediated by DNA breakage in the popula-
tions of cells that were entering mitosis)  [  2,   20,   23  ] . The goal 
of radiosurgery to treat arteriovenous malformations (AVMs) 
is to create thrombosis of the nidus to prevent further hemor-
rhage. This clinical effect is caused by a histological change 
marked by  endothelial proliferative thrombosis   [  52,   59  ] . 
This is typically a biological effect speci fi cally induced by 
radiosurgery without any frank destruction of vascular tissue 
but, rather, a proliferative response within the arterial wall of 
the vessels to radiation injury. Consequently, radiosurgery 
has been rede fi ned as “a neurosurgical procedure where nar-
row ionizing beams, given in a single high dose fraction, are 
used either to destroy a predetermined target volume or to 
induce a desired biological effect in the target volume”  [  53  ] . 
Furthermore, the lower incidence of hemorrhage after AVM 
radiosurgery (compared to embolization) may have some-
thing to do with modulation of another speci fi c biological 
effect—a  decrease in the angiogenic response to injury  with 
reduced expression of vascular endothelial growth factor  [  1  ] . 
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Hypothalamic hamartoma radiosurgery for  epilepsy control  
is an even more convincing example of the functional, non-
lesional effect  [  3,   34,   40,   47  ] . More than 50 % of our 79 
patients who underwent radiosurgery (50 with >3 years of 
follow-up) are seizure-free, and a large portion of the others 
report a signi fi cant reduction in seizure frequency, and they 
welcomed the associated signi fi cantly improved quality of 
life  [  34,   47  ] . The vast majority of the patients show no radio-
graphic changes on their follow-up magnetic resonance 
imaging (MRI) studies. Interestingly, the psychiatric  [  47  ]  
and neuropsychological symptoms are also improving dra-
matically or resolving completely in a large percentage of 
patients, even in those without complete seizure cessation. 
The clinical observation of profound therapeutic antiepilep-
tic effect with no histological necrosis induced by radiosur-
gery is encouraging and speaks again to some neuromodulatory 
effect of radiosurgery  [  46  ] .  

   Differential Biologic Effect 

 A differential biologic effect is induced by radiosurgery 
under certain conditions. When an AVM located in a highly 
functional area is associated with focal seizure disorder, the 
probability of curing this epilepsy after radiosurgery is 
roughly 85 %  [  9,   12,   16,   22,   51  ] . Interestingly, seizure cessa-
tion in these patients frequently occurs before the AVM 
occlusion or even despite failure of radiosurgery to occlude 
the nidus and in the absence of any neurological de fi cit 
speci fi c to the function of the surrounding brain. Thus, the 
biological changes leading to cessation of epileptogenic 
activity in the brain adjacent to the AVM are independent of 
the occlusion of the AVM and are not dependent on radio-
graphic or histological evidence of a destructive effect on 
tissue. Such destructive changes would have been expected 
to lead to a functional de fi cit, with or without AVM oblitera-
tion  [  16,   35,   36,   43,   45  ] . This common clinical experience 
with AVM demonstrates the capability of radiosurgery to 
eliminate epileptic activity from a previously epileptogenic 
cortex while preserving its underlying normal function. This 
kind of observation led us to hypothesize the existence of 
some kind of differential biological effect of radiosurgery on 
tissue: that low-dose radiosurgery applied to normal neu-
ronal tissue, relying on subtle but speci fi c biological changes, 
may affect some processes while sparing others, thereby pro-
ducing the desired clinical effect  [  41  ] . In 1996, we published 
the  fi rst article to demonstrate the existence of such a differ-
ential effect manifested at the biochemical level  [  41  ] . In rats, 
targeting the striatum with radiosurgery was shown to lower 
the level of the enzyme choline acetyltransferase while not 
affecting the levels of glutamate decarboxylase. Conversely, 
the levels of the excitatory amino acids were reduced, and 

the nonexcitatory amino acids (particularly  γ -aminobutyric 
acid) were stable  [  41  ] . However, clinically safe and ef fi cient 
implementation of radiosurgery to effect some form of neu-
romodulation requires further basic science work to provide 
better understanding of the in fl uence of dose, volume, target 
topography, and dose distribution homogeneity on the modu-
lation of speci fi c biological systems  [  35,   41  ] .  

   Speci fi c Glial Tissue Changes Induced 
by Radiosurgery 

 At the cellular level, it is well-known that noncycling cells 
(e.g., neurons) exposed to moderate amount of energy with 
radiosurgery are quite resistant, with a low level of cell loss. 
On the other hand, cycling cells (e..g., supporting glial and 
endothelial cells) can be severely injured by radiosurgery 
and are part of the radiation-induced biological cascade  [  57  ] , 
with a signi fi cant rate of cell loss. Lunsford’s group described 
a delayed astrogliosis reaction and cell loss in the  fi eld of 
radiosurgery of animal models  [  18  ] . Interestingly, such glial 
cell death has been reported to induce migration of progeni-
tor cells from subependymal matrix germinal zones (Lars 
Kihlstrom, 1998, personal communication). These progeni-
tors, arising within the radiosurgical target volume, are dif-
ferentiated into mature glial cells with a phenotype clearly 
different from those of the destroyed glia  [  60  ] . In 2005, 
Nagayama et al. studied radiation-induced apoptosis of oli-
godendrocytes in the adult rat brain. They reported rapid 
apoptotic depletion of the oligodendrocytes (maximum after 
8 h) and a signi fi cant decrease in cell density in the white 
matter 24 h after irradiation  [  28  ] .  

   “Cockade” Model 

 The “cockade” model is an original concept that we proposed 
some years ago summarizing the regional effect of a radio-
surgery dose on normal brain by arti fi cially separating it into 
four concentric zones  [  35,   38  ] . When suf fi cient dose/volume 
parameters are used, a “necrotic core” central zone (histo-
logical necrosis) is surrounded by a “subnecrotic area” where 
cellular death is observed without coagulative necrosis. This 
subnecrotic area is typically the area where cellular differen-
tial effects of radiosurgery are observed, with considerable 
wash-out of glial cells and only a few noncycling cells (neu-
rons) dying. Outside the “subnecrotic area” is the “neuro-
modulatory area,” where more subtle changes are visible 
without a signi fi cant increase in cell deaths. In fl ammatory 
compounds produced in the subnecrotic area are likely to 
account for a signi fi cant portion of the changes observed in 
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this area. No effect is observed outside this neuromodulatory 
area. Messengers, proteins, and small molecules are likely to 
play a major role in mediating the cellular changes seen in 
the tissues in and around the area of the radiosurgery. Changes 
observed in subnecrotic or neuromodulatory areas may be 
the sum of the area’s direct and indirect local radiation effects 
and those induced from neighboring areas (subnecrotic area 
in fl uencing the neuromodulatory area and necrotic core 
in fl uencing the subnecrotic area). Thus, the relative extent of 
each zone is not only dependent on the dose delivered to 
each zone but also on the volume of treatment, the histologi-
cal and biochemical nature of the targeted brain tissue, and 
 fi nally the genetics of the patient. 

 White matter and capillaries are classically more sensitive 
to the effects of radiation. Diffusion-weighted imaging has 
shown signs of vasogenic edema in the subcortical white mat-
ter, with a decrease of fractional isotropy associated with dis-
sociation of the neuronal  fi bers by extracellular water. Also, 
there are signs of cellular edema (ischemia) with no change 
of the fractional anisotropy maps associated with myelin 
sheath splitting and periaxonal space enlargement (Naoyuki 
Miyasaka, 2002, personal communication). MRI changes are 
sometimes misleading  [  24  ] . Typically, the extent of white 
matter abnormalities are related more to an increase in extra-
cellular  fl uid than to the locally delivered dose affecting the 
role of secondary messengers. For example, in medial tem-
poral lobe epilepsy (MTLE), the major white matter changes 
extend far from the target laterally, following association 
 fi ber tracts. The  fi ber tracts within the brain stem, however, 
which receive similar energy, are not modi fi ed on follow-up 
imaging studies. Obviously, these distant changes are caused 
by propagation of in fl ammatory small molecules through 
the white matter tracts and are not induced directly by ion-
izing radiation—not dissimilar to the diffuse white matter 
changes sometimes observed after treatment of small midline 
meningiomas. Not surprisingly, when these in fl ammatory 
mechanisms are considered, the time course of the observed 
biological effects in tissue can be explained. 

 Rahn et al. studied results of radiosurgery for brain metas-
tases and demonstrated that the patients treated in the morn-
ing did substantially better than those treated in the afternoon 
 [  33  ] , suggesting that some sort of cellular circadian rhythm 
affects the response of tumor and normal tissues to irradia-
tion. The genetic pro fi le of the individual is crucial. For thal-
amotomy, the treatment is standard in terms of the volume of 
the target, location, and dose. Although the tissue reaction to 
radiosurgery is reportedly focal in some series  [  17,   61  ] , up to 
10 % of the patients have a larger reaction, seen on MRI. 
These imaging changes may be associated with hemiparesis, 
usually transient. Kondziolka et al. demonstrated the radio-
protective effect of the 21-aminosteroid U-74389G in an 
experimental study in rats  [  19,   21  ] . They reported that this 
drug reduces the cytokine expression normally seen after 

radiation injury and can be overexpressed in patients who 
exhibit a clinically obvious reaction to radiosurgery.  

   Changes of Speci fi c Properties of Neurons 
as Response to Radiosurgery 

 VIM thalamotomy is classically performed using a maximum 
dose of 130–140 Gy, which induces a small area of necrosis 
after several months that is well seen on the 12-month follow-
up MRI. This is one of the infrequent indications for radio-
surgery, where the intended effect is to mimic the histologically 
destructive effect produced by thermocoagulation. However, 
in 2000, Ohye et al. proposed that the clinical effect on tremor 
was not only the result of the necrotic lesion  [  30  ] . Their main 
argument was that the size of the lesion induced by radiosur-
gery was too small to account for the clinical effect seen. 
(It is interesting to note that the limit of the lesion seen on 
MRI corresponds, in our experience, to the volume of the 
90 Gy isodose line.) Some experimental observations  [  62  ]  
support this hypothesis, but more studies are still necessary to 
better understand the nature and respective role of nonlesional 
and lesional mechanisms in VIM radiosurgery. In 2008, Terao 
et al. reported that the somatotopic distribution of kinesthetic 
cells was modi fi ed by Gamma Knife surgery (GKS) of the 
VIM, raising the possibility that the speci fi c properties of the 
neurons are changed in response to irradiation  [  55  ] . 

  Selective vulnerability of certain neuronal subtypes  has 
been suggested to contribute to our proposed “neuromodula-
tive” effect by some experimental works. Jenrow et al. reported 
in epileptic rats (kindling model) that the selective reduction 
of densities in the dentate granular cell layer and medial CA3 
pyramidal cell layer was prevented or reversed by irradiation 
at 25 Gy but not at 18 Gy  [  15  ] . This is consistent with the dose 
effect we have found in humans  [  42  ] . From a histological 
standpoint, Lee et al. reported on epileptic rats irradiated with 
40 Gy to the medial temporal lobe. Their immunohistochemi-
cal  fi ndings suggested that at least one subtype of hippocam-
pal interneurons are selectively vulnerable to GKS. The 
neuronal cells appeared to have undergone a phenotypic shift 
with respect to calbindin and GAD-67 expression (K. Lee, 
2009, personal communication).  

   Central Nervous System Regenerative Process 

 The central nervous system (CNS) regenerative process fails 
because (among other reasons) extracellular inhibitory fac-
tors make it nonpermissive to growth  [  14  ] . Thus, a radical 
change in the phenotype of the glial environment may allow 
a functional readjustment phenomenon. Neurons may have a 
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more impressive capacity for adjusting than previously 
thought  [  31  ] . Our hypothesis is that under certain conditions 
radiosurgery, relying on nonnecrotizing dose parameters, 
induces an important turnover of the glial environment of 
neurons, allowing functional connections the opportunity to 
reset, reorganize, and overcome errors disturbing their func-
tional capability  [  38  ] . If supported by further experimental 
evidence, this hypothesis may open new perspectives for 
radiosurgery as a neuromodulation therapy in functional 
neurosurgery.  

   MTLE Model 

 The MTLE model illustrates the clinical feasibility of a neu-
romodulatory radiosurgical approach. Until the 1990s, cura-
tive epilepsy surgery was limited to open microsurgery, with 
which abnormal epileptogenic tissue was physically removed. 
The  fi rst cases of temporal lobe epilepsy treated with GKS in 
Marseille in 1993  [  37,   43  ]  were encouraging, with short-
term results demonstrating the safety and ef fi cacy of this 
approach. Seizure control rates were similar to those of 
resective surgery, and these early results are now con fi rmed 
to be durable responses on medium  [  4,   44  ]  and long-term  [  6  ]  
follow-up. The impressive MRI  fi ndings observed roughly 
1 year after radiosurgery led us initially to speculate that a 
necrotic lesional effect was responsible for the clinical result  
 [  48  ] . However, medium-term disappearance of these MRI 
 fi ndings leaves the medial structures of the temporal lobe 
either similar to or only slightly more atrophic than that seen 
preoperatively. It suggests a more subtle neuromodulating 
effect of radiosurgery than initially thought and indicates 
that a more limited volume of the temporal lobe is involved 
compared to the effect of microsurgery  [  44  ] . Further studies 
correlating the ef fi cacy of the quality of the coverage of each 
structure of the medial temporal lobe area on seizure out-
come have demonstrated the importance of targeting the 
anterior parahippocampal cortex and especially the perirhi-
nal and entorhinal cortex  [  11  ] . This is consistent with the 
Wieser and Yasargil series of microsurgical amygdalohip-
pocampectomies  [  58  ] . The perirhinal and entorhinal cortex 
plays a major role in memory processing  [  5  ] . Overall, it is 
estimated that 40 % of the patients with MTLE operated on 
microsurgically on the dominant side have a signi fi cant post-
operative short-term verbal memory de fi cit  [  8,   32,   54  ] . Our 
 fi rst prospective trial of GKS for MTLE found that in 65 % 
of those who underwent dominant temporal lobe treatment 
there was no evidence of any neuropsychological de fi cit  [  6, 
  44  ] . Our subsequent experience has con fi rmed this observa-
tion  [  6  ] . Today, we consider this memory-sparing bene fi t as 
the major advantage of radiosurgery over microneurosurgery 
in patients with dominant temporal lobe MTLE. Thus, the 

MTLE patients currently selected for GKS are those who 
might suffer more and longer if additional memory de fi cit is 
produced—that is, young patients with a high level of func-
tioning who are socially adapted, working, concerned by the 
risk of microsurgery and the time off from work, and pre-
senting with risk factors for verbal memory loss in case of 
resection (no atrophy, dominant side, few neuropsychologi-
cal de fi cits before surgery)  [  13  ] . This group of patients is 
often highly functioning with a suf fi cient intelligence to 
allow them to understand the peculiarities and nuances of 
radiosurgery. In addition, they frequently do not have severe 
epilepsy, which affords them the luxury of waiting. 

 The San Diego group has observed neuropsychological 
worsening in some patients tested during the “acute phase” 
(when the acute MRI signs are still present)  [  27  ] . The group 
has not reported the long-term results of their neuropsycho-
logical testing after resolution of the acute MRI signs. We 
have seen the same verbal memory sparing in our long-
term MTLE patients treated on the dominant side  [  6  ] . The 
observation was recently con fi rmed by a multicenter Phase 
I–II trial in the United States  [  4  ] . The mechanism of this 
functional preservation is still a matter of speculation. It 
may be that the dose regimen we use is simply not lesional. 
It also may be that the cell loss is selective, primarily affect-
ing the glial environment. Perhaps we are inducing a cer-
tain degree of neuronal and astrocytic damage, but the 
process is so slow and delayed that the brain has suf fi cient 
time to reorganize functionally. Maesawa et al., in an ele-
gant study, tested in a rat kainic acid model of epilepsy both 
the ef fi cacy of radiosurgery and memory sparing  [  25,   26  ] . 
The control group (not treated) continued to seize, whereas 
the rats treated with 30 Gy (maximum dose) had a reduc-
tion in their seizure frequency. The group treated with 
60 Gy (maximum) had cessation of seizure activity 
5–11 weeks after GKS. The Morris water maze test was 
used for spatial memory testing and showed that spatial 
memory was highly abnormal in the control group, whereas 
the radiosurgically treated 30 Gy group had normal spatial 
memory  [  25,   26  ] .  

   Conclusion 

 Functional radiosurgical procedures using the Gamma Knife 
have been proposed, technically performed, and evaluated 
based on the hypothesis that their mechanism of action was 
purely destructive. However, modern neurophysiological, 
radiological, and histological studies have led us to question 
this assumption. It seems that tissue destruction is either 
absent or minimal and in almost all cases insuf fi cient to 
explain the clinical effects obtained. One possibility to 
explain these effects is that radiosurgery induces changes in 
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the functioning of neural tissue by inducing differential 
effects on different neuronal populations or by remodeling 
the glial environment, leading to modulation of function 
while preserving basic processing. Thus, the majority of 
radiosurgery procedures may induce the desired biological 
effect without requiring a histological destructive effect to 
meet the therapeutic goal. Thus, the concept of “lesional” 
radiosurgery may be incorrect, and a hidden world of neuro-
modulatory effects may remain to be discovered  [  38  ] . It may 
require a major paradigm shift in functional neurosurgery.      
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  Abstract    Background : Gamma knife surgery (GKS) is the pre-
vailing method for treatment of medically intractable trigeminal 
neuralgia (TN), although there are some technical differences 
among radiosurgical centers. We assessed the long-term out-
comes of GKS using retrogasserian petrous bone targeting and 
evaluated factors associated with the clinical outcomes. 

  Methods : Between December 2003 and June 2009, a total 
of 91 GKS treatments were performed in 90 patients with 
classic TN. The surgical target was de fi ned at the anterior 
portion of the trigeminal nerve, just above the retrogasserian 
petrous bone. A single 4-mm collimator was used to deliver 
a median 88.0 Gy (range 75–90 Gy) dose of radiation. 

  Findings : During follow-up, which ranged from 24 to 
90 months, 89 patients (97.8 %) reported initial pain relief, 
75 (82.4 %) experienced pain control, and 47 (51.6 %) 
achieved a pain-free state without medications at the last 
follow-up. Barrow Neurological Institute (BNI) scores of 
I–III at 2, 3, 4, 5, and 7 years were observed in 84 of 91, 68 
of 77, 46 of 53, 33 of 36, 17 of 19, and 7 of 7 patients, 
respectively. Trigeminal nerve dysfunction was experienced 
by 34 patients, with 12 having BNI facial numbness scores 
of III–IV (13.2 %). In all, 14 patients (15.4 %) experienced 
pain recurrence at a mean 32 months (range 10–62 months) 
after treatment. The actuarial rates of pain control at 2, 4, 
and 6 years were 93 %, 88 %, and 79 %, respectively. 

  Conclusions : Gamma Knife radiosurgery is an ef fi cient 
option for intractable TN. Our results can help medical prac-
titioners to counsel their patients on the likelihood of achiev-
ing successful pain control.  

  Keywords   Root entry zone  •  Gamma Knife 
radiosurgery  •  Retrogasserian ganglion  •  Trigeminal neuralgia     

   Introduction 

 The International Association for the Study of Pain (IASP) has 
de fi ned trigeminal neuralgia (TN) as sudden, usually unilateral, 
severe, brief, stabbing, recurrent episodes of pain in one or 
more branches of the trigeminal nerve  [  24  ] . Its overall inci-
dence has been estimated to be approximately three to  fi ve 
cases per 100,000 people per year, increasing with age  [  10  ] . 
The mean age of disease presentation is 63 years  [  6  ] . Usually 
TN is initially managed with anticonvulsant medications. 
However, about 25 % of patients do not respond to such treat-
ment, and others develop intolerance to it usually associated 
with the need for escalating doses, resulting in side effects such 
as imbalance, cognitive dysfunction, and hyponatremia  [  3  ] . 
Among the treatment options available for patients with medi-
cally refractory TN are microvascular decompression (MVD), 
percutaneous rhizotomy with glycerol, radiofrequency (RF) or 
balloon compression, and stereotactic radiosurgery, particularly 
with the use of Gamma Knife (GKS). Although indications for 
radiosurgery are still evolving, it is considered an option for 
patients with medical co-morbidities who are poor candidates 
for craniotomy or who refuse to undergo more invasive proce-
dures  [  23,   30  ] . In addition, GKS is safe, accurate, and the least 
invasive technique, which requires a short hospital stay and pro-
vides favorable long-term results  [  9,   12,   17,   34,   35  ] . We there-
fore retrospectively evaluated the clinical outcomes obtained at 
our institution with GKS treatment of patients with classic TN.  

   Methods and Materials 

   Patient Population 

 We analyzed 91 GKS procedures in 90 patients with refractory 
TN who had been treated at the Gamma Knife Center of Asan 
Medical Center between December 2003 and June 2009 by a 
single neurosurgeon (J.K. Lee). All included patients presented 
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with a clinical pro fi le consistent with the IASP diagnosis of 
TN. Treatments were administered to 30 men and 61 women, 
of a median age 61 years (range 34–85 years). All patients had 
failed or were intolerant of previous medical treatment (e.g., 
carbamazepine or oxcarbazepine). The median symptom dura-
tion was 69.4 months (range 2–240 months). Pain was located 
predominantly in the V2 distributions of the trigeminal nerve 
(33.0 %), followed by V3 (26.3 %), V2 + V3 (23.1 %), V1 + 
V2 (12.1 %), and all trigeminal distributions (5.5 %). The pre-
operative characteristics of our patients are summarized in 
Table  1 . In all, 17 (18.7 %) had undergone invasive treatment 
prior to GKS, including 8 who were treated with one or more 
alcohol injections, 3 with MVD, 2 with RF rhizotomy, 1 with 
peripheral neurectomy, 2 with a combination of MVD and 
alcohol injection, and 1 with both peripheral neurectomy and 
RF rhizotomy. In the remaining 74 cases (81.3 %), radiosur-
gery was the  fi rst surgical procedure performed. The decision 
to proceed with GKS instead of an invasive procedure was 
almost universally driven by patient choice.   

   Radiosurgical Technique 

 Altogether, 4 patients underwent radiosurgery with a Leksell 
Gamma Knife model B (Elekta Instruments AB, Stockholm, 

Sweden) before March 2004, and the other 86 were treated 
after March 2004 with the model C Leksell Gamma Knife. 
The Leksell stereotactic frame (Elekta Instruments AB) was 
 fi xed on the patient’s head under local in fi ltrative anesthesia 
and intravenous sedation. Magnetic resonance imaging (MRI) 
scans were obtained using a constructive interference in steady 
state (CISS) sequence. MRI and computed tomography (CT) 
images were fused to minimize magnetic distortion errors, 
with MPRAGE enhanced images used occasionally (Fig.  1 ). 
Leksell GammaPlan (Elekta Instruments AB) software was 
used for treatment planning, with the target being the anterior 
portion of the trigeminal nerve just above the retrogasserion 
petrous bone identi fi ed on MRI and CT fusion images. All 
patients were treated with one isocenter. A single 4-mm colli-
mator was used to deliver a median maximum dose of 87.7 Gy 
(range 75–90 Gy). A plugging pattern was used to limit the 
dose to the brain stem in 72 cases, such that the surface of the 
brain stem of each patient was irradiated with no more than 
12 Gy. In our Gamma Knife Center, radiosurgical treatment 
for TN is routinely performed on an outpatient basis.   

   Outcome Measures 

 Data were obtained by reviewing patients’ medical records 
or conducting telephone interviews. Pain relief was mea-
sured using the Barrow Neurological Institute (BNI) pain 
scale (Table  2 ), with successful pain control de fi ned as scores 
of I–III. Trigeminal nerve dysfunction was measured using 
the BNI facial numbness score (Table  3 ). Symptoms of dry 
eye or mastication weakness were not routinely assessed. All 
patients were regularly examined by the treating neurosur-
geon and were questioned regarding the onset of pain relief, 
the intensity of pain, and any newly developed facial nerve 
dysfunction. Patients were advised to make nonscheduled 
outpatient visits in case of exacerbation of pain or any other 
clinical deterioration. Imaging evaluations were not routinely 
performed during follow-up.    

   Statistical Analysis 

 Descriptive statistics were computed using standard methods 
to calculate means or medians. Statistical evaluation was 
performed with commercially available statistical software 
(SPSS version 17.0). Student’s  t -tests were used to compare 
continuous variables, and analysis of nominal data was com-
pleted using two-tailed Fisher’s exact tests. A  P  value <0.05 
was considered signi fi cant. Kaplan-Meier curves were calcu-
lated to determine the percentage of patients who were free 
from pain recurrence after GKS.   

   Table 1    Characteristics of patients in the present series   

 Median age at surgery (years)  61.0 (range 34–85) 

 Median duration of symptoms (months)  69.4 (range 2–240) 

 Male:female  30:61 

  Side of surgery  a  

 Right  54 (59.3 %) 

 Left  37 (40.7 %) 

  Distribution of pain  

 V1 only  0 

 V2 only  30 (33.0 %) 

 V3 only  24 (26.3 %) 

 V1 + V2  11 (12.1 %) 

 V2 + V3  21 (23.1 %) 

 V1 + V2 + V3  5 (5.5 %) 

  Previous surgical treatment   17 (18.7 %) 

 Alcohol injection  8 

 MVD  3 

 RF rhizotomy  2 

 Neurectomy  1 

 MVD + alcohol injection  2 

 Neurectomy + RF  1 

   a One patient underwent treatment on both sides, which were considered 
as separate cases 
  MVD  microvascular decompression,  RF  radiofrequency  
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   Results 

   Overall Pain Outcome 

 Patients were evaluated for up to 7 years after GKS, includ-
ing 36 who were followed up for more than 5 years. Initially 
successful pain control (scores I–III) at some time point after 
GKS was observed following 89 of 91 procedures (97.8 %), 
with 47 (51.6 %) of patients being pain-free as determined 
by a BNI score of I and 75 (82.4 %) attaining pain control 
(scores of I–III). In contrast, 16 (17.6 %) were not adequately 
controlled with medication (score IV) at the time of the last 
follow-up. Successful pain control (scores I–III) at 2, 3, 4, 5, 
6, and 7 years was achieved after 84 of 91 (92.3 %), 68 of 77 
(88.3 %), 46 of 53 (86.8 %), 32 of 36 (88.9 %), 17 of 19 

  Fig. 1    Treatment planning shows the right trigerminal nerve targeted 
for Gamma Knife radiosurgery. The axial ( upper row ) and sagittal ( bottom 
row ) constructive interference in steady state magnetic resonance imag-
ing (MRI) ( left ), bone window computed tomography (CT) ( center ), 

and fused MRI and CT ( right ) images are displayed. The  yellow  and 
 green lines  correspond to 80 and 13 % isodose lines, respectively. The 
 red line  delineates the trigeminal nerve, and the  blue line  depicts 
the adjacent half of the brain stem       

   Table 2    Barrow Neurological Institute Pain Intensity Scale   

 Score  Characteristics 

 I  No trigeminal pain, no medication 

 II  Occasional pain, not requiring medication 

 III  Some pain, adequately controlled with medication 

 IV  Some pain, not adequately controlled with medication 

 V  Severe pain/no pain relief 

   Table 3    Barrow Neurological Institute Facial Numbness Scale   

 Score  Characteristics 

 I  No facial numbness 

 II  Mild facial numbness, not bothersome 

 III  Facial numbness, somewhat bothersome 

 IV  Facial numbness, very bothersome 
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(89.5 %), and 7 of 7 (100 %) procedures, respectively 
(Table  4 ). There were no signi fi cant differences in pain con-
trol rate between patients with and without previous 
surgery.   

   Trigeminal Nerve Dosimetry and Outcome 

 We divided patients into dosage groups, including 50 pre-
scribed 90 Gy irradiation with or without plugging and 41 
prescribed 75–88 Gy with or without plugging. With the use 
of GammaPlan we calculated the mean and integrated doses 
delivered to the target point. Successful pain control at the 
time of the last follow-up was achieved after 43 of 50 proce-
dures (86.0 %) at 90 Gy, 12 of 15 (80.0 %) at 88 Gy, 17 of 22 
(77.3 %) at 85 Gy, 2 of 3 (66.7 %) at 80 Gy, and 1 of 1 
(100 %) at 75 Gy ( P  >0.05) (Table  5 ).   

   Distance from the Target to the Brain Stem 
and Outcome 

 We measured the distance from the emergence of the nerve 
at the brain stem to the surgical target. The most favorable 

   Table 4    Overall pain outcomes after GKS for trigeminal neuralgia   

 Follow-up duration and no. of cases  BNI pain intensity score and no. of cases  Pain control (BNI score I–III) (%) 

 2 years ( N  = 91)  I ( N  = 50)  92.3 

 II ( N  = 12) 

 III ( N  = 22) 

 IV ( N  = 2) 

 Recurrence ( N  = 5) 

 3 years ( N  = 77)  I ( N  = 41)  88.3 

 II ( N  = 9) 

 III ( N  = 18) 

 IV ( N  = 1) 

 Recurrence ( N  = 8) 

 4 years ( N  = 53)  I ( N  = 26)  86.8 

 II ( N  = 6) 

 III ( N  = 14) 

 Recurrence ( N  = 7) 

 5 years ( N  = 36)  I ( N  = 18)  88.9 

 II ( N  = 4) 

 III ( N  = 10) 

 Recurrence ( N  = 4) 

 6 years ( N  = 19)  I ( N  = 9)  89.5 

 II ( N  = 2) 

 III ( N  = 6) 

 Recurrence ( N  = 2) 

 7 years ( N  = 7)  I ( N  = 4)  100 

 III ( N  = 3) 

 Recurrence ( N  = 0) 

   BNI  Barrow Neurological Institute  

   Table 5    Trigeminal nerve dosimetry and pain outcomes   

 Irradiation 
dose (Gy)  No. of patients 

 BNI pain 
intensity score  Pain control 

(%)  I  II  III  IV  V 

 90  50  27  5  11  7  0  86.0 

 88  15  8  2  2  3  0  80.0 

 85  22  10  2  5  5  0  77.3 

 80  3  2  0  0  1  0  66.7 

 75  1  0  0  1  0  0  100 

 Total  91  47  9  19  16  0  82.4 
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outcome was observed at distances of 8–9 mm (85.7 % pain 
control rate), but there were no signi fi cant differences among 
groups ( P  > 0.05) (Table  6 ). Somewhat or very bothersome 
numbness (BNI facial numbness score III or IV) was mostly 
reported in patients with distances of >9 mm.   

   Trigeminal Nerve Dysfunction 

 Trigeminal nerve dysfunction was observed after 34 proce-
dures (37.3 %), including 10 (11.0 %) with somewhat bother-
some (BNI facial numbness score III) and 2 (2.2 %) with very 
bothersome (BNI facial numbness score IV) facial numbness. 
When we analyzed factors associated with trigeminal nerve 

dysfunction—patient age, maximum radiation dose, mean energy, 
cisternal volume of the trigeminal nerve, distance from the emer-
gence of the nerve at the brain stem to the surgical target—we 
found that patient age at surgery ( p  = 0.010) was the only factor 
related to facial nerve dysfunction (Table  7 ). When we analyzed 
the association between plugging and the development of trigem-
inal dysfunction, we found no association ( P  > 0.05).   

   Maintenance of Successful Pain Control 

 We also analyzed the duration of pain control after initial 
response in all patients using the Kaplan-Meier product 
limit method. Altogether, 14 recurrences were observed at 

   Table 6    Distance from the target to the brain stem and outcomes   

 Distance from the emergence 
of the trigeminal nerve at the brain stem 
to the GKS target (mm)  No. of cases 

 Mean irradiation 
dose  Pain control (%)  BNI facial numbness scores III + IV (%) 

 <6  10  86.3  8 (80.0)  1 (11.1) 

 6–7  22  87.2  18 (81.8)  2 (9.1) 

 7–8  25  88.6  20 (80.0)  4 (16.0) 

 8–9  21  88.2  18 (85.7)  4 (19.0) 

 9–10  4  87.8  3 (75.0)  1 (25.0) 

 10–11  3  90  3 (100)  1 (33.3) 

 11–12  3  90  2 (66.6)  2 (66.6) 

 12–13  3  89.6  3 (100)  1 (33.3) 

   GKS  Gamma Knife surgery  

   Table 7    Trigeminal nerve dysfunction after GKS for trigeminal neuralgia   

 Analyzed variables 
 Patients without trigeminal 
nerve dysfunction 

 Patients with trigeminal 
nerve dysfunction   P  value 

  Patient age at surgery  (years) 

 Median  60  70  0.010 

 Range  34–85  55–79 

  Maximum irradiation dose  (Gy) 

 Median  88.1  87.8  0.740 

 Range  75–90  85–90 

  Mean energy delivered to the 
nerve  (mJ) 

 Median  2.08  2.39  0.255 

 Range  0.6–4.4  1.1–3.7 

  Cisternal volume of the trigeminal 
nerve  (mm 3 ) 

 Median  52.73  59.73  0.405 

 Range  9.1–131.9  16.5–101 

  Distance from the emergence of the trigeminal 
nerve at the brain stem to the GKS target  (mm) 

 Median  7.53  8.52  0.052 

 Range  4.7–12.4  5.6–12.1 
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10–62 months after initial pain control. Six patients underwent a 
second GKS, three had MVD, one received an alcohol injection, 
and the remaining four continue to be managed pharmacologi-
cally with incomplete pain relief (Table  8 ). Results of an actu-
arial life-table analysis of clinical response are shown in Fig.  2 . 
Successful pain control was achieved and maintained by 93.3 % 
of patients at 2 years, 88.4 % at 4 years, and 79.0 % at 6 years.     

   Discussion 

 Stereotactic irradiation of the trigeminal ganglion was  fi rst 
reported by Leksell  [  15  ]  in 1951 as one of the earliest radio-
surgical procedures. A focused dose of radiation was deliv-
ered concentrically to the trigeminal ganglion with an X-ray 
tube attached to a stereotactic arc-centered device, resulting 
in long-lasting pain relief  [  14  ] . Subsequently, the target of 
stereotactic radiosurgery was redirected to the proximal 
trigeminal nerve. This ablative procedure is the only mini-
mally invasive technique that modifi es the trigeminal path-
way at the same site as modern microsurgery  [  8  ] . The  fi rst 
GKS treatment of classic TN in our medical center was per-
formed in 1992, resulting in freedom from pain for 11 years. 

 Among the procedures used to treat patients with medically 
unresponsive TN there are various percutaneous techniques, 
MVD, and GKS. Gasserian ganglion percutaneous tech-
niques, including RF thermocoagulation, balloon compres-
sion, and percutaneous glycerol rhizolysis, are all destructive. 
Postoperative pain relief with these procedures correlates with 
the degree of trigeminal injury. Therefore, almost half of these 
patients develop facial numbness, decreasing their quality of 
life  [  37  ] . These procedures are usually used on patients who 
are elderly, suffer from signi fi cant medical co-morbidities, or 
have recurrent facial pain after prior surgery  [  7,   28  ] . MVD is 
a nondestructive procedure in which the trigeminal nerve is 
decompressed, preserving its normal function; it has the low-
est relative risk for recurrence and remains the gold standard 
of treatment  [  13  ] . It is, however, a major surgical procedure 
that entails craniotomy to reach the trigeminal nerve in the 
posterior fossa. Thus, its potential risks include postoperative 
morbidity and mortality including cerebrospinal  fl uid leakage, 

   Table 8    Characteristics of patients with recurrence of pain   

 Patient no.  Sex 
 Date of GKS 
treatment 

 Age at the time 
of GKS (years) 

 Irradiation 
dose (Gy) 

 Initial BNI Pain 
Intensity Score 

 Duration of pain control until 
recurrence (months)  Additional treatment 

 1  F  2004-01-19  41  90  1  25  Medication 

 2  F  2004-09-17  56  80  1  62  Lost to follow-up 

 3  F  2005-09-21  71  90  3  13  Second GKS 

 4  M  2006-03-13  65  85  3  29  Second GKS 

 5  F  2006-06-12  59  85  1  58  Medication 

 6  F  2006-08-14  50  85  3  17  Second GKS 

 7  M  2006-09-29  66  85  3  56  Second GKS 

 8  M  2006-12-04  70  85  3  52  MVD 

 9  M  2006-12-04  65  88  3  28  MVD 

 10  F  2007-01-03  51  90  3  10  MVD 

 11  M  2007-04-23  68  90  3  30  Second GKS 

 12  F  2007-07-25  68  88  1  38  Medication 

 13  F  2008-04-25  72  90  3  18  Alcohol injection 

 14  F  2008-09-01  48  90  3  18  Second GKS 

   GKS  Gamma Knife surgery,  MVD  microvascular decompression  
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  Fig. 2    Kaplan-Meier curve depicts the likelihood of maintaining 
 successful pain control based on Barrow Neurological Institute (BNI) 
scores I–III after Gamma Knife radiosurgery (GKS) for trigeminal neu-
ralgia. The actuarial rates of pain control at 2, 4, and 6 years were 93 %, 
88 %, and 79 %, respectively       

 



133Long-Term Outcome of Gamma Knife Surgery Using a Retrogasserian Petrous Bone Target for Classic Trigeminal Neuralgia 

aseptic meningitis, hearing loss, wound infection, stroke, and 
death  [  1  ] . Therefore, MVD is frequently recommended for 
young, healthy patients. 

 GKS is associated with a high rate of pain control, 
68–97 % of patients having an excellent or good response, 
although ef fi cacy results vary considerably among radiosur-
gical centers  [  2,   4,   5,   18–  20,   25,   27,   30,   36  ] . Because patient 
preference has emerged as an important deciding factor, 
many patients choose GKS as the least invasive procedure 
for TN. In addition, GKS can be safely applied to patients 
who failed other methods. Initial pain relief after GKS has 
been observed in 94 % of patients, with 83 % having an 
excellent or good response at the last follow-up  [  20  ] . 
Similarly, we have shown here that 97.8 % of patients 
responded initially to treatment, with 82.4 % having success-
ful pain control at the last follow-up (minimum 24 months) 
and GKS being equally effective in patients who failed other 
procedures. 

 Initially, GKS attempted to target the root entry zone (REZ) 
near its entry into the pons  [  16,   31,   32  ] . Selection of the proxi-
mal nerve and root entry zone as targets for low-dose irradia-
tion was based on the observation of a critical region in which 
the central myelin (oligodendrocytes) is changed to peripheral 
myelin (Schwann cells)  [  11  ] . The target for the 50 % isodose 
line is the proximal nerve, with the dose to the pons being 
reduced. Because oligodendrocytes are more sensitive to irra-
diation than Schwann cells, a stronger radiobiological effect 
likely occurs at this portion of the proximal nerve. Also, the 
compact union of  fi bers from different divisions facilitates 
irradiation of the entire nerve with the smallest volume of 
energy. Since then, satisfactory results have been reported 
using this target with a dose of 80 Gy. Moreover, long-term 
results (up to 16 years) in 503 medically refractory patients 
with TN after MRI-guided GKS using a single 4-mm isocen-
ter and a maximum dose of 80 Gy were presented  [  12  ] . Among 
these patients, 89 % achieved initial pain relief, with 80 %, 
71 %, 46 %, and 30 % showing adequate control with medica-
tion (BNI scores of I–IIIb) after 1, 3, 5, and 10 years, respec-
tively  [  12  ] . A total of 53 patients (10.5 %) developed new or 
increased subjective facial paresthesias or numbness and 
1 (0.19 %) developed deafferentation pain  [  12  ] . 

 Alternatively, targeting the retrogasserion zone of the 
trigeminal nerve, which is just posterior to the gasserian gan-
glion, is seemingly safer regarding brain stem injury. Of 100 
patients with TN who were followed up for a minimum of 
12 months after GKS with a median maximum dose of 85 Gy 
(range 70–90 Gy), 94 % experienced initial pain relief. At 
the last follow-up, only 69 % were pain-free without addi-
tional surgical treatment, and 57 % were free of medication 
for pain control  [  33,   35  ] . Of 130 patients with essential TN 
who were treated with the Leksell Gamma Knife model C 
and automatic positioning system (APS) and who followed 
for at least 24 months, 127 (98 %) experienced initial pain 

relief, and at the time of last follow-up 112 (86 %) were pain-
free, including 86 (66 %) who remained both pain- and med-
ication-free after the initial radiosurgery  [  9  ] . These outcomes 
may have been in fl uenced by various technical nuances, sug-
gesting that treatment should be performed using an updated 
device (the APS) and by physicians with suf fi cient expertise 
in the management of TN. One study found that posterior 
targeting (REZ) with 80 Gy resulted in better pain control 
and a lower complication rate  [  21  ] . Another study found that 
retrogasserian targeting resulted in better treatment success, 
with fewer bothersome complications  [  26  ] . 

 Although we initially treated TN by targeting REZ using 
poor-quality MRI and a low radiation dose, unsatisfactory 
results we obtained resulted in a change to an retrogasserian 
target with improved MRI, a higher dose (maximum 90 Gy), 
and use of Gamma Knife model C with the APS system. 
Nowadays we consistently target the anterior portion of the 
trigeminal nerve just above the retrogasserian petrous bone 
using MRI and CT fusion images to minimize the risk of 
mislocalization due to distortion artifacts. The distance from 
the emergence of the nerve at the brain stem to the surgical 
target was related to the patient’s cisternal volume. However, 
we could not  fi nd any statistically signi fi cant differences in 
outcomes related to that distance, although patients with dis-
tances of 8–9 mm had better outcomes. Other studies using 
the same target have found that distances of 5–8 mm  [  19  ]  and 
7.5–8.0 mm  [  35  ]  are preferable. Nevertheless, the optimal 
target of GKS for TN remains to be determined. 

 Use of high maximum doses, up to 85–90 Gy, has been 
associated with improved pain control. For example, a com-
parison of two dose regimens (70 and 90 Gy) with a REZ 
target showed that higher doses correlated with better facial 
pain outcomes and signi fi cant trigeminal nerve dysfunction 
 [  29  ] . There is a tendency to prescribe a maximum of 80 Gy 
to a REZ target and a maximum of 90 Gy to the retrogas-
serian target, with doses adjusted to safe irradiation of the 
brain stem with or without plugging techniques. In our series, 
high doses were associated with a higher clinical control 
rate, but the correlation was not statistically signi fi cant. One 
young patient achieved excellent results with 75 Gy. 

 In contrast to other destructive percutaneous techniques, 
trigeminal nerve dysfunction was the only GKS-related mor-
bidity and had an incidence ranged from 7 % to 49 %. The 
reason most patients do not have trigeminal nerve dysfunction 
after radiosurgery remains unclear. A signi fi cant association 
has been reported between radiation dose and the risk of 
trigeminal neuropathy, an association that may be related to 
the proximity of the brain stem  [  29,   30  ] . Dry eye syndrome 
was found to be signi fi cantly related to the irradiated brain 
stem volume with >12 Gy, suggesting that the affected vol-
ume should be kept to <28 mm 3  to avoid such a bothersome 
complication  [  22  ] . An analysis was conducted of three dosi-
metric strategies: <90 Gy and no selective beam channel 
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blocking (group 1); 90 Gy and no selective beam channel 
blocking (group 2); 90 Gy and selective beam channel block-
ing (group 3). The results indicated that the rates of good and 
excellent pain relief were 81 % and 66 %, respectively, for 
group 1; 85 % and 77 %, respectively, for group 2; and 90 % 
and 84 %, respectively, for group 3. The pain relief was related 
to the amount of energy received by the nerve root volume 
 [  20  ] . The prescribed dose and use of selective beam channel 
blocking were signi fi cantly associated with higher energy 
received by the retrogasserian trigeminal nerve root. Therefore, 
the radiobiological effect of GKS may be associated with the 
energy delivered to the nerve root volume rather than related 
to the maximum dose. High-dose irradiation of the proximal 
nerve root is potentially dangerous, with the anterior targeting 
method was found preferable for avoiding complications and 
for superior pain control  [  33  ] . Even with the distal targeting 
method, variable morbidity rates (10–44 %) and bothersome 
complications (0–12 %) were observed  [  9,   20  ] . In a study of 
503 patients, the rate of trigeminal nerve dysfunction was 
10.5 %, and one case of anesthesia dolorosa was reported 
 [  12  ] . It is unclear whether mild facial numbness, correspond-
ing to BNI facial numbness score II, after GKS for TN should 
be considered a complication or a side effect corresponding to 
the pain response to treatment. We observed posttreatment 
trigeminal nerve dysfunction in 37 % of cases, including 
bothersome dysfunction in 13.2 %. Our statistical analysis 
showed that patient age at surgery was the only variable cor-
related with bothersome trigeminal nerve dysfunction. Other 
factors, including the irradiation dose, amount of delivered 
energy, intracisternal volume of the nerve root, and distance 
from the emergence of the trigeminal nerve at the brain stem 
to the GKS target, were not statistically signi fi cant. 

 Overall, our  fi ndings suggest that the long-term outcomes 
after GKS may be equivalent to those of MVD. Retrogasserian 
targeting of GKS may improve long-term results while 
reducing the complication rates.  

   Conclusion 

 Gamma Knife radiosurgery may be a reliable option for 
treating classic TN because it yields durable pain control in 
most patients and improves their quality of life with limited 
risk of complications. Our results can help medical practitio-
ners to counsel their patients on the likelihood of achieving 
successful pain control. This analysis, however, is limited by 
its retrospective nature and small number of cases. Therefore, 
the presented  fi ndings should be validated in larger-scale, 
prospective studies.      
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  Abstract   There are four main risks with Gamma Knife neu-
rosurgery. Firstly, there are direct complications that would 
not have arisen if the patient had not undergone the speci fi c 
treatment under consideration. For radiosurgery, the direct 
complications are radiation-induced damage to the tissues, 
which may be temporary or permanent. They may be 
expressed clinically or be clinically silent. In addition, there 
are complications that are speci fi c to certain diseases and 
their locations, such as pituitary failure following treatment 
of pituitary adenomas and deafness, facial palsy, or trigemi-
nal de fi cit following the treatment of vestibular schwanno-
mas. Second, there are indirect or management-related 
complications arising from delayed control of the disease 
process, such as a re-bleed after treatment of a vascular lesion 
before its occlusion. Third, there is the risk of induction of 
neoplasia from irradiation of normal tissue or tumor. These 
are separate processes. An example of the  fi rst would be 
induction of a glioma after treatment of a vascular malforma-
tion. An example of the second would be induction of malig-
nant change in a benign vestibular schwannoma. Finally, 
there is treatment failure, where tumors continue to grow 
after treatment or vascular malformations fail to occlude.  

  Keywords   Adverse radiation effects  •  Radiation-induced 
neoplasia  •  Radiotoxicity     

   Introduction 

 The overriding principle regarding patient management is 
ascribed to Hippocrates, who wrote in his “Epidemics” (not as 
supposed in The Oath) “ σ  κ έ ε  ι  ν ,  π  ε  ρ ὶ  τ ̀α  ν  ο  υ  σ ή μ  α  τ  α ,  δ ύ ο , 

ώ φ  ε  λ έ ε  ι  ν , ή  μ ή  β  λ ά π  τ  ε  ι  ν ” which is translated as: “As to dis-
eases, make a habit of two things—to help, or at least to do no 
harm.” This is often referred to as “Primum non nocere” (First 
do no harm) probably because we are more familiar with 
Latin than with Greek. Yet there is no reason to believe the 
authors of the “Hippocratic Corpus” knew any Latin. An 
alternative explanation has been that Galen was responsible 
for “Primum non nocere.” However, although Galen may have 
lived and worked in Rome for many years, he was also Greek 
and wrote in Greek. Hence, this supposition is not based on 
clear evidence. Thus, the derivation and attribution of this cru-
cial aphorism is muddled. The same can sometimes be true of 
the way we assess the risks of a management strategy. 

 The risk of complications must be weighed against the risk 
posed by the untreated disease. Although overly cautious treat-
ment may reduce the incidence of treatment-related complica-
tions, it may provide inadequate protection from the disease 
process. Thus, the “harm” from the disease must be consid-
ered together with the “harm” from the treatment. To ignore 
the risks of inadequately treated disease to ensure avoidance of 
treatment-induced complications is to fail to think clearly. 

 There is another related dif fi culty that is not easy to quan-
tify and control. It is the communication of the risks and dan-
gers to the patient. These risks must be discussed with the 
patient or, where appropriate, the relatives so those affected 
by the treatment are in a position to make responsible choices. 
This is not an easy process because the patient perceives the 
situation from the individual’s point of view, whereas the 
physician can only give advice based on statistical material. 
Thus, a degree of residual uncertainty is unavoidable. The 
patient’s  fi nal choices are inevitably swayed by emotional 
factors, some of which are based on his/her personal feelings 
about his/her physician. 

 There are four main phenomena following a treatment 
that in different ways may be considered complications. 
First, there are direct complications that would not have 
arisen if the patient had not received the speci fi c treatment 
under consideration. For radiosurgery, the direct complica-
tions are radiation-induced damage to normal tissues, which 
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may be temporary or permanent and may be expressed clini-
cally or be clinically silent. In addition, temporary swelling 
of the pathological tissues of tumors sometimes occurs, 
which may be associated with marked edema in the sur-
rounding brain. This process occurs most commonly in 
metastases and occasionally in meningiomas. This is a sepa-
rate process from direct radiation damage to the brain or 
other intracranial structures. Second, there are management-
related complications arising from inadequate control of the 
disease process. In the context of radiosurgery, the best 
known management complication is a re-bleed after treating 
a vascular lesion before that lesion is occluded. There is the 
risk of induction of neoplasia from irradiation of normal tis-
sue or tumor. These are separate processes. An example of 
the  fi rst would be induction of a glioma after treatment of a 
vascular malformation. An example of the second would be 
induction of malignant change in a benign vestibular schwan-
noma. Finally, there is treatment failure, where tumors con-
tinue to grow after treatment or vascular malformations fail 
to occlude. Although it is necessary to mention this last fac-
tor for the sake of clarity, it falls outside the scope of the 
present article.  

   Radiotoxicity of Normal Brain 

 The commonest complication following any irradiation is 
damage to normal tissue because of exposure to excess radi-
ation. Several treatment parameters are involved in this form 
of damage, including dose, dose volume, dose rate, and tis-
sue radiosensitivity. They are considered one by one, except 
for radiosensitivity, which at the time of writing cannot be 
measured. The basic principle of managing radiotoxicity is 
that prevention is better than cure, and every attempt is made 
to limit the amount of radiation absorbed in healthy tissue. 
Because there is no low safe radiation dose threshold, this 
can never be completely achieved, but the normal tissue dose 
can still be kept as low as possible. The following parameters 
affect the dose to normal tissue. 

   Prescription Dose 

 The prescription dose is the dose to the target margin. It is 
selected on the basis of known effective therapeutic doses and 
the known risk of complications. For example, the high risk of 
morbidity and mortality from untreated arteriovenous malfor-
mations (AVMs) means that a dose of 16–25 Gy is commonly 
used and adjusted according to the volume of the lesion. This 
practice is associated with a risk of temporary clinical compli-
cations of about 10 % and of permanent complications of 
about 3 %. These risks are considered acceptable given the 

30 % mortality associated with untreated AVMs over 30 
years. The problem is that the complications occur early. 

 Although the prescription dose to the target is determined 
on the basis of information in the literature, the distribution of 
that dose must be optimized on the day of treatment. The dose 
should be limited as far as possible to the target with minimum 
spread to the tissues. How this is done is described later.  

   Dose Volume 

 It has long been appreciated that the volume of a target is an 
important determinant of the success of radiotherapy on that 
target. In general, larger targets do less well than smaller tar-
gets. On the other hand, it is known that for the same dose the 
larger the volume of tissue receiving the dose the greater is the 
chance of radiotoxicity complications from that dose. Dose 
volume may be de fi ned, for convenience, as the volume within 
a given isodose. Its signi fi cance can be demonstrated as fol-
lows. Whereas 5 Gy to the whole human body is usually lethal, 
5 Gy to a tumor volume is wholly inadequate. Indeed, frac-
tionated doses of up to 50 Gy can be tolerated with gastroin-
testinal cancer while it is the gastrointestinal tract, which is 
one of the main victims of whole-body irradiation. Moreover, 
considerations of volume must be made within the bounds of 
a single species. Some insects and bacteria can survive radia-
tion doses greatly in excess of those tolerated by mammals. 

 Within the brain, the volume of normal brain receiving a 
high dose of radiation is crucial to the development of adverse 
radiation effects. This is the factor that limits the volume of 
the target that can be safely treated by radiosurgery. However, 
the permissible volume that can be treated has been on the 
increase over the years with the use of repeated partial treat-
ments on the one hand and the reduction of the prescription 
dose on the other. Although a target diameter of 2.5–3.0 cm 
remains a reasonable guideline, there are ways to treat larger 
lesions, provided the dose to sensitive adjacent tissues is kept 
within acceptable bounds. 

 How does an increasing target volume increase the risk of 
radiotoxicity? As the target volume increases, surrounding 
tissue is put at risk in two ways. This is made easier to under-
stand if one considers the cells in a notional shell 1 mm thick 
immediately outside the target. If it is accepted that the cells 
in the tissue are mainly of the same size, the number of cells 
in, for example, a 1-mm shell at risk from the highest dose 
outside the target has to be larger with a larger target volume. 
However, there is a second factor that increases the number of 
cells at risk. With larger volumes, the gradient of the dose 
falling outside the target is less steep than with smaller vol-
umes, irrespective of the radiosurgery treatment technology 
used. Thus, the dose at the outside of a 1-mm shell with a 
diameter of 3 cm is not placed 1 mm outside the target margin 
with a larger-volume target but farther away. This means that 
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the shell between the two doses is wider for a larger target 
volume, which further increases the number of cells at risk for 
a toxic radiation dose. The principle is illustrated on Fig.  1 .   

   Dose Rate 

 Dose rate is the dose per unit time. Between 1 Gy/min and 
0.01 Gy/min there is a gradual falloff in the biological effec-
tiveness of a given dose. Increasing or decreasing the dose 
rate beyond these limits has little extra effect. The mecha-
nism behind the dose rate effect is attributed to the speed of 
repair processes in the affected cell. Radiation damage occurs 
in microseconds. Repair processes take several hours. With 
lower dose rates, there is a bigger chance for repair for a 
given dose. Dose rate calculations become important when 
the radiation source is an isotope, where the age of the iso-
tope has reduced the dose rate to <1 Gy/min. 

 The half-life of  60 Co is 5.27 years. This means that with 
the passage of time the dose rate for the Gamma Knife is 
steadily decreasing. Put another way, the same treatment 
with the same dose takes longer and longer the older the 
machine becomes. There is some anecdotal evidence that 
reducing the dose rate reduces the biological effectiveness of 
Gamma Knife surgery (GKS), especially if the dose is <1 
Gy/min. Doses as low as this are found at the lesion’s edge 
even with a fairly new Gamma Knife, although their 
signi fi cance is not clear at this time. However, as the results 
of GKS are so good, it seems unlikely that a low dose rate 
within the target is of any great importance. 

 One advantage of the geometry of the Gamma Knife is 
that because a lower isodose is associated with a lower dose 

rate a measure of extra protection is provided for the normal 
tissue outside the target volume. This is because the maxi-
mum dose rate is set by the activity level of the gamma source. 
Thus, for a single shot, the dose rate at the 50 % isodose is 
half that at the dose center, and the dose rate farther out from 
the center decreases in proportion. This means that with a 
dose of 100 Gy at the center and a 3 Gy/min dose rate, the 
dose rate at the 50 % isodose is 1.5 Gy/min and at the 10 % 
isodose it is 0.3 Gy/min, which is a dose rate low enough to 
reduce the effectiveness of the dose, thereby producing a 
measure of extra protection in the surrounding tissue. 

 Measuring the effect of the dose rate in clinical series has 
not been possible until recently because Gamma Knife treat-
ment involved periods of irradiation and periods of frame 
adjustment. Only since the introduction of the Gamma Knife 
Perfexion, which enables continuous treatment, has it been 
possible to calculate the dose rate. To date, there is no work 
to suggest that it is crucial for treatment. However, the dose 
rate does determine the time at which it is necessary to renew 
the radioactive cobalt. Although there is no hard evidence 
that the lower dose rate with the aging isotope affects the 
results, the falling dose rate leads to longer and longer treat-
ment times, which eventually become impractical.  

   Other Dose Parameters 

 A variety of formalisms have been derived to facilitate an opti-
mal dose distribution and to increase the consistency of treat-
ment. The usual procedure is to determine the target volume 
and prescription dose. Then these formulas are used to opti-
mize the distribution of the dose in each particular case  [  11  ] . 

5 cm diameter3 cm diameter

Shell of normal tissue
1 mm thick

around target
volume ca. 3 cm3 Shell of normal tissue

1 mm thick
around target

volume ca. 8.2 cm3

Shell of normal tissue
with same dose inside and outside 

as for 3 cm diameter target
volume much more than 8.2 cm

5 cm diameter

DinDoutDinDout

DinDout

  Fig. 1    Effect of the target volume on normal tissue at risk. A notional 
1-mm shell of tissue around a target is drawn. The maximum dose is in 
the inside of the shell ( D  

in
 ). On the outside of the shell is a signi fi cant, 

although lower, dose ( D  
out

 ). Assuming that the cell size is the same in 
each of these shells, the number of cells at risk of radiation damage with 
a large target is substantially more than the number in a smaller target. 

However, because the dose is decreased with a bigger target, with all 
existing treatment methods it is not as steep as with a smaller target   . 
This then increases the number of cells exposed to the dose between 
 D  

out
  and  D  

in
 . This mechanism underlies the increased risk of radiation 

damage in patients with a large lesion (target)       
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   Dose Conformity 

 This parameter re fl ects the match between the shape of the 
dose and the shape of the target. However, it does not contain 
a parameter for location, so its adequacy is dependent on the 
care and awareness of the users. Ian Paddick introduced a 
re fi nement that resulted in the dose being located in the right 
place if his formula is used. 

 The conventional formula for dose conformity is:

     
PIV

PITV
TV

=    

where PIV is the volume of the prescription isodose, and 
TV is the target volume. 

 Paddick’s modi fi cation is shown below.

     
2

PIVTV

TV PIV×
    

 This contains the new parameter, TV 
PIV,

  which is the vol-
ume of the prescription dose within the target. This variable 
compels the dose to be in the right place.  

   Dose Selectivity 

 This parameter is a simple measure that compares the vol-
ume of the treatment isodose and the volume of the dose that 
is within the target. The formula is as follows.

     PIVTV

PIV
    

 This formula also includes TV 
PIV

 , which again means that 
the measurements are related to the radiation dose within the 
target.  

   Gradient Index 

 This measures the steepness of the dose fall. The formula is 
as follows.

     ( )/ 2 %

%

PIV

PIV
x

x

   

where  x % is the isodose that carries the prescription isod-
ose, and ( x /2)% is the isodose carrying half that dose. Thus, 
in a typical situation,  x  would be 50 % and  x /2 would be 
25 %. 

 The indices do  not  tell what dose to normal tissue is 
acceptable. They merely help keep that dose to a mini-
mum. The following guidelines are a reasonable starting 
point.  

 Target cover  Presciption dose within the target 
(PIV   )  ³  95 %. 

 1/Conformity Index  This value should not exceed 1.05 and does 
not if the target cover is >95 %. 

 1/Selectivity  This should not exceed 1.25. 

 Gradient Index  This should be <3. 

   Radiation-Induced Swelling of 
Pathological Tissue 

 Radiation-induced swelling of pathological tissue is consid-
ered later with the complications related to individual 
diagnoses.  

   Avoiding Radiotoxicity 

 To avoid radiotoxicity, the dose should be as low as is consis-
tent with therapeutic success. Targets should be of a volume 
consistent with minimizing damage to normal tissue. Dose 
planning should be optimized using available formulas to 
ensure correct placement and distribution of the therapeutic 
radiation dose. Other means of limiting radiation damage are 
discussed under the sections on individual diseases.   

   Induction of Malignancy 

 Induction of malignancy is the other potential non-speci fi c 
direct complication that would not arise if the treatment had 
not been given. There is no clear agreement about the inci-
dence. The  fi rst dif fi culty is recording that a malignancy has 
occurred in a patient who has undergone GKS. There is no 
certainty that every patient will come to the attention of the 
treating doctor, particularly if the malignancy develops a 
long time after the GKS. In principle, the induction of a new 
tumor by GKS although not impossible is improbable. The 
Gamma Knife supplies a high dose to a low-volume target. 
With the rapid dose fall outside the target, the adjacent low-
dose volume is low. Neoplasia induction is typically found 
following low-dose delivery to high volumes of tissue. The 
large volume and relatively low dose increase the chance 
that an oncogenic mutation may take place. With high doses 
the chance of such a mutation are substantially reduced as 
the radiation is more likely to induce cell death at higher 
doses. The low volume of the radiation dose outside a target 
reduces the number of cells at risk for an oncogenic 
mutation. 
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   Induction of a New Tumor 

 The dif fi culty of establishing a causal relation between radi-
ation exposure and the subsequent development of a malig-
nancy can be shown by examining those exposed to a higher 
radiation dose as a result of their occupation. Because onco-
genesis is always multifactorial, it does not lend itself to 
simple de fi nitions of cause and effect. Any study of a rela-
tionship between an agent and the development of a neo-
plasm is an exercise in the assessment of probabilities. This 
can be illustrated by considering some natural assumptions 
about the risks from exposure to occupational radiation. 
There is no convincing evidence to date that the risk of devel-
oping cancer is increased by working in a nuclear power 
plant, by being an astronaut, or even working as a diagnostic 
radiologist  [  5,   16,   36  ] . The authors of one study published 
the rather absurd  fi nding that in the U.S. Air Force, in an age-
adjusted study, military rank carried a greater risk of devel-
oping a brain tumor than did exposure to ionizing radiation 
 [  16  ] . Brain tumors seem to be highly unlikely to develop 
after exposure to environmental radiation, even in high doses. 
Authors of publications concerning the survivors of the two 
nuclear explosions at Hiroshima and Nagasaki have reported 
an increased incidence only of meningiomas in long-term 
survivors  [  31,   35  ] , but there has been no report of any other 
brain tumor despite many reports of oncogenesis affecting 
other tissues. To codify the problem of the causal relation 
between radiotherapy and the subsequent development of a 
tumor, guidelines were drawn up many years ago by Cahan 
et al.  [  6  ]  and have come to be known as the Cahan rules. For 
a postirradiation tumor to be considered a consequence of 
that treatment:
    1.    It must occur within the original radiation  fi eld.  
    2.    It must not be present prior to irradiation.  
    3.    There must be a histological difference between the pri-

mary and the induced tumor.  
    4.    There must be no known genetic predisposition for sec-

ondary malignancy.     
 It should be borne in mind that Cahan’s rules are guidelines, 
not natural laws. 

 In 2002, the author outlined three cases from the litera-
ture that could have been the result of radiation induction 
following Gamma Knife treatment  [  10  ] . If all three were 
accepted as true cases of neoplastic induction, it would have 
amounted to a total prevalence of 3/200,000 GKS-treated 
patients. More cases have been reported subsequently, but 
the incidence remains uncertain. Moreover, there is broad 
agreement that this phenomenon is rare and is not a reason 
to change current practice. Among these later reports, 
Loef fl er reported two more cases associated with acromeg-
aly  [  24  ] , but the patients were treated with a particle accel-
erator, not a Gamma Knife. In one case a parasellar 

meningioma was observed. In the other, a tumor was 
observed in the internal auditory canal. The Shef fi eld group 
showed that with a cohort of approximately 5000 patients 
with 30,000 patient-years of follow-up and with more than 
1200 patients having a follow-up period longer than 10 years 
the incidence of astrocytomas was below the national aver-
age in the United Kingdom  [  30  ] . It should be noted that the 
quoted risk  fi gures in the literature vary widely from this 
author’s low risk  fi gures  [  10  ]  to risk assessments from oth-
ers that are much higher  [  26,   33  ] . None of the  fi gures should 
be taken as other than an informed guess. The point is that 
some patients should be informed that there is a tiny risk for 
developing a secondary malignancy. However, the occur-
rence is so rare and the statistics in consequence so unreli-
able, that it remains a matter of judgment as to which patient 
would be best served by imparting information about these 
risks.  

   Transformation of a Benign Tumor 

 Transformation of a benign tumor is a different and also rare 
phenomenon and in practice is limited to vestibular schwan-
nomas  [  1,   7,   17,   27,   34  ] . Spontaneous malignant change of a 
known benign vestibular schwannoma has been recorded 
only twice in the literature  [  7  ] . Of the cases where such trans-
formation occurred after radiosurgery, not all were simple 
benign schwannomas. There is one case of neuro fi bromatosis 
type 2 (NF2) being treated without biopsy that subsequently 
became malignant after treatment  [  3  ] . This is clearly a situa-
tion where the risk of malignancy is increased even without 
treatment. Cahan’s rules do not apply to malignant transfor-
mation of a vestibular schwannoma because it concerns 
change in a preexisting tumor so rule 3 is not applicable. 
Indeed, in the case of NF2, rule 4 is not applicable either. The 
possibility of this malignant transformation is not something 
that can be avoided. However, it does impose a duty to keep 
meticulous records to improve the documentation of thera-
peutic activity. However, at the end of the day, the extreme 
rarity of postradiosurgery malignant transformation of a ves-
tibular schwannoma is such that there would seem to be no 
need to change current practice. 

   Ethnicity and Induction of Malignant 
Transformation 

 One curiosity may be mentioned. A comprehensive database 
of more than 6700 articles on radiosurgery maintained by 
this author was searched with the terms “malignant transfor-
mation,” “malignant change,” “carcinogen,” and “transfor-
mation.” There were numerous articles on this topic from the 
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United States, the United Kingdom, Canada, France, Japan, 
and Korea. An article from the United States was a review, 
not a report  [  27  ] . Another reports on meningiomas, which 
are a somewhat different problem as they are the one intrac-
ranial tumor known to be induced by radiation  [  33  ] . The US 
article mentioned above concerns a particle accelerator, not a 
Gamma Knife, and again one of the tumors was a menin-
gioma  [  24  ] . A fourth US article reported a glioma induced 
after treatment of an AVM using a LINAC  [  4  ] . One US case 
was not included here as the technique used was fractionated 
stereotactic radiotherapy  [  25  ] . One UK article reported 
malignant transformation of an NF2 vestibular schwannoma 
 [  3  ] . Another analyzed the incidence of new malignancy in a 
large population of patients who had undergone GKS and 
found it slightly lower than in the general population  [  30  ] . 
The third examined malignant transformation of vestibular 
schwannomas in the light of a single case and a review of the 
literature  [  7  ] . An article from France reviewed the literature 
and reported one glioma and one malignant change in a ves-
tibular schwannoma  [  26  ] . A Canadian article reported induc-
tion of a glioma after treatment of a vestibular schwannoma 
using fractionated stereotactic radiotherapy to the internal 
acoustic meatus following recurrence of a radically operated 
tumor  [  32  ] . The other article from Canada reviewed almost 
all reported cases and reported a convincing new case with a 
temporal lobe glioblastoma after treatment of a vestibular 
schwannoma  [  2  ] . There were reports of ten cases related to 
malignant transformation or malignancy induction from 
Japan  [  1,   17–  20,   22,   34,   38–  40  ] . There was a single case 
from Korea  [  41  ] . From experience with germinomas, it is 
well known that neoplasia patterns in some Asian popula-
tions differ from those in Occidental populations. Only Kubo 
et al. cast doubt on the relation between radiosurgery and 
malignant induction  [  22  ] . The other eight articles reported 
new cases  [  1,   17–  20,   34,   38–  40  ]  for a total of 11 cases in 
Japan and Korea combined. Is it possible that Japanese and/
or Korean people are more susceptible to radiation-induced 
malignant complications than Occidentals? In view of the 
distribution of articles on this topic it seems not unreason-
able to look further into ethnicity in relation to risk in this 
context.    

   Region/Diagnosis Speci fi c Complications 

 The principle of prevention is better than cure guides ther-
apeutic practice. Where possible, attempts have been made 
to derive helpful mathematical formalisms. These could in 
principle guide the physician as to the appropriate dose for 
a given patient. However, none has achieved universal 
acceptance, and all of them have problems of one sort or 
another. 

   Arteriovenous Malformations  [  13  ]  

 The commonest tissue to be affected with these lesions is 
cerebral tissue. In view of the high doses required to achieve 
an adequate occlusion rate, many attempts have been made 
to calculate risk. Most calculate the degree of risk at the time 
of treatment and attempt to edit the dose plan to minimize 
this risk. Today, perhaps the most useful of these methods is 
the volume of normal tissue receiving 12 Gy. To some extent, 
if adjusted for different locations, this can be helpful. Every 
effort is made to minimize the 12 Gy volume, particularly if 
the brain stem is involved in the radiation  fi eld. The maxi-
mum acceptable volume of this parameter remains unknown. 
Thus, the surgeon must still make an assessment of risk ver-
sus bene fi t based on experience rather than calculation. The 
12 Gy volume is just another way of assisting the process, 
but it is not de fi nitive. 

 Nonetheless, while realizing the limits of the 12 Gy vol-
ume, there is in fact another assessment that can be made 
prior to treatment and that is not dependent on treatment 
parameters. It arose when it was found that the conventional 
method of assessing risks from surgical intervention—the 
Spetzler-Martin Classi fi cation—was not useful for GKS. 

  Spetzler-Martin Grade  [    37  ]   

 Parameter  Points 

 Size of lesion 

  Small (< 3 cm)  1 

  Medium (3–6 cm)  2 

  Large (> 6 cm)  3 

 Location 

  Noneloquent site  0 

  Eloquent site      1 

 Pattern of venous drainage 

  Super fi cial only  0 

  Any deep  1 

 The Spetzler-Martin grade equals the sum of the points 
(maximum is grade 5). The application of this system to 
radiosurgery is not completely straightforward for the fol-
lowing reasons. First, grade I (small) ranges from 0 to 3 cm 
in diameter. That basically encompasses the entire range of 
volumes treated with GKS and all within one subsection. 
The other factor that does not work so well for radiosurgery 
is the eloquent site. It is designed so the motor cortex, basal 
ganglia, and brain stem all have the same value. The experi-
ence of radiosurgery indicates that treatment of super fi cial 
lesions is much less likely to produce a radiation-induced 
complication than treatment of deeper lesions. This is pre-
sumably related to the dispersal of function in a super fi cial 
location. 
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 Therefore, a new system was devised for assessing 
patients due to udergo GKS. 

  AVM score   [  29  ]  = (0.1)(AVM volume in cm 3 ) + 0.02(patient 
age in years) + 0.5(location) 

 Locations were scored as follows: deep, 1; other, 0. 
 The approximate AVM volume is derived from the fol-

lowing formula  [  28  ] . 
 AVM volume prior to treatment = (π/6) × width × 

length × height. 
 The scoring system has been found useful. Scores of  £ 1.5 

for deep-seated AVMs had a noticeably better outcome than 
those with higher scores  [  28,   29  ] . Moreover, this simple score 
can be derived before the patient is taken in for treatment. 

 The scores correlated well with excellent outcomes and 
deterioration of the modi fi ed Rankin score  [  28,   29  ] , a sensi-
tive scoring system for clinical neurological function as 
shown below.  

  Modi fi ed Rankin Score  

 0  No symptoms 

 1  No signi fi cant disability despite symptoms; able to carry out 
all usual duties and activities 

 2  Slight disability; unable to carry out all previous activities but 
able to look after own affairs without assistance 

 3  Moderate disability; requires some help but able to walk 
without assistance 

 4  Moderately severe disability; unable to walk without 
assistance and unable to attend to own bodily needs without 
assistance 

 5  Severe disability; bedridden, incontinent, and requires constant 
nursing care and attention 

 6  Dead 

 These various methods enable the Gamma Knife user to 
optimize the dose plan, but  fi nal decisions on patient selec-
tion and the dose to be used, with the current state of knowl-
edge, is still determined from the clinical context, the AVM 
volume, and location and the experience of the surgeon. 

 Finally, there is the risk of complications associated with 
inadequately treated disease, including morbidity and death 
from a re-bleed. This is not something that can be treated as 
it occurs suddenly and unexpectedly. Although wholly unde-
sirable, the risk of this complication is only around 2.5 %, 
which is again much lower than the risks associated with the 
untreated disease  [  23  ] .  

   Tumors of the Pituitary Region  [  12  ]  

 Tumors of the pituitary region include most often pituitary 
adenomas, meningiomas, and craniopharyngiomas. The 
visual pathways are at risk for all these diagnoses. There has 

been much discussion about the optimal dose to these path-
ways. Recently there has been cogent evidence indicating 
that 10 Gy should be easily tolerated  [  14  ] . However, this 
statement is subject to certain stringent conditions. The 
10 Gy referred to is the maximum dose within the volume of 
the anterior visual pathways as measured in the Leksell 
GammaPlan. The evidence suggests that measured in this 
way the dose is safe  [  12  ] . However, in certain circumstances 
it may be higher. There is no need to have a distance between 
the target and visual pathways. It is simply necessary to 
shape the dose plan away from the visual  fi bers and accept 
that a small portion of the target will receive a suboptimal 
dose. In addition, a slightly excessive dose is permitted pro-
vided the volume receiving >10 Gy does not exceed 9 mm 3 . 

 It can be dif fi cult to visualize the visual pathways in indi-
vidual patients, particularly those with operated craniophar-
yngiomas. Every attempt must be made to achieve optimal 
images. In the case of pituitary adenomas, there can be real 
dif fi culty determining the outline of the tumor. It can be 
advantageous to have T1-weighted magnetic resonance 
imaging (MRI) scans with and without contrast in the axial 
and coronal planes, especially if the patient has previously 
been operated on. The unenhanced images are often surpris-
ingly informative as to tumor detail. 

 With pituitary adenomas, there is the additional problem of 
pituitary failure. This evenuality has been analyzed carefully 
in recent years. The problem is that whereas the pituitary ade-
noma as a tumor is fairly easy to control with a moderate dose, 
endocrinopathies require a much higher dose, which inevita-
bly affects the normal residual anterior lobe tissue. 
Hypopituitarism is not uncommon, with its reported incidence 
varying from 10 % to 50 % depending on pretreatment func-
tion, tumor dose, and tumor volume  [  10  ] . Although unwanted, 
these conditions are treatable. It may be a necessary price to 
pay for normalizing hypersecretion of a particular hormone.  

   Vestibular Schwannomas 

 The commonest complications of GKS for vestibular schwan-
nomas are facial palsy, trigeminal de fi cit, and hearing loss. In 
the early days, prior the introduction of MRI and the 
GammaPlan dose planning system, the complication rate was 
quite high. Also, the prescription dose was higher back then. 
Today most users aim at a dose of 12–14 Gy. Moreover, 
 nowadays it is unusual to  fi nd a facial palsy rate reported that 
is more than 1 %, and nearly all of the palsies are temporary. 
Trigeminal de fi cits are now reported in 0–12 % of cases, 
without satisfactory explanations for the differences among 
centers. The problem of hearing loss has greatly diminished. 
If one considers useful hearing, classi fi ed as Gardner-
Robertson classes I and II, the preservation rate was reported 
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recently to be 50–75 %. This improvement is partly related to 
more accurate dose planning with GammaPlan and MRI. The 
introduction of CISS MRI with gadolinium provides 
improved de fi nition of the nerves in the subarachnoid space 
with small tumors. Another contributing factor is dose plan-
ning aimed at excluding the cochlea. Today, the recom-
mended dose to the cochlea should not exceed 4 Gy. However, 
the ability to achieve this aim and at the same provide ade-
quate radiation cover of the tumor is dependent on the lateral 
extent of schwannoma in the internal auditory meatus.  

   Cerebral Metastases 

 With cerebral metastases, the commonest practical problem is 
interpreting increased tumor volume after treatment. Is it due 
to growth or radionecrosis? A recent article made answering 
this question much easier by comparing T2-weighted images 
with T1-weighted images with contrast. If the extent and clar-
ity of the lesion is similar in both image series, the greatest 
chance is that it is a recurrent or uncontrolled tumor. If the 
lesions do not match and the margins are less clearly de fi ned, 
it is most likely radionecrosis  [  21  ] . There are other methods 
for achieving the same aim, but none seems to be more reli-
able and certainly none is as simple in practice. Other prob-
lems relating to metastases are the usual radiotoxicity 
described above. In general, to avoid this complication, the 
total tumor volume of all the tumors should not exceed 20 cm 3  
and the tumor margin dose should not exceed 20 Gy. These 
tumors are life-threatening, so lower doses should be avoided 
if possible. It must be understood that not all patients are suit-
able for GKS. However, at the time of writing, the problem is 
rather the other way around in that many patients who could 
be treated with GKS are for various reasons not referred.  

   Meningiomas 

 In a small number of cases, meningiomas exhibit clinically 
signi fi cant swelling after radiosurgery. This phenomenon 
was observed in an unusual patient who was treated for a 
posterior midline meningioma that lay just under the skin 
near the torcula as at surgery the bone  fl ap had been removed 
and never replaced. For a few weeks, the tumor swelled up 
and was hot and hard before regressing again. This phenom-
enon may explain the higher morbidity in nonbasal menin-
giomas where tumor swelling can compress cerebral veins 
 [  8  ] . In addition, tumor swelling visible on MRI has been 
observed in a few tumors. It can produce dramatic symptoms 
of elevated intracranial pressure and local compression, but 
it usually responds well to dexamethasone  [  9  ] .  

   Trigeminal Neuralgia 

 Trigeminal neuralgia is a satisfactory indication for GKS. 
There have been only a few reports of bothersome posttreat-
ment neurological de fi cits, which have included hypesthesia 
and hypalgesia of the face. Dry eye has been reported but can 
be avoided with suitable dosimetry. The greatest strength of the 
treatment is its low morbidity rate—not least the virtual absence 
of anesthesia dolorosa. Its greatest weakness is the delay 
between treatment and results as well as a recurrence rate that 
is quite high. The treatment may be repeated and seems to be 
an excellent interventional treatment, even a possible  fi rst 
choice. However, this condition has multiple treatment options, 
and there is naturally a debate as to the optimal choice.  

   Epilepsy 

 In keeping with other surgical techniques, GKS seems best 
suited for mesial temporal lobe epilepsy. It may also have a 
role to play in the treatment of epilepsy associated with 
hypothalamic hamartomas. However, there are complica-
tions associated with it, which makes it more appropriate for 
research centers than as a suitable method for general use. 
Two cases of life-threatening radionecrosis have been 
reported  [  15  ] . Also, many patients have required dexametha-
sone for brain swelling about a year after treatment. 

 It has been reasonably suggested that this treatment para-
digm should be adapted. The aim would be to reduce the 
total volume of anatomically normal cerebral tissue receiv-
ing 20–25 Gy or more. In no other condition is so much ana-
tomically normal brain tissue irradiated with such a high 
dose. This volume could in principle be reduced if the treat-
ment were preceded with careful stereotactic electroenceph-
alographic recordings to identify the focus more precisely. 
The treatment could also for the time being be restricted to 
patients in whom surgery had not controlled the seizures 
because then much of the excess dose would be placed in a 
resection cavity and would not damage normal brain.   

   Conclusions to Minimize Complications 
and their Effects 

     1.    Before Treatment
    (a)    Management of radiosurgery-related complications 

in the  fi rst instance is a matter of prevention.  
    (b)    The physician knows the indications, doses, and 

associated risks compared with the risks of the 
untreated disease.  
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    (c)    Thus, it is important to treat the right lesion in the 
right patient at the right time.  

    (d)    Ensure that the patient receives adequate information.      
    2.    On the Treatment Day

    (a)    Correct frame application and optimal images 
increase the chances of accurate dose placement and 
reduce the chances of treatment failure.      

    3.    Use the dose planning parameters described above to op-
timize dose distribution.
    (a)    Avoid unnecessary overdosing, which would increase 

the chances of radiotoxicity. Also, avoid underdos-
ing, which would increase the chances of treatment 
failure.      

    4.    Most complications are not treatable.
    (a)    They just have to be observed and the patient 

supported.  
    (b)    In severe cases, dexamethasone may be tried for 

radiotoxic edema, although it seems to work better 
with tumors than with AVMs.  

    (c)    Hyperbaric oxygen has been tried for radiotoxic 
damage after AVM treatment, but the results have not 
encouraged its general use.      

    5.    After Treatment
    (a)    Follow the patients carefully and regularly and note 

their clinical development. Manage symptoms as 
they occur insofar as it is possible.              

  Con fl ict of Interest      The author works as a consultant for Elekta AB 
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  Abstract    Introduction : Although Gamma Knife radiosur-
gery (GKS) is commonly performed under local anesthesia, 
general anesthesia is sometimes required. The authors previ-
ously reported a remote-controlled patient management sys-
tem consisting of propofol-based general anesthesia with a 
target-controlled infusion (TCI) that we designed for pediat-
ric GKS. However, a commercially available propofol TCI 
system has age and weight limitations (<16 years and 
<30 kg). We examined a manually controlled regimen of 
propofol appropriate for pediatric GKS. 

  Methods : A pharmacokinetic model of the TIVA Trainer© 
with Paedfusor’s parameter was used. A manually controlled 
infusion scheme to achieve a suf fi cient level of propofol for 
pediatric GKS was examined in  fi ve models ranging from 10 to 
30 kg. 

  Results : Following a loading dose of 3.0 mg/kg, the com-
bination of continuous infusion of 14, 12, 10, and 8 mg/kg/h 
resulted in a target concentration of 3.0–4.0  μ g/ml, the 
required level for pediatric GKS. 

  Conclusion : Propofol titration is a key issue in GKS. 
Manual infusion is less accurate than TCI, but the combination 
of a small bolus and continuous infusion might be a substitute. 
Considering the characteristics of propofol pharmacokinetics 
in children, co-administration of opioids is recommended.  

  Keywords   Gamma Knife radiosurgery  •  General anesthesia •  
 Pediatric anesthesia  •  Propofol infusion     

   Introduction 

 Because of the increase in availability and indications for 
Gamma Knife radiosurgery (GKS), the number of patients 
who require general anesthetic management has been increas-
ing. Pediatric patients, those who suffer from claustrophobia, 
or those whose pathological lesion seems to lead easily to a 
respiratory disorder after irradiation should be managed 
under general anesthesia  [  1,   2  ] . In a previous report, we dem-
onstrated a remote-controlled patient management system 
consisting of propofol-based general anesthesia for pediatric 
GKS  [  6  ] . An automated computer-driven target-controlled 
infusion (TCI) system developed by our group was used for 
propofol administration. Because we can directly control 
propofol concentrations as the target values for its adminis-
tration, TCI has been recognized as much superior to manual 
infusion  [  7,   9,   11  ] . However, the currently available propofol 
TCI (Diprifusor®; AstraZeneca, London, UK) has both age 
and weight limitations; patients who are <16 years old or 
who weight <30 kg cannot be managed by TCI. The purpose 
of this study was to examine a manually controlled regimen 
of propofol infusion that can be used for pediatric GKS.  

   Materials and Methods 

   Calculation of Propofol Effect-Site Concentration 

 A pharmacokinetic model of the TIVA Trainer© (  http://www.
eurosiva.org    ) version 8 (calculation interval of 30 s) with 
Paedfusor’s parameter was used for computer simulation  [  9  ] . 
The propofol effect-site concentration (ESC) required for 
GKS was determined based on our initial experience with 
four pediatric patients aged 3–10 years. Morphometric char-
acteristics and operative data are shown in Table  1 .   

      How to Control Propofol Infusion in Pediatric Patients Undergoing 
Gamma Knife Radiosurgery        
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   Computer Simulation of Propofol Infusion 
for Pediatric GKS 

 Five weight models, ranging from 10 to 30 kg, were assumed for 
computer simulation. A manually controlled infusion scheme in 
combination with a loading dose of 3.0 mg/kg  followed by con-
tinuous infusion was examined. The propofol ESC obtained as 
described above was the target value. Propofol infusion was 
assumed to be discontinued 6 h after it was started.   

   Results 

 A propofol ESC of 3.0–5.0  μ g/ml was required in pediatric 
patients undergoing GKS. All patients regained conscious-
ness when their propofol level reached 1.87–2.37  μ g/ml. 

 A bolus of 3.0 mg/kg followed by infusion of 14 mg/kg/h 
(0–10 min), 12 mg/kg/h (10–20 min), 10 mg/kg/h (20–180 min), 
and 8 mg/kg/h resulted in a target concentration of 3.0–
4.0  μ g/ml in patients weighing 10–30 kg. The predicted 
time–concentration curve is shown in Fig.  1 .   

   Discussion 

 Propofol pharmacokinetics in the pediatric population is 
characterized by a larger distribution volume and longer con-
text-sensitive half-time (CSHT) than in adults. Reed et al. 
showed that propofol concentrations required for sedation of 
critically ill pediatric patients are similar to those of adults, 

except that children require much higher per-kilogram infu-
sion rates  [  10  ] . Therefore, a manually controlled infusion 
scheme for continuous administration of propofol in adults is 
not transferable to pediatric cases  [  11  ] . Manual infusion reg-
imens for pediatric patients have also been reported  [  9  ] . 
However, the scheme is probably unsuitable for pediatric 
GKS because the target propofol concentration is highly 
dependent on both noxious stimuli and an opioid  [  8  ] . 

 To examine a practical manual infusion regimen of propo-
fol dedicated to pediatric GKS, the characteristics of GKS 
itself must be taken into account. GKS is a minimally inva-
sive procedure that is commonly performed under local anes-
thesia. The most, and probably the only, painful event that 
might occur is when a stereotactic frame is attached to the 
patient’s head. Prior to irradiation therapy, multimodal imag-
ing studies with multiple transfers of the patient are required. 
Because of the longer time required for a single treatment, the 
medical staff should stay away from the patients to avoid 
unnecessary exposure to radiation. With these points in mind, 
we concluded that a practical regimen of propofol manual 
infusion for pediatric GKS would require simple algorithms 
for attaining a stable propofol concentration. 

 Considering the sequence of treatment, we assumed that 
the propofol concentration should rapidly increase and be 
maintained while frame  fi xation is being performed. 
Consequently, we chose a relatively large initial bolus dose 
for induction. Although this bolus dose is comparable to 
standard induction doses in pediatric patients  [  9  ] , both 
hypotension and bradycardia could occur during anesthetic 
induction. Precautions against hemodynamic alteration—
e.g., atropine administration, careful measurement and con-
trol of hemodynamic parameters—are essential. 
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  Fig. 1    Predicted time– 
concentration pro fi les of different 
models. The propofol effect-site 
concentration of  fi ve models was 
simulated based on the pharma-
cokinetic data sets of Paedfusor. 
Patient models ranged from 10 to 
30 kg body weight, and the target 
propofol concentration was 
3.0–4.0  μ g/ml.  Inset  shows the 
bolus and infusion rate for 
propofol administration       
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 Propofol infusion should be used as part of balanced anes-
thesia, particularly in combination with opioids. Because of 
its longer CSHT in pediatric patients, recovery from propofol 
anesthesia is slower than in adults even though propofol is 
recognized as a rapid-onset and rapid-offset anesthetic  [  5  ] . As 
Drover et al. suggested, opioids generally lead to decreased 
propofol requirement  [  4  ] . It has also been suggested that a 
combination of propofol and postoperative pain prevention 
potentially reduces the incidence of emergence agitation, 
which is a typical problem in pediatric anesthesia  [  3  ] . 

 In conclusion, propofol titration seems to be a key issue 
for pediatric patients undergoing GKS. Propofol ESC is not 
predictable during manual infusion, but it can be managed by 
using the combination of a small dose of a bolus and then 
continuous infusion. The simulation in this study was based 
on a limited number of patients. Further pharmacokinetic 
analysis should be performed with a larger patient group.      
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  Abstract    Objective : An animal study was conducted to evalu-
ate the  association between blood DNA radiosensitivity, 
assessed by determining the original S-index, and the response 
of experimental gliomas to irradiation. Possible modi fi cations 
of the latter after administration of iron-containing water (ICW) 
were also explored. 

  Methods : The study was performed on Wistar rats with 
subcutaneously implanted experimental glioma-35. The 
tumors were locally X-irradiated with a single 15 Gy dose. 
ICW (60–63 mg·Fe 2+ /l) was administered in the drinking 
water for 3 days before treatment. The animals underwent 
blood sampling for analysis of the DNA concentration and 
leukocyte count. DNA index was estimated 3 days before 
irradiation and 24 h thereafter. The S-index was evaluated 
within 4 h before irradiation. 

  Results : The mean initial S-index in the blood samples of 
glioma-bearing rats was 0.73 ± 0.05. Addition of ICW 
in vitro resulted in a signi fi cantly increased S-index in half 
of the samples. In general, the irradiated rats, which had 
been given pretreatment ICW and demonstrated an in vitro 
increase of the S-index to >1.0, showed the most marked 
inhibition of tumor progression and the smallest tumor vol-
ume 25 days after irradiation. They also exhibited the lowest 
rate of lesion growth and the longest survival. 

  Conclusion : Determination of the biochemical S-index 
and evaluation of its changes in vitro caused by ICW may be 
predictive of the response of experimental glioma to irradia-
tion. Because in vivo administration of ICW was associated 
with a somewhat better tumor response to treatment, it may 
be considered as a potential radiosensitizer.  

  Keywords   Blood DNA radiosensitivity  •  Experimental 
glioma  •  Experimental  radiotherapy  •  S-index  •  Tumor 
response     

   Introduction 

 Fractionated radiation therapy (FRT) constitutes one of the 
main management options for malignant gliomas, although 
frequently its effectiveness is limited because of the well-
known radioresistance of these neoplasms. Escalating the 
radiation dose, particularly with the use of a radiosurgical 
boost, and/or administration of effective radiosensitizers can 
be utilized to overcome such a problem. These strategies are 
sometimes accompanied by undesirable side effects, how-
ever, so preferably they are applied selectively after individ-
ual assessment of the tumor’s radiosensitivity. 

 Our group demonstrated previously that disease-free sur-
vival after FRT in patients with breast and bladder cancer 
may be predicted before initiation of treatment by testing 
in vitro the radiosensitivity of the blood DNA with determin-
ing the original S-index  [  2  ] . Further investigation revealed 
that in the case of glioma the S-index is rather low, usually 
not exceeding 1.0 (mean 0.61 ± 0.05), which may re fl ect rela-
tive radioresistance of these tumors. We conducted the pres-
ent animal study to evaluate the association between the 
S-index and the response of experimental gliomas to irradia-
tion. We also looked at its possible modi fi cation after admin-
istration of iron-containing water (ICW).  

   Material and Methods 

 The study was performed on adult Wistar rats with subcuta-
neously implanted experimental glioma-35, originally 
induced by administration of ethylnitrosourea  [  9  ] . The tumor 
was implanted in 27 animals by subcutaneous injection of a 
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0.5 ml suspension of neoplastic cells (12 × 10 9  cell/l) in the 
leg. The control group included seven rats that did not 
undergo implantation of the neoplasm. 

 All experiments were conducted in accordance with the 
standards of humane animal care and local institutional 
regulations. 

   Blood Sampling and Analysis 

 Blood (0.4 ml) was collected from the rat tail vein. The sam-
ples were diluted 1:1 with physiological saline and sepa-
rated into two parts: One served as the nontreated control, 
and the other was subjected to irradiation with a dose of 
4 Gy (dose rate 4.0 Gy/min) using the linear accelerator 
Philips SL 75–5. ICW (60–63 mg·Fe 2+ /l) was added (20 % 
of the total volume) to the irradiated samples 30 min before 
treatment. Irradiation was followed by incubation at 37 °C 
for 3 h. The total duration of the biochemical analysis was 
4 h. Of note: If chromosomal aberrations were to have been 
 evaluated, >48 h would have been necessary for lymphocyte 
cultivation  [  4,   6  ] . 

 Fluorescence-based measurements of the DNA concen-
tration ( μ g/ml) and leukocyte count (cells/ml) in the control 
and irradiated blood samples were performed (in the latter 
both before and after ICW addition). Also, the DNA index 
and S-index (designated the S 

Fe
 -index if assessed after 

in vitro ICW addition) were estimated according to a previ-
ously described method  [  5  ]  and the following formulas:

DNA-index (control) =  DNA concentration (control)/
Leukocyte count (control)

DNA-index (irradiated) =  DNA concentration (irradiated)/
Leukocyte count (irradiated)

S-index =  DNA-index (control)/
DNA-index (irradiated) 

 In all cases, the analysis was performed 3 days before 
tumor irradiation and 24 h thereafter. The S-index was evalu-
ated within 4 h before treatment in 14 glioma-bearing ani-
mals that had been scheduled for treatment after 3 days of 
ICW administration as drinking water available ad libitum 
(groups 3 and 4).  

   Irradiation and Follow-Up 

 Of the 27 glioma-bearing rats carrying developed tumor nod-
ules, 20 underwent local irradiation of the tumor with a single 
15 Gy dose using an X-ray unit (RUM-17; Mosrentgen, 
Russia) under the following conditions: dose rate 0.8 Gy/min, 
 I  = 13 mA,  U  = 200 kV,  fi ltered through 0.5 mm Cu and 1.0 mm 

Al. The volume of the neoplasm was calculated before irra-
diation and at regular intervals thereafter according to the fol-
lowing formula: V (cm3) = (4π/3) × A × B2/8 where  A  and  B  
re fl ect the width and height of the lesion, respectively. The 
period of tumor growth up to a volume of 2.6 cm 3 , which 
approximates the size of the whole volume of the adult Wistar 
rat brain (2.4–2.8 cm 3 ), and the survival of the animals after 
irradiation were recorded.  

   Statistical Analysis 

 Student’s  t -test and the Mann–Whitney U-test were used for 
statistical analysis. The level of signi fi cance was determined 
at  P  <0.05.   

   Results 

   S-Index 

 The mean initial S-index in the blood samples of 14 glioma-
bearing rats scheduled for irradiation after 3 days of ICW 
administration was 0.73 ± 0.05. Addition of ICW during 
in vitro analysis of blood samples had different effects on the 
S-index values. In half of the cases there was a statistically 
nonsigni fi cant decrease (mean S 

Fe
 -index 0.47 ± 0.06), 

whereas the other half exhibited a statistically signi fi cant 
( P  < 0.01) increase to >1.0 (mean S 

Fe
 -index 1.52 ± 0.13). The 

mean initial S-index in the latter group was slightly higher 
(0.83 ± 0.08 vs. 0.63 ± 0.04), although the difference did not 
reach statistical signi fi cance.  
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  Fig. 1    Volume of the subcutaneous tumors (cm 3 ) in different groups of 
glioma-bearing rats.  Asterisk  indicates the presence of statistically 
signi fi cant differences ( P  <0.05) of the lesion volume at 25 days after 
treatment between nonirradiated animals (group 1) and irradiated ani-
mals after pretreatment administration of ICW (groups 3 and 4)       
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   Irradiation and Follow-Up 

 The subcutaneously implanted gliomas gradually progressed 
in both the nonirradiated rats (group 1) and the irradiated ani-
mals (groups 2–4), although treatment de fi nitely inhibited 
tumor growth to various degrees (Fig.  1 ). The investigated 
hematological parameters, rate of tumor growth, and survival 
of the experimental animals are shown in Table  1 .   

   DNA Index 

 Compared to the control group, there was a statistically 
signi fi cant ( P  <0.01) increase in the DNA index 24 h after 
treatment in the nonirradiated glioma-bearing rats (group 1). 
Similar changes were marked in irradiated animals treated 
with ICW before irradiation, who had an in vitro S 

Fe 
-index of 

>1.0 (group 4).  

   Effect of ICW Administration 

 The animals subjected to pretreatment administration of 
ICW (groups 3 and 4) had smaller tumor volumes at 25 days 
after irradiation ( P  <0.05) and longer survival ( P  <0.01) than 
the nonirradiated animals (group 1). Additionally, they did 
not demonstrate statistically signi fi cant changes in the leuko-
cyte count in blood samples 24 h after irradiation compared 
to nonirradiated animals (group 1) and the control group. In 
contrast, the leukocyte count was statistically signi fi cantly 
decreased ( P  <0.01) in irradiated rats that did not receive 
ICW before treatment (group 2).  

   In Vitro Determination of S 
Fe

 -Index 
and Tumor Progression 

 In general, irradiated animals that were administered ICW 
before treatment and had an in vitro S 

Fe
 -index >1.0 (group 4) 

showed the most signi fi cant inhibition of the tumor progres-
sion and the smallest tumor volume 25 days after irradiation. 
They also had the lowest rate of the lesion growth up to a 
volume of 2.6 cm 3 , and the longest survival. However, none 
of these parameters had differences that reached statistical 
signi fi cance when compared to irradiated animals that had 
been given ICW before treatment and demonstrated an 
in vitro S 

Fe
 -index of <1.0 (group 3).    

   Discussion 

 There is increasing interest in possible predictive markers of 
cancer response to various alternative treatment options. In 
contrast to general clinical prognostic factors, which mainly 
re fl ect the condition of the patient and the biology of the neo-
plasm, such markers can provide information on the expected 
effectiveness of the given therapy in the particular case. They 
can be helpful for selecting the optimal candidates, particu-
larly for FRT and stereotactic radiosurgery, limiting potentially 
toxic management to those who can de fi nitely bene fi t from its 
application. On the other hand, if the radioresistance of the 
neoplasm could be anticipated with some accuracy, the treat-
ment strategy could be modi fi ed with dose escalation or admin-
istration of a radiosensitizer or use an alternative modality. 

 Predictive factors for tumor response to irradiation are usu-
ally sought in the pathological tissue itself or within the circu-
lating plasma and/or blood cells using various genetic, 
cytogenetic, immunological, and other methods  [  1,   7,   8  ] . 
Recently we were able to demonstrate in both clinical and 
experimental studies that the effects of FRT can be anticipated 
by determining the biochemical S-index  [  2,   3,   5  ] . The latter 
showed a strong direct correlation with the prominence of 
unstable chromosomal aberrations  [  4,   6  ] . Indeed, its determina-
tion is fast and easy, and it does not require prolonged lympho-
cyte cultivation. Therefore, application of the S-index is rather 
convenient in clinical practice for rapid characterization of 
DNA radiosensitivity in a sample of human blood leukocytes. 

   Table 1    Hematological parameters, speed of tumor growth, and survival in different groups of experimental animals   

 Experimental animals 

 Changes at 24 h after irradiation 
relative to pretreatment values (%) 

 Mean tumor 
growth period up 
to the volume of 
2.6 cm 3  (days) 

 Mean survival of 
animals (days)  Leukocyte count  DNA index 

  Control group  ( N  = 7)  100.0 ± 9.7 a   100 ± 9.1 c,d   –  – 

  Group 1 : nonirradiated animals ( N  = 7)  110.0 ± 9.3 b   133.6 ± 11.5 c   5.3 ± 1.3 e   19.9 ± 2.6 g,h  

  Group 2 : irradiated animals ( N  = 6)  69.7 ± 6.0 a,b   125.5 ± 16.5  5.6 ± 0.4 f   33.0 ± 5.4 

  Group 3 : irradiated animals with pretreatment administra-
tion of ICW; in vitro S 

Fe
 -index <1.0 ( N  = 7) 

 93.2 ± 15.5  104.9 ± 14.3  9.2 ± 1.6  37.3 ± 3.0 g  

  Group 4 : irradiated animals with pretreatment administra-
tion of ICW; in vitro S 

Fe
 -index >1.0 ( N  = 7) 

 74.4 ± 10.9  166.6 ± 18.3 d   13.9 ± 2.4 e,f   42.7 ± 5.2 h  

   Groups 1 – 4  glioma-bearing rats,  N  number of animals,  ICW  iron-containing water 
  a–h Statistically signi fi cant differences between the marked groups ( P  < 0.01)  
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 The results of the present study demonstrated that evalua-
tion of S-index and its changes after addition of ICW in vitro 
can be predictive of the response of an experimental glioma 
to irradiation. Tumor-bearing rats that underwent the 
described treatment and that had an S 

Fe
 -index of >1.0 before 

irradiation demonstrated signi fi cant inhibition of lesion pro-
gression and had the longest survival. These animals showed 
the most prominently elevated DNA index 24 h after irradia-
tion, which probably re fl ected early genotoxic effects. The 
differences in the investigated parameters generally did not 
reach statistical signi fi cance, which might be explained by 
the small number of samples in the experimental groups. 
However, we can still speculate that the cutoff level of 1.0 for 
the S 

Fe
 -index may differentiate radiosensitive and radioresis-

tant experimental gliomas. 
 Moreover, administration of ICW in vivo before irradia-

tion was associated with a somewhat better tumor response 
to treatment. These results correspond well to those of our 
previous investigations, which demonstrated that iron ions 
might increase the ef fi cacy of FRT  [  3  ] . Therefore, ICW can 
be considered a potential radiosensitizer that may improve 
treatment results in patients with malignant gliomas. 

 The search for biomarkers to predict differential effects 
of radiation on human cancers has just begun. Few dedi-
cated clinical trials of suf fi cient size have been performed 
to date, and the obtained results are frequently confound-
ing and inconsistent. Although our study demonstrated 
that some biochemical parameters, such as the S-index, are 
potentially useful for predicting tumor response and hema-
totoxic reactions after irradiation, the data should be consid-
ered preliminary. Our  fi nal goal is identi fi cation of effective 
biomarkers that can be used during decision-making before 
initiating irradiation in patients with malignant brain tumors. 
The search requires more extensive laboratory and clini-
cal investigations. The realization of this goal is necessary 
before we can introduce individualized radiation treatment 
into clinical practice.  

   Conclusion 

 Testing blood DNA radiosensitivity by determining the pre-
treatment biochemical S-index and evaluation of its changes 
after treatment with ICW in vitro may be predictive of the 

response of experimental gliomas to irradiation. If our results 
are con fi rmed in further studies, it may open a perspective 
for optimized selection of candidates for irradiation, provide 
an objective choice of treatment’s parameters, and give a pre-
cise estimation of the results. Moreover, because administra-
tion of ICW in vivo is associated with a somewhat better 
tumor response to irradiation, we believe it can be consid-
ered a potential radiosensitizer. Additional laboratory and 
clinical investigations are necessary for identi fi cation of bio-
chemical predictive markers for FRT and stereotactic radio-
surgery in patients with brain tumors.      
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    Keywords   Gamma Knife radiosurgery  •  Neuroimaging • 
 Stereotactic radiosurgery  •  Treatment planning      

  Introduction    

 In 1951, Lars Leksell described a novel way to treat brain 
disorders without craniotomy but with application of multi-
ple narrow ionizing beams delivered during a single session. 
He then coined the term “radiosurgery”  [  7  ] . Twenty years 
later he wrote in his autobiography: “I have in my hands a 
new type of brain surgery, an operative system, a more 
sophisticated and less risky surgical procedure based on pro-
gressively improving imaging of the brain and on mechani-
cal accuracy and modern physics, a necessary addition to 
classical bloody surgery.” Ladislau Steiner noted: 
“Additionally to novelty, his idea featured other ingredients 
characteristic of creativity: the ability to be fruitful, the abil-
ity to select the required tool for the idea work, and the abil-
ity to stimulate the minds of others to work with excellence.” 
It should be speci fi cally emphasized that the radiosurgical 
method was created and successfully introduced into clinical 
practice before development of the modern neuroimaging 
techniques, such as computed tomography (CT), magnetic 
resonance imaging (MRI), and digital angiography. 

 Precise determination of the target’s location, volume, and 
interrelations with the surrounding structures is of paramount 
importance for successful use of stereotactic radiosurgery, par-
ticularly Gamma Knife radiosurgery (GKS). Therefore, from 
the past until now, this method has critically relied on radio-
logical techniques because application of the single-session 
relatively high-dose irradiation has no other spatial control 
other than the available medical images. It demands the highest 

requirements for imaging accuracy to provide optimal treat-
ment precision with minimal, if any, damage to healthy brain 
tissue and a low risk of undue side effects. Understanding the 
basic principles of neuroimaging modalities, their advantages 
and limitations, is mandatory for effective and safe radiosur-
gery. Additionally, knowledge of the typical changes in the 
lesion after irradiation and their relation to clinical outcome is 
important during follow-up examinations.  

   Neuroimaging Modalities for Gamma 
Knife Radiosurgery 

 Current versions of the Leksell GammaPlan (Elekta 
Instruments AB, Stockholm, Sweden) permit installation, 
stereotactic co-registration, and fusion of the various images 
obtained not only with such standard methods as CT, MRI 
and digital cerebral angiography but also with functional 
MRI (fMRI), diffusion tensor imaging (DTI), magnetic res-
onance angiography (MRA), positron emission tomography 
(PET), and other radiological techniques  [  3–  5,   12  ] . 
Variability of the contemporary imaging modalities and their 
possible application for GKS and for subsequent follow-up 
examinations opens new perspectives but also creates 
de fi nite challenges for radiosurgical practitioners. High-
level expertise in visualized anatomical, functional, and 
metabolic data is important for their correct interpretation. It 
is speci fi cally discussed by Ono et al.  [  8  ] , who highlighted 
their experience with optimal visualization of multiple brain 
metastases for GKS. It should be emphasized that various 
radiological methods signi fi cantly complement each other in 
providing important medical information. Therefore, in gen-
eral, precise target delineation, selection of the optimal treat-
ment strategy, and accurate dosimetry planning during 
radiosurgery can be most effectively attained by applying 
the multimodal neuroimaging approach based on various 
combinations of the available images within the three-
dimensional (3D) workspace of the Leksell GammaPlan. 

      Importance of Neuroimaging Accuracy in Radiosurgery        

     Julio   C.   Antico         
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   CT 

 Introduction of CT during the 1970s represented a tremen-
dous step forward for clinical practice in general and for 
GKS in particular  [  1  ] . The method provides suf fi cient ana-
tomical resolution and permits calculation of electron den-
sity maps. It is still widely applied for radiosurgical treatment 
planning. It provides precise stereotactic localization of the 
lesion, although detailed delineation of the soft tissue targets 
derived from CT alone may be suboptimal, particularly com-
pared to what MRI offers.  

   MRI 

 At present, MRI represents the standard modality for radio-
surgery because it provides excellent resolution and allows 
perfect 3D localization of soft tissue targets. Various aspects 
of its usefulness to GKS are emphasized in the articles 
included in this volume of  Acta Neurochirurgica Supplement  
 [  6,   8,   11,   17  ] . It should be noted, however, that because of the 
complexity of the nuclear interactions involved in the mag-
netic resonance phenomenon this imaging modality has mul-
tiple sources of potential errors. These errors may result in 
distortion artifacts and affect image quality and accuracy. 
Therefore, the use of MRI alone for radiosurgical treatment 
planning must be undertaken with caution. At the same time, 
although the resolution of CT is lower, it is more resistant to 
localization errors. The automated algorithm of the Leksell 
GammaPlan permits easy co-registration of MRI and CT. In 
fact, such fused images may provide information superior to 
that obtained with each of the aforementioned modalities if 
used separately. Moreover, CT has superb potential for visu-
alization of bone structures, which can be used for 3D evalu-
ation and correction of MRI distortion artifacts. Therefore, 
routine acquisition of CT scans and use of fused images are 
reasonable even if the radiosurgical target seems well 
identi fi ed on MRI. 

 The constructive interference in steady state (CISS) 
sequence plays an important role in evaluating anatomical 
structures within the cerebral ventricles and subarachnoid 
cisterns. It can be particularly useful for lesions producing a 
signal that is relatively isointense to cerebrospinal  fl uid on 
T1- and T2-weighted images. Hayashi et al.  [  6  ]  advocated 
use of 3D CISS for skull base lesions, as it seems to be effec-
tive when assessing the cerebellopontine cistern, internal 
auditory canal and, after fusion with “bone window” CT, the 
inner ear structures. The described technique permits clear 
visualization of the facial and vestibulocochlear nerves, 
which is important during GKS of vestibular schwannomas. 
It has been demonstrated that CISS is superior to 3D turbo-

spin echo (3D-TSE) for cranial nerve visualization  [  15  ] , and 
that for such a purpose images are most effectively acquired 
in the axial plane  [  2,   13,   14,   16  ] . 

 Technological advances in fMRI and DTI may further 
re fi ne dosimetry planning during GKS, particularly for 
lesions located in or in close vicinity to critical brain struc-
tures  [  3  ] . In such cases, functional information on the elo-
quent cortex or functionally important white matter tracts 
may result in avoidance of excessive irradiation and may 
potentially reduce the risk of posttreatment complications. 
Tamura et al.  [  11  ]  demonstrated an effective technique for 
installation of DTI in the Leksell GammaPlan and its fusion 
with T1- and T2-weighted MRI scans for identifying the cor-
ticospinal tract and optic radiation. Initial dose planning is 
possible using structural data, being subsequently adjusted 
with regard to available functional information. Such 
advanced MRI techniques are effectively attained at high-
 fi eld MRI, which potential application in radiosurgery is 
 discussed by Zamecnik and Essig  [  17  ] . However, although 
3 T devices provide superior image quality and resolution 
compared to 1.0 T or 1.5 T scanners, they are susceptible to 
magnetic  fi eld inhomogeneities and related distortions, 
which may result in decreased image accuracy, limiting their 
use for radiosurgical treatment planning. 

 Other MRI techniques, such as perfusion-weighted, diffu-
sion-weighted, and spectroscopic imaging, can be effectively 
applied in GKS as well  [  4  ] . This scienti fi c  fi eld is growing 
rapidly, with constant development of new sequences that 
provide better image quality, greater accuracy and resolu-
tion, and higher speed of investigation. Therefore, it can be 
expected that advanced neuroimaging modalities, particu-
larly those based on the use of high- fi eld MRI scanners, will 
constantly refresh routine radiosurgical practice.  

   Digital Cerebral Angiography 

 For decades, conventional cerebral angiography has been 
used for GKS of arteriovenous malformations (AVMs). 
However, it offers only two-dimensional visualization of the 
nidus, whereas loss of detailed spatial information may result 
in inaccurate target delineation  [  9  ] . On the other hand, 
although CT and MRI provide perfect anatomical resolution 
and 3D visualization of the lesion and surrounding struc-
tures, they provide only limited data on vessel architecture 
and do not permit precise discrimination between feeding 
arteries, draining veins, and the nidus itself. This de fi ciency 
decreases their usefulness as single neuroimaging modalities 
during radiosurgery of AVMs  [  10  ] . Hence, for optimal 
dosimetry in such cases and precise delivery of radiation to 
the 3D nidus, the combined use of cerebral angiography, CT, 
and MRI seems appropriate.  
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   MRA 

 Magnetic resonance angiography (MRA) is based on the 
effects of moving spins on a magnetic resonance signal, and 
the intensity of each pixel depends on the velocity of the 
detected spins. Selective detection of the moving spins is not 
dependent on pulsatile  fl ow. Therefore not only arteries but 
venous structures as well can be effectively visualized with-
out use of contrast agents. Integration of MRA into dosime-
try planning during GKS for AVMs is technically feasible 
and has been effectively applied  [  12  ] . Moreover, noninvasive 
evaluation of blood  fl ow provided by this imaging modality 
is also useful during posttreatment follow-up.  

   PET 

 Integration of the metabolic data in radiosurgical treatment 
planning may optimize target selection in cases of in fi ltrating 
lesions with ill-de fi ned borders, particularly recurrent 
 neoplasms. Positron emission tomography (PET) provides 
useful information, and current versions of the Leksell 
GammaPlan permit its automatic co-registration with struc-
tural MRI. It facilitates application of GKS, especially in 
patients with intraaxial brain tumors, and it can potentially 
lead to improved clinical results. However, additional chal-
lenges with dosimetry may appear as the structural and meta-
bolic images of the location of the optimal target do not 
necessarily correspond to each other. Moreover, spatial accu-
racy of such fused images requires clari fi cation. On the other 
hand, metabolic and functional data obtained with PET can 
effectively differentiate tumor recurrence from radiation-
induced effects during follow-up after radiosurgery.   

   Conclusion 

 There is no doubt that advances in neuroimaging can help 
re fi ne all aspects of radiosurgical treatment planning, improve 
its ef fi cacy, and provide greater accuracy of follow-up exam-
inations. Nevertheless, indications for clinical application of 
many radiological techniques remain poorly de fi ned and 
require further clari fi cation. The main challenge for radio-
surgeons and radiation oncologists is related to understand-
ing the advantages and limitations of the various available 
modalities. Ultimately, prospective studies correlating imag-
ing  fi ndings and clinical outcomes are needed so we can 
establish precise guidelines for optimal patient care.      

  Con fl ict    of Interest   The author declares that he has no con fl ict of 
interest.  
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  Abstract    Background : Optimal management of metastatic 
brain disease requires precise detection and detailed charac-
terization of all intracranial lesions. 

  Methods : We analyzed an experience with 3200 brain 
MRI investigations performed at 1.5 T and 3.0 T for 
identi fi cation and/or evaluation of intracranial metastases. 
Usually axial T1- and T2-weighted images and contrast-
enhanced T1-weighted images in axial and coronal and/or 
sagittal projections were obtained. Fluid-attenuated inver-
sion recovery and diffusion-weighted imaging were some-
times used as well. Routinely, 0.2 mmol/kg of gadoteridol 
(ProHance®) was administered intravenously, but the dose 
was reduced to 0.1 mmol/kg in elderly patients or in patients 
with mild renal dysfunction. 

  Findings : Magnetic resonance imaging (MRI) provided 
excellent information on tumor location; interrelations with 
functionally important intracranial structures; type of growth; 
vascularity; recent, old or multiple hemorrhages within or in 
the vicinity of the mass; presence of peritumoral edema; 
necrotic changes; subarachnoid dissemination; meningeal 
carcinomatosis. However, without administration of gado-

teridol or without contrast enhancement, small metastatic 
tumors could not be reliably distinguished from brain lacu-
nes. Some metastases (malignant melanoma, thyroid cancer, 
endocrine carcinoma, small cell lung carcinoma) may dem-
onstrate speci fi c neuroimaging features. Non-metastatic 
 multiple brain lesions caused by vascular, in fl ammatory, 
demyelinative or lymphoproliferative diseases require a 
thorough differential diagnosis with metastatic brain tumors 
based not only on neuroimaging but on additional analysis 
of various clinical data. 

  Conclusion : Contemporary MRI techniques provide 
excellent options for detection, detailed characterization, 
and differential diagnosis of metastatic brain tumors, which 
is extremely important when choosing the optimal treatment 
strategy, particularly with Gamma Knife radiosurgery.  

  Keywords   Brain metastases  •  Diagnosis  •  Differential 
diagnosis  •  MRI  •  Multiple brain lesions     

   Introduction 

 Recent achievements in cancer management have resulted in 
de fi nitely improved local disease control, but there has been 
an increased incidence of metastatic brain tumors. Although 
prognosis in such cases is generally poor, it is widely accepted 
that early, precise diagnosis may facilitate effective treat-
ment. Particularly, Gamma Knife radiosurgery may result in 
meaningful prolongation of patient survival and signi fi cantly 
improved quality of life. The optimal management of meta-
static brain disease—surgery, irradiation, chemotherapy, or 
their combination—requires precise detection of all intracra-
nial lesions. Here we present our magnetic resonance imag-
ing (MRI)-based diagnostic approach to intracranial 
metastases directed at their optimal visualization, detailed 
characterization, and effective differential diagnosis with 
non-metastatic multiple brain lesions.  
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   Materials and Methods 

 We reviewed 3200 brain MRI investigations performed 
for identi fi cation or evaluation of intracranial metasta-
ses in patients seen in the Department of Diagnostic 
Imaging and Nuclear Medicine of the Tokyo Women’s 
Medical University from September 2009 to August 
2011. The vast majority of metastatic brain tumors orig-
inated from the lung (56 %), breast (12 %), and gastro-
intestinal tract (11 %). Among other locations of the 
primary disease, the most common were the kidney, 
liver, ovary, uterus, prostate, head and neck, thyroid, 
and endocrine organs. 

 Five MRI scanners were utilized: one with a magnetic 
 fi eld strength of 3 T and four with a strength of 1.5 T. The 
main parameters of the sequences used are presented in 
Table  1 . The investigation included axial T1- and T2-weighted 
images with 7 mm slice thickness and contrast-enhanced 
T1-weighted images with 5 mm slice thickness in axial and 
coronal and/or sagittal projections. For radiosurgical man-
agement of intracranial metastases, three-dimensional (3D) 
gradient echo sequences at 1.5 T are usually used in our 
practice. In the same time for routine examination of these 
patients we prefer spin-echo sequences (or 3D spin-echo 
sequences at 3 T) because they provide excellent information 
needed for lesion characterization  [  3,   7–  9  ] . If gadolinium-
enhanced T1-weighted images were obtained with 3D gradi-
ent echo sequence at 1.5 T or 3D spin echo sequence at 3 T, 
they were reconstructed with 2 mm slice thickness. A b-fac-
tor of 1000 s/mm 2  was used for diffusion-weighted imaging 
(DWI).  

 Routinely, for MRI examination of patients with meta-
static brain disease a double dose (0.2 mmol/kg) of 
the gadolinium-based contrast medium gadoteridol 

(ProHance®; Eisai, Tokyo, Japan) was administered intra-
venously. It was reduced to 0.1 mmol/kg in patients >80 
years of age or who had mild renal dysfunction de fi ned as 
a serum creatinine level of 1.2–1.8 mg/dl and/or an esti-
mated glomerular  fi ltration rate (GFR) of 60–120 ml/min. 
For patients with signi fi cant renal dysfunction (serum 
creatinine >1.8 mg/dl and/or estimated GFR <60 ml/min) 
or allergy to the contrast medium, the examination was 
limited to plain T1- and T2-weighted imaging with addi-
tional  fl uid attenuation inversion recovery (FLAIR) images 
and DWI.  

   Results 

 In the absence of a history of intralesional bleeding, the 
majority of metastatic brain tumors typically showed a 
hypointense signal on T1-wighted images and slightly 
hypointense or isointense signals on T2-weighted images. In 
contrast, hemorrhagic tumors were characterized by a hyper-
intense signal on precontrast T1-weighted images and a 
hypointense signal on T2-weighted images. They were also 
typically associated with various degrees of perilesional 
edema (Fig.  1 ).  

 Approximately 60 % of our patients suspected to have 
metastatic brain disease were examined with the use of 
double-dose gadoteridol. Contrast administration typically 
led to identi fi cation of various types of tumor enhancement 
(punctate, solid, single or multiple ring, mixed) and clear 
separation of the neoplasm from the area of perilesional 
edema (Fig.  2 ). Without the use of gadoteridol or in cases 
of absent contrast enhancement, small metastatic tumors 
of any origin could not be reliably distinguished from brain 

   Table 1    Main parameters of MRI investigations performed for identi fi cation and/or evaluation of brain metastases   

 No. of MRI 
scanner 

 Magnetic  fi eld 
strength (T) 

 TR/TE of T1-weighted 
images (ms) 

 TR/TE of T2-weighted 
images (ms) 

 TR/TE of postgadolinium 
T1-weighted images (ms)  Flip angle 

 TR/TE/TI of 
FLAIR (ms) 

 1  3  2,650/40 TI: 110  3,500/90  576/10  90°  10,000/120/2,700 

 3D-SE: 16/5.5  18° 

 2  1.5  415/15  3,200/100  415/15  90°  9,600/120/2,400 

 3D-GR: 25/6.8  20° 

 3  1.5  430/15  3,500/10  430/15  T1: 70°  10,000/120/2,700 

 T2: 90° 

 3D-GR: 17/5.5  20° 

 4  1.5  401/11  3,282/100  401/11  T1: 70°  6,000/100/2,000 

 T2: 90° 

 5  1.5  400–500/12  3,500–4,000/90  400–500/12  T1: 80°  9,000/102/2,500 

 T2: 90° 

   MRI  magnetic resonance imaging,  TR  repetition time,  TE  echo time,  TI  inversion time,  FLAIR   fl uid attenuation inversion recovery,  3D-SE  three-
dimensional spin echo,  3D-GR  three-dimensional gradient echo  
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lacunes even with the use of FLAIR and/or DWI. Moreover, 
whereas single-dose gadoteridol was suf fi cient for contrast 
enhancement of large tumors, its use at both 1.5 T and 
3.0 T was sometimes associated with dif fi culty distinguish-
ing tiny brain lesions from normal vascular structures. 
Small tumors were better characterized with the use of a 
higher contrast dose, which facilitated their differentiation 
from normal arteries and veins. Meningeal or subarach-
noid tumor dissemination also was better demonstrated 
after double-dose contrast administration (Fig.  3 ). However, 
administration of the higher-dose gadoteridol caused 
strong enhancement of the dural sinuses, which in some 
cases caused pulsation artifacts.   

   Speci fi c MRI Features of Some Tissue Types 

 In contrast to other lesions, brain metastases of malignant 
melanoma typically demonstrated high intensity on 
T1-weighted MRI (Fig.  4 ). Tumors originated from the 
thyroid carcinoma usually had mixed isointense to hyper-
intense signals on T2-weighted images in the absence of 
the previous hemorrhagic episode and frequently showed 
strong contrast enhancement of the stroma and capsule 
(Fig.  5 ). Metastases of endocrine carcinomas were charac-
terized by low signal intensity on T1- and T2-weighted 
images and only slight contrast enhancement. Finally, 
early-stage tiny metastases of small cell lung carcinoma 
typically were not accompanied by peritumoral edema and 
could be identi fi ed only by the presence of contrast 
enhancement.     

   Discussion 

 Patients with known cancer routinely undergo brain MRI to 
detect or rule out metastatic brain disease. If intracranial 
tumors are disclosed, it is important to characterize them 
precisely with regard to location; interrelations with func-
tionally important intracranial structures; type of growth; 
vascularity; recent, old, or multiple hemorrhages within or in 
the vicinity to the mass; presence of peritumoral edema; 
necrotic changes; subarachnoid dissemination; and/or men-
ingeal carcinomatosis  [  11  ] . Each of these factors is impor-
tant for choice of the optimal treatment strategy and prediction 
of the prognosis. 

 The MRI appearance of brain metastases is strongly 
 associated with their histopathological features: vascular-
ity,  cellularity, necrosis, previous hemorrhage  [  5,   11  ] . On 
T2-weighted images the solid areas of tumors usually have 
a slightly hypointense or isointense signal, although the sig-
nal may be different if the neoplasm originated from thyroid 
carcinoma or there was a previous episode of intralesional 
or perilesional bleeding. There are various types of contrast 
enhancement. Large metastases are typically accompanied 
by prominent peritumoral edema, whereas it is usually 
mild or even absent with small lesions. Particularly, early-
stage metastases of small cell lung carcinoma are known 
to have only punctate or faint ring enhancement and are 
not accompanied by perifocal edema  [  10,   13  ] . This appear-
ance fully corresponds to our own experience and can cre-
ate signi fi cant diagnostic problems. In general, without 
administration of contrast medium it is nearly impossible 
to detect small parenchymal or meningeal metastasis even 
with FLAIR or DWI and/or the use of a 3 T MR scanner. 

a b c

  Fig. 1    Brain metastasis of lung adenocarcinoma with previous small 
intralesional hemorrhage, which appears as a low intensity signal on 
T2-weighted ( a ) and high intensity signal on precontrast T1-weighted 

( b ) images. There is marked contrast enhancement ( c ) and mild perile-
sional edema       
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 It is well known that double-dose contrast medium is 
preferable because, compared to the single dose, it increases 
detection of small metastatic brain tumors  [  13,   14  ] . However, 
the amount of administered contrast medium should be 
reduced in patients with renal failure. In fact, we prefer to 
perform MRI investigations without the use of any contrast 
medium in patients with signi fi cantly deteriorated renal func-
tion or who have an allergy to gadoteridol. Certainly such 
approach may reduce the diagnostic ef fi cacy, but it avoids 
complications and/or side effects. Also, high-dose contrast 
enhancement may result in pulsation artifacts, particularly in 
patients with well-developed lateral sinuses investigated at 
3 T. Sometimes it signi fi cantly complicates the evaluation of 
metastases in the posterior cranial fossa and requires multi-
ple planes of reconstruction. 

 Some metastatic brain tumors carry speci fi c neuroimag-
ing features that re fl ect their tissue type. Neoplasms originat-
ing from kidney and liver cancers have abundant vasculature 
and a well-known propensity for intratumoral or peritumoral 
bleeding. Acute hemorrhages are better demonstrated on 
computed tomography (CT) than on MRI, although with 
time an area of hyperintense or hypointense signal can be 
identi fi ed on T2-weighted images that re fl ect, respectively, 
the presence of methemoglobin or hemosiderin. Metastases 
of thyroid cancer, present as localized hypervascular lesions, 
are mainly located in subcortical brain tissue. They rarely 
bleed, progress slowly, have an easily identi fi able capsule, 
and are frequently associated with bone metastases in the 
skull, which sometimes resemble meningioma or hemangio-
pericytoma. Metastatic melanotic melanomas usually have 

a

c d e

b

  Fig. 2    Prominent contrast enhancement of brain metastases of small 
cell lung carcinoma in the left cerebellar hemisphere ( a ) and frontal 
lobe ( b ), with a multiple-layered ring pattern ( c ,  with magni fi cation ). 

The solid part of the tumor has slightly low intensity, whereas its deeper 
necrotic part has high intensity on T2-weighted ( d ,  with magni fi cation ) 
and low intensity on T1-weighted ( e ,  with magni fi cation ) images       
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high intensity on T1-weighted images because of the pres-
ence of the paramagnetic substance melanin. Hence, the 
presence of intratumoral bleeding should be excluded in such 
cases with FLAIR images or CT. According to our experi-
ence, the rather rare intracranial metastases of endocrine car-
cinomas are characterized by low signal intensity on both 
T1- and T2-weighted images and display only slight contrast 
enhancement. Double-ring or triple-ring enhancement with 
intermittent high-intensity and low-intensity layers is typical 
for metastases of small cell lung carcinoma, which may cor-
respond to rapid tumor growth with coexistent areas of well-
developed vasculature and necroses (however this hypothesis 
requires histopathological con fi rmation). Meningeal carci-
nomatosis and leptomeningeal dissemination are more 

typical for gastrointestinal, ovarian, and breast carcinomas, 
which metastases initially affect the mediastinal or retroperi-
toneal lymph nodes, with subsequent invasion of the spinal 
nerves, and later perineural spread directly into the subarach-
noid space  [  4,   6  ] . Recognizing these speci fi c features may be 
helpful when searching for the primary tumor in cases of 
intracranial metastases of unknown origin. 

 It is important to note that not all multiple brain lesions are 
metastases, even in patients with known malignancy. The dif-
ferential diagnosis includes multicentric glioma, particularly 
glioblastoma, lymphoma, leukemia, posttransplant lymphop-
roliferative disorder (Fig.  6 ), Behçet’s disease, multiple scle-
rosis (Fig.  7 ), toxoplasmosis (Fig.  8 ), multiple abscesses, 
sarcoidosis, and other infectious and parasitic diseases 

a b
  Fig. 3    Disseminated metastases 
of breast carcinoma. Note the 
multiple prominently enhanced 
tumors in the subarachnoid space 
( a ) and contrast enhancement 
around the fourth ventricle ( b )       

  Fig. 4    Intracranial metastases of 
melanoma. Both bone ( a ) and 
parenchymal ( b ) lesions have high 
signal intensity on precontrast 
T1-weighted images, re fl ecting 
the presence of melanin       
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  Fig. 5    Multiple parenchymal and bone ( arrow ) metastases of thyroid 
carcinoma. Hypervascular tumors have heterogeneous signal intensity 
on T2-weighted ( a ) and T1-weighted ( b ) images. Note the prominent 

heterogeneous contrast enhancement ( c ). The capsule of the parenchy-
mal tumors is clearly seen       

  Fig. 6    Posttransplant lymphopro-
liferative disorder after renal 
transplantation. Note the multiple, 
mainly periventricular lesions 
with prominent perifocal edema 
and heterogeneous signal intensity 
on T2-weighted ( a ) and  fl uid-
attenuated inversion recovery 
(FLAIR) ( b ) images. Almost 
isointense signal intensity is seen 
on T1-weighted images ( c ). There 
is a high intensity signal on 
diffusion-weighted imaging ( d )       
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 [  1,   2,   11,   12  ] . Certainly, the differential diagnosis in such 
cases should be based not only on neuroimaging  fi ndings but 
also on a thorough clinical examination, including evaluation 
of the history and course of the disease, investigation of tumor 
markers, and sometimes even on brain biopsy results.     

   Conclusion 

 Contemporary MRI techniques provide excellent options for 
detection, detailed characterization, and the differential diag-
nosis of metastatic brain tumors. These factors are extremely 
important when choosing the optimal treatment strategy, 

particularly with Gamma Knife radiosurgery. Intravenous 
administration of double-dose gadolinium-based contrast 
medium gadoteridol increases the diagnostic ef fi cacy, espe-
cially for small lesions. Speci fi c MRI features of some 
metastases provide clues for identi fi cation of the primary 
cancer location if it has remained undetected. The possibility 
of non-metastatic multiple brain lesions in patients with 
known cancer should be always taken into consideration and 
requires a thorough differential diagnosis, based not only on 
neuroimaging, but on additional analysis of the various clini-
cal data.      

  Con fl ict    of Interest   The authors declare that they have no con fl ict of 
interest.  

a b c

  Fig. 7    Multiple sclerosis in an active stage. Several small lesions located in the vicinity of the lateral ventricles present with low signal intensity 
on T2-weighted ( a ) and isointensity on T1-weighted ( b ) images, perifocal edema, and prominent contrast enhancement ( c )       

  Fig. 8     Toxoplasma  meningitis. Note the small localized lesion in the pons with inhomogeneously high intensity signal on T2-weighted ( a ) and a 
hypointense signal on T1-weighted ( b ) images. There is also a patchy contrast enhancement ( c )       
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  Abstract    Background : Gamma Knife radiosurgery (GKS) is 
currently performed with 0.1 mm preciseness, which can be 
designated microradiosurgery. It requires advanced methods 
for visualizing the target, which can be effectively attained by 

a neuroimaging protocol based on plain and gadolinium-
enhanced constructive interference in steady state (CISS) 
images. 

  Methods : Since 2003, the following thin-sliced images are 
routinely obtained before GKS of skull base lesions in our 
practice: axial CISS, gadolinium-enhanced axial CISS, gado-
linium-enhanced axial modi fi ed time-of- fl ight (TOF), and axial 
computed tomography (CT). Fusion of “bone window” CT and 
magnetic resonance imaging (MRI), and detailed three-dimen-
sional (3D) delineation of the anatomical structures are per-
formed with the Leksell GammaPlan (Elekta Instruments AB). 
Recently, a similar technique has been also applied to evaluate 
neuroanatomy before open microsurgical procedures. 

  Results : Plain CISS images permit clear visualization of the 
cranial nerves in the subarachnoid space. Gadolinium-enhanced 
CISS images make the tumor “lucid” but do not affect the 
signal intensity of the cranial nerves, so they can be clearly 
delineated in the vicinity to the lesion. Gadolinium-enhanced 
TOF images are useful for 3D evaluation of the interrelations 
between the neoplasm and adjacent vessels. Fusion of “bone 
window” CT and MRI scans permits simultaneous assessment 
of both soft tissue and bone structures and allows 3D estima-
tion and correction of MRI distortion artifacts. 

  Conclusion : Detailed understanding of the neuroanatomy 
based on application of the advanced neuroimaging protocol 
permits performance of highly conformal and selective 
radiosurgical treatment. It also allows precise planning of 
the microsurgical procedures for skull base tumors.  

  Keywords   CISS  •  Gadolinium-enhanced CISS  •  Gamma 
Knife radiosurgery  •  Leksell   GammaPlan  •  Microsurgery  • 
 Skull base tumor     

   Introduction 

 The beginning of achievements in contemporary neurosurgi-
cal techniques occurred around  fi ve decades ago with intro-
duction of the operating microscope into clinical practice. It 
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initiated a shift from traditional surgical principles to micro-
surgery, making it possible to effectively manage intracranial 
lesions while sparing adjacent functionally important ana-
tomical structures. New treatment goals and requirements 
stimulated extensive studies of relevant microanatomy and 
neurophysiology, which were further enhanced by the intro-
duction of advanced neuroimaging modalities, such as com-
puted tomography (CT) and magnetic resonance imaging 
(MRI). Today, the latter represents the main investigative 
tool for patients with brain disorders. It allows detailed eval-
uation of the structural, functional, and metabolic character-
istics of intracranial lesions and permits the neurosurgeon to 
make reasonable choices regarding the optimal treatment 
strategy in individual cases directed at the best possible out-
come with minimal risk of complications. 

 Development of Gamma Knife radiosurgery (GKS) fol-
lowed a similar pathway. It was created during the 1950s and 
was introduced into wide clinical practice at the end of the 
1960s. Further advances in GKS were stimulated by the prog-
ress being made with neuroimaging methods. Simultaneous 
to establishment of radiosurgical treatment standards, the 
technique gradually became widely accepted for managing 
a variety of brain disorders. Recent technological achieve-
ments and the introduction of computer-aided robotized 
devices, such as the automatic positioning system (APS) and 
PerfeXion (Elekta Instruments AB, Stockholm, Sweden), 
which allow treatment with 0.1 mm precision, have initiated 
a shift from traditional radiosurgery to microradiosurgery. 
The latter de fi nitely requires advanced methods for visual-
izing the target and detailed evaluation of the relevant neu-
roanatomy. Microradiosurgery also requires new concepts 
regarding treatment planning, with the goal of performing 
effective stereotactic irradiation of the lesion while sparing 
the normal functioning of adjacent structures. 

 Traditional GKS is mainly based on gadolinium-enhanced 
T1-weighted MRI, which is a useful sequence that provides 
excellent information on tumor location and its interrelations 
with major anatomical structures. However, the images do 
not permit detailed evaluation of the tiny cranial nerves and 
vessels. Moreover, contrast enhancement on T1-weighted 
images is not selective because of the partial volume effect. 
Thus, nuances of the target neuroanatomy cannot be seen, 
thereby precluding, for example, evaluation of the interrela-
tions between the lesion and adjacent cranial nerves (Fig.  1 ) 
or delineation of the separate structures in the internal acous-
tic canal (IAC) and in the cavernous sinus. Such pitfalls cre-
ate a signi fi cant obstacle to application of conformal and 
selective radiosurgical treatment planning. This, in turn, may 
result in inadvertent irradiation of functionally important 
anatomical structures with possible development of post-
treatment complications. Therefore, new methods directed at 
reliable evaluation of the microanatomy within the target are 
de fi nitely required.  

 Development of an advanced neuroimaging protocol for 
radiosurgical treatment planning was initiated by our group 
at Tokyo Women’s Medical University in 2001 and was fully 
established by the beginning of 2003  [  8  ] . Since then, it has 
been in constant use for skull base lesions. It corresponds in 
part to our concept of robotic microradiosurgery  [  4–  9,   16  ]  
using the Leksell Gamma Knife model 4C with APS (Elekta 
Instruments AB). We have recently been applying a similar 
technique to detailed evaluation of neuroanatomy in cases 
planned for the combined management with subtotal surgi-
cal resection and subsequent radiosurgery (e.g., for skull 
base meningiomas) or even for pure microsurgical manage-
ment (e.g., paraclinoid aneurysms  [  10  ] ). The details and 
advantages of the neuroimaging protocol, based on plain and 
gadolinium-enhanced constructive interference in steady 
state (CISS) images, and the results of its application to skull 
base tumors are presented herein.  

   Materials and Methods 

 Our current practice is to obtain the following MRI sequences 
under stereotactic conditions before GKS of skull base lesions: 
(1) axial three-dimensional (3D) heavily T2-weighted (CISS) 
with a slice thickness of 0.5 mm; (2) gadolinium-enhanced 
axial CISS with a slice thickness of 0.5 mm; (3) gadolinium-
enhanced axial modi fi ed time-of- fl ight (TOF) with a slice 
thickness of 1.0 mm. Additionally, plain, “bone window,” and 
contrast-enhanced axial CT scans with the slice thickness of 
1.0 mm are undertaken in each case. 

 All MRI scans are obtained using a 1.5 T clinical scanner 
(ExcellArt; Toshiba Medical Systems, Tokyo, Japan). In 
total, 300–500 slices are acquired for each sequence. The 
acquisition parameters for CISS images are as follows: rep-
etition time (TR) 9.04 ms, echo time (TE) 4.52 ms, average 
2,  fl ip angle 70°, slice oversampling at 10 %, phase oversam-
pling at 0 %, 80 slices per slab. Acquisition time is 6.47 min. 
Routinely, for MRI examinations of skull base lesions, a 
single dose (0.1 mmol/kg) of the gadolinium-based contrast 
medium gadoteridol (ProHance ® ; Eisai, Tokyo, Japan) is 
administered intravenously. 

 All neuroimaging data are exported to Leksell GammaPlan 
(Elekta Instruments AB), where “bone window” CT and MRI 
scans are fused and radiosurgical treatment planning is under-
taken by referring to a simultaneous onscreen display of all 
obtained images in the original 3D workspace. Since recently 
we have also started to use pretreatment simulation of GKS 
with newly available software in the Leksell GammaPlan 
(“Image merge” and “Preplan”). A similar technique is fre-
quently applied for detailed evaluation of the neuroanatomy in 
cases planned for subtotal surgical resection and subsequent 
radiosurgery or even for pure microsurgical management  [  10  ] . 
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  Fig. 1    Left-sided petrous apex meningioma. Gadolinium-enhanced 
T1-weighted magnetic resonance imaging (MRI) ( upper ) does not 
 permit reliable evaluation of the interrelations between the tumor and 

the adjacent trigeminal nerve. In contrast, gadolinium-enhanced 
 constructive interference in steady state (CISS images) ( lower ) provide 
a more detailed view, allowing delineation of the nerve ( red )       
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 Of note: gadolinium-enhanced T1- and T2-weighted 
images, which were widely used in our practice previously, 
have been practically abandoned for radiosurgery treatment 
planning.  

   Results 

 Compared to traditional radiological techniques, our current 
neuroimaging protocol for GKS has important advantages. 
First, thin-sliced plain CISS images permit clear visualiza-
tion of the cranial nerves located intradurally (Meckel’s cave, 
lateral wall of the cavernous sinus) or within the subarach-
noid cisterns (Fig.  2 ). Moreover, separate components of 
some cranial nerves (e.g., trigeminal, vestibulocochlear) can 
be differentiated from each other even with 1.5 T MRI scan-
ners. Second, gadolinium-enhanced CISS images make the 
tumor “lucid” but do not affect the signal intensity of the 
adjacent cranial nerves. Therefore, they can be clearly delin-
eated (for example, in the vicinity of a vestibular schwan-
noma in IAC) (Fig.  3 ). Third, gadolinium-enhanced TOF, 
which is an original sequence for magnetic resonance angiog-
raphy (MRA), provides information comparable to that 
attained with T1-weighted imaging but has an advantage of 
3D grasping of the structures. Therefore, evaluation is easier, 
particularly for understanding the interrelations between the 

neoplasm and adjacent vessels. Finally, fusion of “bone win-
dow” CT and MRI permits simultaneous evaluation of soft-
tissue and bone structures. This is particularly useful after 
previous skull base surgery and in cases of sellar tumors or 
lesions affecting the petrous bone (Fig.  4 ). This technique 
also allows 3D evaluation of the possible distortion artifacts 
on MRI and permits their correction, which may be impor-
tant for GKS in the vicinity of eloquent brain areas.    

 Detailed understanding of neuroanatomy through applica-
tion of the advanced neuroimaging protocol has permitted us to 
perform highly conformal and selective radiosurgical treatment 
of skull base tumors while sparing adjacent structures from 
excessive irradiation. It has also allowed detailed planning of 
the microsurgical procedures with regard to selecting the opti-
mal approach and access to the lesion, choosing the strategy for 
managing the cranial nerves and functionally important vessels, 
and predetermining the limits of a safe resection.  

   Illustrative Cases 

  Case 1 

 A 33-year-old woman presented with a complaint of inter-
mittent weakness of the facial muscles on the left side. MRI 
disclosed a tumor in the middle cranial fossa that extended 

  Fig. 2    Coronal ( a ), 
sagittal ( b ), and axial 
( c ) CISS and 
time-of- fl ight (TOF) 
( d ) images fused with 
“bone window” 
computed tomography 
(CT) permit detailed 
evaluation of the sellar 
anatomy and clearly 
 demonstrate both 
cisternal and 
intracavernous 
segments of the 
 oculomotor nerve 
(From Hayashi et al. 
 [  5  ] )       
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  Fig. 3    Left-sided vestibular schwannoma. Delineation of the facial ( pink ) and vestibulocochlear ( green ) nerves using plain ( upper row ) and 
 gadolinium-enhanced ( lower row ) CISS images       

  Fig. 4    Left-sided vestibular schwannoma of Koos stage II. Identi fi cation of the intrameatal horizontal bar on “bone window” CT ( upper row ) and 
on its fusion with plain CISS images ( lower row )       
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into the IAC via the facial notch and seemingly originated 
from the geniculate ganglion. The largest diameter of the 
lesion, which was thought to be a facial nerve schwannoma, 
was 25 mm. Taking into consideration the young age and 
long life expectancy of the patient, microsurgical resection 
of the neoplasm was planned at  fi rst, but the patient preferred 
GKS because of the better chance of preserving facial nerve 
function. Radiosurgical treatment planning was based on 
fused axial thin-sliced gadolinium-enhanced CISS and “bone 
window” CT images (Fig.  5 ). The facial and vestibuloco-
chlear nerves were perfectly visualized as were the cochlea 
and semicircular canals. The border between the  fl oor of the 
middle cranial fossa and temporal lobe was clearly seen. A 
highly conformal and selective treatment plan was created 
with a margin dose of 12 Gy applied to the 50 % isodose line 

and wide intralesional 80 % isodose area for greater proba-
bility of tumor shrinkage. Adjacent anatomical structures, 
particularly the cranial nerves and cochlea, which were pre-
cisely identi fi ed on the fused gadolinium-enhanced CISS 
and “bone window” CT images, were effectively spared from 
excessive irradiation.   

  Case 2 

 A 54-year-old man had an incidentally discovered left-
sided petroclival tumor, most likely meningioma. 
Gadolinium-enhanced T1-weighted images (Fig.  6 ,  upper ) 
showed the location of the neoplasm, mild compression of 
the pons, and extension of the lesion into the cavernous sinus. 

  Fig. 5    Radiosurgical treatment plan for a large left-sided facial nerve 
schwannoma originating from the geniculate ganglion with extension 
into the middle cranial fossa. Fused axial thin-sliced gadolinium-
enhanced CISS and “bone window” CT images provided detailed visu-

alization of the neoplasm and adjacent anatomical structures, which 
permitted conformal and highly selective dose planning.  Yellow  and 
 green lines  correspond to 50 and 80 % isodose lines, respectively       
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However, adjacent cranial nerves could not be clearly seen. 
Gadolinium-enhanced CISS images demonstrated that the 
cavernous sinus was, in fact, free of tumor, which seemingly 
originated from the dura propria of the medial part of 
Meckel’s cave and extended both anteriorly into it and poste-
riorly into the prepontine cistern. The trigeminal nerve was 
shifted laterally, whereas the oculomotor and abducent 
nerves were not affected, although they were located in close 
vicinity to the lesion. Such detailed visualization permitted 
us to create a conformal and highly selective radiosurgical 
treatment plan. The margin dose of 12 Gy was applied to the 
50 % isodose line, sparing all adjacent cranial nerves from 
the excessive irradiation (Fig.  6 ,  lower ).   

  Case 3 

 A 55-year-old man presented with left-sided facial numb-
ness. MRI disclosed a large multicystic tumor located in the 
left cerebellopontine cistern. Based on clinical and radiologi-
cal  fi ndings, a vestibular schwannoma was strongly sus-
pected. However, detailed evaluation of the neuroanatomy 
based on gadolinium-enhanced CISS images installed in the 
Leksell GammaPlan and delineation of the adjacent III, V, 
VI, VII, and VIII cranial nerves changed the diagnosis to 
trigeminal schwannoma, particularly because the ipsilateral 
V nerve could not be followed in the vicinity to the tumor 
(Fig.  7 ). Preoperative considerations were con fi rmed at the 
time of microsurgical resection of the neoplasm.   

  Case 4 

 A 48-year-old woman presented with mild swallowing prob-
lems. MRI demonstrated a large left-sided petrous tumor, 
most likely a meningioma, compressing the pons and adja-
cent cerebellar hemisphere (Fig.  8 ,  upper ). To obtain the 
optimal functional outcome, we planned combined treatment 
with subtotal resection followed by GKS of the residual 
lesion. The main goal of the  fi rst stage was to verify the his-
topathological diagnosis and to perform maximum possible 
reduction of the mass volume without injuring the adjacent 
and engulfed cranial nerves. Preoperative evaluation of neu-
roanatomy based on gadolinium-enhanced CISS images 
installed in the Leksell GammaPlan revealed that the tumor 
originated from the dura mater between the internal acoustic 
meatus and jugular foramen and slightly extended into the 
latter. The trigeminal, facial, and vestibulocochlear nerves 
were shifted superiorly by the mass, whereas the lower cra-
nial nerves were shifted inferiorly (Fig.  8 ,  center ). 
Intraoperative microsurgical  fi ndings con fi rmed the preop-
erative considerations (Fig.  8 ,  lower ).   

  Case 5 

 A 73-year-old man presented with progressive left oculo-
motor nerve palsy. MRI demonstrated a huge sphenopetro-
clival tumor with extension into both cavernous sinuses. It 
was most likely a meningioma (Fig.  9 ). Combined treat-
ment with subtotal resection followed by GKS of the resid-
ual lesion was planned. Preoperative evaluation of 
neuroanatomy based on gadolinium-enhanced CISS images 
installed in the Leksell GammaPlan revealed that the tumor 
originated from the dura mater of the superolateral part of 
the lateral wall of the left cavernous sinus and widely 
extended inferiorly into the cavernous sinus itself, laterally 
into the middle cranial fossa, and posteriorly into the pre-
pontine and cerebellopontine cisterns. The left oculomotor 
nerve was shifted laterally. Intraoperative microsurgical 
 fi ndings con fi rmed the preoperative considerations.    

   Discussion 

 Modern equipment provides an opportunity to perform GKS with 
0.1 mm precision, which initiated the shift from traditional radio-
surgery to microradiosurgery. The main goals of the latter are 
similar to operative microneurosurgery: effective management of 
the lesion while sparing all functionally important anatomical 
structures for the best possible outcome with minimal risk of 
posttreatment complications. Realization of such objectives 
requires new radiological methods for detailed visualization and 
evaluation of the target area. These goals can be particularly 
attained with application of the described neuroimaging protocol 
based on plain and gadolinium-enhanced CISS images. 

   Application of the CISS-Based Neuroimaging 
Protocol for GKS 

 It is well known that the CISS sequence is highly effective for 
visualizing anatomical structures located in cerebrospinal  fl uid 
(CSF)- fi lled spaces, such as cerebral ventricles and subarach-
noid cisterns  [  2,   8,   11,   12,   17–  21  ] . We have already reported 
the usefulness and clinical advantages of its application to 
radiosurgical treatment planning  [  4–  8,   16  ] . Installation of thin-
sliced CISS images in the Leksell GammaPlan provides clear 
3D visualization of the anatomical structures even with the use 
of 1.5 T clinical MRI scanners. For example, the cavernous 
sinus  fi lled with blood appears “lucid,” which permits clear 
delineation of the cranial nerves in its lateral wall  [  5,   15  ] , as 
shown on Fig.  2 . Visualizing anatomical structures in close 
vicinity to the tumor, particularly if it is large or con fi ned to a 
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  Fig. 6    Incidentally disclosed left-sided petroclival meningioma. 
Gadolinium-enhanced T1-weighted images ( upper ) clearly demon-
strated tumor location but did not permit detailed evaluation of the 
related neuroanatomy. In contrast, gadolinium-enhanced CISS images 
showed the origin of the neoplasm from the medial part of Meckel’s 

cave, absence of an intracavernous extension, lateral shift of the trigeminal 
nerve, and adjacent III and VI cranial nerves, which allowed application 
of conformal and highly selective radiosurgical treatment ( lower ). 
 Yellow  and  green lines  correspond to 50 and 80 % isodose lines, 
respectively       
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  Fig. 7    Three-dimensional preoperative evaluation of a large left-sided 
trigeminal schwannoma using gadolinium-enhanced CISS images installed 
in the Leksell GammaPlan. The neoplasm originated from the trigeminal 
nerve and shifted the adjacent III, VI, VII, and VIII cranial nerves. Tumor 

( yellow ), brain stem ( blue ), and left oculomotor ( rose ), abducent ( pink ), 
trigeminal ( orange ), facial ( green ), and vestibulocochlear ( blue ) nerves are 
delineated       

limited anatomical space (e.g., IAC), is sometimes dif fi cult. 
The problem can be effectively resolved by using gadolinium-
enhanced CISS images. Administration of contrast medium 
results in moderate prolongation of the signal from the tumor 
and approximates it to that of CSF, but it does not affect 
signi fi cantly the signal intensity from the adjacent cranial 
nerves, thereby permitting their visualization and delineation. 

 At present, in many centers GKS is based solely on MRI 
 fi ndings. In contrast, we routinely use thin-sliced CT as well. 
The recognizable advantage of CT over MRI is clear visual-
ization of the osseous structures, which in our opinion is par-
ticularly important during radiosurgery of skull base tumors. 
It is evident that in such cases the bone anatomy within or in 
the vicinity to the target is complex, particularly if the lesion 
had undergone previous resection. Also, cranial nerves and 
vessels located on the cranial base or traversing through it, 
and speci fi c intraosseous anatomical structures (e.g., the 
cochlea) require clear visualization to avoid excessive irradia-
tion during radiosurgery. Fused “bone window” CT and 

 thin-sliced CISS images permit simultaneous visualization of 
soft tissues and bones. The usefulness of this technique for 
evaluating the lateral extension of the intracanalicular part of 
vestibular schwannomas and estimating the distance between 
the tumor and fundus was reported previously  [  12  ]  and can be 
seen on Fig.  4 . Additionally, the technique permits 3D evalu-
ation and possible correction of MRI distortion artifacts  [  4  ] . 

 Finally, application of the described neuroimaging proto-
col and “bone window” CT and MRI fusion frequently 
allows us to determine the origin of the mass lesion. 
Identi fi cation of such an area on the dura mater in cases of 
meningioma may lead to its inclusion in the high-dose irra-
diation  fi eld with possible effect on the abundant feeding 
vessels of the neoplasm  [  4  ] . Also, identi fi cation of a tumor’s 
origin allows us to presume the process of its steady enlarge-
ment during growth and predict the direction in which the 
adjacent cranial nerves have shifted, which may permit the 
surgeon to avoid subjecting them to excessive radiation dur-
ing treatment.  
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   Other Applications of the CISS-Based 
Neuroimaging Protocol 

 Although the proposed neuroimaging protocol was initially 
developed by us for planning radiosurgical treatment with 
the Gamma Knife, it is now being used with other objectives 
in mind. 

 Many intracranial disorders are being effectively treated by 
microsurgery and radiosurgery. The choice between these two 
options is usually based on the subjective criteria of the indi-
vidual doctor, mainly based on his or her personal clinical expe-
rience. To make this decision-making process more objective, 
we are performing a simulation of the radiosurgical treatment in 
the Leksell GammaPlan based on use of the described neuroim-
aging protocol. It allows us to decide in advance whether GKS 
can be effectively applied in a particular case and to predict its 
results and risk of complications. This technique is particularly 
useful for tumors located in close proximity to functionally 
important intracranial structures (e.g., optic pathways). In our 
experience, simulation of radiosurgery can be effectively 
applied even in outpatient clinics. For such a purpose, we use 
two computers with installed Leksell GammaPlans intercon-
nected via the Intranet. One is located in the Gamma Knife 
Unit, where the treatment planning is undertaken by an experi-
enced neurosurgeon with subspecialization in radiosurgery. The 
other is in the outpatient clinic, where the data can be shown to 
a patient and his or her family and explained in detail. 

 In many patients, particularly those with large skull base 
meningiomas, the optimal functional outcome can be 
obtained with combined management, including initial sub-
total tumor resection and subsequent stereotactic irradiation 
of the residual neoplasm. In such cases, detailed 3D evalua-
tion of the intracranial lesion and adjacent structures in the 
Leksell GammaPlan facilitates planning of the microsurgical 
procedure. Particularly, it permits an objective preoperative 
determination regarding which part of the lesion can be 
safely resected and which one should be left in place for sub-
sequent radiosurgery. 

 The same technique can also be used for planning pure 
microsurgical procedures. We have found it useful in patients 
with C2–C3 aneurysms  [  10  ] . In such cases, evaluation of 
gadolinium-enhanced CISS images in the Leksell GammaPlan 
may facilitate identi fi cation of the distal and proximal dural 
rings, which has a signi fi cant impact on the treatment strat-
egy but is dif fi cult to assess reliably with routine clinical 
methods  [  1,   3,   13,   14  ] . Similarly, the interrelations between 
cranial nerves and adjacent vessels can be evaluated before 
microvascular decompression procedures. It should be 
emphasized that patients usually experience greater satisfac-
tion if they see a 3D view of the intracranial lesion and nearby 
anatomical structures on the computer display during the 
information session. It facilitates obtaining the patient’s 
informed consent to proceed with treatment.   

   Conclusions 

 The proposed neuroimaging protocol based on plain and gado-
linium-enhanced CISS images is useful for radiosurgical treat-
ment planning in cases of skull base tumors. Clear delineation 

  Fig. 8    Left-sided petrous meningioma. This middle-aged patient had 
a large tumor that originated from the dura mater between the inter-
nal acoustic meatus and jugular foramen ( upper ). The plan was to 
treat the tumor with initial subtotal surgical resection and subsequent 
GKS for residual neoplasm. Therefore, a detailed preoperative three-
 dimensional (3D) evaluation of the relevant neuroanatomy based on 
gadolinium-enhanced CISS images installed in the Leksell GammaPlan 
was undertaken ( center ). The intraoperative microsurgical  fi ndings 
( lower ) con fi rmed the preoperative assumptions       
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  Fig. 9    Left-sided sphenopetroclival meningioma with involvement of 
both cavernous sinuses. The giant tumor originated from the dura mater 
of the superolateral part of the lateral wall of the left cavernous sinus 
and extended widely into the cavernous sinus itself and the middle and 
posterior cranial fossae ( upper ). Combined management was planned, 
with initial subtotal surgical resection and subsequent GKS. Therefore, 
detailed preoperative 3D evaluation of the relevant neuroanatomy based 

on gadolinium-enhanced CISS images installed in the Leksell 
GammaPlan was undertaken preoperatively ( lower left ). It revealed a 
lateral shift of the left oculomotor nerve, which was con fi rmed by the 
intraoperative microsurgical  fi ndings ( lower right ). A 3D view shows 
the delineated tumor ( pink ), optic pathways ( orange ), the left internal 
carotid artery and its bifurcation ( red ), and the left  oculomotor nerve 
( green )       

of the anatomical structures adjacent to the neoplasm, or 
engulfed by it, permits application of highly conformal and 
selective stereotactic irradiation, which can result in a better 
treatment outcome, particularly with regard to preservation 
and restoration of cranial nerve functions. A similar technique 

has been used effectively for preoperative planning of open 
microsurgical procedures with the Leksell GammaPlan.      

  Con fl ict of Interest   The authors declare that they have no con fl ict of 
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  Abstract   Leksell GammaPlan (LGP) software was initially 
designed for Gamma Knife radiosurgery, but it can be suc-
cessfully applied to planning of the open neurosurgical proce-
dures as well. We present our initial experience of delineating 
the cranial nerves in the vicinity of skull base tumors, com-
bined visualization of the implanted subdural electrodes and 
cortical anatomy to facilitate brain mapping, and fusion of 
structural magnetic resonance imaging and diffusion tensor 
imaging performed with the use of LGP before removal of 
intracranial neoplasms. Such preoperative information facili-
tated choosing the optimal approach and general surgical 
strategy, and corresponded well to the intraoperative  fi ndings. 
Therefore, LGP may be helpful for planning open neurosurgi-
cal procedures in cases of both extraaxial and intraaxial 
intracranial tumors.  

  Keywords   Brain tumor surgery  •  Diffusion tensor imaging •  
 Gamma Knife radiosurgery  •  Image co-registration  •  Leksell 
GammaPlan     

   Introduction 

 Clear understanding of the neuroanatomy of the target area is 
a prerequisite for realization of safe and effective neurosurgi-
cal procedures, particularly those directed at removal of 
intracranial tumors. Contemporary neuroimaging, mainly 
T1- and T2-weighted magnetic resonance imaging (MRI), 
provides detailed visualization of the intracranial structures 
and allows the surgeon to perform reasonable selection of the 
surgical approach, access to the lesion, and a general intraop-
erative strategy. Valuable additional information can be 
obtained with other modalities, such as functional MRI, 
magnetic resonance spectroscopy, diffusion-weighted imag-
ing (DWI), and diffusion tensor imaging (DTI)  [  8 ,  14 ,  15 ,  18 , 
 22 ,  23  ] . Nevertheless, interpretation of the minute neuroana-
tomical details in the vicinity of the lesion and integrated 
evaluation of the various data is dif fi cult without dedicated 
software for image analysis. 

 The Leksell GammaPlan   (LGP) (Elekta Instruments AB, 
Stockholm, Sweden) is a computer-aided program designed 
for treatment planning and dosimetry during Gamma Knife 
radiosurgery (GKS). It provides an opportunity to make 
highly accurate and precise co-registration and fusion of the 
various images obtained with various modalities, such as 
MRI, computed tomography (CT), positron emission tomog-
raphy, magnetoencephalography, within the same work-
space; their magni fi cation; reconstruction in axial, coronal, 
and sagittal planes; and three-dimensional (3D) visualiza-
tion. Moreover, the anatomical structures delineated on the 
different images can be combined on a composite view and 
evaluated from different angles and directions. These advan-
tages can be used not only for radiosurgery but for planning 
open neurosurgical procedures as well  [  4 ,  5 ,  16  ] . Herein, we 
present the initial experience with delineation of the cranial 
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nerves in the vicinity of skull base tumors, combined visual-
ization of the implanted subdural electrodes and cortical 
anatomy for facilitation of brain mapping, and fusion of 
structural MRI and DTI in a case of a parenchymal brain 
lesion performed with LGP before surgery for intracranial 
neoplasms.  

   Materials and Methods 

 Several functions available in the latest versions of the 
LGP software were utilized for analysis of the various MRI 
scans before neurosurgical procedures. The cranial nerves 
and other anatomical structures were delineated for 3D 
evaluation of their interrelations with the lesion using 
“Regions and Volumes.” The automatic fusion algorithm 
of “Co-registration” was applied for simultaneous visual-
ization of the various images obtained with different scan-
ners and/or neuroimaging modalities, whereas the manual 
setting was used if correction and/or modi fi cation of the 
fusion technique seemed necessary. Simulation of the 
radiosurgical procedures was performed with “Pre-plan.” 

 Cranial nerves were delineated in the vicinity of a skull 
base meningioma (6 cases), vestibular schwannoma (1 case), 
and pituitary adenoma (1 case). The delineations were per-
formed using 3D reconstructed plain and gadolinium-
enhanced constructive interference in steady state (CISS) 
images (slice thickness 1.0 mm, TE 5.9 ms, TR 9.04 ms,  fl ip 
angle 70°) obtained with a 1.5 T MRI scanner (Siemens 
MagnetomPlus; Siemens, New York, NY, USA) and installed 
in the LGP. 

 Subdural electrodes were delineated in a patient with a left 
parietal glioma manifesting as seizures. Location of the neo-
plasm in the eloquent cortex necessitated precise brain map-
ping before tumor removal. In this case, 3D co-registration of 
volumetric MRI and thin-sliced “bone window” CT scans 
were obtained with the use of LGP before and after implanta-
tion of the grid electrodes, respectively. Additional matching 
of the cortical sulci and gyri was done with BrainVISA soft-
ware based on T1-weighted MRI scans [9, 10, 20]. 

 A fractional anisotropy (FA) map and  fi ber tracking 
images (“ fi ber map”) were installed in the LGP in a case of a 
right parieto-occipital glioma for preoperative visualization 
of the anatomical interrelations of the neoplasm with the cor-
ticospinal tract (CST) and area of optic radiation. High sig-
nal-to-noise ratio and low-distortion DTI with 32 directions 
of the diffusion sensitizing gradient and nearly isotropic 
voxel size was acquired with a 3 T MRI scanner (Philips 
MRI Equipment, Eindhoven, The Netherlands). Its installa-
tion into LGP and 3D fusion with volumetric MRI was 

attained as a two-step procedure. First, DTI was analyzed 
using dedicated software (Stealth DTV; Medtronic, Grand 
Rapids, MI, USA). A FA map was then created by tracking 
the CST and optic radiation with location of the regions of 
interest (ROI) in the lower brain stem and the lateral genicu-
late nucleus, respectively. Second, the FA map and “ fi ber 
map” in 3D volumetric DICOM format were exported into 
the LGP independently from each other, and they underwent 
co-registration with T1- and T2-weighted MRI using an 
automatic setting for the FA map and a manual setting for the 
“ fi ber map.” Subsequently, both the CST and optic radiation 
were delineated, and the lesion itself was visualized by simu-
lation of the radiosurgical procedure based on the location of 
the hyperintense area on T2-weighted MRI scans.  

   Results 

   Delineation of Cranial Nerves 

 Plain and gadolinium-enhanced CISS images used to delin-
eate the anatomical structures adjacent to extraaxial tumors 
in the LGP generally provided complementary information, 
but postcontrast MRI permitted somewhat better visualiza-
tion of the cranial nerves (Fig.  1 ). Overall, their delineation 
was successful in seven of eight cases (Table  1 ). In one case 
the hypoglossal nerve was not identi fi ed, and subsequent 
surgery revealed its full engulfment by the neoplasm. In 
another case, according to preoperative delineation the hypo-
glossal nerve was located within the bulk of the petrosal 
meningioma. However, during surgery it was identi fi ed on 
the ventral side of the lesion. In six other cases, preoperative 
data accurately predicted the position of the cranial nerve(s) 
adjacent to the tumor, as was veri fi ed intraoperatively.    

   Delineation of Subdural Electrodes 

 Use of LGP for co-registration of MRI performed before 
implantation of subdural grid and “bone window” CT 
obtained thereafter permitted accurate delineation of each 
electrode and precise identi fi cation of their location rela-
tively to the brain surface in axial, coronal, and sagittal planes 
(Fig.  2 ). In this case, simultaneous 3D visualization of the 
cortical anatomy, the lesion, and implanted subdural elec-
trodes signi fi cantly facilitated interpretation of the neuro-
physiological data obtained during cortical mapping, and 
planning the tumor resection.   
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  Fig. 1    Use of Leksell Gamma 
Plan (LGP) for constructive 
interference in steady state 
(CISS)-based preoperative 
delineation of the cranial nerves 
and cerebral arteries adjacent to a 
tumor in patients with  vestibular 
schwannoma ( upper ) and 
suprasellar meningioma ( lower ). 
 BIH  bilateral interhemispheric 
approach       

   Table 1    Correspondence of constructive interference in steady state (CISS)-based preoperative delineation of the cranial nerves using Leksell 
GammaPlan to intraoperative fi ndings   

 Case no.  Type of pathology 
 Delineated cranial 
nerve 

 Results of CISS-based 
preoperative delineation  Intraoperative con fi rmation 

 1 a   Vestibular schwannoma  V, VII  Accomplished  Con fi rmed 

 2  Suprasellar meningioma  II  Accomplished  Con fi rmed 

 3  Petrosal meningioma  XII  Not delineated  Nerve was fully engulfed in 
the tumor 

 4  Pituitary adenoma  II  Accomplished  Con fi rmed 

 5  Petrosal meningioma  XII  Accomplished (nerve was 
located within the tumor) 

 Nerve was identi fi ed ventral to 
the tumor 

 6  Petrosal meningioma  VII  Accomplished  Con fi rmed 

 7  Petrosal meningioma  IX, X  Accomplished  Con fi rmed 

 8 a   Suprasellar meningioma  II  Accomplished  Con fi rmed 

   a Results of delineation of the cranial nerves in these cases are presented in Fig.  1   
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   Installation of DTI into LGP 

 Simultaneous 3D visualization of the tumor, CST, and optic 
radiation (Fig.  3 ) facilitated planning resection of the pari-
eto-occipital glioma, which focused on avoiding postopera-
tive deterioration of motor and visual functions.    

   Discussion 

 Various functions of the LGP allow safe and effective treat-
ment planning for GKS. For example, precise delineation of 
functionally important anatomical structures leads to avoid-
ance of exposing them to excessive radiation. Fusion of 

“bone window” CT and MRI provides an opportunity to esti-
mate and correct distortion artifacts. Also, evaluation of the 
target area on co-registered images facilitates the differential 
diagnosis for various neoplasms with the same location (e.g., 
meningioma versus schwannoma) and precise identi fi cation 
of the tumor origin from the speci fi c dural area or cranial 
nerve  [  3 ,  4  ] . Moreover, 3D visualization of the various struc-
tures adjacent to the lesion and their evaluation from differ-
ent angles and directions allows the surgeon to simulate the 
surgical  fi eld, which can be helpful for planning open neuro-
surgical procedures. It can result in greater effectiveness, 
lower morbidity, and better outcome. In fact, we recently 
started using the LGP to evaluate complex regional neuro-
anatomy before removing skull base tumors and clipping 
cerebral aneurysms  [  4 ,  5 ,  16  ] . 

  Fig. 2    Use of LGP for delinea-
tion of subdural electrodes and 
their matching with the cortical 
anatomy in a patient with a left 
parietal glioma. Note the 
three-dimensional (3D) 
co-registration of volumetric 
magnetic resonance imaging 
(MRI) obtained before grid 
implantation ( Pre-op. MRI ) and 
“bone window” CT obtained 
thereafter ( Post-op. CT ). 
Sulci and gyri were labeled 
using BrainVISA software       
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 The present study demonstrated that CISS-based pre-
operative delineation of the cranial nerves closely re fl ects 
their interrelations with the neoplasm. In six of eight cases 
(75 %), full correspondence of the presumed and actual 
nerve position was con fi rmed during surgery. Nevertheless, 
accuracy of cranial nerve delineation may depend on its size 
and degree of shift by the tumor. In two cases of a large 
petrosal meningioma, the hypoglossal nerve was mislocal-
ized preoperatively. There were no such errors when rela-
tively thicker cranial nerves (optic, trigeminal, facial) were 
evaluated. 

 A similar LGP-based technique was used to delineate 
subdural electrodes and evaluate their positions relative to 
the cerebral cortex in a patient with a left parietal glioma that 
required precise brain mapping before surgical resection. At 
present, computer-aided tools, particularly BrainVISA soft-
ware  [  9 ,  10 ,  20  ] , permit precise determination of the indi-
vidual sulcal and gyral anatomy based on MRI  fi ndings. 
MRI, however, does not permit clear visualization of the 
implanted grid electrodes because of signi fi cant artifacts, so 
their position should be evaluated with telemetric radio-
graphic imaging  [  20  ]  or CT. Therefore, it was decided to per-
form co-registration of MRI acquired before implantation of 
the grid electrodes and thin-sliced “bone window” CT 
obtained afterward. Although it was successful in the 

presented case, a possible limitation of the technique should 
be mentioned. The problem is that the cortical anatomy is 
not always the same on the images obtained before and after 
grid implantation because the brain may have undergone 
some degree of shift after craniotomy  [  17  ] . Hence, the pro-
posed method requires further validation and at present 
should be considered a useful adjunct, but not a substitute, 
for intraoperative brain mapping with direct electrical stimu-
lation of the cortex  [  1 ,  18  ] . 

 The same technical principles can be applied for delin-
eating brain anatomy in cases of parenchymal brain tumors, 
although it may require use of additional MRI-based modali-
ties. Particularly, DTI provides extremely valuable informa-
tion on the position of white matter tracts through creation 
of FA maps and neural  fi ber tracking based on the single 
tensor deterministic method or the probabilistic Monte 
Carlo random walk method  [  2 ,  8 ,  13 ,  15 ,  19 ,  21  ] . In the 
case presented here, both FA map and  fi ber tracking images 
were successfully incorporated into the LGP and fused with 
T1- and T2-weighted MRI for preoperative evaluation of 
the interrelations between the parieto-occipital glioma and 
the CST and optic radiation. The technical feasibility of 
installing DTI into the LGP, particularly in cases of arte-
riovenous malformations, has been demonstrated in several 
reports  [  6 ,  7 ,  11 ,  12  ] . It de fi nitely offers new possibilities 

Optic radiation
50% isodose line

GKS simulation using 50 % isodose line and
delineation of the optic radiation

Fractional Anisotropy
Map

3D volumetric
T1W MRI

View of optic radiation
on “fiber map”

View of CST fiber
on “fiber map”

View of both optic radiation
and CST fiber on “fiber map”

3D volumetric
T2W MRI

  Fig. 3    Installation of the fractional anisotropy map and  fi ber tracking 
images (“ fi ber map”) into LGP and their 3D co-registration with T1- and 
T2-weighted MRI scans in a patient with a right parieto-occipital glioma. 

The 3D interrelations between  delineated optic radiation and the lesion, 
visualized by simulating the radiosurgical treatment, are clearly seen. 
 GKS  Gamma Knife surgery,  CST  corticospinal tract       
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for further improving the ef fi cacy and safety of stereotactic 
radiosurgery and may be helpful for estimating distortion 
artifacts on DTI. Nevertheless, additional studies should 
evaluate the accuracy of co-registration of FA maps and 
volumetric MRI, determine the optimal ROI for  fi ber track-
ing, and de fi ne the most appropriate tracking algorithm.  

   Conclusion 

 LGP may be helpful during planning neurosurgical proce-
dures for both extraaxial and intraaxial intracranial tumors. 
Delineation of the various anatomical structures, their inte-
grated 3D visualization, and possible evaluation from differ-
ent angles and directions can facilitate the choice of the 
optimal surgical strategy. Our preliminary data con fi rmed 
good correspondence of such preoperative information to 
subsequent intraoperative  fi ndings, but it requires further 
validation in additional studies.      
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  Abstract   The introduction of 3 T magnetic resonance imag-
ing (MRI) scanners for neuro-oncological diagnostics showed 
a general improvement of image quality, especially in terms 
of the detection and differentiation of intracranial tumors. 
Among the advantages of 3 T scanners compared to 1.5 T 
scanners are the possibility of higher spatial image resolution 
or shorter investigation times and the availability of functional 
imaging in suf fi cient quality. Consequently, the use of 3 T 
MRI for radiosurgery planning is highly desired. Functional 
MRI techniques (perfusion-weighted imaging, dynamic con-
trast-enhanced MRI, MR spectroscopy, diffusion-weighted 
imaging, and diffusion tensor imaging) available at 3 T scan-
ners provide not only better detection and differentiation but 
also signi fi cantly better delineation of intracranial tumors, 
which is a crucial feature for successful radiosurgical treat-
ment planning. The use of multimodal morphological and 
functional MRI methods allows identi fi cation of the biologi-
cally most active parts of the tumors with consecutive changes 
in therapy planning. On the other hand, there are increased 
geometric distortions on MRI scans obtained at 3 T compared 
to 1.5 T, which makes their use limited for now. However, the 
newest studies show an acceptable degree of geometric dis-
tortion on the 3 T planning images using special imaging pro-
tocols, while additional investigations on this issue are needed 
to  fi nd the optimal technical solution.  

  Keywords   3 T MRI  •  Functional MRI  •  Radiosurgery • 
 Therapy planning     

   Introduction 

 Radiosurgery has undergone rapid development during the 
last few years. This noninvasive procedure allows precise 
delivery of high-dose radiation to small intracranial targets 
while minimizing the dose to surrounding normal structures 
 [  20  ] . For radiosurgical treatment planning, an imaging 
modality is needed that provides high-quality information on 
the target lesion and the organs at risk with good geometric 
accuracy. At the moment, the standard diagnostic procedure 
for diagnostics and radiosurgery planning is contrast-
enhanced morphological magnetic resonance imaging 
(MRI). This diagnostic method delivers suf fi cient imaging 
quality of intracranial lesions and normal tissue and can also 
be used for treatment planning. Because of the good avail-
ability and geometric accuracy, clinical 1.5 T MRI scanners 
are used as standard hardware for therapy planning 
imaging. 

 During the last few years 3 T MRI scanners were intro-
duced into clinical practice and improved especially neu-
roimaging approaches. The next logical step is to use 3 T 
MRI systems for therapy planning imaging. This would have 
several advantages: An available 3 T MRI scanner could be 
used for diagnostics and therapy planning imaging without 
the need for additional diagnostic hardware. It is a known 
fact that 3 T MRI systems offer a higher signal-to-noise ratio 
(SNR)—up to twice that of the 1.5 T scanners depending on 
the sequence used. Consequently, MRI examinations of the 
same quality could be performed in less time at 3 T than at 
1.5 T. Also, during the same examination time, higher spatial 
resolution of morphological images can be obtained at 3 T 
that at 1.5 T. In general, higher image quality improves the 
detection rate of suspicious intracranial lesions and provides 
better delineation for therapy planning  [  20  ] . Moreover, the 
advantage of using 3 T MRI systems for treatment planning 
is not only higher spatial image resolution. A variety of func-
tional MRI techniques that improve detection and delinea-
tion of the suspect intracranial lesions are available in 
suf fi cient quality only with 3 T scanners. Particularly, only 
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by using and combining functional MR imaging methods 
can the biologically most aggressive parts of the tumors be 
visualized and the information fed into the radiation therapy 
planning process. On the other hand, there are increased geo-
metric distortions of MRI images obtained at 3 T compared 
to 1.5 T, which limits their use for radiosurgical treatment 
planning. The aim of this review is to highlight the functional 
imaging techniques available at 3 T that can be used for 
detection, delineation, and consequently treatment planning. 
It includes also a discussion of the possible solutions for the 
above-mentioned image distortion problems in terms of per-
spective technical developments.  

   Advanced Functional MRI Neuroimaging at 
3 T in Radiosurgical Treatment Planning 

 The standard MRI imaging protocol used for radiotherapy 
planning of brain tumors consists of conventional spin-echo 
(SE) or turbo spin-echo (TSE) T1- and T2-weighted 
sequences, postcontrast T1-weighted SE or TSE, and 
T1-weighted sequences with magnetization transfer contrast. 
The use of contrast media is mandatory for such protocols, 
preferably high relaxivity agents, which demonstrated 
bene fi ts in imaging at 3 T  [  1,   13  ] . Advanced brain tumor 
functional imaging, which can be used for detection, delin-
eation, and “noninvasive grading” of the target tumor lesions, 
uses techniques such as contrast-enhanced perfusion-
weighted imaging (PWI), dynamic contrast-enhanced MRI 
(DCE-MRI), MR spectroscopy (MRS), diffusion-weighted 
imaging (DWI), and diffusion tensor imaging (DTI). 
Normally, the functional MRI techniques are incorporated 
into the multimodal imaging protocols in combination with 
morphological sequences  [  8  ] . The multimodal MRI provides 
hemodynamic, metabolic, and quantitative cellular informa-
tion corresponding to the biological properties and behavior 
of the tumor  [  17  ] . Consequently, the extent and the most bio-
logically aggressive parts of the target lesions can be 
identi fi ed, and the target volume can be modi fi ed to arrive at 
the best possible treatment. 

   Contrast-Enhanced Perfusion-Weighted 
Imaging  

 Perfusion-weighted imaging is already an established tool 
for the detection, differential diagnosis, and treatment mon-
itoring of brain tumors. For neuro-oncological purposes, 
PWI is mostly performed using  fi rst-pass dynamic suscepti-
bility-weighted contrast-enhanced (DSC)-MRI echo-planar 
imaging  [  4  ] . Although this approach is available on 1.5 T 

scanners as well, the technique pro fi ts by the 3 T magnetic 
 fi eld strength in terms of better signal quality  [  15  ] . In previ-
ous studies, DSC-MRI showed bene fi ts in pretherapeutic 
diagnosis and differentiation of gliomas, lymphomas, and 
metastases and in the differentiation of tumorous lesions 
from infections and demyelinating diseases  [  5  ] . In neuro-
oncological studies, DSC-MRI gave a superior diagnostic 
performance in predicting glioma grade and treatment 
response and in differentiating glioblastomas from other 
tumors when compared to DCE-MRI and MRS. For exam-
ple, because of signi fi cantly higher tumor perfusion in glio-
blastomas compared with brain lymphomas, this method 
showed sensitivity, speci fi city, positive (PPV), and negative 
(NPV) prediction values of 100 %, 50 %, 90 %, and 100 %, 
respectively  [  19  ] . Whereas the regional cerebral blood vol-
ume (rCBV) or  fl ow (rCBF) values did not allow a clear 
discrimination between metastases and high-grade gliomas 
directly, the peritumoral nonenhancing, T2-weighted hyper-
intense regions showed signi fi cantly elevated CBV by glio-
blastomas on the contrary to metastases. These regions 
represent a glioma-speci fi c kind of perifocal tumorous 
in fi ltration or lower grade tumor parts, which are invisible 
on conventional contrast-enhanced MRI. This fact should 
be considered when de fi ning the treatment volume in terms 
of consecutive inclusion, if possible, of these areas into the 
therapeutic volume. Especially for radiosurgical treatment 
planning, glioma heterogeneity with high-grade and low-
grade components is a challenge: The extent of low-grade 
components and the identi fi cation of high-grade areas are of 
an utmost importance. In this case, the PWI based on DSC-
MRI technique can improve the delineation of all tumor 
components, which has a direct in fl uence on the therapy 
planning. This approach can be easily included in the rou-
tine treatment planning MRI protocols as part of multimodal 
imaging because it signi fi cantly improves the de fi nition of 
the target area.  

   Dynamic Contrast-Enhanced MRI 

 The next functional MRI technique using a contrast medium 
is DCE-MRI. Technically, DCE-MRI is the acquisition of 
serial images before, during, and after administration of 
extracellular MRI contrast medium. The resulting signal 
intensity measurements of the tumor area re fl ect a combina-
tion of tumor perfusion, vessel permeability, and diffusion of 
contrast medium into the extravascular-extracellular space 
 [  2,   16  ] . DCE-MRI clearly pro fi ts with 3 T scanners in terms 
of higher spatial and temporal resolution of the sequences 
used. DCE-MRI has been found to correlate with some prog-
nostic factors such as tumor grade, microvessel density, and 
vascular endothelial growth factor expression and with 
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recurrence and survival outcomes  [  3  ] . This information is 
not only important for general patient management, but high-
quality DCE images allow identi fi cation of “hot spots” within 
the tissue that correspond to areas of high biological activity 
in the tumor. Studies have shown changes on DCE-MRI in 
follow-up studies during therapeutic intervention that corre-
lated with the general outcome, suggesting a possible role 
for DCE-MRI as a predictive marker  [  6  ] . The most distinc-
tive feature of DCE-MRI is assessment of the wash-in and 
wash-out contrast behavior in tumors corresponding to 
microvascular tissue properties. This dynamic information 
re fl ects the microcirculatory heterogeneity of the tumor and 
suggests its angiogenic properties. This information can be 
used for improved treatment planning by identifying the bio-
logically aggressive parts of the malignant lesion, which 
need to be treated with a higher dose or require adjuvant 
therapy.  

   MR Spectroscopy  

 Proton magnetic resonance spectroscopy imaging is a func-
tional MRI method that shows the metabolic properties of the 
tissue. Spectroscopic characterization of brain tissue relies on 
ratios between the main proton spectrum metabolites— N -
acetylaspartate (NAA), a marker for normal neuronal tissue; 
choline-containing compounds (Cho), a marker of membrane 
turnover; creatine/phosphocreatine (Cr)—and on the pres-
ence of lipids and lactate  [  7,   8,   12  ] . Malignant cerebral lesions 
typically show loss of NAA, indicating the loss of normal 
neuronal structures, and increased choline compounds in the 
spectrum, representing a higher concentration of cell mem-
brane components because of increased cell destruction and 
proliferation processes. The presence of lipids or lactate rep-
resents heavy hypoxia with consecutive necrosis, which can 
be interpreted as a consequence of rapid tumor growth. 
Because of the weak spectroscopy signal, this method bene fi ts 
from the higher magnetic  fi eld with consecutive better quality 
of the spectral curves. In a previous study, MRS showed 
higher sensitivity and a higher PPV than conventional MRI 
when assessing the glioma grade  [  7  ] . Most recurrences of 
high-grade gliomas after irradiation or combined therapy 
continue to be local. This trend indicates that the therapeutic 
volume of radiation did not cover all of the tumor, primarily a 
consequence of insuf fi cient visualization of all tumor parts 
during the planning process. MRS is able to detect metabolic 
abnormalities beyond the tumor volume seen on conventional 
MRI, assess early response to treatment, and delineate the 
regions at high risk for failure in high-grade gliomas, which 
can be used for therapy planning  [  17  ] . However, MRS also 
has limitations. Because of the low spatial resolution of MRS 
and tumor heterogeneity, pathologic MRS  fi ndings in terms 

of decreased NAA peaks may indicate variable histological 
 fi ndings, such as in fl ammatory macrophage in fi ltration, radi-
ation necrosis, and gliosis. Therefore, MRS, similar to PWI 
or DCE-MRI, is dependent on comparison with other func-
tional and morphological sequences used in multimodal MRI 
protocols for treatment planning.  

   Diffusion-Weighted and Diffusion Tensor 
Imaging 

 Diffusion-weighted imaging is a common MRI approach 
used in neuroimaging for diagnosis of ischemic changes in 
terms of cerebral infarction. It is also helpful in the differen-
tial diagnosis of infections in the central nervous system. 
Similar to other functional MRI techniques, DWI and DTI 
can be used for the primary diagnosis and for follow-up of 
patients with cerebral tumors and hence for therapy planning 
as a part of multimodal MRI using high- fi eld scanners  [  14  ] . 
Fast-growing neoplasms have less free diffusion than normal 
brain tissue, and DWI shows consistent signal elevation. 
Areas with highly constricted free diffusion correspond to 
fast-growing tumor parts or  fi brotic/connective tissue, how-
ever, the possibility of their differentiation is limited with 
DWI. Therefore, similar to other aforementioned functional 
MRI techniques, DWI must be used in combination with 
other morphological and functional sequences to be suitable 
for delineation of the tumor in fi ltration and for treatment 
planning/therapeutic volume de fi nition. 

 DTI shows diffusion anisotropy effects. It can be used to 
analyze the diffusion properties of the tissue and provide addi-
tional details on its structure. The most common application of 
DTI at present is  fi ber tracking in the brain, which has proved 
to be a valuable diagnostic tool in determination of the neo-
plastic in fi ltration of cerebral structures  [  9,   14  ] . This informa-
tion is important for radiosurgical therapy planning when the 
tumor is located in the vicinity of critical structures, such as 
neuronal tracts in the central nervous system.   

   Geometric Distortion on 3 T MRI 
and Its Correction 

 The degree of geometric accuracy of MRI scans used for 
radiosurgery planning is a crucial factor because of the higher 
geometric inaccuracy of MRI compared to CT. Distortions 
on MRI scans are caused by several factors: magnetic  fi eld 
inhomogeneities, gradient magnetic  fi eld nonlinearity, 
patient-related effects including chemical shift and suscepti-
bility artifacts  [  18,   20  ] . The problem is that by increasing the 
magnetic  fi eld from 1.5 T to 3 T the susceptibility artifacts 
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and chemical shift effects increase as well. Additionally, the 
magnetic and gradient  fi eld inhomogeneities are greater at 
higher magnetic  fi elds. These factors lead to greater geomet-
ric distortions at 3 T than at 1.5 T. In the  fi rst publications on 
this subject, the greater distortions were generally consid-
ered unacceptable for therapy planning in radiosurgery  [  10  ] . 
Although later studies still showed higher distortion at 3 T 
than at 1.5 T images, the results were evaluated as accept-
able for such planning  [  11  ] . The majority of investigations 
concerning the geometric integrity of 3 T MRI for radiosur-
gical treatment planning were performed using phantoms 
 [  10,   18  ] . Thus, the issue is still controversial, without a clear 
consensus. A new study was proposed recently in which a 
special geometrically accurate imaging protocol for treat-
ment planning was developed. This approach tested both 
patients and phantoms to develop a standardized distortion 
evaluation technique. The technique produced acceptable 
data on spatial validity for using 3 T MRI for targeting (under 
the imaging conditions investigated)  [  20  ] . The use of 3 T 
scanners for therapy planning seems possible, but the small 
number of studies concerning this subject makes consensus 
dif fi cult.  

   Conclusion 

 The 3 T MRI scanners in neuroradiology have generally 
improved image quality, in particular of neuro-oncological 
examinations in terms of detection and differentiation of the 
intracranial tumors. The most important advantage of 3 T 
scanners compared to 1.5 T scanners is the better SNR, which 
allows higher spatial image resolution and shorter scanning 
times. A variety of functional diagnostic imaging approaches 
are available in suf fi cient quality but only at high- fi eld MRI. 
Consequently, the use of 3 T MRI for radiosurgical treatment 
planning is highly desired. The functional MRI techniques 
(contrast-enhanced PWI, DCE-MRI, MRS, DWI, DTI) avail-
able for 3 T scanners provide not only better detection and 
differentiation but also delineation of cerebral tumors, which 
is a crucial feature for successful radiosurgical treatment 
planning. In general, all of the functional methods described 
above are suitable for radiosurgical planning as a part of mul-
timodal 3 T MRI protocols, showing better de fi nition of the 
therapeutic target volume compared to that seen with stan-
dard morphological MRI. The combination of morphologi-
cal and functional MRI methods allows identi fi cation of the 
biologically most active parts of the tumors. This informa-
tion can be used in the following radiotherapy planning pro-
cess. On the other hand, the MRI scans obtained at 3 T have 
more geometric distortions than those acquired at 1.5 T. The 
newest studies, however, show an acceptable degree of geo-
metric distortion in the 3 T planning images using special 

MRI protocols. Additional studies on this issue are needed to 
reach a consensus on the best technical solution.      
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  Abstract   A number of intracranial tumors demonstrate 
some degree of enlargement after stereotactic radiosurgery 
(SRS). It necessitates differentiation of their regrowth and 
various treatment-induced effects. Introduction of low-dose 
standards for SRS of benign neoplasms signi fi cantly 
decreased the risk of the radiation-induced necrosis after 
 management of schwannomas and meningiomas. Although 
in such cases a transient increase of the mass volume within 
several months after irradiation is rather common, it usually 
followed by spontaneous shrinkage. Nevertheless, distin-
guishing tumor recurrence from radiation injury is often 
required in cases of malignant parenchymal brain neoplasms, 
such as metastases and gliomas. The diagnosis is frequently 
complicated by histopathological heterogeneity of the lesion 
with coexistent viable tumor and treatment-related changes. 
Several neuroimaging modalities, namely structural mag-
netic resonance imaging (MRI), diffusion-weighted imag-
ing, diffusion tensor imaging, perfusion computed 
tomography (CT) and MRI, single-voxel and multivoxel 

proton magnetic resonance spectroscopy as well as single 
photon emission CT and positron emission tomography with 
various radioisotope tracers, may provide valuable diagnos-
tic information. Each of these methods has advantages and 
limitations that may in fl uence its usefulness and accuracy. 
Therefore, use of a multimodal radiological approach seems 
reasonable. Addition of functional and metabolic neuroim-
aging to regular structural MRI investigations during follow-
up after SRS of parenchymal brain neoplasms may permit 
detailed evaluation of the treatment effects and early predic-
tion of the response. If tissue sampling of irradiated intracra-
nial lesions is required, it is preferably performed with the 
use of metabolic guidance. In conclusion, differentiation of 
tumor progression and radiation-induced effects after intrac-
ranial SRS is challenging. It should be based on a complex 
evaluation of the multiple clinical, radiosurgical, and radio-
logical factors.  

  Keywords   Differential diagnosis  •  Functional 
neuroimaging  •  Gamma Knife radiosurgery  •  Metabolic 
neuroimaging  •  Radiation-induced necrosis  •  Stereotactic 
radiosurgery  •  Tumor progression     

   Introduction 

 Stereotactic radiosurgery (SRS), particularly Gamma Knife 
radiosurgery (GKS) is a widely approved management option 
for a variety of benign and malignant intracranial neoplasms, 
vascular lesions, and functional brain disorders. For brain 
tumors, the treatment usually results in stabilization of 
growth, and some degree of mass volume reduction is fre-
quently seen. Nevertheless, a number of lesions demonstrate 
progression after irradiation, necessitating differentiation of 
tumor regrowth from treatment-induced effects. Some amount 
of increase in the mass volume after SRS is observed in 
1–10 % of pituitary adenomas and benign meningiomas  [  19, 
  61,   86  ] , 14–70 % of vestibular schwannomas  [  15,   24,   62,   65  ] , 
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16–60 % of intracranial metastases  [  10,   18,   23,   63,   71  ] , and 
73–84 % of malignant gliomas  [  71  ] . It may re fl ect failure of 
the SRS and true progression of the neoplasm or even malig-
nant transformation of an initially benign tumor. In the same 
time, regrowth may be mimicked by delayed growth arrest, 
temporary enlargement of the mass after low-dose radiosur-
gery, or radiation-induced necrosis. In some cases, formation 
of the new radiosurgery-induced neoplasm within the target 
area is suspected. It is clear that an exact diagnosis in such 
cases is mandatory for timely initiation of the appropriate 
treatment and precise determination of prognosis  [  30,   34  ] .  

   Progressing Lesions After Radiosurgery 
of Intracranial Tumors 

 Treatment-induced changes after SRS evolve over time, and 
tumor progression may be initiated in varying intervals after 
seemingly durable initial growth control. It emphasizes the 
importance of close, prolonged radiological follow-up after 
radiosurgery, which usually comprises regular investigations 
with structural magnetic resonance imaging (MRI) or com-
puted tomography (CT). These methods permit dynamic 
evaluation of the lesion volume, structure, contrast enhance-
ment, degree of peritumoral edema, and mass effect. While 
evaluation of these parameters is useful, sometimes it cannot 
reliably distinguish various radiosurgery-induced pathophys-
iological reactions within the target. Usually decreased peri-
tumoral brain edema and appearance of central lucency on 
postcontrast MRI of the lesion are considered positive prog-
nostic factors as they indicate growth arrest and further 
shrinkage of both benign and malignant neoplasms  [  39,   54, 
  64  ] . There may also be a temporary increase in contrast 
enhancement of the mass with blurring or an irregular mar-
gin  [  39,   71  ] , but the prognostic signi fi cance of such  fi ndings 
remains unknown. 

 In fact, even volumetric changes, which are used to assess 
tumor response to irradiation, are not always suf fi ciently pre-
dictive for a prognosis  [  71  ] . For example, up to 60 % of intrac-
ranial metastases that demonstrated varying degrees of volume 
reduction soon after radiosurgery enlarged thereafter  [  23  ] . 
However, in 20–64 % of cases it is not caused by tumor 
regrowth due to treatment failure but by radiation-induced 
effects  [  23,   30,   32,   71  ] , and even histopathological investiga-
tion after surgical resection of these lesions could not reveal 
viable neoplastic tissue. According to Huang et al.  [  30  ] , a 65 % 
increase in the volume of a metastatic brain tumor after irradia-
tion represents the best threshold for identifying recurrence. 
However, it has only 80 % speci fi city, which fell to 50 % for 
lesions irradiated with a biological effective dose (BED) of 
>200 Gy (approximately 19 Gy of marginal dose delivered at 
a single session)  [  30  ] . In the series of Essig et al.  [  17  ] , 

volumetric changes in intracranial metastases at 6 weeks after 
SRS had just 64 % positive prediction value (PPV) and 43 % 
negative prediction value (NPV) for overall response to 
treatment. 

   Regrowth of the Intracranial Tumors 
due to Treatment Failure 

 Failure of radiosurgery to control the intracranial tumor 
may be caused by suboptimal targeting, insuf fi cient treat-
ment dose, and/or resistance of the neoplasm to irradia-
tion, particularly due to prominent malignant growth 
potential. Inability to identify clearly the borders of the 
mass on conventional neuroimaging is considered one of 
the main reasons for SRS failure in such different tumors 
as adrenocorticotropic hormone-secreting pituitary ade-
nomas and gliomas. Intentionally decreasing the radiation 
dose delivered to the target because of its large volume or 
critical location may be the main reason of regrowth of 
schwannomas and meningiomas after sterotactic irradia-
tion  [  86  ] . Radiosurgery has limited effectiveness for 
malignant extracerebral intracranial tumors, especially if 
applied as salvage treatment at the time of evident tumor 
progression. Some brain metastases (e.g., those originat-
ing from sarcomas, colon and renal carcinomas, and 
malignant melanoma) are relatively resistant to SRS and 
may require greater radiation doses  [  38  ] .  

   Malignant Transformation of Benign 
Intracranial Tumors 

 Malignant transformation of benign brain tumors after 
GKS is uncommon. In fact, it can be easily mistaken with 
spontaneous dedifferentiation, particularly if irradiation is 
performed at the time of regrowth or recurrence after ini-
tial lesion resection  [  48,   58  ] . Moreover, in some of such 
cases reexamination of the tissue specimen obtained at 
the time of surgery may reveal missed features of anapla-
sia  [  48  ] . It should be borne in mind that rare malignant 
subtypes of schwannomas and meningiomas can be 
radiologically indistinguishable from their typical benign 
counterparts. Thus, their progression, despite SRS, is eas-
ily confused with malignant transformation. Kubo et al. 
 [  48  ]  analyzed 11 such cases after SRS or radiotherapy of 
vestibular schwannomas and found that in 7 of them irra-
diation was applied as a primary treatment modality with-
out detailed examination of the neoplastic tissue, and 5 
patients had neuro fi bromatosis type 2, which has known 
association with a high risk of malignancy. It should be 
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noted that in rare cases accelerated growth of benign 
tumors was observed during various time periods after 
SRS, but tissue investigation after subsequent resection 
usually con fi rmed preservation of the benign histopatho-
logical pattern  [  14  ] .  

   Delayed Growth Arrest and Temporary 
Enlargement of Benign Brain Tumors 

 Stabilization of growth with or without subsequent shrinkage 
is the most typical outcome after low-dose SRS for benign 
intracranial tumors. However, other patterns of volumetric 
response to irradiation are not uncommon. Temporary enlarge-
ment of the irradiated neoplasm has become a recognizable 
clinical phenomenon, which is rather typical for slow-respond-
ing masses  [  64  ] . It usually does not re fl ect true tumor progres-
sion and only infrequently requires additional treatment. 

 Several months after radiosurgery 14–70 % of vestibular 
schwannomas demonstrate an increase in their volume  [  15, 
  24,   62,   65  ] , which constitutes in median 75 %, although it 
may reach 200 %  [  15,   65  ] . Regarding linear measurements, 
the tumors may increase >5 mm in one axis  [  15,   65  ] . 
Hasegawa et al.  [  24  ]  noted that such changes were more 
common in women with large, particularly cystic neoplasms. 
Temporary lesion enlargement may be more frequent after 
irradiation with higher doses as it was noted in 70 % of 
patients treated before introduction of low-dose SRS for 
benign intracranial tumors  [  62  ] . The phenomenon may be 
more profound in nonvestibular, particularly trigeminal, 
schwannomas  [  55  ] . Increased mass volume is usually accom-
panied by loss of central contrast enhancement on 
T1-weighted MRI, also known as the “black hole”  [  54  ] . The 
pathophysiological mechanism remains the subject of debate, 
but delayed growth arrest, radiation-induced necrosis, and/or 
apoptosis with in fl ammation and swelling are considered the 
main causes. Histopathological investigation may reveal 
parenchymal necrosis, thickening of the vascular walls as a 
result of endothelial and pericytic proliferation, perivascular 
in fi ltration of macrophages and small lymphoid cells, throm-
bus formation, and foci of minute hemorrhages  [  24,   26,   48  ] . 
Appearance of new symptoms, particularly hemifacial 
spasm, was noted in 20 % of patients, but they are usually 
self-limiting or resolve with steroid therapy  [  65  ] . 

 The most important fact, which is clearly recognized at 
present, is that more than half of vestibular schwannomas 
exhibiting enlargement after SRS demonstrate shrinkage later 
on, whereas many others have growth stabilization without fur-
ther progression. The appearance of central lucency on con-
trast-enhanced images is usually followed by reenhancement, 
and considered a favorable factor for further volume regression 
 [  24,   54,   64  ] . In such cases, residual inactive lesions with 

prominent  fi brotic changes usually appear as small contrast-
enhanced masses within the target area, resembling a “white 
dwarf”  [  54  ] . Only in 2–7 % of patients undergoing GKS for a 
vestibular schwannoma, serial neuroimaging demonstrates 
continuous tumor progression, cystic degeneration, or enlarge-
ment of preexisting cysts, which necessitates additional treat-
ment with surgery or repeat radiosurgery  [  24,   65  ] . 

 Similar volumetric changes are sometimes observed after 
low-dose radiosurgery of other benign tumors  [  19,   61,   62, 
  64  ] . In the series of Feigl et al.  [  19  ] , around 3 % of World 
Health Organization (WHO) grade I meningiomas demon-
strated an initial volume increase after GKS followed by 
shrinkage or growth stabilization. Pamir et al.  [  61  ]  noted 
some enlargement of pituitary adenomas 3–9 months after 
GKS, although their size subsequently decreased in all cases. 
This phenomenon was also noted after SRS of a low-grade 
glioma  [  64  ] .  

   Radiation-Induced Necrosis 

 Radiation-induced necrosis is a well-known phenomenon, 
mimicking brain tumor progression after irradiation. It cor-
responds to early-delayed or late injury and usually develops 
several months to several years after treatment, while clinical 
manifestation was occasionally reported even 13 years after 
SRS  [  7  ] . The incidence of symptomatic radiation-induced 
necrosis after intracranial radiosurgery varies in most series 
from 2 % to 14 %. Its risk is directly associated with greater 
radiation doses, radiation energy delivered to the target, pre-
scription isodose volumes, 10 Gy and 12 Gy irradiation vol-
umes; larger number of isocenters; tumor dose inhomogeneity; 
lower selectivity of the treatment plan; previous administra-
tion of SRS or radiotherapy; longer duration of follow-up  [  3, 
  5,   13,   20,   21,   32,   42,   47,   63,   64  ] . Radiation injury is rarely 
observed after low-dose treatment of benign neoplasms. The 
type of pathology is important: In the series of Chin et al. 
 [  13  ] , the incidence of the complication after GKS was 17 % 
for gliomas but 6 % for other tumors. The development of 
radiation injury is a complex process, and it is dif fi cult to 
predict its probability based on the limited number of clinical 
and radiosurgical parameters. It may be predisposed in some 
way by individual radiosensitivity  [  13,   21,   63  ]  and speci fi c 
medical conditions (e.g., diabetes), be more pronounced in 
well- oxygenated tissues  [  42  ] , and be confounded by adjuvant 
and concurrent chemotherapy  [  5,   34  ] . 

 The underlying pathophysiological mechanisms include 
initial direct cellular damage and microvascular injury with 
progressive thickening of the large vessel walls caused by 
hyalinization leading to thrombosis, infarction, and necrosis. 
Correspondingly, the most common histopathological 
 fi ndings in such cases are  fi brinoid necrosis of the vascular 
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walls with degradation of their basement membranes, 
endothelial damage with proliferation of endothelial cells 
and  fi broblasts, vessel dilatation, telangiectasia, and perivas-
cular in fi ltration of lymphocytes, plasma cells, and mac-
rophages  [  7,   26,   34  ] . There is widespread permeation of the 
tissue by  fi brin caused by increased permeability of the ves-
sels  [  42  ] . Also, irradiation alters  fi brinolytic enzyme activity 
and initiates the immune response, which may cause autoim-
mune vasculitis  [  34  ] . Other changes include minute hemor-
rhages, calci fi cations,  fi brosis, and cyst formation  [  5,   26  ] . 
Microvascular proliferation in necrotic foci or in their vicin-
ity is seen in some cases  [  26  ] . In the perilesional brain loss of 
oligodendrocytes, which are extremely sensitive to irradia-
tion, leads to demyelination, whereas increased vascular per-
meability results in vasogenic brain edema; astrocytosis and 
shrunken neurons associated with local brain atrophy are 
seen subsequently  [  39,   70  ] . 

 Unlike the tissue necrosis caused by wide- fi eld radiother-
apy, after SRS the radiation injury is usually localized and 
well restricted. In general, it is important to differentiate radi-
ation-induced tumor necrosis and radiation-induced necrosis 
of the peritumoral brain  [  12  ] . Both conditions present as dif-
fuse signal hyperintensity on T2-weighted images that exceed 
the target area. They are sometimes characterized as “super-
novas”  [  54  ] , and usually accompanied by perilesional con-
trast enhancement due to blood–brain barrier (BBB) 
disruption  [  62,   64  ] . Nevertheless, with radiation-induced 
tumor necrosis, the changes in the adjacent brain parenchyma 
are mainly caused by diffusion of metabolically active 

substances (i.e., cytokines) from the damaged neoplasm. 
Therefore, this condition is frequently reversible, although it 
may require surgical resection of the mass  [  64  ] . Hence, radi-
ation-induced tumor necrosis may be considered a more or 
less acceptable side effect after radiosurgery of malignant 
lesions  [  13  ] . In contrast, radiation injury to the peritumoral 
brain caused by excessive radiation is an avoidable complica-
tion as it is usually due to suboptimal targeting with low 
selectivity (Fig.  1 ).  

 The main diagnostic and treatment challenges posed by 
intracranial lesion progression after radiosurgery and radio-
therapy are related to their common histopathological het-
erogeneity, the nearby coexistence of a viable tumor, and 
radiation-induced changes    (Table  1 ), which may be particu-
larly evident at the periphery of the target  [  38  ] . Such  fi ndings 
were identi fi ed in 35–74 % of brain metastases and nearly 
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  Fig. 1    Multivoxel proton 
magnetic resonance spectroscopy 
( 1 H-MRS) in a case of radiation-
induced necrosis of the peritu-
moral brain after Gamma Knife 
radiosurgery (GKS) of a 
metastatic brain tumor. Note the 
presence of a necrosis pattern in 
spectroscopic voxels containing 
brain tissue adjacent to the target. 
 NAA N -acetylaspartate,  Cho  
choline-containing compounds, 
 Cr  creatine,  Lac  lactate,  Lip  
mobile lipids ( Source : Chernov 
et al.  [  12  ] )       

   Table 1    Histopathological classi fi cation of radiation treatment effects 
on tumors (modi fi ed from Ohoshi and Shimosato)   

 Grade  Histopathological characteristics 

 0  No radiation effect 

 I  Cellular damage without destruction of 
tumor clusters 

 II  Cellular damage with destruction of 
tumor clusters 

 III  Nonviable tumor cells 

 IV  No tumor cells (including coagulation 
necrosis) 

   Source :    Kamada et al.  [  38  ]   
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100 % of high-grade gliomas that underwent surgical resec-
tion after initial SRS  [  16,   32,   40,   41,   71  ] . They are also 
observed in some extracerebral intracranial neoplasms  [  48  ] .  

 Presenting symptoms and clinical behavior of radiation-
induced necrosis vary signi fi cantly. Incidental, self-limit-
ing, steroid-controlled, progressive, and recurrent forms are 
well recognized  [  3,   7,   44,   47  ] . Space-occupying lesions 
resistant to medical therapy may require surgical resection 
 [  20,   40,   64  ] . Milder forms are mainly related to edema 
resulting from BBB disruption and demyelination. Hence, 
their radiological de fi nition as “radiation-induced enhance-
ment” (not “necrosis”) might be more correct, at least at the 
early stages of development  [  42,   66  ] . Extensive radiation-
induced necrosis and cyst formation may be observed after 
radiosurgical management of nonneoplastic pathology, 
such as an arteriovenous malformation (AVM) and cavern-
omas, which sometimes requires differentiation from new 
tumor formation  [  7,   20  ] .  

   New Tumor Formation 

 There is no evidence that SRS increases the risk of malig-
nancy, and formation of new radiosurgery-associated tumors 
is exceptionally rare  [  53,   72  ] . The roughly estimated risk is 
<0.001 %  [  58  ] . In 2009, Niranjan et al.  [  58  ]  identi fi ed nine 
reported cases that met standard Cahan’s criteria for radia-
tion-induced neoplasms: four glioblastomas, one anaplastic 
astrocytoma, three meningiomas, and one vestibular schwan-
noma. The complication manifested within 5–16 years after 
SRS for benign brain tumors (four cases), malignant mela-
noma metastases (one case), and AVM (four cases).   

   Differentiation of the Tumor Regrowth and 
Radiation-Induced Effects After Radiosurgery 

 Various clinical and radiosurgery-related characteristics 
(e.g., histopathological type of the lesion, its volume, previ-
ously applied SRS or radiotherapy, radiation dose and its dis-
tribution, dynamics of symptoms, time elapsed until 
identi fi cation of progression) should be certainly taken into 
consideration during differentiating tumor regrowth from 
radiation-induced effects. However, such parameters are 
quite similar in both clinical entities and their assessment 
alone rarely establishes a clear diagnosis  [  30,   81  ] . Barajas 
et al.  [  2  ]  reported that intraaxial metastatic tumors that later 
recurred had a trend to have larger volume and lower pre-
scribed doses at the time of irradiation, although the differ-
ences were not statistically signi fi cant. Kano et al.  [  41  ]  found 
that a shorter interval between GKS of brain metastasis and 

subsequent resection necessitated by lesion progression was 
associated with a greater incidence of  fi nding viable neo-
plasm in the histopathological specimen. In concordance, 
Kihlstrom and Karlsson  [  42  ]  noted that a tumor recurrence 
after radiosurgery is more likely during the  fi rst posttreat-
ment year, whereas radiation injury is usually delayed. 
However, these temporal interrelations were not con fi rmed 
by others  [  2,   12,   27,   33,   56  ] . Our series of patients with 
intracranial metastases progressing after GKS included 11 
cases of pure tumor recurrence or regrowth, 10 cases of pure 
radiation-induced tumor necrosis, and 11 cases of mixed 
lesions. None of the clinical and radiosurgical parameters 
(including location and initial volume of the intracranial neo-
plasm, previous irradiation by means of SRS or fractionated 
radiotherapy, maximum and marginal irradiation doses, ini-
tial volumetric tumor response after radiosurgery, time to 
deterioration) differed signi fi cantly between the groups  [  12  ] . 
Therefore, it is evident that various neuroimaging modalities 
must play the main diagnostic role in such cases. 

   Historical Methods (Angiography 
and Scintigraphy) 

 Attempts were made in the past to use cerebral angiography 
to differentiate tumor recurrence from radiation-induced 
necrosis, but the results were generally nonspeci fi c  [  4,   5  ] . 
Currently, its use in such cases has been practically aban-
doned, although it represents the gold standard for evaluating 
AVMs after radiosurgery. Similarly, scintigraphy and tomo-
scintigraphy with such tracers as sodium pertechnetate, 
DTPA technetium, and iodoamphetamine (IMP) were widely 
performed before introduction of the contemporary neuroim-
aging modalities, but frequent false-positive and false-nega-
tive results were noted  [  5  ] .  

   Structural CT and MRI 

 At the time of lesion progression after radiosurgery, CT has 
limited opportunities for differentiating tumor regrowth from 
radiation-induced necrosis because both conditions typically 
appears similarly as a contrast-enhancing low-density mass 
within the target area surrounded by brain edema and fre-
quently associated with a mass effect  [  4,   5,   42,   45  ] . According 
to our experience,  neither the lesion volume nor extent of the 
perilesional edema differs signi fi cantly in cases of pure tumor 
recurrence, pure radiation-induced necroses, and mixed 
pathology after GKS of intracranial metastases, whereas a 
midline shift at the time of clinical deterioration was rela-
tively more common in cases of radiation injury  [  12  ] . 
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 On the other hand, structural MRI may provide some use-
ful diagnostic information. Particularly helpful for identifying 
tumor regrowth is an evaluation of the correspondence of the 
target-related hypointense area on the background of the 
hyperintense signal on T2-weighted MRI to the contrast-
enhanced lesion on T1-weighted MRI. It is de fi ned as the 
lesion quotient or a T1/T2 match/mismatch  [  16,   40,   41  ] . The 
greater the correspondence of their cross-sectional areas to 
each other, the higher is the probability that a progressing 
tumor is present (Fig.  2 ). Dequesada et al.  [  16  ]  reported that 
in all seven patients with histopathologically con fi rmed pure 
neoplastic pathology, this ratio was  ³ 0.6, and use of its cutoff 
level at 0.3 predicted the presence of a viable neoplasm in 26 
of 27 cases. The reported sensitivity and speci fi city of a 
T1/T2 match for identifying recurrent brain metastases after 
GKS are 94 % and 77 %, respectively  [  40  ] . On the other hand, 

an indistinct hypointense lesion on T2-weighted MRI that 
failed to correlate with the T1-weighted contrast-enhanced 
volume was signi fi cantly associated with detection of pure 
necrotic changes in the tissue specimens. However, viable 
neoplastic elements were identi fi ed in 33 % of contrast-
enhanced masses that did not have any corresponding hypoin-
tense area on T2-weighted images  [  40,   41  ] .  

 Other features associated to some degree with progres-
sion of metastatic brain tumors after irradiation can be also 
identi fi ed on MRI: arteriovenous shunting, gyriform distri-
bution of the hyperintense area corresponding to lesion and 
perilesional edema on T2-weighted images, cyst formation, 
and marginal or solid contrast enhancement  [  16  ] . On the 
other hand, some speci fi c forms of contrast enhancement 
(Fig.  3 ), de fi ned as “cut green pepper” (multiple irregular 
rings of enhancement), “Swiss cheese/soap bubble” 

Before radiosurgery 1 months later 10 months later

  Fig. 2    Dynamics of the structural changes in a metastatic adenocarci-
noma of the lung after GKS. At 1 month after treatment the size of the 
lesion had not changed signi fi cantly, although there was the appearance 
of a central lucency without any corresponding hypointense areas on 
T2-weighted images. At 10 months after treatment, there was a 
signi fi cantly increased heterogeneously enhanced lesion that well cor-

responded to the hypointense area on T2-weighted magnetic resonance 
imaging (MRI) on the background of a hyperintense signal caused by 
brain edema. Histopathological investigation after subsequent resection 
revealed mixed pathology with coexistent viable tumor and radiation-
induced necrosis       
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(multiple small or moderate-sized areas of enhancement 
intermixed with foci of necrosis), and “spreading wavefront” 
(blurred margin of enhancement) are considered more typi-
cal, although not highly speci fi c, of radiation-induced necro-
sis  [  16,   34,   57,   70  ] . Overall, structural MRI is somewhat 
helpful in cases of parenchymal brain lesions progressing 
after irradiation, but the information provided usually is not 
enough for a precise diagnosis. There is general agreement 
that additional functional and metabolic radiological investi-
gations are mandatory  [  22,   25,   34,   39,   59,   60,   66  ] .   

   Diffusion-Weighted Imaging and 
ADC Mapping 

 Diffusion-weighted imaging (DWI) reveals microscopic 
Brownian motion in tissue water, and the apparent diffusion 
coef fi cient (ADC) quantitatively describes the effective mean 
diffusivity, which is determined by the tissue cellularity, vis-
cosity of the medium, and spacing of the diffusion barriers. 
Highly cellular brain tumors usually appear on DWI as 
hyperintense lesions and have a low ADC. Treatment-related 
calci fi cations, gliosis, or  fi brosis in the mass may in fl uence 
the intensity of the signal. Of note: the ADC of brain tumors 
is relatively insensitive to steroid therapy, which facilitates 
use of DWI during posttreatment follow-up  [  84  ] . 

 In contrast, a hypointense signal on DWI and high ADC 
are considered typical of radiation-induced necrosis  [  1,   22, 
  23,   31,   39  ] , which may, however, exhibit a variety of signal 
patterns  [  66  ] . Particularly, necrosis with a viscous mucinous 
component may appear on DWI as a hyperintense lesion and 
have low ADC values, similar to brain abscesses  [  66  ] . A low 
ADC can also be caused by an in fl ammatory cellular compo-
sition at the early stages of radiation injury and by the pres-
ence of hemorrhages. Probably for these reasons direct 

comparison of ADC led to controversial results because 
higher values for both radiation injury  [  1  ]  and tumor recur-
rence  [  75  ]  were reported. In mixed lesions evaluation of the 
spatial heterogeneity of ADC by means of “diffusion map-
ping” may allow to de fi ne presence of tumor recurrence 
adjacent to necrotic areas  [  1,   22,   31  ] .  

   Diffusion Tensor Imaging 

 The basic principles of diffusion tensor imaging (DTI) are 
similar to those of DWI except that DTI evaluates the direc-
tionality and magnitude of water diffusion characterized by 
fractional anisotropy (FA). FA was found to be slightly higher, 
whereas the FA ratio (FA values normalized by region-of-
interest [ROI] in the contralateral white matter) was 
signi fi cantly higher in normal-appearing white matter adjacent 
to the perilesional edema in patients with treatment-related 
injury after radiochemotherapy of intracranial gliomas com-
pared to patients with recurrent neoplasms  [  75  ] . Additionally, 
eigenvalues and the principal eigenvalue ratio were signi fi cantly 
higher in contrast-enhancing lesions in a group of patients 
with recurrence  [  75  ] . Thus, DTI may be somewhat helpful in 
differenting radiation-induced necrosis from regrowth of a 
brain neoplasm after SRS, at least for in fi ltrative gliomas, 
which justi fi es further research in this area  [  84  ] .  

   Perfusion CT and MRI 

 At present, the hemodynamics of intracranial neoplasms can 
be evaluated in vivo with perfusion CT and MRI using  fi rst-
pass dynamic susceptibility-weighted contrast-enhanced 
 perfusion imaging or arterial spin labeling. Various 

  Fig. 3    Speci fi c forms of contrast enhancement ( arrows ) typical for radiation-induced necrosis: “cut green pepper” ( left ), “soap bubble” ( center ), 
and “spreading wavefront” ( right ) ( Sources : Dequesada et al.  [  16  ] , Rogers et al.  [  70  ] , and Jain et al.  [  34  ] )       
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parameters determined by these techniques, including cere-
bral blood  fl ow (CBF), cerebral blood volume (CBV), mean 
transit time (MTT), relative peak height (PH), percentage of 
signal-intensity recovery (PSR), contrast transfer coef fi cient 
( K  trans ), allow detailed characterization of the lesion’s micro-
vascularity and the permeability of its vessels. They can be 
applied effectively to differentiate tumor progression from 
radiation-induced changes. 

 Increased neoangiogenesis and vascular density are char-
acteristic features of most neoplasms, especially those that 
are malignant. Typically, CBV is greater in recurrent high-
grade brain masses than in white matter and lower or equal 
to that in gray matter  [  27  ] . Its maximum values correspond 
to intralesional areas of increased mitotic activity  [  66  ] . 
Because effective irradiation alters the blood supply of the 
tumor, low CBV and CBF and increased MTT are usually 
seen in radiation-induced necrosis  [  2,   22,   34,   35,   66  ] . 
However, sometimes the contrast-enhanced component of 
the necrotic lesion has greater perfusion than is seen in white 
matter, probably owing to the relatively increased density of 
capillaries in the areas of in fl ammation, or to extension of the 
vascular lumen caused by telangiectasia and dilatation of the 
blood vessels  [  2,   33,   34,   66  ] . Of interest, several studies from 
various centers  [  27,   30,   56  ]  determined similar optimal 
thresholds of the relative CBV (normalized to white matter) 
for identifying recurrent intracranial metastasis after irradia-
tion: Its value of  ³ 2.0 proved to have 70–96 % diagnostic 
accuracy (Fig.  4 ). However, for gliomas the cutoff level may 
be lower: Jain et al.  [  35  ]  used perfusion CT to investigate the 
optimal threshold of the relative CBV for identifying a pro-
gressing tumor, and determined that it was 1.65 providing 
83 % sensitivity and 100 % speci fi city.  

 The perfusion abnormalities in tumors are related not only 
to the large number of neoplastic vessels but also to their 
abnormal characteristics, such as increased permeability, 
which may be detected in recurrent neoplasms and used for 
their diagnosis  [  2,   33,   34  ] . In the multivariate analysis per-
formed by Jain et al.  [  33  ] , the permeability surface area prod-
uct and the relative CBV showed independent signi fi cant 
association with differentiating between the groups of 
regrowing tumors (mainly gliomas) and treatment-induced 
necrosis. Of note: Vascular leakiness in patients with a radia-
tion injury is also increased because of the damaged endothe-
lium and hypoxia-related up-regulation of vascular 
endothelial growth factor (VEGF), but its magnitude is less 
than that of viable high-grade neoplasms  [  33  ] . 

 Perfusion CT provides robust data and better options 
for quantitative analysis because of the linear relation 
between the contrast agent’s concentration and tissue 
attenuation. However, radiation exposure and use of rela-
tively large volumes of iodinated contrast medium limit its 
utility for assessing brain tumors  [  33–  35,   56  ] . On the other 
hand, perfusion MRI provides better anatomical resolution 

but is susceptible to multiple technical and methodologi-
cal errors, and its results may be signi fi cantly affected by 
some pathophysiological characteristics of the investi-
gated tissue  [  2,   34  ] . Arti fi cially increased hemodynamic 
parameters are obtained if the examination is performed in 
the vicinity of major vascular structures  [  66  ] . Also, the 
presence of hemorrhage, melanin depositions, cysts, or 
signi fi cant extravasation of contrast medium in the inves-
tigated area may produce susceptibility artifacts and lead 
to erroneously decreased CBV values in the viable neo-
plasm  [  2  ] . Inaccurate estimation of CBF and CBV may be 
caused by BBB alteration as interstitial edema may 
 compress the small vessels  [  33–  35,   83  ] . In addition, the 
tumor vasculature is sometimes signi fi cantly compromised 
by rapid growth with necrotic changes  [  34,   35  ] . Low 
 spatial resolution of the method may challenge a precise 
diagnosis in the presence of mixed lesions with a coexis-
tent viable neoplasm and radiation injury, although cre-
ation of “perfusion maps” may resolve this problem  [  34, 
  35,   66  ] . Finally, the results of perfusion studies are 
signi fi cantly affected by administration of steroids or anti-
angiogenic therapy (e.g., bevacizumab), which is currently 
used for management of both recurrent parenchymal brain 
tumors and radiation-induced necrosis  [  34,   84  ] .  

   Proton Magnetic Resonance Spectroscopy 

 Proton magnetic resonance spectroscopy ( 1 H-MRS) allows 
noninvasive biochemical characterization of human tissue 
located within the prede fi ned voxel. The method is intrinsi-
cally multiparameter and permits simultaneous evaluation of 
the variety of metabolites, which in the human brain usually 
includes  N -acetylaspartate (NAA), choline-containing com-
pounds (Cho), creatine (Cr), lactate (Lac), and mobile lipids 
(Lip). These metabolites are associated with rather speci fi c 
histopathological and pathophysiological properties of the 
investigated tissue (Table  2 ). In the clinical setting, the con-
tent of metabolites is frequently expressed semiquantita-
tively, as various ratios.  

  1 H-MRS showed high effectiveness for differentiating a 
recurrent tumor from radiation-induced necrosis. In such 
cases, use of a multivoxel investigation (also known as spec-
troscopic or chemical shift imaging) is particularly impor-
tant because it provides the optimal spatial resolution 
required for distinguishing the coexistent viable neoplasm 
from treatment-induced changes  [  11,   49,   66  ] . Our study 
showed 100 % diagnostic accuracy of this method in cases of 
intracranial metastases enlarging after GKS  [  11  ] . The tumor 
is usually characterized by an elevated Cho peak, decreased 
NAA and Cr peaks, and frequent appearance of Lac and Lip 
peaks  [  10,   25,   49,   51,   84  ] . The two latter metabolites 
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predominate on the spectrum of necrotic lesions, although in 
some of such cases no reliable peaks can be identi fi ed at all. 
However, in cases of early radiation-induced injury, Cho 
may be elevated because of in fl ammation, demyelination, 
and gliosis, and the spectroscopic pattern may resemble that 
of a tumor  [  49,   66,   84  ] . 

 The list of proposed thresholds of different metabolic 
ratios for identifying a recurrent tumor is endless. It includes 
Cho/Cr >2.5  [  43,   44,   51  ] , Cho/Lip + Lac >0.3  [  44  ] , and Cho/
nCho >1.2  [  30  ]  after SRS of brain metastases; and Cho/NAA 
>1.8  [  75  ] , Cho/Cr >1.8  [  75  ] , Cho/nCr >1.79  [  68  ] , and 
Lip + Lac/Cho <0.75  [  68  ]  after radiochemotherapy of intrac-
ranial gliomas. In our experience, the combination of NAA/
Cho ratio <1 and Lip/Cho ratio <3 in at least one lesion-
containing voxel of multivoxel  1 H-MRS showed high diag-
nostic accuracy for identi fi cation of regrowing brain 
metastases after GKS, and corresponded well to the histopa-
thology in a surgically treated cases  [  11,   12  ] . It should be 
kept in mind that evaluated metabolite ratios have variability 

of, at least, 10–15 %, whereas technical differences of pro-
cessing and postprocessing during spectroscopic examina-
tions signi fi cantly complicate comparison of results obtained 
on different MRI scanners. Hence, additional pattern analy-
sis of the  1 H-MR spectra can be helpful (Fig.  5 ).  

 In the series of patients with gliomas, Rock et al.  [  68,   69  ]  
found that spectroscopic imaging allows reliable differentia-
tion between pure tumor and pure radiation-induced necro-
sis, but the distinction is less de fi nitive for mixed lesions. 
Possible false-negative results of  1 H-MRS in the determi-
nation of recurrent neoplasms may be caused by the rela-
tively large size of the spectroscopic voxel (usually  ³ 1 cm3), 
incomplete coverage of the lesion, and/or the inability to 
differentiate between radiation-induced and tumor-induced 
necrosis. Some tumors, such as intracranial metastases of 
colorectal carcinoma, may have extremely high Lip content, 
which may complicate their differential diagnosis. Finally, 
the presence of hemorrhage in the investigated volume of 
tissue and location of the mass in the vicinity of cerebral 

a b  Fig. 4    Contrast-enhanced 
T1-weighted ( a ) and perfusion-
weighted ( b ) MRI in cases of 
tumor recurrence ( upper ) and 
radiation-induced necrosis 
( lower ) after radiosurgery of 
metastatic brain tumors. Note the 
clear difference in the cerebral 
blood volume of lesions 
( Source : Mitsuya et al.  [  56  ] )       
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ventricles or bone structures may create signi fi cant technical 
obstacles to spectroscopic investigation.  

   Single Photon Emission Computed 
Tomography 

 Single photon emission computed tomography (SPECT) is 
based on detection of tracers labeled with gamma-emitting 
isotopes by rotating scintillation detectors (gamma cameras). 
To evaluate progressing brain tumors after radiosurgery, sev-
eral investigators have used thallium-201 chloride ( 201 Tl), 
the uptake of which is related to CBF, BBB alterations, and 
variability of Na/K-ATPase pump expression. Using 
 201 Tl SPECT, Serizawa et al.  [  74  ]  prospectively evaluated 72 
brain metastases that were enlarging after GKS. Tumor 
recurrence was diagnosed if the Tl index (ratio of the radio-
isotope activity in the tumor relative to that of normal brain 
tissue) was >5, whereas radiation injury was considered 
present if it was <3. If the Tl index was between 3 and 5, the 
investigation was repeated in 1 month (which was required 
for 57 % of the lesions). Using their criteria the authors found 
90 % diagnostic accuracy for differentiating tumor 

recurrence from radiation injury. In another study, using a 
cutoff level for Tl index of 2.5, Kimura et al.  [  43  ]  established 
the correct diagnosis in 74 % of patients with brain metasta-
ses that demonstrated enlargement after SRS. 

 Others, however, claimed that  201 Tl SPECT is a sensitive 
but relatively nonspeci fi c modality for identifying progress-
ing tumors after irradiation, and that its spatial resolution 
is too low (8–10 mm). False-positive and false-negative 
results were reported  [  20,   40,   71,   74,   79  ] . Nonneoplastic 
lesions with BBB disruption (radiation-induced necrosis, 
in fl ammation, infarct) as well as hematomas and abscesses 
may display increased  201 Tl uptake. The risk of diagnos-
tic error is particularly high for small tumors and masses 
located infratentorially or in the vicinity of brain structures 
with high physiological tracer uptake (e.g., orbit, choroid 
plexus, hypophyseal region). False-negative results may be 
caused by administration of steroids  [  74  ] . In the series of 
Tsuyuguchi et al.  [  79  ]  81 % of brain metastases enlarging 
after SRS showed accumulation of  201 Tl, but no signi fi cant 

   Table 2    Role of speci fi c  1 H-MRS-detected metabolites in brain tissue 
characterization   

 Main  1  H-MRS-
detected metabolites in 
human brain 

 Histopathological and pathophysi-
ological correlates 

  N -Acetylaspartate (NAA)  Extremely sensitive axonal and 
neuronal marker that re fl ects their 
density, viability, and functional 
activity. Nonspeci fi c decrease accompa-
nies nearly all brain dysfunctions. 

 Choline-containing 
compounds (Cho) 

 Associated with both synthesis and 
degradation of cell membranes. 
Elevated in areas with increased 
proliferative activity, high cellularity, 
in fl ammation, and early necrosis. 
Decrease is associated with cell loss. 

 Creatine (Cr)  Re fl ects energetic properties of the 
investigated tissue. Usually, but not 
always, decreased in brain tumors. 
Frequently used as internal standard for 
evaluating the other metabolites’ 
content. 

 Lactate (Lac)  Usually not detected in normal brain. 
Appears in areas of increased glycoly-
sis, anaerobic metabolism, ischemia, or 
impaired mechanisms of lactate 
utilization. 

 Mobile lipids (Lip)  Usually not detected in normal brain. 
Appears in areas with high rate of cell 
membrane turnover, tissue breakdown, 
and necrosis. 

    1   H - MRS  proton-magnetic resonance spectroscopy  
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  Fig. 5    Classi fi cation of the pathological  1 H-MR spectra based on deter-
mination of the main metabolites, namely  N -acetylaspartate ( NAA ), 
choline-containing compounds ( Cho ), lactate ( Lac ), and mobile lipids 
( Lip ). Types IC and IIC are further subdivided in cases with mild and 
moderate elevation of Lip. Types IIIB and IIIC are typical for necrotic 
lesions ( Source : Chernov et al.  [  10  ] )       
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difference was noted between the recurrence and necrosis 
groups. A review of studies on the use of  201 Tl SPECT for 
evaluating recurrent supratentorial gliomas after radio-
therapy revealed that the sensitivity and speci fi city of the 
method vary widely: 43–100 % and 25–100 %, respectively 
 [  80  ] . Use of double isotope investigations (e.g.,  201 Tl and 
 99m Tc-HMPAO) or delayed scanning may result in greater 
diagnostic effectiveness of SPECT  [  77,   79  ] .  

   Positron Emission Tomography 

 Among the diagnostic modalities used to differentiate 
tumor progression from radiation-induced necrosis, posi-
tron emission tomography (PET) has probably obtained the 
widest acceptance. Hypermetabolic tumor cells actively 
accumulate radioisotope tracer, whereas hypometabolic 
necrosis does not, which theoretically leads to a straightfor-
ward diagnosis (Fig.  6 ). Indeed, initial studies with the use 
of  18 F- fl uorodeoxyglucose (FDG)-PET showed high 
ef fi cacy for identifying recurrent brain tumors after irradia-
tion  [  5,   6,   42,   50,   81,   85  ] . The reported sensitivity and 
speci fi city of the method for identifying recurrent brain 
metastases after SRS were 65–82 % and 80–97 %, respec-
tively  [  6,   81  ] . The diagnostic accuracy was further improved 
by co-registration of the metabolic data with structural MRI 
and/or a computerized brain atlas  [  6,   81  ] . However, errone-
ous results of FDG-PET regarding identi fi cation of pro-
gressing neoplasms are not uncommon  [  40,   71  ] . Small 
tumors, reduced metabolic rate or predominantly anaerobic 
metabolism, and low resolution may cause false-negative 
results, whereas high radioisotope uptake in the normal 
cortex and basal ganglia, areas of in fl ammation, or epileptic 
foci may lead to false-positive  fi ndings  [  11,   25,   50  ] . 
Additionally, glucose metabolism is affected by steroid 
therapy  [  25  ] . Greater ef fi cacy of FDG-PET in identifying 
recurrent brain tumors seemingly can be attained with ini-
tial glucose loading, delayed imaging, and dual phase 
investigations  [  29,   73  ] , but the clinical usefulness of such 
techniques require further evaluation.  

 In contrast to FDG, the background uptake of radioiso-
topes based on aminoacids (e.g.,  l -methyl- 11 C-methionine 
[MET]) in normal brain tissue is low (beside the pons), 
which may provide optimal visualization of the neoplasm. 
MET-PET showed high effectiveness in differentiating 
recurrent intracranial metastases and gliomas from radia-
tion-induced necrosis after SRS or radiotherapy  [  76,   79  ] . 
Using a tumor/normal tissue ratio cutoff value of 1.42 
Tsuyuguchi et al.  [  79  ]  found 78 % sensitivity and 100 % 
speci fi city for identi fi cation of progressing metastases 
after SRS. The mechanisms of MET accumulation in the 
tumor are not clear but may be related to increased protein 

synthesis by proliferating cells, active transport of amino 
acid across the cell membrane, BBB disruption, and high 
vascular density. Its uptake rates correlate with immuno-
positivity to MIB-1 and PCNA  [  25  ] . Nevertheless, 
increased accumulation of MET is seen occasionally in 
intracerebral hematomas, areas of in fl ammation, reactive 
gliosis, and radiation-induced necrosis  [  76,   79  ] . 

 There is continuing search for new tracers for PET, which 
can provide highly speci fi c and sensitive identi fi cation of 
recurrent intracranial tumors. This list includes, but is not 
limited to, radioisotopes based on  fl uoroethyltyrosine (FET), 
 fl uorothymidine (FLT),  fl uoro- l -dihydroxyphenylalanine 
(FDOPA), and acetate  [  8,   25,   28,   52,   67  ] . However, they are 
generally not available for routine clinical practice, so their 
diagnostic usefulness in progressing lesions after SRS has 
not been clari fi ed.  

   Comparative Evaluation of the Various 
Diagnostic Modalities 

 It is evident that functional and metabolic neuroimaging is 
helpful for diagnosing brain tumor recurrence after irradia-
tion and for differentiating it from treatment-induced effects. 
It remains unclear, however, which modality provides supe-
rior diagnostic accuracy. Despite some comparative studies 
on this matter, reliable information remains scarce. 

 Several investigations demonstrated lower diagnostic per-
formance of FDG-PET compared to multivoxel  1 H-MRS and 
MET-PET in cases of brain metastases progressing after SRS 
 [  11,   79  ] ; compared to  201 Tl-SPECT, MET-, FLT-, and 
FDOPA-PET in cases of recurrent gliomas, particularly low-
grade tumors  [  8,   28,   76  ] ; and compared to acetate-PET for 
evaluating the response of meningiomas to GKS  [  52  ] . On the 
other hand MET-PET seems more ef fi cient than  201 Tl-SPECT 
for identifying brain metastases that are progressing after 
SRS  [  79  ] , and it provides results comparable to those 
achieved with FET-PET in recurrent gliomas  [  67  ] . In cases 
of brain metastases progressing after irradiation, the diag-
nostic accuracy of perfusion MRI is better than that of multi-
voxel  1 H-MRS  [  30  ] , which in turn is slightly more effective 
than  201 Tl-SPECT  [  43  ] . Finally, multivoxel  1 H-MRS is some-
what more accurate than DWI with ADC measurements for 
identifying recurrent gliomas  [  69  ] . 

 It should be kept in mind that various radiological modali-
ties provide complementary information on irradiated intrac-
ranial masses, which justi fi es use of a multimodal diagnostic 
approach  [  30,   33,   49,   50,   59,   60,   69  ] . Spatial and temporal 
discordances are common with multiparametric imaging. 
Therefore, only by combining data derived from several tech-
niques can we arrive at a unique multifaceted characteriza-
tion of the lesion  [  59  ] . In 2006, our group proposed an 
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algorithm for differentiating tumor recurrence from treat-
ment-induced effects after GKS of metastatic brain tumors. 
The algorithm was based on multivoxel  1 H-MRS and PET 
 [  12  ] . Its updated version is presented on Fig.  7 , but the 
ef fi cacy of this diagnostic strategy still requires detailed clin-
ical evaluation.    

   Role of Serial Functional and Metabolic 
Imaging After Radiosurgery 

 Application of serial functional and metabolic evaluations 
during follow-up provides detailed information on the 
radiosurgery-induced pathophysiological reactions within 
the target  [  59  ] . DWI, PWI, and  1 H-MRS, seem particularly 
attractive because they can be applied with relative ease at 
the time of a routine MRI investigation. It was shown that 
successful radiosurgery results in a gradually increasing 
ADC  [  23,   31,   78  ]  and decreased relative CBF  [  82,   83  ]  and 
CBV  [  17  ]  in patients with a metastatic brain tumor. 
Longitudinal spectroscopic changes in such cases are com-
plex as the initial decrease in Cho, Lac, and Lip peak inten-
sities re fl ect apoptotic cell loss and inhibition of tumor 
metabolism. An increase of these metabolites is character-
istic of early necrotic changes, whereas further develop-
ment of radiation-induced necrosis is associated with a 
decrease in Cho and further elevation of Lac and Lip or, in 
the late stage, even disappearance of all metabolite peaks 
 [  9,   43,   44,   46,   49,   51,   66,   82,   85  ] . An increase in the neu-
ronal marker NAA usually accompanies tumor shrinkage 
but sometimes is evident even before initiation of volumet-
ric changes  [  9  ] . It is possible that similar dynamics, 
although of lesser magnitude, of DWI-, PWI-, and  1 H-MRS-
related parameters can also be observed after SRS of benign 
extracerebral tumors  [  46 ,  78  ] . 

 Such changes may precede tumor shrinkage or even be 
detected at the time of mass enlargement. Hence, there is a 
promising potential to evaluate the effect of treatment long 
before a measurable response is detected  [  17 ,  23 ,  31 ,  43 ,  78 , 
 83  ] . On the other hand, opposite dynamics usually accom-
pany recurrence or regrowth of the neoplasm. Theoretically, 
serial functional and metabolic imaging can predict pro-
gression of the tumor before there is de fi nite increase in its 
volume  [  9,   23,   31,   43,   78  ] . In the series of Goldman et al. 
 [  23  ] , all of the brain metastases for which shrinkage after 
GKS was not accompanied by a signi fi cant increase in the 
ADC invariably recurred. Increased relative CBF and CBV 
at 6 weeks after SRS of brain metastases compared to the 
pretreatment level accurately predicted subsequent tumor 
progression  [  17,   83  ] . Our serial  1 H-MRS investigations of 
intracranial metastases after radiosurgery  [  9  ]  revealed sev-
eral subtle neurochemical alterations preceding de fi nite 
regrowth of the neoplasm (Fig.  8 ). Nevertheless, the clini-
cal applicability of this diagnostic approach and its possible 
usefulness for correcting therapy before evidence of volu-
metric change in the tumor requires additional validation.  

 Multiple metabolic assessments by means of SPECT or 
PET are dif fi cult because of the need of special equip-
ment, necessity of injecting radioactive isotopes, and cost 
of investigation. Nevertheless, Serizawa et al.  [  74  ]  per-
formed serial  201 Tl-SPECT of 41 brain metastases that had 
enlarged after radiosurgery. They found that tumor recur-
rence was typically associated with a steadily increasing 
Tl index, whereas in cases of radiation injury it had a 
 fl uctuating course. Based on their experience, the authors 
de fi ned three metabolic responses after GKS: (1) good—
with a prominent decrease in the Tl index within 1 month 
after SRS and continuous reduction thereafter; (2) early 
recurrence—with a prominent decrease in the Tl index 
within 1 month after SRS and steady increase thereafter; 
(3) poor—with a moderate decrease in the Tl index within 

  Fig. 6    T1-weighted ( left ) and T2-weighted ( center ) MRI and  18 F- fl uorodeoxyglucose–positron emission tomography (FDG-PET) ( right ) of a 
metastatic adenocarcinoma in the left cerebellar hemisphere progressing after GKS ( Source : Chernov et al.  [  11  ] )       
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1 month after SRS and its  fl uctuation thereafter  [  74  ] . 
Tomura et al.  [  77  ]  revealed that a decrease in the Tl index 
within the  fi rst week after stereotactic irradiation of vari-
ous intracranial tumors is highly predictive of a subse-
quent volumetric response. Yoshino et al.  [  85  ]  performed 
serial  fl uoroboronophenylalanine (FBPA)-PET and FDG-
PET in a few patients after GKS on brain metastases and 
found a steady decrease of radioisotope uptake somewhat 
preceding and accompanying tumor shrinkage. 
Enlargement of the lesion caused by radiation-induced 
necrosis was not accompanied by metabolic changes. The 
similar  fi ndings on serial FDG-PET were noted previously 
after radiosurgery of intracranial meningiomas  [  62  ] . 
However, recently Liu et al.  [  52  ]  compared acetate-PET 
and FDG-PET before and after GKS of these tumors. The 
former tracer showed reduced uptake after irradiation and 
predicted a volumetric response, but FDG accumulation 
was nonspeci fi cally increased after irradiation in some 

cases, which was probably caused by temporary BBB 
alteration. 

 In general, it is clear that addition of functional and meta-
bolic investigations to structural MRI during regular follow-
up after intracranial radiosurgery allows detailed evaluation 
of the time-evolving treatment effects and assessment of 
their dynamics. However, the clinical signi fi cance of the 
obtained information should be de fi ned in further studies.  

   Tissue Sampling of Lesions Progressing 
After Radiosurgery 

 Tissue investigation still represents the gold standard for pre-
cise characterization of brain lesions progressing after irra-
diation. However, the histopathological diagnosis can be 
challenging, especially if performed on small biopsy 
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  Fig. 7    Diagnostic algorithm for differentiating tumor recurrence from 
radiation-induced necrosis after irradiation of metastatic brain tumors 
(modi fi ed from Chernov et al.  [  12  ] ). Compared to the previous version, 

diffusion-weighted (DWI) and perfusion-weighted (PWI) imaging are 
added to multivoxel  1 H-MRS, whereas FDG-PET is eliminated.  GKS  
Gamma Knife radiosurgery       
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specimens. Various radiation-induced changes may be inter-
mixed with the neoplastic elements, or they may predomi-
nate in different parts of the mass. Identi fi cation of tumor 
cells on the background of necrosis may raise a question on 
their viability and proliferative potential. False-positive 
results of MIB-1 immunostaining in quiescent tumors after 
SRS have been reported  [  37  ] . As improved tissue sampling 
can signi fi cantly facilitate a histopathological diagnosis, 
functional or metabolic guidance with PWI,  1 H-MRS, or 
MET-PET and/or neurochemical navigation with 5-aminole-
vulinic acid seem quite reasonable in such cases during ste-
reotactic biopsy or open microsurgical resection.  

   Limitations of the Available Studies 

 The majority of available studies evaluating the various 
neuroimaging modalities for identi fi cation and character-
ization of brain tumor progression after irradiation suffer 
from signi fi cant methodological shortcomings. Thus, we 
must be extremely careful when interpreting their results. 
The main pitfalls typically include a retrospective design 
and a relatively small number of cases, which does not 
allow reliable determination of the speci fi c cutoff levels 
and thresholds of the various diagnostic parameters. In 
many cases, the  fi nal decision on the nature of pathology is 
based not on the histopathological examination but on 

reliance on some neuroimaging modality de fi ned as the 
gold standard or on a stable clinical course, the durations of 
which varied from one series to another. If tissue sampling 
was performed, the tissue was frequently obtained by ste-
reotactic biopsy. Hence, the obtained specimen might not 
be representative of the whole lesion. Such inconsistencies 
result in signi fi cant variability of the reported diagnostic 
ef fi cacy of the methods. Moreover, the absence of standard 
methodologies for functional and metabolic investigations 
and the differences in the equipment, methods of data eval-
uation (qualitative, semiquantitative, quantitative) and 
investigated parameters (mean, maximum, and various nor-
malized values using subjectively de fi ned ROIs) do not 
permit straightforward comparison of the results obtained 
in separate centers. These shortcomings create signi fi cant 
challenges for directly introducing the reported techniques 
into clinical practice without preliminary testing and 
validation.  

   Future Perspectives 

 Introduction of the multimodal diagnostic approach requires 
development of optimized radiological protocols for differ-
entiating tumor progression from radiation-induced changes 
after SRS. The growing availability of multidetector CT and 
high magnetic  fi eld MRI scanners, the development of new 
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MRI sequences, and the search for more effective contrast 
media and radioisotope tracers will signi fi cantly extend diag-
nostic options. Further advances of the fusion techniques and 
hybrid imaging (e.g., PET-CT, PET-MRI) will improve effec-
tive lesion characterization, particularly when using methods 
with limited spatial resolution. Frequent coexistence of the 
viable neoplastic elements and postirradiation changes 
should encourage studies directed at evaluating their relative 
representation within the same lesion based on quantitative 
assessment of the heterogeneity of the radiological  fi ndings 
relevant to the histopathology and clinical course. Possible 
usefulness of serial functional and metabolic neuroimaging 
starting before SRS and continuing during the subsequent 
follow-up for early prediction of response to treatment and 
timely identi fi cation of tumor progression should be tested 
prospectively with strict predetermined diagnostic criteria 
and outcome measures. These investigations will require 
development of advanced software workspaces for integrated 
cross-correlated computer-aided analysis of the multiple data 
undergoing spatial and temporal changes  [  59  ] . Wide intro-
duction of the results of such studies into routine clinical 
practice cannot be attained without technical standardization 
of the advanced neuroimaging modalities (e.g., perfusion 
MRI,  1 H-MRS). Finally, development of molecular imaging 
techniques, particularly those based on amide proton transfer 
MRI  [  36  ] , may result in very effective noninvasive character-
ization of brain lesions after irradiation. Their practical 
application in the future seems promising.  

   Conclusion 

 Differentiation of tumor progression from radiation-induced 
effects after intracranial radiosurgery is challenging. 
It includes complex evaluation of various clinical, radiosur-
gical, and radiological factors. Evaluating volumetric 
changes by structural contrast-enhanced MRI seems 
suf fi cient after low-dose SRS of benign intracranial tumors. 
In such cases possible delayed growth arrest and transitory 
enlargement of the lesion should be always borne in mind, 
because usually they do not require additional treatment. 
Multimodal neuroimaging with application of the various 
functional and metabolic techniques is preferable in diag-
nostically dif fi cult cases. Addition of DWI, perfusion stud-
ies, and  1 H-MRS to regular structural MRI investigations 
during follow-up after SRS of parenchymal brain tumors 
allows detailed longitudinal assessment of the treatment 
effects and, along with MET PET, provides valuable diag-
nostic information about progressing lesions. Finally, it 
should be kept in mind that differentiating tumor recurrence 
from radiation-induced effects after SRS does not indicate 

whether to apply surgical treatment or reserve it. In fact, 
resection of the lesion may be required for either condition. 
If indicated, it should be performed under metabolic 
guidance.      
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