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Since the first patient was treated with Gamma 
Knife stereotactic radiosurgery (GKSRS) in 1968, 
a significant body of research has been amassed 

to determine the clinical indications, optimum radiation 
dosing, and standardization of expected outcomes by us-
ing multicenter data. GKSRS is now in its 5th decade of 
use, and whereas the radiation source remains cobalt-60, 
the remainder of the machine has undergone significant 
changes, specifically to allow for automated treatment of 
multiple brain metastases and mask-based treatments fa-
cilitating the ease of delivery of hypofractionation dosing. 
However, with this change in its capability, many addition-
al questions arise that need to be answered.

Methods
In order to determine what areas of research are a clini-

cal priority, a small group of young Gamma Knife inves-
tigators was invited to attend a workshop discussion at the 

19th International Leksell Gamma Knife Society Meet-
ing. Members of this group were invited from 12 different 
countries and represented the subspecialties of neurosur-
gery (7 individuals), radiation oncology (9), physics (2), 
and radiology (1). Prior to the meeting, 3 neurosurgeons 
and 3 radiation oncologists who were considered early in-
vestigators on an academic track were chosen from this 
group by the leadership of the Leksell Gamma Knife So-
ciety. These 6 individuals were chosen because they had a 
track record of interest in research and proven academic 
productivity. All were asked to propose novel ideas that 
could lead to a potential research project to be completed 
using multicenter data accrual.

Results and Discussion
Proposals that were submitted fell under 2 main cat-

egories. 1) Need for more sophisticated advanced imaging 
techniques to better inform target definition for radiosur-
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gery and improve response assessment during imaging 
follow-up. 2) Need for more data to inform the role of hy-
pofractionation for different disease processes.

Imaging Techniques
The first proposal addressed the need for better under-

standing of the radiobiology of radiosurgery of the ventral 
intermediate thalamic nucleus (Vim) for essential trem-
or, the most common movement disorder.21,22 The exact 
pathophysiological mechanisms of tremor are unknown, 
including its central versus peripheral origin.21 A common 
theory is that tremor arises from an abnormality within 
the “tremor axis,” which includes the dentate cerebellar 
nucleus, the contralateral thalamus, and primary motor 
cortex.7,13 The existence of the axis is based on findings 
from noninvasive neuroimaging techniques, but also suc-
cessful targeting of the Vim by the standard deep brain 
stimulation or stereotactic thermocoagulation, resulting in 
tremor arrest.5,13,15 Vim radiosurgery (VimRS), as an al-
ternative to standard stereotactic procedures, has 3 major 
limitations: indirect targeting, no intraoperative confirma-
tion of the Vim target by electrophysiology, and a delayed 
clinical effect of up to 1 year after the procedure.7,18,33,37 

Tuleasca et al. have proposed using resting-state func-
tional MRI (fMRI),30–32,34 a noninvasive neuroimaging 
technique that can be used to study spontaneous brain ac-
tivity with minimal patient compliance, to study tremor 
pathophysiology and improve tremor arrest after VimRS, 
by using advanced computational techniques.6 Resting 
fMRI measures functional connectivity, which has been 
classically defined as the temporal correlations between 
spatially remote, statistically independent neurophysi-
ological events distributed across varying neuronal groups 
and areas.14 These researchers’ major findings include: 1) 
that pretherapeutic networks’ interconnectivity can pre-
dict 1-year tremor arrest; and 2) discovery of a cerebello-
thalamo-visuo-motor network with a visually sensitive 
component, which is involved both in tremor generation 
and arrest after VimRS. This unexpected network has re-
cently been confirmed by task-based fMRI studies and by 
findings from voxel-based morphometry.2,35 These find-
ings have opened new gates for a better understanding of 
VimRS effects, but also raise the question of a new po-
tential target for tremor (e.g., the visual association areas). 
The use of resting-state fMRI in observing this network 
over time might not only allow prediction of clinical re-
sponse based only on pretherapeutic neuroimaging,29 but 
it might also facilitate a better understanding of the radio-
biology of radiosurgical intervention and VimRS.30,32 This 
work by Tuleasca et al. would benefit both from validation 
in a larger cohort and from the expansion of its useful-
ness in Vim high-intensity focused ultrasound for tremor 
which, unlike radiosurgery, has an immediate clinical and 
radiological effect.9,10 A collaborative study would require 
uniformity of clinical assessment, including activities of 
daily living (from the questionnaire designed by Bain et 
al.),4 tremor score on the treated hand,12 and a quality of 
life questionnaire (QUEST).

The second proposal addressed the need for advanced 
imaging to better differentiate tumor recurrence from 
pseudoprogression and radiation necrosis after GKSRS 

for brain metastases.29 Given the lack of access in most fa-
cilities to amino acid–based PET imaging, different MRI 
sequences are used, including spectroscopy, diffusion, 
and perfusion, with variable sensitivity and specificity. 
Two commonly used sequences allowing perfusion imag-
ing are dynamic contrast-enhanced imaging and dynamic 
susceptibility contrast imaging. Dynamic susceptibility 
contrast imaging is most commonly used and provides 
qualitative evaluation of relative cerebral blood volume by 
using simple color coding, whereas dynamic contrast-en-
hanced imaging measures quantitative cerebral blood vol-
ume and also allows evaluation of vascular permeability.36 
Generally, an increase in perfusion would suggest tumor 
recurrence and a decrease would suggest radiation injury. 
It has been demonstrated that the use of both techniques 
leads to better sensitivity and specificity than the use of 
either one alone.17 Unfortunately, both imaging techniques 
require separate contrast injection, add additional time to 
the duration of the MRI for the patient, and require signifi-
cant postprocessing. Because of this, most radiosurgeons 
still follow their patients with serial standard imaging to 
help with this diagnosis. Mathieu and imaging research-
ers in his institution have therefore developed a single 
hybrid imaging sequence from which both perfusion and 
permeability data can be extracted from each imaging 
pixel. This information can be fed automatically into a 
multiparametric analysis software system that then gives 
a pictorial and numerical probability of tumor recurrence 
versus nontumoral growth for each pixel analyzed. The 
multiparametric software is being developed using deep 
machine learning and will remove the need for onerous 
postprocessing by the radiologist. It is being developed as 
open-source software so that, if successful, it can be incor-
porated easily into multiple centers and validated based on 
clinical outcomes.

The third proposal addressed the need for better dif-
ferentiation of arteriovenous malformation (AVM) struc-
tures for radiosurgery planning. Given the possible long 
survival of patients after successful GKSRS for AVM, 
late complications are a significant problem in approxi-
mately 30% of patients.28 Late complications can include 
cyst formation, progressive vasogenic edema, and chronic 
expanding hematoma development.16,25,26 Preliminary 
data from Lee and colleagues (Lee CC et al., unpublished 
data) have shown that the risks of adverse radiation effects 
are reduced if radiation exposure of intervening normal 
brain is minimized, especially in diffuse forms of AVMs. 
These authors have therefore developed, using fuzzy 
c-means clustering techniques, a method of separating 
CSF, brain tissue, and AVM vasculature on high-resolu-
tion T2-weighted images, producing color-coded maps of 
the AVM showing these 3 components separately in order 
to help guide GKSRS planning. The issue is particularly 
important in light of the recent results from the ARUBA 
study (A Randomized Trial of Unruptured Brain Arterio-
venous Malformations).24 Based on the results of Lee’s 
report, patients with compact AVMs are still suitable can-
didates for treatment using GKSRS. The strict selection of 
patients could help to ensure that the administration of ra-
diosurgery for compact, unruptured AVMs would provide 
a high likelihood of nidal obliteration with a low risk of 
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adverse radiation effects. Furthermore, this group is look-
ing to validate their techniques at other centers.

Discussion of these proposals by the larger group 
brought to light several areas of concern. Despite interest 
from many at the table, concern was raised about the chal-
lenges of cost for additional imaging and processing, and 
the ability to use some of the new sequences across differ-
ent MR company platforms. For the thalamotomy project, 
the suggestion was made that imaging for identification of 
radiosurgery targets could be performed also in patients 
with tremor who are undergoing focused ultrasound treat-
ment. Allying with this group could also help provide 
additional funding for this project. With regard to the tu-
mor versus pseudoprogression project, additional MR se-
quences such as noncontrast chemical exchange saturation 
transfer (CEST) imaging or single-photon emission CT 
(SPECT) could also be added to the machine learning to 
see if they would provide additional value to the diagnos-
tic process.23 The most significant concern about all the 
projects was the ability to subsequently import specialized 
testing results into GammaPlan without the use of inter-
mediary third-party software.

Hypofractionation
Given the ability for Gamma Knife users to now per-

form mask-based hypofractionated treatments, radiation 
oncologists in the group were interested in discussing this 
technique for treatment of larger intracranial lesions.

The first proposal addressed meningiomas > 8–10 cm3 
in volume. Treating these benign lesions using single-
fraction 12- to 15-Gy GKSRS can result in an increased 
rate of neurological decline related to radiation toxicity.27 
At the meeting, Foote therefore proposed doing a phase 3 
randomized controlled trial to demonstrate superiority of 
administration of 25–27.5 Gy in 5 fractions as compared 
to a single fraction of 12–15 Gy. The hypofractionation 
dose that was chosen as its biologically equivalent dose 
(BED) is equivalent to the single-fraction dose.8 Outcomes 
to be measured at 5 years post-GKSRS would be a com-
posite end point including local tumor control rates and 
rates of neurological deterioration. The inclusion of 110 
patients per arm should then be sufficient to demonstrate a 
10% clinically significant difference in outcome between 
the 2 groups. Post hoc analysis of the data could then also 
examine the 2 outcomes stratified for additional factors, 
including meningioma location and postoperative versus 
empirical GKSRS.

The second proposal addressed larger brain metastases. 
Using the maximum tolerated dose determined from the 
Radiation Therapy Oncology Group (RTOG) 90-05 study, 
15 or 18 Gy delivered to large brain metastases resulted 
in 50% local control at 1 year,28 much less than 85% local 
control seen with 24 Gy. RTOG 90-05 included patients 
with whole-brain radiation therapy, so the actual maxi-
mum tolerated dose actually may be higher in radiation-
naïve patients. Although most GKSRS centers continue to 
use dosing guidelines from RTOG 90-05 and accept lower 
control, several centers have now started to propose alter-
native timing and dosing of SRS. Many radiosurgeons us-
ing linear accelerator (LINAC)–based therapy already use 
hypofractionation regimens for larger or multiple lesions, 

especially in the postresection setting.19,20 In contrast, ra-
diosurgeons performing Gamma Knife therapy at the 
Cleveland Clinic use 2-stage radiosurgery (2 doses of 15 
Gy, or 18 Gy then 12 Gy administered 1 month apart), and 
Asher et al. and Angelov et al. have described the success-
ful use of lower-dose GKSRS as neoadjuvant radiosurgery 
prior to resection.1,3 As an alternative to Asher et al.’s pro-
tocol, the Cleveland Clinic has an in-house protocol with 
dose escalation for neoadjuvant radiosurgery. This latter 
technique allows for easier GKSRS planning because the 
margins are better defined, and preliminary data suggest 
that it also decreases the rate of leptomeningeal spread of 
the cancer at the time of surgery. At the meeting, Chao 
therefore proposed 2 possible phase 3 studies: 1) postoper-
ative single-fraction RTOG 90–05 dosing GKSRS versus 
neoadjuvant SRS followed by resection versus hypofrac-
tionated GKSRS alone and 2) dose-staged SRS versus hy-
pofractionated SRS (possible dosing to include 27 Gy in 3 
fractions or 25–30 Gy in 5 fractions).

The third proposal addressed hypofractionation for 
postoperative cavities. As above, administration of GK-
SRS to postoperative cavities is challenged by the need 
to reduce dose based on increased volume, difficulty with 
defining the target accurately, difficulty differentiating 
tumor regrowth versus radiation necrosis after GKSRS, 
and variable definition of local recurrence. The proposed 
phase 3 study of approximately 140 patients would be a 
comparison of single-fraction to 5-fraction hypofraction-
ated SRS (total dose ranging from 25 to 30 Gy). The target 
definition, response assessment, and local failure evalu-
ation would all be standardized and centrally reviewed. 
Outcomes to be measured would include local control 
rates and rates of radiation toxicity.

Discussion of these proposals by the larger group 
brought up several points of concern. The group in gen-
eral agreed that there is a need to gather hypofractionated 
SRS data regarding whether surgery versus radiosurgery 
alone results in better local control for tumors > 3 cm in 
maximum diameter. The group also agreed on the need 
for data to help standardize hypofractionation regimens, 
because based on GKSRS there is a paucity of data to 
guide clinical practice, unlike for LINAC-based hypofrac-
tionated SRS. For brain metastases treated using GKSRS, 
a concern was raised regarding different radiobiological 
responses of different tumors to radiosurgery, especially 
when complicated by the use of targeted or checkpoint 
inhibitor systemic therapies. To take these many factors 
into account, studies including very large numbers of pa-
tients would be needed to see an effect. Based on 1999 
salary and fringe benefit rates, Emanuel et al. reported a 
cost of slightly more than $6000 (range $2098 to $19,285) 
per oncology patient to carry out a chemotherapeutic trial 
in 2003.11 Obtaining funding will therefore be one of the 
biggest challenges to gathering these data. Unlike phar-
maceutical trials, in which the cost is offset by drug pro-
duction if the trial yields positive results, there is no such 
payoff in a rigorously run randomized trial for single-
fraction versus hypofractionated radiosurgery, especially 
given that one of the outcomes being tested is the risk of 
iatrogenic injury (radiation necrosis). Although a few cen-
ters remain interested in participating in a study without 
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significant financial support, many find the cost prohibi-
tive but agree that if funded, these data would very useful 
for guiding management decision-making in this current 
era of rapidly evolving technological capability.

Finally it was recognized that further discussions will 
be needed to move all of the above proposals forward. Al-
though this meeting involved only Gamma Knife users, 
all of these topics are relevant to radiosurgery delivered 
across all platforms. The next venue for discussion will 
therefore probably be at the International Stereotactic 
Radiosurgery Society (ISRS) meeting in 2019 in Brazil. 
However, it has yet to be decided if discussions will be 
continued by the so-called next-generation group alone or, 
more likely, in conjunction with the newly renamed IRRF 
(International Radiosurgery Research Foundation—previ-
ously known as the North American Gamma Knife Con-
sortium [NAGKC] and the International Gamma Knife 
Research Foundation [IGKRF]), through which discus-
sions about project funding, study design, and data incor-
poration from the AANS/ASTRO (American Society for 
Radiation Oncology) radiosurgery registry across all SRS 
platforms could occur.

Conclusions
Two areas of interest and the need for future radiosur-

gical research were identified by the young investigators 
working group. First, there is a need to develop additional 
imaging sequences to better define disease process and 
treatment target and to improve patient follow-up. Second, 
trials are needed to define how to better treat larger le-
sions, including metastases and meningiomas, now that 
hypofractionation is a possibility with the Gamma Knife, 
in addition to the optimal treatment approach (single-frac-
tion vs hypofractionated SRS) after surgery.
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