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Stereotactic radiosurgery has revolutionized the 
practice of neurological surgery and radiation on-
cology, and has had major implications in other spe-

cialties, such as medical oncology, neurotology, pain man-
agement, neurology, and neuroimaging. The publication 
record across many different disorders is large, compre-
hensive in scope, and long-term.29 Concerns about second-
ary malignant transformation have been muted by long-
term safety reports.34,42 Radiation-related injury or adverse 
radiation effects sometimes seen as part of the expected 
tissue response fortunately have been relatively infrequent. 
Published dose-response data have led to improvements in 
safe outcomes. This report describes elements of current 
practice, expanding concepts, and new avenues for inves-
tigation.

Technical Aspects of Stereotactic 
Radiosurgery

A number of different technologies are available to per-
form radiosurgery procedures. These continue to include 
photon- and proton-based devices. Established devices 
used to care for large numbers of patients include the Lek-
sell Gamma Knife (Elekta AB), the CyberKnife (Accuray 
Inc.), and different modified linear accelerator systems. 
Over 1 million patients have been treated with Gamma 
Knife radiosurgery, and it is clear that the concept has 
been used in large numbers of patients with intracranial 

disorders and a smaller number with selected extracranial 
tumors and vascular malformations.

Over the last 40 years, most patients who have under-
gone stereotactic radiosurgery have done so after applica-
tion of a rigid stereotactic frame. Several linear accelerator 
systems utilize mask fixation, which can provide accept-
able precision and accuracy when done well. However, 
for small-volume targets and targets in critical locations, 
I continue to believe that rigid frame fixation provides the 
utmost in accuracy and confidence. As with any device, 
the frame must be applied properly and securely. We use 
mask fixation during multi-session radiosurgery with the 
Gamma Knife ICON unit in order to target larger-volume 
lesions or brain metastasis resection beds. I have found this 
fixation to be acceptable in appropriately selected patients 
who could tolerate the mask and who limited their body 
motion during irradiation. Most patients can only tolerate 
mask fixation for up to 30 minutes. In contrast, selected 
patients with multiple metastases and complex skull base 
tumors requiring multiple small isocenters can require 
radiosurgical exposures much longer than 30 minutes. In 
such cases, rigid frame placement is much more suitable.

Imaging sequences continue to improve. High-resolu-
tion MRI with or without contrast administration is the 
key to proper target identification and delineation of criti-
cal structures. Depending on the imaging system manufac-
turer, specific long relaxation time sequences can be ideal 
for cranial nerve delineation. A number of radiosurgical 
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software systems can auto-segment structures of interest 
(i.e., Brainlab Elements software), which can be helpful 
to the clinician. What remains deficient is our ability to 
quickly study tumor metabolism. Also, we lack informa-
tion on the blood flow through an arteriovenous malfor-
mation (AVM), which may be useful for dose planning. 
Although functional imaging can be performed prior to 
radiosurgery and co-registered, it is not often utilized in 
routine dose planning.

Radiobiology
The value of radiosurgery is dependent on the radio-

biological effect on the target tissue. There are numerous 
ways to evaluate the potential radiobiological effect.22 This 
is important not only in dose planning but also in outcome 
assessment. Typically, a clinician considers the effects of 
dose to the lesion and the dose to the area surrounding 
the lesion. Little work has been done on the importance 
of the dose falloff or “dose gradient.” Studies have shown 
that this may not be relevant in pain relief after trigeminal 
neuralgia radiosurgery. A recent analysis suggested that 
a reduced gradient may be associated with better tumor 
control in the care of small brain metastases.

The dose rate may be an important radiobiological 
factor. This can vary depending on different radiosurgi-
cal devices, but also on the activity of the cobalt-60 in a 
Gamma Knife surgery. Although a faster dose rate may 
have a stronger radiobiological effect, the actual effect of 
this is not clear. A computer algorithm is used to calculate 
the prescribed dose, but some investigators argue that a 
different algorithm may be better. This would utilize the 
concept of “biologically effective dose” on the target tis-
sue. Work in this area is ongoing. In my opinion, future 
radiosurgical devices should improve on the radiobiologi-
cal effect. This would allow a more potent intrinsic target 
effect with less irradiation of surrounding tissue. It may 
also be that an individual tumor should be targeted using 
a different dose profile to different portions of the tumor 
that may be more or less radiation sensitive. For example, 
treatment of a metastasis with central necrosis, indica-
tive of intratumoral hypoxia and radioresistance, may be 
planned differently from treatment of a tumor of similar 
volume that is homogeneously solid.

Arteriovenous Malformations
There have been many articles published on the re-

sponse of AVMs to stereotactic radiosurgery.6,7 These 
studies have looked at clinical outcomes, dose response, 
safety, lesion location, dose staging, and adverse effects. 
Since the publication of ARUBA (A Randomized Trial of 
Unruptured Brain Arteriovenous Malformations), there 
have been a number of articles that compare radiosurgi-
cal outcomes in patients with unruptured AVMs to data 
from that trial.11 The data support the use of radiosurgery 
for unruptured AVMs in patients expected to live at least 
12–15 years. In this fashion, the value of AVM oblitera-
tion over time with potential morbidity outweighs the out-
comes associated with observation alone.11

Some centers have used a multi-session radiosurgery 
approach to target larger-volume AVMs. There are not 

strong outcomes data on this concept, although I have seen 
some impressive outcomes presented by Wurm and col-
leagues (personal communication). Others have used a low 
initial dose to the entire volume, repeating radiosurgery as 
necessary several years later for persistent AVMs. Others, 
including our group, have used a volume-staged approach 
in which components of the AVM are irradiated at inter-
vals of 4–5 months or so. Typically, the target volume at 
each session is less than 10 cm3, although it may be as high 
as 15 cm3. It is clear that we need to do better for patients 
with symptomatic, large AVMs that are not amenable to 
either resection or endovascular embolization—due to ex-
cessive surgical risk or likelihood of suboptimal response, 
respectively. I continue to believe that a better and more 
quantitative understanding of blood flow to an AVM is the 
key to improving the radiosurgical effect. With this infor-
mation, radiosurgical energy could be directed differently 
to different portions of the AVM. For malformations in 
critical locations, we commonly use functional MRI in-
formation as part of dose planning (Fig. 1).

One key limitation of AVM radiosurgery remains the 
latency interval to vascular obliteration of the target. Al-
though the data suggest that the hemorrhage rate may be 
slightly reduced during this latency interval, hemorrhage 
can still occur. We are aggressive in the use of endovas-
cular techniques to address hemodynamic risk factors for 
hemorrhage. It may be that as experience with transvenous 
embolization techniques improves, and the morbidity pro-
file is more clearly understood, combined approaches uti-
lizing radiosurgery and endovascular surgery may lead to 
significant improvements in overall outcome.

Vestibular Schwannomas
Stereotactic radiosurgery is highly effective in the 

care of patients with small- and medium-sized vestibular 
schwannomas.15,37 It has also been evaluated in selected 
patients with larger tumors.24 The goal of radiosurgery is 
long-term inactivation of tumor growth and preservation 
of cranial nerve function. Although facial nerve function 
is preserved in over 99% of patients, preservation of hear-
ing is less successful.

Before recommending any form of treatment, an under-
standing of the natural history of tumor growth is impor-
tant. Unfortunately, many past studies have been conducted 
with low-resolution imaging and use of linear dimension 
measurements only—sometimes with unusual definitions 
of tumor growth (such as an intracanalicular tumor only 
growing if it becomes extracanalicular). For this reason, 
many patients are told of a typical slow growth pattern or 
that their tumor “may not grow at all.” Two recent stud-
ies (from the Mayo Clinic23 and NYU [unpublished data]) 
used serial volumetric measurements and high-resolution 
imaging techniques to define tumor growth patterns. The 
Mayo study showed that 69% of patients had volumetric 
growth within a median of 1.1 years.23 The NYU study 
showed that over an average 2-year follow-up interval, ap-
proximately 30% of patients did not have significant tumor 
growth (< 20% by volume) and that in 70% of cases the 
tumor did grow by more than 20%, with half of those tu-
mors growing by more than 100% per year. Thus there are 
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both slower and faster growth groups. The average growth 
rate across the entire series was 33% by volume per year.

The dose prescribed to the margin of a vestibular 
schwannoma typically varies at most centers between 11 
and 13 Gy. Lower doses are sometimes used for patients 
for whom hearing preservation may be one goal, particu-
larly to lower the mean cochlear dose. However, it is not 
clear that this is indicated. While several studies do show 
that a reduction of the mean cochlear dose below 4.2 Gy 
may be advantageous for hearing preservation, this may 
be too simplistic an expectation. It is likely that the quality 
of pre-radiosurgery hearing is most important, as well as 
other factors difficult to study such as the time duration 
for tumor growth and the vascular effect of the tumor on 
the cochlear nerve. This is why important data show better 
hearing outcomes with earlier management, when hearing 
is at its highest level.1 The concept of “watch and wait” 
for smaller tumors has been followed most commonly by 
tumor growth and hearing loss.37 As for the use of low 
radiation doses, my personal concern is that a dose reduc-
tion may lead to a higher failure rate for longer-term tumor 
control without clear benefit to hearing. Indeed, with pre-
cise dose planning, a dose elevation (14 Gy) may be war-

ranted in some patients who already have poor hearing to 
increase the tumor control rate. My expectation is that this 
would have little adverse effect on facial function. This is 
an area for further research.

Over the last decade, the goal of hearing preservation 
has been associated with the strategies for tumor man-
agement. For larger-volume tumors this could include a 
partial resection followed by radiosurgery to the residual 
mass. A more recent concept is the use of cochlear im-
plants in patients with an irradiated and controlled tumor 
who still have some low-level residual hearing integrity 
(Fig. 2). At our own center we have had some gratifying 
outcomes using this approach in a small number of pa-
tients. My expectation is that this concept will be used 
increasingly in patients who also have reduced hearing in 
the contralateral ear.

Meningiomas
Radiosurgery has revolutionized the management of 

intracranial meningiomas.21 Prior to its use, management 
consisted of observation or resection, sometimes performed 
numerous times for recurrent tumors. Fractionated radia-

FIG. 1. Case of a 63-year-old man with a left frontal AVM close to Broca’s speech area. A: Gamma Knife radiosurgery dose 
plan (19 Gy). B: Functional activation for word generation is shown surrounding the AVM. Two years after radiosurgery, the AVM 
showed reduced vascularity with no edema or new symptoms. Figure is available in color online only.
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tion therapy had a limited role for primary management 
but was used for difficult, more aggressive histological 
types. For patients with tumors in critical locations, such as 
at the skull base or along the venous sinuses, radiosurgery 
assumed a primary role if the lesions were symptomatic 
and small. Long-term data show excellent tumor control 
rates (above 90%) with low risk for new neurological prob-
lems.13,27 Indeed for patients treated relatively soon after 
diagnosis, cranial nerve deficits can often be improved.

Experience in the care of many thousands of patients 
with long-term published results has substantiated a du-
rable and effective tumor margin dose between 12 and 16 
Gy in most cases. Most patients with a grade I tumor re-
ceive 12–14 Gy. Grade II or III tumors should be managed 
with the higher doses, and indeed patients with malignant 
meningiomas should be considered for additional frac-
tionated radiation therapy.

The future of meningioma radiosurgery research cen-
ters around several concerns including its use for larger-
volume tumors, obtaining a better understanding of cra-
nial nerve tolerance, and evaluating how radiosurgical ef-
fects can influence peritumoral brain edema. For selected 

cases of larger-volume tumors in which additional surgical 
resection was not thought feasible, we have used a multi-
session radiosurgery approach.8 We are collecting data 
on outcomes since little has been published. The optimal 
dose paradigm remains to be determined. We use 4 Gy × 
5 sessions or 5 Gy × 5 sessions depending on volume and 
perioptic location.

Brain Metastases
At most centers, brain metastasis represents the most 

common indication for stereotactic radiosurgery. Over 
the last 30 years, perhaps for no other brain tumor has 
management changed so much. Whole brain radiation 
therapy, once the most commonly used approach, is now 
rare.4,32 Resection remains important in the treatment of 
larger-volume symptomatic tumors associated with brain 
edema.36 However, radiosurgery can also be effective in 
patients whose symptoms can be managed with cortico-
steroid therapy until tumor regression is seen. Whereas ra-
diosurgery was only used for single metastases and small 
numbers of tumors in the 1990s, it is now used widely for 
higher numbers of tumors and indeed no clear upper limit 

FIG. 2. Case of an 82-year-old woman with a recurrent left vestibular schwannoma receiving repeat radiosurgery (10.5 Gy). A: Ra-
diosurgery dose plan. B: Axial post-contrast short relaxation time MR images obtained 6 months after radiosurgery showing reduced 
central contrast uptake. C: Radiograph showing the left cochlear implant that was placed to address hearing loss that existed before 
radiosurgery. The patient experienced improved hearing with the implant. Figure is available in color online only.
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has been set.47 We commonly perform radiosurgery in pa-
tients with 10–25 tumors. Whole brain radiation therapy 
for micrometastatic disease has been replaced in many 
patients by systemic therapies with some degree of brain 
tissue penetrance. Whole brain radiation therapy still re-
mains an important approach for miliary disease and dif-
fuse leptomeningeal disease.

Different radiosurgical technologies help clinicians 
manage multiple brain metastases in different ways. Some 
are more suited to the efficient care of higher numbers of 
brain tumors in cancer patients (i.e., Gamma Knife tech-
nique). Others employ a single isocentric approach to de-
liver multiple radiation fields and can do so quickly using 
some types of linear accelerator technology. Such rapid 
dose delivery may be at the expense of the delivery of 
higher doses to the surrounding remote brain, but any det-
rimental effects of this remain to be determined.

Importantly, clinical outcomes research should focus 
on specific cancer types and not include all forms of tu-
mors just because they are metastatic.44 Since radiobio-
logical response, systemic therapies, and clinical expecta-
tions differ, most of our studies should not include breast 
cancer, lung cancer, and melanoma in the same report.

An important avenue for research should be in the 
evaluation of short-course bevacizumab therapy in the 

care of patients with adverse radiation effects.5 Avoiding 
longer-term corticosteroid use is important in this patient 
population where quality of life is crucial, and avoidance 
of steroid myopathy is necessary so that systemic therapy 
can continue uninterrupted. Some of our patients have had 
impressive responses to just 2 doses of bevacizumab with 
reduction of contrast enhancement, rapid resolution of ede-
ma, and avoidance of dexamethasone treatment (Fig. 3).

Trigeminal Neuralgia
Stereotactic radiosurgery is a common indication for 

medically refractory trigeminal neuralgia. There have 
been numerous published reports over the last 25 years that 
detail clinical outcomes. At most centers, the technique is 
standard. High-resolution imaging is used to facilitate pre-
cise small-volume irradiation of a portion of the trigeminal 
nerve anterior to the pons. Targeting accuracy is the key 
to this surgery, and indeed there have been cases in which 
structures other than the nerve have been targeted. In the 
vast majority of patients, the nerve can be well seen. Iden-
tification can be more challenging in patients who have a 
small subarachnoid space or sometimes in those who have 
had prior microvascular decompression. High-resolution 
long relaxation time sequences are excellent for cranial 

FIG. 3. Case of a 58-year-old woman with metastatic breast cancer and multiple metastases. A: The radiosurgery dose plan for 
the left mesial parietal tumor (18 Gy). B–D: Axial post-contrast short relaxation time MR images showing apparent resolution of 
the tumor 6 months after radiosurgery (B), the appearance of new enhancement and edema 16 months after radiosurgery (C), and 
regression of imaging changes 2 months after 2 cycles of bevacizumab (D). Figure is available in color online only.
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nerve identification. The maximum dose delivered to the 
trigeminal nerve is usually 80 or 85 Gy, keeping the brain-
stem surface at a low dose.43 In many patients, pain relief 
can occur rapidly over a few days or weeks, although the 
average time to noted benefit is approximately 1 month, 
and the effect continues to build over several months. For 
patients who are in severe unrelenting pain and are hav-
ing trouble eating or drinking, other techniques, such as 
percutaneous rhizotomy or microvascular decompression, 
may have advantages for more rapid pain relief. Whether 
the cause of the pain is idiopathic, from vascular compres-
sion, from multiple sclerosis, or due to some unknown 
cause, radiosurgery offers a minimal-access strategy that 
is preferable to medical treatment.45 For patients with a be-
nign basal tumor compression as the cause, we currently 
favor a combined dose plan that provides a high dose to the 
proximal trigeminal nerve of 80 Gy, with the dose falloff 
shaped to envelop the tumor to a margin dose of 12–13 Gy. 
This concept was first reported by Kim et al.19

There have been numerous studies that compare out-
comes between radiosurgery and other surgical approach-
es. Microvascular decompression in properly selected 
patients has an excellent record of clinical benefit with 
long-lasting relief in many patients. We think that for all 
younger or medically healthy patients with clear vascular 
compression identified on imaging, microvascular decom-
pression should be a primary surgical choice.

A current question goes to the timing of a surgical 
procedure in this disorder. For the most part, patients are 
typically seen by surgeons years after the initial diagno-
sis. This is because the course of pain can wax and wane, 
and usually one or more medical therapies are tried. In 
our own practice the time to a first neurosurgical proce-
dure had typically been about 8 years after pain onset. 
Lunsford and colleagues (Mousavi et al.)30 reported their 
data showing improved outcomes in patients who had ra-
diosurgery within the first year of onset. This may make 
intuitive sense—treating patients before the physiology of 
trigeminal neuralgia becomes more refractory to any form 
of therapy. We are currently evaluating this concept within 
a large multicenter patient cohort.

Another question goes to the management of recurrent 
trigeminal neuralgia. How many radiosurgery procedures 
can a patient undergo? The effects of a second radiosur-
gery to boost the effects of the first, typically performed 
in patients who had a good initial response and then devel-
oped some pain recurrence, have been reported.30 The data 
show that pain relief can certainly be achieved in many 
cases, but fewer patients become pain free and can stop 
medication use. The value of a third radiosurgery was also 
reported.41 We consider this in patients with trigeminal 
neuralgia related to multiple sclerosis or in selected other 
patients who have a long trigeminal nerve course.

Other Facial Pain Syndromes and Headache
Given the value of radiosurgery to affect trigeminal 

nerve function and physiology, it has been used to modu-
late trigeminal afferent input for other craniofacial pain 
disorders in addition to trigeminal neuralgia. The main 
utility has been for chronic cluster headache (CCH).16 Ra-

diosurgery options included trigeminal nerve radiosurgery 
(similar to that performed for trigeminal neuralgia) or 
combined trigeminal nerve and sphenopalatine ganglion 
radiosurgery. The latter concept, which I prefer, is geared 
to affect both afferent and efferent physiology, given that 
CCH can be associated with vasomotor symptoms. Typi-
cally, radiosurgery is considered in cases of medically re-
fractory CCH, usually after failure of drug therapies, such 
as anticonvulsant agents, prednisone, calcium channel 
blockers, oxygen therapy, and others. Some studies show a 
higher incidence of facial sensory loss after radiosurgery in 
CCH patients than in trigeminal neuralgia patients (cause 
unclear). A multicenter study did not show a clear benefit 
when the 1-target and 2-target concepts were compared.

Dr. Peter Jannetta suggested the use of radiosurgery to 
us for sphenopalatine neuralgia, a facial pain syndrome 
that can be difficult to treat. The pain is typically peri-
orbital and perinasal, and can be associated with tearing, 
nasal discharge, and red eye. We consider radiosurgery 
in patients who have had a positive, though usually short-
lived, response to a local anesthetic nerve block.33 This 
must be performed by a clinician skilled in that procedure. 
The ganglion can be identified in the pterygopalatine fossa 
on MRI and CT. In each case we have a neuroradiologist 
work with us to evaluate the images for targeting. We use 
a single 8-mm isocenter and a maximum dose of 85–90 
Gy. There are case reports of the successful use of Gamma 
Knife radiosurgery to the combined trigeminal nerve and 
sphenopalatine ganglion targets for patients with SUNCT 
syndrome (short-lasting unilateral neuralgiform headache 
with conjunctival injection and tearing). It is considered 
one of the “trigeminal autonomic cephalgias.”12 We have 
also performed radiosurgery with benefit, using CT guid-
ance to the bilateral greater palatine nerves, in a patient 
with burning mouth syndrome and palatal pain.

Movement Disorder and Behavioral 
Radiosurgery

Brain lesioning is highly effective for well-selected pa-
tients with tremor or obsessive-compulsive disorders, and 
it has been evaluated in selected patients with other disor-
ders (i.e., dystonia, thalamic pain). Radiosurgical thalamot-
omy (targeting the ventralis intermedius nucleus) is well 
reported for essential tremor, Parkinson’s disease tremor, 
and multiple sclerosis–associated tremor.31 The outcome 
can be gratifying. As with any radiosurgical effect, the re-
sponse is delayed in onset. One concern is the potential 
development of a hyper-response leading to a symptomatic 
adverse radiation effect (causing hemiparesis and/or hemi-
sensory loss). I am particularly concerned about patients 
who have diabetes mellitus and may not tolerate the vascu-
lar radiation effect—or corticosteroid therapy should it lat-
er be necessary. Recently, another energy-based lesioning 
technique, high-frequency focused ultrasound, has been 
used for thalamic lesioning. Outcomes for tremor are also 
good and, importantly, immediate. However, the morbidity 
profile remains a concern.3 Typically, lesioning is consid-
ered in patients not well suited to deep brain stimulation.

Stereotactic radiosurgery for the treatment of medi-
cally refractory, severe obsessive-compulsive disorder can 
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be highly effective in this challenging patient population.20 
Bilateral anterior capsulotomy, targeted inferiorly toward 
the nucleus accumbens, is performed. A common maxi-
mum radiosurgery dose is 140–150 Gy, although others 
have used lower or higher doses.28 One- or two-isocenter 
planning is used. A blinded randomized trial was per-
formed and showed benefit to radiosurgery over control.28 
Nevertheless, this remains an infrequent and underutilized 
procedure.

Pituitary Adenomas
Radiosurgery has an established role for non-secretory 

or secretory pituitary adenomas, particularly after prior 
resection.39 The majority of patients with non-secreting tu-
mors who undergo radiosurgery have residual or recurrent 
tumor involving the cavernous sinus. The tumor control 
rate after radiosurgery is high, and typically the dose nec-
essary to achieve such a response is relatively low (12–14 
Gy). Patient selection is dependent upon the proximity of 
the tumor to the optic nerves and chiasm. With high-reso-

lution imaging and precise dose planning, tumors can be 
targeted right up to the optic system, although sometimes 
a small dose reduction at that point is needed. We aim to 
keep the optic system at a maximum point dose below 10 
Gy. For tumors more intimate to or compressive of op-
tic structures, and for which additional resection may not 
be feasible, a multi-session radiosurgery approach can be 
beneficial. We use a strategy of 4–5 Gy at each of 5 ses-
sions using mask fixation (Fig. 4).

One current controversy is the timing of radiosurgery 
after resection. If residual tumor remains, should it be 
observed or should radiosurgery be performed electively 
several months later? A recent report notes that earlier ra-
diosurgery provides a better tumoral response and a lower 
rate of late pituitary insufficiency.35 Thus, if clear tumor 
remains on imaging, we favor early radiosurgery particu-
larly when the tumor is maximally away from the optic 
nerve and chiasm. If there is no clear tumor visible and 
residual tumor is only suspected, then serial imaging is 
advocated to identify any later growth should it occur.

Growth hormone–, cortisol-, or prolactin-secreting tu-

FIG. 4. Case of a 71-year-old with a recurrent prolactinoma in the right cavernous sinus. A: Radiosurgery dose plan for 4 Gy at 
each of 5 sessions using the Gamma Knife ICON unit. B: Coronal post-contrast short relaxation time MR image obtained 2 years 
after radiosurgery showing marked tumor regression. Figure is available in color online only.
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mors constitute the majority of secretory adenomas man-
aged with radiosurgery.10,26 These can be either macro- or 
microadenomas. Typically, we stop any antihormonal 
therapy for at least 4 weeks before SRS, which we think 
improves tumor radiosensitivity. Higher doses are used 
as guided by optic safety. Most current studies show an 
approximate 25% rate of some degree of pituitary insuf-
ficiency over the decade after treatment.

Glomus Jugulare Tumors
Glomus tumors respond to radiation. When they are 

identified relatively early and when their volume is not ex-
cessive, stereotactic radiosurgery is an effective primary 
management approach. Embolization and partial resection 
is certainly of value for large tumors and can be used to 
more rapidly reduce symptoms such as disabling tinni-
tus. However, the risk of cranial nerve dysfunction can be 
high, depending on tumor anatomy. For that reason, ra-
diosurgery is a relatively low-risk approach that leads to 
long-term tumor control in a high percentage of patients.40 
Fractionated radiation therapy can also be effective, but ra-
diosurgery has the benefits of precise, regional tissue spar-
ing and a stronger radiobiological intratumoral effect, and 
it can be done in a single session. Over the last decade, we 
have been performing radiosurgery on increasing numbers 
of patients with glomus tumors. Not infrequently, patients 
will have bilateral tumors.

Glial Tumors
The role of radiosurgery has evolved over time. For 

patients with small-volume residual or recurrent pilocytic 
astrocytomas, clinical outcomes data show excellent tu-
mor response rates.17,18 Most tumors are in critical brain 
locations (and otherwise would have been resected com-
pletely). For recurrent ependymomas or anaplastic ependy-
momas, radiosurgery is similarly effective. However, the 
propensity for the latter type to recur in other subarach-
noid locations is high.

Over the last 30 years, the utility of radiosurgery for 
patients with glioblastoma multiforme has changed. Prior 
to the use of drug therapies, radiosurgery was a frequently 
used boost to standard external beam radiotherapy. It is 
clear that radiation is effective, and the concept was to give 
as much as possible and safely. Then during the 1990s, as 
the utility of one drug after another was tried, radiosur-
gery was used less often, typically for smaller-volume lo-
cal recurrences in patients in whom almost everything else 
had failed. In some patients, a local control benefit could 
be achieved. But for the most part, radiosurgery was an 
afterthought. Interestingly, virtually all published reports 
showed similar outcomes. Radiosurgery was associated 
with a local control and survival benefit in patients with 
smaller-volume recurrent tumors, when matched to similar 
patients who were not treated with this modality. However, 
its role as initial up-front management before radiotherapy 
was not supported.

Current concepts consider the role of radiotherapy to-
gether with checkpoint inhibition therapies, and to target 
areas of white matter tumoral invasion (the FLAIR change 
seen on MRI).

Spinal Radiosurgery
It is hard to imagine that when the radiosurgery con-

cept was being developed as a tool for brain surgery, spinal 
applications were in any way discussed. There were too 
many obstacles, the most important of which were the lack 
of reasonable imaging tools to define disease states and 
regional neural structures (other than plain radiographs) 
and the lack of target immobilization. But when these ob-
stacles were addressed in some way by the early to mid-
1990s, applications for human neuro-oncology (and to a 
very limited extent, spinal vascular malformations) began 
in earnest. Twenty-five years later, high-resolution imag-
ing, different immobilization techniques, motion manage-
ment, imaging-based tracking, separation surgery, and 
published clinical outcomes for benign and malignant 
tumors established spinal radiosurgery as an important 
primary therapeutic approach for many patients.14,25,38,46 
Different commercially available systems, mainly using 
linear accelerator–based devices, became widely avail-
able. The impressive results using single-session radiosur-
gery in the brain, with its unique radiobiological features, 
were extended extracranially—first to the spine, and then 
to selected other organ systems. Even conventional frac-
tionated radiotherapy, when coupled with the stereotactic, 
image-guided principles of neurosurgery, evolved into the 
concept of stereotactic body radiation therapy (SBRT).

Current and future research continues to provide out-
come data for patients with benign and malignant tumors, 
evaluate the tolerance of regional normal tissues, clarify 
the role of radiosurgery with resection or systemic thera-
pies, study reasons for failure, evaluate repeat radiosur-
gery, study effects on pain and quality of life, determine 
longer-term effects on bony integrity, and assess the du-
rability of the response. JNS: Spine has published many 
such reports.

Imaging Tools for Response Assessments
Evaluating the radiosurgery response can be easy when 

the tumor regresses in size or the AVM no longer is iden-
tified on an angiogram. However, for those patients who 
have more contrast uptake or more edema after radiosur-
gery, the imaging interpretation can be challenging. Is the 
enhancement nodular or ill defined? Is it just inflamma-
tory with blood-brain barrier disruption from radiation 
vasculopathy, or does it represent actual tumor nodularity? 
Were the same imaging sequences available for compari-
son both before and after radiosurgery? If a fluorodeoxy-
glucose (FDG) PET scan or perfusion MRI shows some 
degree of metabolic change, how does one know that that 
appearance is new? Why is methionine PET used in many 
European centers but not in the United States?

First, we think that the use of a comprehensive set of 
MRI sequences before radiosurgery and at each follow-
up visit assists the clinicians and radiologists at image in-
terpretation. Second, standardizing the use of other tech-
niques (PET, perfusion imaging, permeability imaging, 
spectroscopy, 7-T CEST [chemical exchange saturation 
transfer] metabolite imaging, and others) is important for 
research efforts where enough data can be collected to be 
meaningful.
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Adverse Radiation Effects
As noted, it can be difficult to distinguish radiation-

related effects from tumor recurrence. This challenge is 
similar to the identification of recurrence versus scar after 
resection or blood-brain barrier changes and enhancement 
from drug effects after systemic therapies. When an ad-
verse radiation effect is identified, particularly when symp-
tomatic, standard options have included simple observa-
tion, use of oral corticosteroids, or resection if mandated. 
The use of other agents such as vitamin E or pentoxifylline 
has been tested. Hyperbaric oxygen therapy has not proven 
to be of reliable value. The use of bevacizumab, targeting 
vascular endothelial growth factor, often at lower doses 
and for a small number of administrations, has proven to 
be an extremely valuable therapy that can lead to fairly 
rapid improvement in edema, reduction in contrast uptake, 
and improvement in symptoms.2,5,9 Concerns remain relat-
ed to possible side effects. It is also relatively expensive. A 
number of studies have reported its utility in the manage-
ment of adverse radiation effects, and we think it is an un-
derutilized approach. In contrast, long-term corticosteroid 
therapy is often associated with metabolic changes, proxi-
mal myopathy, and other unwarranted effects. The value 
of bevacizumab as treatment for selected brain tumors has 
proven somewhat disappointing. However, its greatest role 
may be in the treatment of adverse radiation effects, where 
a primary component of the effect is radiation vasculopa-
thy. Future research and published outcomes will hope-
fully substantiate the role of short-course bevacizumab, 
bringing it into mainstream care and making it available 
for all patients, and significantly reducing our reliance on 
corticosteroids.
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