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Background

Stereotactic radiosurgery (SRS) is a radiation technique that uses stereotaxis, multiple vantage
points, and imaging technology to converge a high dose of radiation on a precisely defined target
volume while minimizing irradiation to surrounding tissue.® Stereotactic irradiation can be delivered in
a single dose as SRS or in multiple doses as fractionated stereotactic radiosurgery (FSRT), using
either a Gamma Knife (GK) or modified linear accelerator (LINAC) treatment system.

The Gamma Knife was originally developed by Swedish physician Lars Leksell in 1951.? This form of
SRS uses an array of 201 static colbalt-60 sources surrounded by an 18,000kg shield to converge a
focused beam (isocenter) on a single target area. During treatment, the patient is immobilized using a
stereotactic frame.® In contrast, a LINAC-based system uses a single radiation source rotated through
multiple noncoplanar arcs to converge on the target lesion.® Both systems achieve a target accuracy
of 0.1 to Imm.* There are no clinical trials that compare Gamma Knife radiosurgery (GKRS) with
LINAC-based radiosurgery. A rapid response report from the Canadian Agency for Drugs and
Technologies in Health in 2014 was unable to distinguish between GK and LINAC-based SRS
systems with regard to clinical effectiveness, safety and cost effectiveness.® In addition, RTOG 9508,
a multicenter clinical trial that combined SRS with whole brain radiation therapy (WBRT) for the
treatment of brain metastases, found no differences in efficacy or toxicity in patients treated with
GKRS or LINAC-based SRS in subgroup analysis.® Therefore, the subsequent recommendations in
this guideline will apply to both delivery methods.

SRS typically refers to the delivery of a high dose of radiation in a single session or fraction.
Fractionated stereotactic radiotherapy, also known as FSRT, may be performed to reduce the dose to
adjacent critical brain or spine structures and to provide greater dose homogeneity to the target
tissue. In such cases, irradiation is delivered over multiple sessions or fractions, typically at a low
dose.’” This SRS guideline will include dose recommendations for FSRT as well as single-fraction
SRS. While LINAC has typically been the modality used for FSRT, newer GK models also allow for
treatment to be administered over multiple sessions.

Guideline Questions

1. What are the functional indications for SRS?
2. What are the dose recommendations for SRS?

Search Strategy

PubMed and EMBASE was searched at different time points between July 12, 2017 and November
11, 2017, depending on the subtheme. Medical Subject Headings (MeSH) included: intracranial
arteriovenous malformations, trigeminal neuralgia, epilepsy temporal lobe, movement disorders, and
radiosurgery. Across all subthemes results were limited to human participants over the age of 19
years, and studies published in English. Additional exclusion criteria depended on the subtheme. For
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example, arteriovenous malformation studies that failed to report on obliteration rates, or risk of
delayed hemorrhage were excluded.

The National Guideline Clearinghouse (HGC, Agency for Healthcare Research and Quality

) was searched for clinical practice guidelines related to the subthemes in
addition to the webpages of other well recognized clinical practice guideline developers (e.g. Cancer
Care Ontario, American Society for Radiation Oncology, and National Comprehensive Cancer
Network).

Target Population

The recommendations outlined in the guideline apply to patients age 18 years or older. Different
principles may apply to pediatric patients. A wide range of factors must be taken into account in
assessing if SRS is the appropriate course of treatment for the patient. Functional disorders that can
be treated by SRS include brain arteriovenous malformations (AVM), trigeminal neuralgia, temporal
lobe epilepsy, and movement disorders.

Recommendations
General Principles:

1. Participation in clinical trials should be encouraged.

2. All new patients should be discussed in a multidisciplinary team meeting before treatment.

3. All patients considering SRS should have a clear understanding of its advantages, disadvantages,
and limitations.

Brain Arteriovenous Malformations

4. The selection of patients suitable for SRS depends on prior bleeding history, age, comorbidities,
anatomic location, and clinical history.

5. Single-fraction SRS is recommended for patients with small, surgically challenging AVMs
(volumes <10 cm?® or maximum diameter <3 cm).

6. Embolization before SRS is controversial, and is not recommended in newly referred patients. If
embolization is clinically indicated in newly referred patients, it is recommended to be deferred
until after SRS is delivered.

7. Large AVMs may be treated with either volume-staged or fractionated SRS, or, in pediatric and
young adult patients, referred for consideration of proton beam therapy.

8. Patients may be treated with corticosteroid (e.g. dexamethasone, methylprednisone) on the day of
the SRS procedure and can continue to take other medications (e.g. antiepileptics, analgesics)
during and after the procedure.

9. After SRS, serial clinical exams and MRI are recommended annually for the first 2-4 years to
assess the effect of SRS on neurologic function and the AVM volume. After this period, a follow-
up conventional angiogram should be requested for confirmation. If obliteration is not confirmed
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on a conventional angiogram after 2 years, a repeat MRI and conventional angiogram could be
performed after one additional year.
10. Patients who have residual AVMs identified by angiography at 3 years (after SRS) may be
candidates for a second (salvage) SRS procedure.
Recommended dose prescription:
0 A marginal dose of 18 to 24 Gy.
o0 Dose may be reduced to 16Gy for lesions in or near the brainstem.

Trigeminal Neuralgia

11. SRS is recommended for patients who are medically or surgically refractory, have comorbidities
precluding invasive surgery or who have declined surgery.
12.The role of repeat SRS for TN requires further investigation but may be considered for salvage.
Recommended dose prescription:
0 A single maximum dose of 70 to 90 Gy at the mid-cisternal segment of the TN nerve.
Care should be taken to limit dose received by the brainstem.

Mesial Temporal Lobe Epilepsy

13.SRS is a treatment option for patients with a purely mesial location of the epileptogenic zone, and
who are medically or surgically refractory, refuse resection, or who have medical comorbidities
that increase perioperative risk.
Recommended dose prescription:
o A marginal dose of 20-24 Gy.

Movement Disorders

14. SRS pallidotomy in Parkinson’s disease (PD) is not recommended because of the relatively high
complication rate arising from the anatomical position of the globus pallidum.

15. SRS thalamotomy for treatment of intractable tremor is an option for patients who are considered
high-risk for conventional surgery (e.g. those receiving anticoagulant therapy, the aged, or
patients with systemic complications).

Recommended dose prescription:
0 A single maximum dose of 130 to 140 Gy to the ventral intermediate nucleus (Vim) of
the thalamus.

Other

SRS can be considered for other functional indications not covered in this guideline, such as
hypothalamic hamartomas, obsessive compulsive disorders, and major depressive disorder.
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Discussion
Brain Arteriovenous Malformations

Brain AVMs are tightly packed masses of dilated arteries and veins that are directly connected
without an intervening capillary bed. While headaches, seizures, and neurologic deficits are common
symptoms of AVMs, most are asymptomatic until they rupture and cause morbidity. AVMs occur in
less than 1% of the general population.2 The hemorrhage rate for unruptured AVMs is 2.2% and
4.5% for ruptured AVMs.® Risk factors for hemorrhage include prior hemorrhage, deep AVM location,
exclusively deep venous drainage, and associated aneurysms. The cause of AVMs are unknown, but
are believed to be congenital. AVMs are typically diagnosed before the age of 40 years. The Spetzler-
Martin (SM) grading system can be used to stratify AVMs into low- (Grades I-1l), intermediate (Grade
lI), and high-grade malformations (Grade 1V-V), which are graded on the basis of size, pattern of
venous drainage, and neurological eloquence of adjacent brain.’® Grade | malformations are small,
superficial, and located in non-eloquent areas; Grade V malformations are large, deep, and situated
in neurologically critical areas; and Grade VI malformations are essentially inoperable AVMs.

Treatment options. Treatment decisions for AVMs are made by weighing the risks of leaving the
vascular malformation intact against the risks of intervention.! The expertise of a multidisciplinary
team is required to determine if SRS is the optimal for any given patient.'? In patients in whom the risk
of hemorrhage warrants intervention, treatment options include microsurgery, embolization, SRS, or a
combination of these treatments. Van Beijnum et al. conducted a systematic review of 137
observational studies that reported on at least 15 consecutive patients of any age who underwent
AVM treatment (13,698 patients and 46,314 patient-years of follow-up).*®> The authors reported that
while case fatality after treatment decreased over time, treatment of AVMs was associated with
considerable risks and incomplete efficacy. Case fatality was 1.1 after microsurgery, 0.50 after SRS,
and 0.96 after embolization. Intracranial hemorrhage rates were 1.4 per 100 person-years overall,
0.18 after microsurgery, 1.7 after SRS, and 1.7 after embolization.

SRS. The primary goal of SRS is AVM obliteration without adverse radiation effects. Successful
obliteration after SRS depends on the amount of radiation delivered and accurate identification of the
AVM shunt. Complete obliteration rates vary between 50% and 90% depending on the AVM
volume.* The primary risk to a patient after SRS for an AVM is the latency period to obliteration
during which the malformation remains at risk for hemorrhage. Maruyama et al conducted a large
retrospective observational study on the risk of hemorrhage after SRS for patients with AVMs
(N=500).1> As compared with the period between diagnosis and SRS, the risk of hemorrhage
decreased by 54% during the latency period and by 88% after obliteration. The reduction was greater
among patients who presented with hemorrhage than among those without hemorrhage at
presentation. Based on a large number of single-center, retrospective cohort studies, single-session
SRS is recommended as a safe and efficacious treatment option for patients with small AVMs,
especially when located in deep or eloquent areas.'®1’ SRS is also recommended for patients who
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are considered poor surgical candidates because of advanced age or comorbidities, and for patients
who don’t want invasive surgery.

SRS for unruptured AVMs. The only randomized controlled trial (RCT) to study the treatment of
AVMs was stopped prematurely.’® A Randomized trial of Unruptured Brain Arteriovenous
malformations (ARUBA) aimed to compare the risk of death and symptomatic stroke in patients with
an unruptured AVM who were allocated to either medical management alone (symptomatic treatment
with medications, as needed; N=109) or medical management with interventional therapy (surgery,
embolization or SRS; N=114). At the second planned interim analysis, efficacy of medical
management for the prevention of death or stroke (observed log-rank Z statistic of 4.10) was shown
to exceed the stopping boundary value of 2.87. The ARUBA trial has been criticized for its short
follow-up period (mean 33.3 months) and disproportionate number of patients treated with surgery
and embolization.'® Several retrospective studies published after ARUBA have assessed outcomes
after SRS for ARUBA-eligible patients and reported lower overall risk of stroke or death in the
treatment arm than the 30.7% reported in ARUBA.1%-21

SRS for large AVMs. Within most series, obliteration rates for large AVMs are reported less than for
small AVMs.?? An obliteration rate of 36% was reported in a multicenter cohort of 233 SM Grade V-V
AVMs treated by single session SRS.?2 The authors identified three predictors of successful
obliteration: absence of deep location (p=0.044), no pre-SRS embolization (p=0.046), and absence of
large AVM diameter (p=0.015). Dose- and volume-staged SRS represent an alternative treatment
approach for large AVMs. Dose staging can either be delivered as hypofractionated stereotactic
radiotherapy (HSRT) or repeat SRS. Volume-staged SRS patrtitions the AVM into geometrically
distinct portions that are treated over time until the entire AVM is irradiated. A systematic literature
review performed to compare the outcomes of dose-staged and volume-staged SRS in the treatment
of large AVMs (>10 cm?) found the mean complete obliteration rates for the dose- and volume-staged
groups were 22.8% and 47.5%, respectively. Complete obliteration was seen in 18.6% and 49.2% of
patients in the dose- and volume-stage groups, respectively. The mean rates of symptomatic
radiation-induced changes were 13.5% and 13.6% in dose- and volume-staged groups, respectively.
The mean rates of cumulative post-SRS latency period hemorrhage were 12.3% and 17.8% in the
dose- and volume-staged groups, respectively.?* Finally, the mean rates of post-SRS mortality were
3.2% and 4.6% in dose- and volume-staged groups, respectively. Study findings were limited by the
significant variability of the radiosurgical parameters in the dose- and volume-staged SRS series
included for analysis. Therefore, a definitive conclusion about the superiority of one treatment
approach over the other cannot be made. Proton beam therapy is a treatment alternative for large
AVMs because it has been shown to produce a high occlusion rate.?>26

Pre-SRS Embolization. Preoperative embolization can be used for volumetric reduction and targeted
embolization for obliteration of AVM-related aneurysms and fistulae.?” However, embolization before
SRS has been reported to negatively affect obliteration rates.?®3° Russell et al. conducted a literature
review and meta-analysis to compare the outcomes of AVMs treated with embolization plus SRS and
those of AVMs treated with SRS alone.3! Twelve articles including 1,716 patients were eligible for
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analysis. The meta-analysis showed that AVM treatment with embolization plus SRS as compared
with SRS alone resulted in a significantly lower obliteration rate (OR 0.51, p<0.00001), with pooled
obliteration rates of 48% for the embolization plus SRS group versus 63% for the SRS alone group.
Although no significant heterogeneity was found in the meta-analysis, the authors reported
observable heterogeneity between the study populations, AVM volumes, SRS parameters, embolic
agents and SRS modalities, thus limiting generalizability of study findings. The negative impact of
embolization on radiosurgery may be explained by attenuation or scattering of radiation beams by
embolic material, increased difficulty of radiosurgical targeting, decreased radiosensitivity with
concomitant increased angiographic activity, and recanalization of the nidus following embolization.3°
The optimal time between prior embolization and radiosurgery is unknown. However, on the
recommendation of the International RadioSurgery Association (IRSA), waiting for a period of several
weeks is beneficial to reduce the likelihood of vascular ischemic complications or residual cerebral
edema.®?

Adverse Radiation Effects. During the latency period following SRS, symptomatic changes
attributable to adverse radiation effects occur in approximately 10% of patients, depending on AVM
location, target volume, and margin dose.!’ It is recommended that patients receive a corticosteroid
such as dexamethasone or methylprednisolone following SRS to improve some of these symptomatic
adverse radiation effects.1”:32 Patients can continue to take other medications such as antiepileptics
and analgesics, during and after SRS according to physician instructions.

Follow-up Imaging. Following SRS, serial clinical exams and MRI are recommended for the first 3
years to monitor treatment effects.3233 If MRI at the 3-year mark suggests complete obliteration of the
AVM nidus, angiography should be requested to confirm the obliteration. Angiography is considered
the gold standard for evaluating post-SRS obliteration because of its high spatial and temporal
resolution.343% If MRI before 3 years suggests nidus obliteration, angiography is generally postponed
until 3 years have passed.3?33

Repeat SRS. If angiography after 3 years shows that the nidus is not obliterated, repeat SRS may be
considered. Several studies have shown that in approximately 60% to 70% of patients with
incomplete obliteration of AVMs after initial SRS, total obliteration is achieved after repeat SRS.36-38
Awad et al. performed a systematic review of repeat SRS for AVMs.3® A total of 14 studies
comprising 733 patients were included. The mean obliteration rate for the repeat radiosurgery
treatments were 61% and 61.5%, respectively. The median follow-up ranged from 19.5 to 80 months.
Time to complete obliteration after the repeat treatment ranged from 21 to 40.8 months. The most
common complications of repeat SRS included hemorrhage (7.6%) and radiation-induced changes
(7.4%).

Trigeminal Neuralgia

TN is a rare, chronic pain condition that affects the trigeminal or 5 cranial nerve that carries signals
between the brain and the face. Neurovascular compression at the root entry zone of the trigeminal
nerve in the cerebellopontine cistern is believed to be one of the underlying causes of TN. TN has an
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annual incidence of 4 to 5 per 100,000 people,*® affects more women than men, and is usually
observed in people over the age of 50. Symptoms of TN range from a constant ache to recurrent,
stabbing pain in the jaw or face that can feel like an electric shock, typically affecting only one side of
the face. Pain is often triggered by activities of daily life such as talking, brushing teeth, and chewing.
Pharmacotherapy is the first line of treatment of most patients with TN (e.g. carbamazepine,
oxcarbazepine, baclofen). For patients who are medically refractory, surgery (e.g. microvascular
decompression, rhizotomy, peripheral neurectomy), or SRS may be offered.

Current data about SRS for TN are largely observational. Three of the larger observational studies
(=100 patients) have reported complete or partial pain relief at 1 year ranging from 77% to 85.6% of
patients.

To analyze the effects of dose escalation on treatment outcomes in patients undergoing SRS for TN,
Kotecha et al conducted a retrospective review of 870 patients.*! Patients were divided into three
groups based on their treatment dose: <82 Gy, 83 to 86 Gy, and 290 Gy. Median follow-up was 36.5
months from the time of SRS. The 4-year rate of excellent to good pain relief was 87%. The 4-year
rate of pain response was 79%, 82%, and 92% in patients treated to <82 Gy, 83 to 86 Gy, and

=290 Gy, respectively. Patients treated to doses <82 Gy had an increased risk of pain failure after
SRS, compared with patients treated to 290 Gy (HR 2.0, p=0.0007). Rates of treatment-related facial
numbness were similar among patients treated to doses =83 Gy.

The only published RCT on the topic of radiosurgery and TN tested the hypothesis that increasing the
nerve length within the treatment volume for TN would improve pain relief.#? In the study patients with
typical TN were randomized to retrogasserian GK radiosurgery (75 Gy maximal dose with 4-mm
diameter collimators) using either 1 (N=44) or 2 (N=43) isocenters. With a median follow-up of 26
months the investigators found that irradiating a longer nerve length with a second isocenter didn’t
improve pain control, but did increase complications (i.e. new or increased postradiosurgery
numbness or paresthesia; p=0.018).

Temporal Lobe Epilepsy

TLE accounts for approximately 60% of all people living with epilepsy. There are two types of TLE
that are defined by the part of the temporal lobe in which it originates: medial (inner region) and
neocortical (side region), with the former being the most common. The seizures that occur with TLE
are called either simple partial seizures, in which a person remains conscious, or complex partial
seizures, in which a person loses consciousness. A seizure originating in the temporal lobe may be
preceded by an aura or warning symptoms, such as: hallucinations; déja vu; intense emotions; and, a
rising sensation in the abdomen. The cause of TLE often remains unknown. However, there are
several risk factors, including: traumatic brain injury; infections (e.g. encephalitis, meningitis); blood
vessel malformations in the brain; strokes; brain tumours; and, genetics. Most people with TLE
respond to anti-seizure drugs, but for those who don’t respond to medication, surgery or SRS are
treatment options. SRS has been proposed as an alternative to conventional temporal lobectomy for
patients who want to avoid surgery or to high-risk patients who are unsuitable for traditional surgery.
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The phase 3 trial, Radiosurgery or Open Surgery for Epilepsy (ROSE) sought to directly compare
efficacy, morbidities, and cost of radiosurgery versus open surgery for mesial TLE, but was stopped
because of poor enroliment.** While the researchers aimed to recruit 234 patients to show
radiosurgery’s noninferiority to open surgery, only 58 patients were enrolled and completed the study.
Pre-publication results suggest that radiosurgery is inferior because more patients were seizure-free
during the last year of the trial if they had surgery versus radiosurgery (78% vs. 52%), but the study’s
lack of statistical power makes it impossible to verify that conclusion.**

An earlier pilot study by the same investigators, randomized 30 patients with unilateral mesial TLE to
either 20 or 24 Gy, targeting the amygdala, hippocampus, and parahippocampal gyrus.*® Both groups
showed significant reductions in seizures by 1 year after treatment. At the 36-month follow-up visit,
67% of patients were free of seizures for the prior 12 months (20 Gy: 58.8%; 24 Gy: 76.9%). Use of
steroids, headaches, and visual field defects were not reported to differ by dose or seizure remission.
New headaches occurred in 85% of the patients in the high-dose group and 58% of the patients in the
low-dose group. Although this difference was not statistically significant, the study was not powered to
show differences in adverse events. The prevalence of verbal memory impairment was 15%, and the
prevalence of significant verbal memory improvements was 12%.

A 2016 meta-analysis of 13 studies in which the safety and efficacy of radiosurgery for the treatment
of mesial TLE was evaluated found that approximately half of the patients were seizure free over a
follow-up period that ranged from 6 months to 9 years, with an average of 14 months to seizure
cessation.*® However, all of the included studies were single-arm observational studies, and
significant study heterogeneity was detected. Heterogeneity was related to various study factors
including doses, patient populations, targets, volumes, and follow-up time.

In one of the largest prospective studies of the efficacy and safety of GKS in the treatment of drug-
resistant epilepsies of mesial temporal lobe origin, 21 patients were treated with a marginal dose of
24+1 Gy, corresponding to the 50% isodose curve.*’ The radiation dose to the brainstem was
reduced to a minimum volume within the 25% isodose curve, and the optical tract never received a
dose of more than 8 Gy. The median seizure frequency of 6.16 the month before treatment was
reduced to 0.33 at 2 years after treatment. At 2 years, 65% of the patients were seizure free. Five
patients had transient side effects (depression, headache, nausea, vomiting, and imbalance). There
was no permanent neurological deficit reported except 9 visual field deficits, and at the 2-year follow-
up visit, no patient had worsening in neuropsychological testing as compared with the baseline.

Movement Disorders

Movement disorders are a group of neurological conditions commonly described by increased,
decreased or slowed movements.* Common types of movement disorders include ataxia, cervical
dystonia, chorea, dystonia, functional movement disorder, Huntington’s disease, multiple system
atrophy, myoclonus, Parkinson’s disease, parkinsonism, progressive supranuclear palsy, restless leg
syndrome, tardive dyskinesia, Tourette syndrome, tremor and Wilson’s disease.*® The most common
movement disorders are essential tremor (ET) and Parkinson’s disease (PD).
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Severe tremors, such as ET and tremor-dominant PD, have been treated with low rates of

complications using Gamma Knife thalamotomy (GKT); however the level of evidence is low with
mainly retrospective and prospective studies with less than 100 patients. No multicenter, double-
blind, randomized, long-term follow-up studies have evaluated GKT use in movement disorders.

The largest study to date is a retrospective study of 161 patients undergoing nucleus ventralis
intermedius (VIM) thalamotomy (with Leksell Gamma Knife) of disabling ET. Young et al. (2010)
observed statistically significant decreases (p<0.0001) in tremor scores for both writing and drawing.
Permanent or temporary neurological side effects occurred in 6 and 8 patients, respectively,
accounting for 6.9% of the 203 treatments.*® Retrospective and prospective trials support a decrease
in tremor score after GKT,*%-53 with the exception of one prospective trial showing no improvement in
tremor ratings after GKT.>

Evidence supports SRS thalamotomy as an alternative treatment of intractable tremors for patients
who are considered high-risk for conventional surgery such as the elderly or individuals with
contraindications to deep brain stimulation or stereotactic radiofrequency thalamotomy.>->3 A single
maximum dose of 130 to 140 Gy to the VIM of the thalamus is the recommended dose.*%-%°

SRS pallidotomy in PD is not recommended based on the relatively high complication rate arising
from the anatomical position of the globus pallidum.%®
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Abbreviations

ARUBA A Randomized Trial of Unruptured Brain
Arteriovenous Malformations

AVM Arteriovenous malformation

CNS Central nervous system

DBS Deep brain stimulation

ET Essential tremor

GK Gamma Knife

GKS Gamma Knife Surgery

GKT Gamma Knife thalamotomy

HR Hazard ratio

HSRT Hypofractionated stereotactic radiotherapy
IRSA International RadioSurgery Association
MRI Magnetic resonance imaging

PD Parkinson’s disease

RCT Randomized controlled trial

ROSE Radiosurgery or Open Surgery for Epilepsy
SM Spetzler-Martin

SRS Stereotactic radiosurgery

TLE Temporal lobe epilepsy

TN Trigeminal neuralgia
VIM Ventral intermediate nucleus
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