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Abstract: Over the past half-century since Lars Leksell first utilized radiation to address deep and difficult

to treat lesions of the central nervous system (CNS), intracranial stereotactic radiosurgery (SRS) has become

an increasingly valued tool in the hands of neurosurgeons and radiation oncologists. Following developments

in medical imaging and radiation technology, radiosurgery has evolved from its first application in movement

disorders to widespread use for a varied range of malignant and benign conditions. SRS remains a powerful,

minimally invasive instrument that offers additional options for intervention to a diverse patient population.

In this review, we will touch upon the common indications for SRS, including its use in brain metastases,

malignant gliomas, meningiomas, arteriovenous malformations (AVMs), vestibular schwannomas, pituitary

adenomas, and functional disorders, as well as consider the future possibilities of combining radiosurgery

with immunotherapy.
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Introduction

It has been over 100 years since Horsley and Clarke’s
1908 invention of the term “stereotaxis” to describe the
lesioning of targets in a monkey brain using skull-based
landmarks and a Cartesian coordinate system (1). These
first steps utilized probes to reach a predetermined point
in the cranium without a significant surgical dissection (2).
Since these early beginnings, the use of “stereotaxis” in the
treatment of central nervous system (CNS) disorders has
ebbed and flowed with changes in medicine. Its first use in
humans—almost 40 years after Horsley and Clarke—was to
improve surgery for patients with movement disorders (3).
In the early 1950s, the first attempt to use ionizing radiation
in place of electrodes, for what he termed “radiosurgery,”
was pioneered by Lars Leksell, culminating in the creation
of the Gamma Knife apparatus (4). During this time he

© Chinese Clinical Oncology. All rights reserved.

Ccco.amegroups.com

also experimented with proton beam therapy and X-ray
sources but the technology was medically impractical at
that time (5). Linear accelerator (LINAC) use began to
gain momentum in the 1980s after LINAC advancements
and modifications allowed for submillimetrically precise
treatment (6,7). With continued growth in the field, a new
name was proposed in 1973 with “stereotactic” replacing
“stereotaxis” as it was felt that the purpose of the surgery
was to “touch” the desired area with a probe or electrode (3).
Advances in imaging helped to further localize radiosurgical
targets with the adoption of CT and MR image guidance
in the 1970s and 1980s (8). From these early pioneers,
and through the dedication and work of thousands of
practitioners and physicists, the field and indications for
stereotactic radiosurgery (SRS) have grown markedly for a
wide spectrum of diseases. In this review, we will examine
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common indications and areas of interest for the application
of SRS as well as discuss potential future directions.

Malignant
Brain metastasis

Brain metastases are the most common intracranial
malignancy, occurring at a frequency of 10 times that of
primary brain tumors. Approximately 200,000 patients are
diagnosed with brain metastases each year in the United
States alone, and the incidence has been increasing due to
better control of systemic disease. Of patients diagnosed
with cancer, 20-40% will develop brain metastases.
The most common primary tumors from which brain
metastases arise are lung, breast, melanoma, and
genitourinary cancers (9).

In the era before routine use of MR imaging for staging
and surveillance, patients were often diagnosed with brain
metastases after presenting with headaches, nausea and
vomiting, focal neurologic deficits, cognitive changes,
ataxia, and/or seizures. With widespread availability of
imaging, patients are now more often diagnosed when
their tumors are small and asymptomatic. Metastases
are classically contrast-enhancing on T1-weighted MR
imaging, often with larger lesions showing peripheral “ring-
enhancement” with central necrosis. At presentation, more
than half of patients present with 3 or more metastases, with
the majority arising within the cerebral hemispheres (10,11).
The development of brain metastases portends a poor
prognosis for patients, with a multi-institutional analysis
of nearly 4,000 patients who had largely been treated
aggressively with combinations of regional therapies such as
whole brain radiation therapy (WBRT), systemic therapies,
and local therapies such as surgery or radiosurgery showing
an overall median survival (MS) of 7.2 months and MS
ranging from 2.8-25.3 months depending on such factors
as age, performance status, extracranial disease burden,
histology, etc. (12).

In patients with a history of metastatic cancer
and imaging suggestive of intracranial metastases,
definitive treatment may be pursued without pathologic
confirmation; however, in patients without this prior
diagnosis or an unclear etiology of their intracranial
disease, a systemic workup and biopsy may be required
before proceeding with definitive treatment. Patients
with symptomatic disease should be started on steroids
once a diagnosis is established, using the lowest dose
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that allows for control of neurologic symptoms. Surgery
is often considered first line for patients with a large
(usually defined as >3 cm in diameter) or symptomatic
brain metastasis; however, many patients are not optimal
candidates for resection because of other medical
comorbidities, extensive extracranial burden of disease, or
multiple intracranial metastases. In these cases, radiation,
either as WBRT or SRS, are considered. Although WBRT
has been used for decades for the treatment of brain
metastases, its benefits have been questioned given its lack
of data showing a benefit to overall survival or quality of
life compared to supportive care alone (13). The addition
of an SRS boost to WBRT was hypothesized to improve
local control, and was found to improve survival in patients
with a single brain metastasis compared to treatment with
WBRT alone. In patients with multiple metastases, an
SRS boost was found to improve local control, but had no
added benefit on overall survival (14,15).

In the post-operative setting, SRS also appears to
be a viable alternative to WBRT for those with limited
numbers of metastases, avoiding WBRT in over 70% of
cases (16). In these cases, target delineation adds another
level of complexity. Allowing for a shallower dose fall-off
around the resection cavity may be beneficial: Choi et al.
discovered that less conformal plans had better control and
subsequently reported that adding a 2 mm margin to the
resection cavity significantly decreased local failure (3%
vs. 16%) (17). Further, the relationship of SRS to surgery
is an active area of investigation. Patel et a/. reported
early results of their retrospective review of preoperative
vs. postoperative SRS and found a significant decrease in
leptomeningeal disease and symptomatic radionecrosis for
preoperatively treated patients (18). A clinical trial may be
forthcoming by the NRG to formally assess this issue.

In patients with a limited number of brain metastases,
the use of SRS without WBRT has been increasingly used
to avoid the toxicities associated with WBRT (19). The
concern with omitting WBRT has always been the increased
risk of developing distant brain metastases from microscopic
tumor deposits, which could impair neurologic function
and survival. Several randomized trials have evaluated the
use of SRS with or without WBRT, and while improved
local and distant brain control were seen with the addition
of WBRT, survival was unaffected (20,21). A randomized
trial conducted by the EORTC also evaluated quality of life
and found improved global health, physical functioning,
cognitive functioning, and fatigue scores in patients who
underwent focal treatment (either surgery or SRS) without
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Figure 1 Multiple brain metastases as seen on a T1 MRI post-
contrast from lung cancer being treated to a marginal dose of 20 Gy
utilizing Gamma Khnife stereotactic radiosurgery. The 20 and 12

Gy isodose lines are shown.

additional WBRT (22). Further, another randomized
study of SRS with or without additional WBRT evaluated
neurocognitive preservation as a primary endpoint, and was
ended early because significantly improved neurocognitive
outcomes were seen in the group not receiving additional
WBRT (23). Given the class I evidence demonstrating the
equivalent survival of SRS alone in patients with <3 brain
metastases, the omission of WBRT in this group of patients
has been widely adopted (24).

An area of controversy is the definition of a “limited”
number of metastases when considering what is safe and
practical for treating with SRS. Currently, the best evidence
for treating patients with >4 metastases with SRS alone
comes from the Japanese Leksell Gamma Knife Society,
where patients with <10 brain metastases were treated
with SRS alone. In this study, patients with a single brain
metastasis had the best survival; however, patients with 5-10
metastases had an equivalent survival to those with 2-4 with
similar rates of toxicities (25). Reports from the University
of Pittsburgh suggest that treatment volume may be a
more useful predictor of outcome after SRS than number
of metastases alone (26,27). Given these studies, SRS
treatment for >3 brain metastases has been adopted by the
NCCN (28). An example of one such treatment utilizing
Gamma Knife SRS is illustrated in Figure 1.

Regarding dose, the optimal dose-fraction scheme (i.e.,
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single fraction vs. multiple fractions) for radiosurgery
with brain metastases is unclear and there are no good
comparisons between regimens. The doses most often
used with single-fraction SRS are based on the findings of
RTOG 90-05, which utilized maximum tumor diameter as
a dose determinant (29). Tumor control appears correlated
with the dose delivered, with local control rates for larger
tumors typically lower than for smaller tumors. In these
cases, a fractionated approach may be advantageous. In
one retrospective analysis, patients with tumors >2 c¢m in
diameter received either 27 Gy in 3 fractions or 15-18 Gy
in 1 fraction, with the fractionated approach showing
better local control (90% vs. 77% at 1 year) (30). Other
fractionation schemes (35 Gy in 5 fractions, 36 Gy in
6 fractions, 40 Gy in 10 fractions) have been used with
similar outcomes (31,32). In the post-operative setting,
similar dosing schedules are used. The Stanford group
recently reported on their phase I/II dose-escalation trial
involving 3-fraction SRS and found that the maximum
tolerated dose for 2—4 c¢m cavities was 27-30 Gy (33). The
optimal approach utilizing SRS in the treatment of brain
metastases continues to be an area of active investigation.

Glioblastoma multiforme

Glioblastomas (GBM) account for approximately 15% of
all primary brain tumors and 46% of primary malignant
brain tumors and tend to be more common in older white
males. Despite aggressive therapy, expected overall survival
at 5 years is 5%, with better outcomes for those diagnosed
at young ages (34). The only factors that have been
conclusively shown to increase the risk of having a GBM
have so far been prior exposure to high doses of ionizing
radiation and inherited mutations associated with rare
syndromes (35). Patients typically present with headaches or
seizures, along with focal neurologic deficits and symptoms
of increased intracranial pressure. The most useful imaging
for diagnosis is a T1-weighted MRI with contrast along
with T2-weighted and fluid-attenuated inversion recovery
sequences (FLAIR), which classically demonstrate an
irregular ring-enhancing lesion with surrounding edema.
The typical treatment for GBM is a combination of
surgery followed by external beam radiation therapy
(EBRT) to 60 Gy directed to the brain infiltrated by
tumor and resection site with concurrent and adjuvant
temozolomide (36), though shorter radiotherapy courses
in the elderly do not appear to provide inferior survival
in phase III trials (37,38). Despite aggressive locoregional

Chin Clin Oncol 2017;6(Suppl 2):S14



Page 4 of 16

Figure 2 A recurrent glioblastoma nodule treated with a LINAC
to a dose of 24 Gy in 3 fractions. The 24, 22, and 20 Gy isodose

lines are shown. LINAC, linear accelerator.

irradiation, most recurrences will appear within 2 cm of the
primary site of disease (39,40). Though primary treatment
approaches with SRS seem perhaps counterintuitive given
the widely infiltrative nature of this disease, this treatment
has been examined as part of a boost therapy. In RTOG
93-05, 203 patients were randomized to size-dependent
SRS doses from 15-24 Gy followed by EBRT to 60 Gy
with BCNU chemotherapy vs. EBRT 60 Gy with BCNU
alone (41). No difference in survival (14.7 vs. 14.2 months),
quality of life, or failure patterns between the two arms
were observed. Critics note the non-standard use of a “pre-
EBRT” SRS boost in this trial as differing from standard
clinical practice (42,43). Nevertheless, the trial remains the
only level I evidence available with which to measure this
intervention.

Otherwise, SRS for recurrent GBM is supported by a
series of small prospective and retrospective series with
either hypofractionated stereotactic radiotherapy or SRS,
often with concurrent bevacizumab, with an expected
10-14 months MS following therapy following dosing
schemes similar to RTOG 90-05 and is supported by
society guidelines (29,44-49). Larger trials, such as the
ongoing RTOG 12-05, are needed to formalize this
treatment approach, but it remains a viable option for
patients without extensive progression when recurrent
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GBM is diagnosed. An example of such a treatment is
illustrated in Figure 2.

Benign
Meningiomas

Meningiomas are the most common benign tumors of the
CNS, originating from the arachnoid layers of the brain,
constituting an estimated 36% of all primary brain tumors,
and over 50% of benign CNS tumors (50). They occur
twice as often in women than men, which is attributed to
hormonal stimulation of their growth. The most common
presenting symptom for these lesions is a headache, but
other localizing symptoms may manifest depending on the
location of the tumor (34,51,52). Diagnosis is typically made
radiographically on CT or MRI based upon the appearance
of a homogeneously and intensely enhancing extra-axial
mass with or without the presence of a dural tail (53).

The typical management of meningiomas involves either
observation, EBRT, SRS, or surgical resection, the extent
of which is graded on the Simpson scale (which relates to
the risk of postoperative recurrence) (54). Histopathologic
grading is classified by into three grades by the World
Health Organization with Grade I considered benign,
Grade II considered atypical, and Grade III considered
malignant (55). If treated surgically, indications for post-
operative radiotherapy typically include incompletely
resected disease or WHO Grade II/III disease with the
expectation of improved local control and, for high grades,
a possible increase in overall survival (52,56-58). RTOG
05-39 placed patients with meningiomas into risk groups
depending on degree of resection, grade, and status of
the tumor as a recurrence or de novo disease. The low risk
group was observed and the intermediate/high risk groups
received radiotherapy to either 54 or 60 Gy, respectively.
The first analyses report equivalence between local control
within the low and intermediate risk groups following this
treatment strategy (59).

For the past several decades, SRS has been used as an
alternative to resection or EBRT as definitive treatment for
benign-appearing meningiomas. Pollock et 4/. examined
416 patients treated with single-fraction SRS for either
imaging defined or histologically confirmed WHO grade
I tumors treated to a median marginal dose of 16 Gy.
The disease-specific survival rate was excellent at 97% at
5 years and 94% at 10 years with an 11% rate of permanent
radiation-related complications at 5 years (60). Santacroce

Chin Clin Oncol 2017;6(Suppl 2):S14



Chinese Clinical Oncology, Vol 6, Suppl 2 September 2017

Page 5 of 16

Figure 3 A WHO Grade I meningioma as seen on a T'1 MRI post-contrast, subtotally resected, treated to a marginal dose of 16 Gy utilizing

Gamma Khnife stereotactic radiosurgery. The 10 and 8 Gy isodose lines are also shown.

et al. retrospectively examined 5,300 benign meningiomas
receiving Gamma Knife SRS at least 5 years prior to
analysis. The median marginal dose was 14 Gy and led to
5- and 10-year progression free survival rates of 95.2%
and 88.6%, respectively. Permanent morbidity was 6.6%
in this series (61). Kollova er /. examined 368 patients
treated with Gamma Knife SRS with actuarial local control
of 97.9% at 5 years with a permanent morbidity rate of
5.7% (62). It is important to note, in these studies and
others, that the histopathologic grade of the meningioma
may not be confirmed and these series include a significant
proportion of postoperative tumor remnants or recurrences
of previously resected tumors.

Radiosurgery for WHO Grade II and III meningiomas
is less well elucidated. Retrospective studies suggest a
dose response and authors advocate a marginal dose above
12 Gy, perhaps in the range of 16-20 Gy, understanding
that there is a higher chance for local toxicity (63,64).
Unlike the benign variant, fewer studies and patient
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numbers guide treatment for these locally aggressive tumors
and it is an ongoing area of investigation.

In summary, the role of SRS for meningioma is varied
and may include definitive management for small or
unresectable tumors, adjuvant treatment to address the
remnant of a planned subtotal resection or high grade
tumors, or as a salvage for late recurrences. An example of
an SRS treatment following subtotal resection for a WHO
Grade I meningioma is illustrated in Figure 3. Clinical
decision making should be shared between the patient,
radiation oncologist, and neurosurgeon and take into
consideration tumor size, location, grade, prior surgery, and
patient preference in order to achieve optimal care (60).

Arteriovenous malformations (AVMs)

AVMs are complex lesions of abnormal arteries and
veins that lack a capillary bed and are distinct from
other intracranial vascular malformations such as strictly
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Figure 4 A small AVM as seen on a T1 MRI post-contrast
involving the left tectum of the midbrain given a marginal dose
of 18 Gy utilizing Gamma Knife stereotactic radiosurgery. The
28 and 12 Gy isodose lines are also shown. AVM, arteriovenous

malformation.

venous malformations, dural arteriovenous fistulas, Galen
malformations, etc. (65,66). An estimated 0.1% of the
population is postulated to have an AVM (67). The origins
of AVMs remain unclear, as does the proposed triggering
mechanism. The commonly held hypothesis is that these
lesions arise from a disturbance during the embryonic stage
of vessel formation, while others contend that that they may
arise from an initial lesion in the border regions served by
the distal cerebral arteries during late fetal or immediate
postpartum life (65).

Regardless, AVMs will typically be found incidentally
on imaging performed for other indications, though
patients may also present with symptomatic hemorrhage or
seizure (67). Diagnostically, AVMs are identified via high
resolution CT or MR imaging supplemented by cerebral
angiography (66). Most AVMs will have deep venous
drainage and approximately 40% will be small (<2.5-3 cm).
AVMs present patients with the risk of intracranial
hemorrhage and associated long-term neurologic
consequences. The annual rate of hemorrhage is suggested
to be 2.2% per year, 4.5% per year for re-rupture in
AVMs that have a history of rupture, or 3% overall with
an associated risk of death of approximately 1%. Factors
that increase the risk for bleeding include a deep brain
location, exclusively deep venous drainage, and associated
aneurysms (68). The grading system for AVMs proposed
by Spetzler and Martin is based upon the size, pattern of

© Chinese Clinical Oncology. All rights reserved.

Cco.amegroups.com

Gilbo et al. Brain radiosurgery: common indications

venous drainage, and neurologic eloquence of the adjacent
brain (69).

Typical management options include observation,
surgical excision, SRS, or endovascular embolization. The
goal of treatment is complete obliteration of the vascular
nidus to eliminate the risk of hemorrhage. Observation may
be appropriate for large volume AVMs (4-5 cm diameter)
in patients without prior bleeding and whose AVMs lack
other high-risk features (66). SRS is considered for patients
with unresectable AVMs, with the best outcomes for
small volume AVMs or otherwise located in non-critical
locations where single doses >18 Gy to the AVM margin are
feasible. There is a protracted response time following SRS
with the earliest obliterations noted within 2—-3 months,
approximately 50% after one year and up to 90% within
3 years. If, at the end of three years there is still residual
AVM, repeat SRS or another management strategy may
be considered. A threshold of radiation dose is required to
achieve AVM obliteration, with >80% obliteration rates
above 18 Gy, and the chance of cure based upon volume
and location (70). The side effects of SRS for AVMs will
also differ based upon location in the brain. For AVMs with
treatment volumes expected to be larger than 15 cc, it is
recommended to perform volume-staged or dose-staged
SRS as increased rates of complications or lower rates of
obliteration efficacy are reported at these higher volumes
(71-75). An example of Gamma Knife SRS treatment for a
small non-resectable AVM of the left tectum is illustrated in
Figure 4.

Of important note is the recent publication of the
ARUBA trial—“A Randomized Trial of Unruptured
Brain AVMs”—by Mohr et /. This multicenter, non-
blinded, randomized trial compared adult patients with
unruptured brain AVMs to either interventional therapy
(i.e., neurosurgery, embolization, and/or SRS alone or in
combination) vs. medical management (pharmacological
therapy for neurological symptoms as needed). The primary
outcome was a composite endpoint of death or symptomatic
stroke with a secondary endpoint of clinical impairment.
The trial was stopped early when a clear early superiority
was found within the medical management arm. For the
primary endpoint there were 12 vs. 45 strokes as well as 1
vs. 14 neurologic deficits unrelated to strokes (76). Despite
these seemingly impressive results, critics point out several
flaws in the study, including a large segment of treated but
unanalyzed patients, an uncontrolled treatment arm with
low utilization of surgical intervention alone, scant details
on the radiosurgery provided, and a higher number of
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Figure 5 Right acoustic schwannoma as seen on a T1 MRI post-
contrast receiving a marginal dose of 12 Gy utilizing Gamma Knife
stereotactic radiosurgery. The 16, 12, 6, and 4 Gy isodose lines are

also shown; the 4 Gy isodose line avoids including the cochlea.

patients managed with embolization alone, which is known
to have low obliteration rates and which may adversely
affect AVM hemodynamics (77). The ARUBA trial will
continue to follow patients for 5 years, which may be too
short to demonstrate the benefit of AVM eradication (78).
Ultimately, this trial should be interpreted with caution
and the treatment of AVMs should be undertaken with the
involvement of an experienced multidisciplinary team.

Vestibular schwannomas

Arising from Schwann cells surrounding the nerves,
vestibular schwannomas, also known as “acoustic
neuromas”, are benign, non-invasive, slow growing tumors
that surround the vestibulocochlear nerve (CN VIII).
Typically arising sporadically and unilaterally, these lesions
may occur bilaterally as well, as in type 2 neurofibromatosis
(NF-2), where they act as a hallmark of that disease.
Schwannomas may also occur around other cranial nerves
or elsewhere in the neuraxis, with CN V as the 2™ most
common intracranial site. Vestibular schwannomas arise
in the internal auditory canal (IAC), and eventually extend
medially into the cerebellar pontine angle (CPA) (53). This
extension, and subsequent mass effect upon other cranial
nerves in the area of the brainstem/cerebellum, explains
the varied signs of this disease beyond CN VIII. The most
common symptoms will typically be hearing loss (95%)
and tinnitus (60%) followed by disequilibrium (40%),
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dizziness (22%) and vertigo (28%) (79). Facial hypesthesia
or paresthesias may arise from CN V being compressed by
a large vestibular schwannoma. On MRI, schwannomas are
well-demarcated contrast-enhancing lesions that arise from
an often widened IAC.

"Treatment options for vestibular schwannomas include
observation, SRS, fractionated radiotherapy, and surgery.
To date, there is no high quality evidence comparing these
treatment modalities (80). The best evidence comes from
various meta-analyses published over the years. Expected
local control with SRS is 290% with only 4% requiring
additional treatment (79). Post-SRS rates of facial and
trigeminal neuropathy have declined in concert with
decreasing radiation dose, without an unacceptably high
recurrence rate at 5-10 years’ time (81). Currently, single
doses of 12-13 Gy appear to confer high rates of local
control with greater sparing of nearby nerve function. An
example of one such treatment is illustrated in Figure 5.
Useful hearing preservation appears to be associated with
a <4 Gy cochlear dose, but this has not been confirmed
in a prospective study (82). At doses of 12-13 Gy, 5-year
actuarial hearing-level preservation rate is approximately
70% with most changes occurring within the first 4-5 years
and stabilizing thereafter (83). Surgery remains a reasonable
choice of therapy, with similar rates of control but slightly
higher rates of associated operative morbidities and a
substantially more protracted post-procedural recovery

period (79).

Pituitary adenomas

The pituitary gland is an endocrine organ directly
connected to the brain via the infundibulum and rests upon
the hypophyseal fossa within the sella turcica, anterior and,
for the most part, inferior to the optic chiasm. The gland
is constituted, embryologically, of the adenohypophysis
and neurohypophysis. Pituitary adenomas, arising from
cells in the adenohypophysis, comprise approximately
10-15% of all intracranial tumors. They can be classified
by their secretory status, cell of origin, and size. Functional
pituitary adenomas (FPAs) or “secretory” adenomas make
up approximately 75% of all adenomas and produce
hormones related to their cell of origin (i.e., prolactinomas
produce prolactin). The remainder are non-functioning
pituitary adenomas (NFPAs) or “non-secretory” tumors
that cause symptoms related to their mass effect on
surrounding tissues. Picoadenomas, microadenomas, and
macroadenomas comprise lesions of <0.3, <1, and >1 cm,
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respectively (53).

Clinically, presentations involve hypersecretion of
hormones, evidence of hypopituitarism, visual field deficits
caused by compression of the anterior visual pathway, and
headache (51). Though neurologic changes are usually
gradual, acute changes may occur in cases of pituitary
apoplexy (53). The most common hypersecretion syndrome
is the overproduction of prolactin, causing amenorrhea
and galactorrhea in women and loss of libido in men. MRI
is classically the imaging method of choice as it allows
for the evaluation of the tumor and its relation to the
chiasm, hypothalamus, cavernous sinus, and can otherwise
distinguish the tumor from an aneurysm (51).

‘Traditionally, surgery is the first line treatment for
pituitary adenomas, as it can relieve mass effect, establish
a pathologic diagnosis, and when necessary, physically
separate the optic apparatus from underlying tumor.
There is a role for primary medical treatment for some
FPAs, such as prolactinomas, with targeted therapies.
Following transsphenoidal surgery, expected recurrence
rates range between 50-80%, depending on secretory
status, cell type, and perhaps local invasion (84-86). EBRT
has long been used to treat residual surgical disease or the
medically inoperable patient. Common indications for
EBRT include macroadenomas, recurrent tumors, and
secretory tumors that do not return to baseline hormone
levels with surgery or medical therapy (87). Inconsistent
standards for hormone levels have hindered interpretation
of the literature regarding local control and “cure” rates of
FPAs and NFPAs, however, EBRT is expected to provide
80-98% local growth control as well as 67-89% hormone
control for secretory tumors with adequate doses above
45 Gy (87-89).

In a similar vein, SRS has been used as an effective
treatment since Dr. Leksell began targeting intracranial
pathology in the 1950s and is an attractive alternative to
EBRT (8). Though most available reports involve small
series from single centers, Kim ez #/. published on an
analysis of 16 contemporary studies of NFPAs and found
that local control ranged from 83-100% with most papers
reporting >90% for a median/mean marginal dose of
14-20 Gy (90). In the largest of the studies by Sheehan
et al., 418 patients received SRS to a marginal dose of
12-18 Gy for NFPAs and 18-30 for FPAs. They reported
90% control of tumor growth for both tumor types (91).

For FPAs, the outcomes are not as clear, mostly owing
to differences in reporting and increasingly stringent
definitions of hormonal normalization. Prolactinomas
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treated with a median dose of 25 Gy have complete
endocrine normalization anywhere from 11-80% in 2-
8 years. Long-term data suggests a roughly 50% remission
rate with differences between FPA cell types (90,92). It
appears there may be a dose response relationship with
both the rate of hormonal normalization and with time to
remission (91,93).

The most common complication of therapy includes
new anterior pituitary deficits, occurring in 20-40%. Half
of these occur within 48-96 months after treatment with
the risk of hypopituitarism decreasing markedly after
120 months (92). Retrospective analyses suggest that dose to
the normal gland and dose to the distal infundibulum affect
the rate of this complication, but the role of an enlarging
pituitary adenoma or of any pre-radiosurgical neurosurgical
interventions on reducing functional pituitary reserve is
rarely acknowledged (90). Cranial nerve deficits and brain
injury may occur in <1% of cases, along with rare vascular
injury (94), with a higher likelihood of these side-effects
occurring in previously irradiated patients. It has been
recommended that the target be at least 2-3 mm from the
optic chiasm to provide adequate protection for that critical
structure (86,91,95), but point doses of 10-12 Gy to the
chiasm with frame-based radiosurgery appear reasonably
safe in the hands of experienced radiosurgeons (96). Given
the significant hormonal component to this disease, all
patients should also be followed by an endocrinologist.

Functional disorders

The root of all radiosurgery may well lie in functional
radiosurgery, stemming from the desire to create small,
precisely defined, focal lesions deep in the brain where
surgery was unsuitable, and forming the foundation upon
which all else has been built (4,8). Functional neurosurgical
and radiosurgical procedures have waxed and waned with
the development of medications that obviated the need for
direct intervention. However, there remains disease that is
intractable to medical management and which is not easily
addressed by surgery that may benefit from a radiosurgical
intervention. We will briefly review these indications.

Trigeminal neuralgia (TN) and other pain disorders

Perhaps the best described and studied use of SRS is for
relief of pain related to TN. Often, these procedures are
undertaken after previous medical or surgical management.
Typically, the prepontine trigeminal nerve or the trigeminal
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root entrance zone is targeted with maximum radiosurgical
doses of 70-90 Gy, which is largely based upon a multi-
institutional study involving 50 patients that showed a dose
response relationship for complete pain relief at >70 Gy
(72% wvs. 9%). In this study, 54% of patients experienced
100% pain relief, 88% had between 50-100% pain relief,
and 6% had treatment failure. The median time to pain
relief was 1 month. Out of 50 patients, 3 developed
increased facial paresthesia and decreased sensation after
SRS with one experiencing complete resolution, and one
with subtotal improvement (97).

A recent review of 19 contemporary studies from
2006-2011 somewhat tempers these expectations (98).
There is heterogeneity in how pain outcomes are reported,
but the majority of the studies made use of the Barrow
Neurological Institute pain intensity scale wherein a
score of I = no pain, II = occasional pain, not requiring
medication, III = some pain, controlled with medication,
IV = some pain, not controlled with medication; V = severe
pain/no pain relief (99). For institutions utilizing this scale,
the reported range of BNI scores I-I1I was 45-94% (98).
It should be recognized that TN refractory to prior
neurosurgical interventions is less likely to respond to SRS,
and that patients who have components of pain consistent
with atypical facial pain are also less likely to achieve
satisfactory pain relief. Should patients not experience pain
relief following their initial treatment, additional small
series suggest radiosurgical retreatment is a viable option
with a salvage success of approximately 70%. In addition,
surgical options continue to be available (e.g., microvascular
decompression or trans-foramen ovale procedures such as
radiofrequency thermorhizotomy, glycerol rhizolysis, or
balloon rhizotomy).

SRS for chronic and thalamic pain syndrome as well as
cancer-related pain syndrome are less well elucidated and
are based upon too few patients to draw strong conclusions
(100,101).

Tremors

Another functional disorder in which SRS may be well
utilized is in the treatment of movement disorders such as
essential tremor (ET) or Parkinson’s disease (PD) (102-105).
The largest report is from Young et 4/., (105) which
describes 158 patients receiving a Gamma Knife ventralis
intermedius (VIM) thalamotomy for PD (102 patients), ET
(52 patients), and other tremor causes (4 patients). Utilizing
a single 4 mm shot with maximum doses of 120 to 160 Gy,
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88% of PD patients became fully or nearly tremor free with
4 years follow-up or more, with a similar rate of relief for
ET patients. In terms of complications, only two patients
had permanent side effects including mild contralateral
paresthesias of the face/upper extremity for one and
mild weakness of the contralateral arm/leg and minimal
dysphasia for the other. Niranjan ez /. (103) reported
on the Pittsburgh 19-year experience and demonstrated
that Gamma Knife SRS was able to control 50% of ET
at 6 months and 90% at one year with 90% of patients
maintaining this control at 10 years. Like Young ez a/., the
VIM was targeted with a median maximal dose of 140 Gy.
Given the absence of eletrophysiologic information and
the latency of the clinical response with a median time of
2 months, many prefer SRS for those patients with advanced
age or with medical disorders in whom electrode placement
for deep brain stimulation would be high risk (105).

Epilepsy

In the treatment of AVMs, it was observed that seizures
associated with these lesions would resolve following
radiosurgical treatment, independent of the angiographic
response. It was postulated that ionizing radiation itself
may be modulating the neurologic function of brain tissue
adjacent to the AVM (106,107). In the early 1980s and 1990s
Barcia-Salorio et 4l. (108) treated 11 patients with idiopathic
focal epilepsy with doses of 10-20 Gy. There was complete
cessation of seizures in 4 cases and reduction of seizures in
an additional 5 cases. Since that time, experiments in animal
models have shown a clear relationship between increasing
dose and decreasing seizure frequency measured by EEG,
with a maximum dose of 40-60 Gy found to be sufficient
for seizure control (109,110). Régis and colleagues (111)
in Marseille performed selective amygdalohippocampal
radiosurgery for mesial temporal lobe epilepsy and
delivered a dose of 25 Gy to the 50% isodose line to a 7 mL
volume, the largest functional target up to that time. Of the
two patients that underwent this procedure, 1 was seizure
free immediately and the other became seizure free after a
latency of 1 year. In 2009, Barbaro ez 4. (112) reported on a
multicenter pilot study of 17 patients using SRS for mesial
temporal lobe epilepsy as an alternative to open surgery
using marginal doses of 20 or 24 Gy targeting the amygdala,
hippocampus, and parahippocampal gyrus. There was a
67% seizure free rate of at least 1 year at 3-year follow-up.
The recently completed ROSE trial (Radiosurgery or
Open Surgery for Epilepsy) (113) led by Drs. Quigg and
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Barbaro attempted to take their pilot study a step farther by
comparing a marginal dose of 24 Gy SRS against anterior
temporal lobectomy. Pre-publication results show that the
trial only accrued 58 patients and did not have the statistical
power to properly assess the primary endpoint of seizure
freedom. At 3 years, 78% wvs. 52% of patients were seizure
free for 12 prior months, favoring the surgery arm. Similar
to what was seen previously, there was a latent period of
approximately one year, with initially more seizures (mostly
auras), in the SRS arm. Given the low numbers involved in
the study, it is difficult to draw conclusions regarding the
inferiority of one treatment versus the other. The use of
SRS to treat epilepsy is appealing from a minimally invasive
approach but suffers from similar roadblocks as other
focal therapies, namely the difficulty in localizing non-
lesional epilepsy and in defining the target volume. The
risks associated with continued seizures during the latency
period merits consideration when choosing therapy for
this condition. In properly selected patients, SRS remains a
viable treatment option.

Future directions
Immunotherapy and radiosurgery

The CNS has long been viewed as an immunologically
privileged site. For example, tissues that are rejected
by the immune system when grafted in other sites, e.g.,
the skin, exhibit survival within the CNS. The blood
brain barrier, lack of clear lymphatics, and proposed
immunoincompetence of the microglia, drove forward
this line of thinking. Yet for the past several decades it has
become apparent that the CNS has far greater interaction
with the immune system than previously believed. Indeed,
peripheral immune cells can cross an intact blood brain
barrier, neurons and glia actively regulate lymphocyte and
macrophage responses, and microglia cells are competent
but differ from the traditional macrophage/dendritic
cell in terms of their ability to direct responses (114).
Traditionally, radiotherapy has generally been viewed as
an immunosuppressive entity, but a greater understanding
of radiation’s impact on the release of tumor antigens
to the immune system and its effects on the tumor
microenvironment have shed light on this complex
relationship, opening a new and exciting avenue for
treatment (115-118).

Immunoradiotherapy is still in its infancy, but several
institutions have published retrospective results combining
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various immunomodulators. At Yale, 77 patients with
melanoma brain metastases who were treated with SRS and
ipilimumab versus SRS alone had MS of 21.3 vs. 4.9 months
and 2-year survival rates of 47.2% wvs. 19.7%, far beyond the
commonly predicted MS of 4-6 months (119). Ahmed ez
al. analyzed 26 patients with metastatic melanoma treated
with SRS and nivolumab and also showed results above the
historical norms, with unresected patients having a MS of
approximately 12 months and resected patients not yet having
reached MS with a median follow-up of 15 months (120).

At this stage, the optimal dose, fractionation, and timing
of radiosurgery with immunotherapy is unknown and
may depend not only on the disease being targeted but
also the drug being used (121-124). An excellent review of
current clinical trials by Kang ez 4/. published in late 2016
lists over 90 phase I and phase II clinical trials evaluating
the interplay of radiation and the current immunotherapy
armamentarium (125). Yet, while there are many single
and multifraction stereotactic body radiation therapy
trials, there are few intracranial SRS trials examining this
relationship. Currently, MD Anderson is examining the
treatment of non-small cell lung cancer brain metastases in
a phase I/II trial with WBRT, hypofractionated stereotactic
radiotherapy, and SRS, to find an appropriate dose of
nivolumab (PD-1) and ipilimumab (CTLA-4) (126).
The University of Michigan has started a phase 1I trial
examining ipilimumab and SRS for metastatic melanoma
to the brain (127), and the Sidney Kimmel Comprehensive
Cancer Center is examining a similar question but with
nivolumab (128). For patients with recurrent glioblastoma,
the University of Virginia is examining SRS with nivolumab
in a phase I study (129). These trials and numerous
others represent the possibility of a powerful union which
may shift the paradigm of how we use radiation in the
approach of metastatic and regional disease. We await with
anticipation the results of these studies.

Conclusions

SRS is a powerful tool in the treatment of intracranial
disease spanning the spectrum of malignant, benign, and
functional disorders of the brain. With careful selection
and judicious use, it may act as both a definitive treatment
and in an adjunctive fashion to other procedures. Proper
utilization of this treatment modality is a multidisciplinary
enterprise between numerous specialties, starting with
both neurosurgery and radiation oncology. The future of
this therapy is bright as medicine and patients exhibit a
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growing preference for minimally invasive procedures and

developments in immunotherapy open new avenues of

treatment in the fight against cancer.
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