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Purpose: Brain metastases are common among adult patients with solid malignancies and are increasingly being treated with
stereotactic radiosurgery (SRS). As more patients with brain metastases are becoming eligible for SRS, there is a need for practical
review of patient selection and treatment considerations.

Methods and Materials: Two patient cases were identified to use as the foundation for a discussion of a wide and representative range
of management principles: (A) SRS alone for 5 to 15 lesions and (B) a large single metastasis to be treated with pre- or postoperative
SRS. Patient selection, fractionation, prescription dose, treatment technique, and dose constraints are discussed. Literature relevant to
these cases is summarized to provide a framework for treatment of similar patients.

Results: Treatment of brain metastases with SRS requires many considerations including optimal patient selection, fractionation
selection, and plan optimization.
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Conclusions: Case-based practice guidelines developed by the Radiosurgery Society provide a practical guide to the common scenarios

noted above affecting patients with metastatic brain tumors.

© 2023 Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Brain metastases are common, affecting up to 30% of
adult cancer patients." The incidence of brain metastases
is increasing as more effective systemic therapies improve
extracranial control, leaving the central nervous system
(CNS) as a sanctuary site due to the blood-brain barrier
preventing ingress of large therapeutic molecules.
Although some targeted agents and immunotherapy
agents have CNS activities against brain metastases, drug
resistance will eventually develop in many patients.
Therefore, metastasis-directed focal radiation therapy
continues to play a central role in the management of
CNS metastases.

Historically, radiation for patients with brain metasta-
ses was delivered with whole-brain radiation therapy
(WBRT), with the rationale of treating both macroscopic
and microscopic disease. Stereotactic radiosurgery (SRS)
was introduced as a treatment for brain metastases. Ini-
tially, the RTOG 9508 trial demonstrated superior local
control with WBRT plus SRS compared with WBRT
alone in patients with 1 to 3 brain metastases.” Further
attempts were then made to omit WBRT due to associated
neurotoxicity, with multiple trials demonstrating worse
local and “distant” intracranial control with SRS alone in
patients with 1 to 3 or 1 to 4 metastases less than 3 to
4 c¢m in diameter, but with the combined approach being
associated with inferior neurocognitive function and qual-
ity of life, and equivalent or inferior overall survival
(0S).”” Additional trials, including N107C/RTOG 1270,
have shown similar results when comparing SRS to
WBRT in the postoperative setting.” For these reasons,
SRS alone became standard in the definitive and postoper-
ative setting for patients with 1 to 4 brain metastases, and
it remains a preferred option in modern guidelines for
patients with lesions up to 3 to 4 cm in diameter.”

SRS is increasingly applied to patients with a larger
number of brain metastases and larger tumors. In an
effort to preserve cognition, SRS is being increasingly
used in the postoperative setting. However, this is associ-
ated with a higher risk of nodular meningeal recurrences
than WBRT. In an effort to mitigate this concern, preop-
erative SRS is being explored. Therefore, the purpose of
these case-based guidelines, sponsored by the Radiosur-
gery Society, is to describe in detail the treatment
approach used in patients with brain metastases treated
with SRS and to provide a practical guide to the nuances
of providing SRS to patients with clinical presentations
that until recently would have been treated very

differently. This work was designed to be consistent with
the Radiosurgery Society disease site review criteria.

Case Presentations

Case 1: Patient with 7 brain metastases from
non-small cell lung cancer

Case scenario

Patient A is a 69-year-old woman with no significant
past medical history who was originally diagnosed 1 year
prior with advanced non-small cell lung cancer (NSCLC)
following presentation with a persistent cough. CT of the
chest revealed a right middle lobe mass and hilar and sub-
carinal lymphadenopathy. The biopsy was consistent with
lung adenocarcinoma. Molecular testing revealed EGFR
L858R mutation. Staging positron emission tomogrophy
(PET)/CT revealed numerous metastases. Initial staging
via brain magnetic resonance imaging (MRI) was nega-
tive. She was treated initially with osimertinib, but she
developed systemic disease progression. For her next line
of therapy, she was considered for a clinical trial. As part
of screening, she underwent brain MRI, which revealed 7
enhancing lesions throughout the brain, with the largest
lesion measuring 0.5 cm in diameter. Total tumor volume
was 5 cc. The MRI imaging of a representative lesion is
visualized in Fig. 1A. There was no evidence of leptome-
ningeal disease. She was referred for consideration of
brain SRS.

Treatment and follow-up

Computed tomography simulation with 1.0 mm slices
was performed using a thermoplastic facemask for immo-
bilization. T1 postcontrast MRI with thin (1 mm) slices
was acquired and registered to the simulation CT using
treatment-planning  software. Using the contrast
enhanced T1 MRI sequence as guidance, the individual
gross tumor volumes (GTVs) were contoured, and a 1-
mm planning target volume (PTV) margin was applied to
each GTV. PTVs are visualized in Fig. 1B. The dose to the
PTVs was planned to 20 Gy in 1 fraction, delivered using
2 isocenters and a linear accelerator with cone beam com-
puted tomography (CBCT) image guidance and a flatten-
ing filter free (FFF) volumetric modulated arc therapy
(VMAT) technique with 5 noncoplanar arcs, adminis-
tered with surface guidance. The primary dose constraints
used were brain — PTV V10 < 12 cc and brain — PTV
V12 < 10 cc. Isodose lines and relevant dose metrics are
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OAR Constraints

Brain V10: 12.8 cc

Brain V12: 8.7 cc

Brain-GTV V10: 12.5 cc
Brain-GTV V12: 8.4 cc
Cochlea Dmax: 57 cGy
Brainstem Dmax: 353 cGy
Optic Pathway Dmax: 130 cGy

Figure 1 Imaging and treatment volumes for patient A, including (A) pretreatment imaging, (B) treatment volumes, (C)

isodose lines, and (D) dose-volume histograms of the PTVs.

shown in Fig. 1C-D. Total treatment time was 38 minutes.
The patient tolerated the treatment well, without any sig-
nificant complications. She is now fifteen months out
from completion of treatment with no evidence of pro-
gressive intracranial disease or adverse effects. It is impor-
tant to note, however, that following SRS the median time
to adverse event is 7 months, with a range of 1 to 39
months.”

Case 1 Discussion

What factors contribute to whether a patient might
be a candidate for SRS treatment? Table 1 summarizes
selection criteria for SRS. A primary selection criterion for
SRS is a quantity cutoff, though there is mounting evi-
dence that total volume of metastases is also critical in
determining feasibility of SRS. A 2014 multi-institutional
prospective observational study by Yamamoto et al com-
paring treating 2 to 4 brain lesions versus 5 to 10 lesions
(total volume <15 cc) with SRS demonstrated noninfer-
iority with regards to OS and treatment-related adverse
events.” More recently, a UT—MD Anderson trial com-
paring SRS to WBRT in patients with 4 to 15 metastases
demonstrated improved neurocognitive function, numeri-
cally improved OS, comparable local control, and a non-
significant trend toward inferior overall intracranial
control, though it is important to note that this trial was
terminated early and has only been published in abstract
form.'” Therefore, prospective evidence supports treat-
ment of up to 15 lesions with SRS, although many centers

consistently treat larger numbers of lesions with apparent
safety. Current National Cancer Care Network (NCCN)
guidelines recommend the use of volume instead of the
absolute number of metastases as the limit to determine
eligibility for SRS, with potential cutoffs being <15 cc."!
Another consideration is lesion size, particularly given
that prior clinical trials were generally limited to lesions
<3 cm in diameter. Single-fraction SRS has proven to be
relatively contraindicated for patients with large lesions
(>3 cm). In addition, for larger lesions, fractionated
regimens produce better control and rates of
radionecrosis.'>'* In Hypofractionated Treatment Effects

Table 1  Suitability for SRS

Suitable Criteria

Number of lesions  1-15
Metastasis size Diameter <3 cm, volume <14 cc
Cautionary

Number of lesions ~ >15

Metastasis size Diameter 3-6 cm, volume >14 cc

(operative management preferred)

Specific scenarios Small cell lung cancer, nodular lepto-

meningeal disease
Unsuitable
Metastasis size >6 cm

Specific scenarios Classical leptomeningeal disease




4 C. Ladbury et al

Advances in Radiation Oncology: March 2024

in the Clinic (HyTEC) analyses, which combined data
from 56 studies, for lesions between 2.1 and 4 cm, single-
fraction SRS achieved a 1-year LC of 69% to 75%, while
fractionated SRS yielded a 1-year LC of approximately
80%.' Further, for single-fraction SRS to brain metasta-
ses, V12 (inclusive of the GTV) of 5 cc, 10 cc, or >15 cc
were associated with risks of symptomatic radionecrosis
of approximately 10%, 15%, and 20%, respectively, mean-
ing that for larger brain metastases it is not possible to
attain reasonable risk of radionecrosis with a single-frac-
tion approach.”

These conclusions are supported by comparative stud-
ies. In a meta-analysis of 24 studies and 1887 brain lesions
comparing single-fraction and multi-fraction SRS for
large brain metastases (group A: 4-14 cc volume and 2-
3 cm diameter vs group B: >14 cc volume and >3 cm
diameter), 1-year LC was 77.6% for single-fraction SRS
and 92.9% for multifraction SRS in group A (0 = 0.18),
while 1-year LC was 77.1% for single-fraction SRS and
79.2% for multifraction SRS in group B (P = .76)."* Radio-
necrosis rates were 23.1% for group A single-fraction SRS,
7.3% for group A multifraction SRS (P = .003), 11.7% for
group B single-fraction SRS, and 6.5% for group B multi-
fraction SRS (P = .29). Due to limited evidence, SRS is not
recommended for patients with lesions >6 cm in diame-
ter.'”” As local control and toxicity are worse in lesions
greater than 3 cm in diameter, surgical resection should
be considered in these patients, particularly for those with
symptoms related to mass effect or those where a patho-
logic diagnosis is necessary. However, if surgical resection
is not a safe option for patients with large lesions, multi-
fraction SRS is an excellent alternative. Selection of treat-
ment (SRS vs multifraction SRS vs surgery plus SRS) can
be based on ability to achieve published dosimetric objec-
tives to limit risk of symptomatic radionecrosis. Regard-
less, risk of necrosis is inherent to brain SRS and the
priority should be giving a sufficient dose to control the
tumor.

Another relevant factor that correlates with both
metastasis quantity and size is total brain volume and
associated whole-brain dose. Patients with 2 to 4 lesions
have been shown to have improved OS compared with
patients with 5+ lesions, and on multivariable analysis
(MVA), tumor volume, Karnofsky Performance Status,
and histology remained significant for OS, whereas lesion
number did not, suggesting that volume may be a more
significant prognostic factor than lesion number, specifi-
cally volume > 10 cc, and this may influence the decision
to deliver SRS versus multifraction SRS, or even WBRT.®
In a study assessing whole-brain dose in relation to sin-
gle-fraction SRS, a total of 9 24-36-mm tumors, 177 0-4-
mm tumors, or 42 tumors of mixed size were required to
yield an 8 Gy whole-brain dose for a single session.'” This
provides a dosimetric estimate of the number and size of
lesions, at which point integral brain dose might obviate
the benefits of SRS and necessitate consideration of

alternative approaches such as WBRT. Another volumet-
ric parameter/goal is reducing V12 Gy, which correlates
with reduced probability of symptomatic brain necrosis,
and the monitor units generated by the proposed treat-
ment, as scatter from collimation can contribute to
whole-brain dose."”

Lastly, there are contraindications to SRS, though some
of these are beginning to be challenged. In small cell lung
cancer (SCLC), brain metastases often portend WBRT as
treatment, given that patients with SCLC brain metastases
are at high risk for new distant tumors after SRS. Yet, a
meta-analysis of 9 studies and 1638 patients demonstrated
favorable OS, LC, distant brain failure, and freedom from
neurologic death with SRS.'® Thus, although the role of
SRS in SCLC needs to be further clarified in prospective
trials, and cannot yet be the default treatment of choice, it
is an acceptable option at this point. Similarly, leptome-
ningeal disease (LMD) is well described in patients with
brain metastases, classically serving as an indication for
WBRT or possibly craniospinal irradiation (CSI) in rare
cases where the disease was exclusively confined to the
CNS. The exception is that postoperative cavity SRS
might be considered for more focal nodular leptomenin-
geal disease (nLMD), which is distinct from classical
LMD. A recent prospective registry study investigated the
utility of SRS for nLMD across 32 brain metastases in 16
patients. Median actuarial OS from SRS for LMD was
10.0 months, and only 6 patients underwent WBRT after
SRS for nLMD at a median time of 6 months, suggesting
nLMD may be treated with SRS and potentially delay
WBRT in some patients.'” However, this approach for
LMD should be used judiciously in carefully selected
patients given the limited data in the literature.

What fractionation schemes can be used in SRS?

Based on American Society for Radiation Oncology
(ASTRO) guidelines, for patients with metastases <2 cm
in diameter, single fraction SRS to a total dose of 20 to 24
Gy in one fraction is recommended, though there are
potentially acceptable practice variations outside that
range depending on the clinical scenario.” Of note, in
some cases such as Gamma Knife plans, dose is prescribed
to lower isodose lines, which does permit hot spots within
tumor greater than the doses cited in ASTRO guidelines.
For patients with lesions measuring 2 to 4 cm, 27 Gy in 3
fractions or 30 Gy in 5 fractions is recommended. Based
on HyTEC data, when feasible, dose escalation is benefi-
cial for improving LC."” Ultimately dose selection is
nuanced and can be influenced by a number of factors
including lesion size, histology, and total volume of irradi-
ated tumor. An alternative for lesions >2 cm is a staged
SRS approach (treatment administered in 2 separate ses-
sions with replanning for each), which has been shown to
yield excellent 6-month LC (88%) and adverse event
(11%) rates, although data to support this approach is
limited and warrants further evaluation.”” In patients
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with lesions >4 cm, surgery is recommended. However, if
a patient is unable to undergo surgery, multifraction SRS
is recommended over single fraction SRS. Fractionated
SRS for larger lesions is driven by increasing concerns
about local control and toxicity, particularly as treatment
volume increases, and should be strongly considered for
larger lesions.'””"** The previously mentioned concerns
regarding LMD should also play a role in decision-mak-
ing, and surgical resection is still the first-line treatment
for large brain metastases.

What treatment volumes are used during SRS without
surgery? Compared with gliomas, brain metastases are
less microscopically invasive, and therefore clinical target
volume (CTV) expansions of GTVs are not routinely
used. Treatment volumes are simplest in the definitive or
preoperative setting. These volumes typically consist of
the GTV with a PTV margin ranging from 0 to 2 mm
depending on the immobilization applied and delivery
platform. The GTV is typically contoured using the con-
trast-enhanced T1 MRI series. It is critical that treatment
volumes be defined based off an MRI that is obtained
shortly before initiation of SRS. Otherwise, local control
can be compromised, likely due to progression of lesions
causing a marginal miss, particularly if little to no PTV
margin is used.”>** With the advancement in technology,
some institutions are using less margin, as margin size
directly correlates with the volume of healthy brain being
irradiated. Agazaryan et al”” analyzed 48 plans with V5
Gy, V8 Gy, V10 Gy, and V12 Gy, doubling when margins
change from 0 to 1 mm and tripling when changed from
0 to 2 mm. However, without a PTV margin to account
for uncertainty with image registration, target delineation,
immobilization, and treatment delivery, there is a possi-
bility of inferior local control.”® Clinicians must weigh
these conflicting factors when determining whether to
include a margin in the PTV for patients with metastatic
tumors. If a PTV margin is used, we recommend using a
1 to 2-mm (1-mm whenever possible) margin based on
these perceived uncertainties to minimize exposure of
normal brain volume to undue amounts of radiation.

What technique can be used to treat multiple brain
metastases using a linear accelerator? Single-isocen-
ter techniques (SITs) are often used to streamline treat-
ment planning and delivery for multiple brain metastases,
though this is approach is feasible only with a linear accel-
erator (LINAC) technique. In a retrospective analysis of
multiple-isocenter techniques (MIT) versus SIT for 437
intact brain lesions across 104 patients (2-13 metastases
per treatment course), 6-month freedom from recurrence
was 96% for SIT and 96% for MIT (P = .81), suggesting
that SIT SRS offers efficient and effective control.”” On
MVA, only PTV size was associated with radionecrosis,
with both SIT and MIT having similarly high LC rates
and low radionecrosis. Therefore, when feasible, SIT plans

can facilitate effective and efficient treatment planning
and delivery for multiple metastases, allowing for time-
efficient clinical feasibility for initial and subsequent SRS
courses.

An obstacle to using SRS for patients with numerous
metastases is longer treatment times when using a
LINAC. SIT SRS allows rapid delivery to multiple targets,
and further studies of 1014 metastases in 173 patients
treated with SIT SRS in 1 to 5 fractions showed a median
beam-on time of 4.1 minutes, suggesting SIT SRS can
improve clinical workflows.”® However, SIT techniques
for simultaneous irradiation of multiple targets at one iso-
center do require accurate patient positioning, as setup
error worsens with increased distance from the isocenter
and decreasing tumor size.”” Therefore, treatment of SIT
can be successfully implemented, but should be per-
formed only with high confidence in setup (dependent on
distance to the isocenter, which can influence whether a
larger PTV margin might be needed), proper patient
selection, and careful consideration of treatment margins.
LINAC-based MIT SRS is a time-consuming process, rel-
ative to non-LINAC—based approaches, so SIT can intro-
duce efficiency with treatment time for LINAC SRS.

What dose constraints are used for SRS? Table 2 con-
tains a detailed list of dose constraints for SRS. Broadly
speaking, in patients without prior irradiation there is an
abundance of data regarding dose constraints that might
be used to limit toxicities, especially radionecrosis, dam-
age to the optic pathway, brain stem injury, and cochlear
damage, with the most used constraint being brain minus
a target volume. It is worth noting, however, that brain
minus target volume constraints may not extrapolate to
multitarget plans and might be best assessed by individu-
ally treated lesions. Furthermore, these constraints are not
strict and might be best used when deciding whether to
fractionate. The tumor should not be underdosed to meet
these constraints. In previously irradiated fields, there is
limited consensus and literature regarding suitable dose
constraints, with reasonable goals depending on the spe-
cific scenario, though typically a minimum of 5 months
should have elapsed before considering such treatment.”
However, the dose to generally critical structures should
be kept as low as reasonably attainable. If the feasibility of
reirradiation is being evaluated, maximum doses used in
clinical trials may be considered. These include maintain-
ing total brain equivalent dose in 2 Gy fractions (EQD2)
to <120 Gy’' and maximum total summed dose less than
40 Gy’” and V12 <9 cc’” if using 1 fraction. Cumulative
spinal cord dose should yield an EQD2 of <70 Gy, with
the reirradiation EQD2 <25 Gy and at least 5 months
between the initial and subsequent radiation courses.”

What motion management approaches can be used
during SRS? Radiosurgery is performed either with a
frame or mask. Over the last several decades, the masked
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Table2 Common dose constraints used in SRS planning

Organ

Standard treatment

1fx

3 fx

5 fx

Brain

Brain stem (not medulla)

V12 <5-10 cc'*?
V10 <12 cc™

Dmax <15 Gy™®
V10 <0.5 cc”®

V18 <26 cc™*
V21 <21 cc™*
V24 <16.8 cc™®

Dmax <23.1 Gy*
V15.9 <0.5 cc”®

Dmax <20.3-22.5 Gy3(),58
V15.9 <0.35 cc™®

Dmax <14.4 Gy*
Dmax <17.4-20 Gy **’

V25 <16 cc®
V28.8 <7 cc”’
V30 <10.5-30 cc™®

Dmax <31 Gy™*
V23 <0.5 cc*®

Dmax <25.3-28 Gy ">
V22 <0.35 cc™®

Dmax <22 Gy*
Dmax <25 Gys&59

Spinal cord and medulla Dmax <12.4-14 Gy3 =t
V10 <0.35 cc™®
Cochlea Dmax <9 Gy58
Optic pathway Dmax <10 Gy***’
V8 <0.2 cc™®

V15.3 <0.2 cc® V23 <0.2 cc*®

method has become increasingly popular as it is
completely noninvasive, allows for fractionation if other-
wise appropriate, and is better tolerated by patients. If a
robotic radiosurgery system is used, the robotic system
will track the skull motion in a near real-time fashion
while the patient’s head is under a mask. Prospective and
retrospective studies comparing outcomes between these
methods have shown no difference in tumor control and
toxicity.”” Beyond physical immobilization, motion moni-
toring devices in combination with CBCT are used to
detect intrafraction and interfraction movement. Exam-
ples of motion monitoring devices include the surface-
guided radiation therapy (SGRT) system, infrared marker
tracking systems, and a fiducial marker-based system
known as high-definition motion management (HDMM).
Wang et al’* compared SGRT and HDMM,; these 2 devi-
ces detected translational motion with an accuracy of
0.3 mm for displacement up to 1 cm and 0.5 mm for dis-
placement greater than 1 cm. HDMM was found to be
more sensitive than SGRT in capturing motion. The sen-
sitivity of both systems was relatively lower in superior-
inferior motion.

Can SRS be given concurrently with systemic thera-
pies? There is a concern that concurrent systemic ther-
apy and SRS may increase the risk of radionecrosis, which
often leads to delay in systemic therapy until completion
of SRS. Notably, there is difficulty in defining concurrent
treatment due to differences in half-life among different
targeted/immunotherapy agents.”” In a detailed system-
atic review by Borius et al, in which the timing of various
systemic agents and SRS was evaluated, there was no sig-
nificant increase in radionecrosis with most treatments.’®
Concurrent erlotinib showed an increased incidence of
radionecrosis, though this was in patients who received
both WBRT and SRS. V-Raf Murine Sarcoma Viral Onco-
gene Homolog B (BRAF) inhibitor use concurrently with
SRS was associated with a significantly increased rate of
intratumoral bleeding, although there were improvements

in OS and local control (LC) with this group.”® Scoccianti
et al’’ evaluated the efficacy and toxicity of concurrent
immunotherapy (IO) with SRS in patients with NSCLC
and found better intracranial local progression-free sur-
vival and no significant difference in radionecrosis
between SRS + IO versus SRS alone. Currently, it appears
most studies support concurrent systemic therapy + SRS
with no need for a washout period. Further, in some cases,
delaying systemic therapy may be detrimental. Indeed, in
one study of 193 patients (37% received myelosuppressive
chemotherapy or targeted/IO) with a new primary cancer
diagnosis and brain metastasis, those treated with concur-
rent systemic therapy and SRS had improved survival
compared with SRS alone (41.6 months vs 21.5 months; P
<.05).” In another series of 260 patients, concurrent SRS
was associated with decreased likelihood of new metasta-
ses (odds ratio, 0.337; P = .045).% Conversely, in select
patients, due to intracranial response to certain systemic
therapies, treatment of asymptomatic lesions with SRS
can be deferred. Per the American Society of Clinical
Oncology—Society for Neuro-Oncology—American Soci-
ety for Radiation Oncology (ASCO-SNO-ASTRO) guide-
lines, among patients with asymptomatic brain
metastases eligible for CNS-active systemic therapy, a
multidisciplinary approach with patient-centered deci-
sion-making is conditionally recommended regarding
deferral of SRS and optimally would be done in the pro-
spective setting.'” Intracranial progression can still be
high (evidenced by greater risk of intracranial than extra-
cranial progression), even with therapies that cross the
blood-brain barrier.**!

Case 2: Patient with metastatic colon cancer
with single large posterior fossa metastasis

Case scenario
Patient B is a 53-year-old woman with a history of
metastatic colon cancer originally diagnosed 4 years
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OAR Constraints

Brain V18: 30.1 cc

Brain V23: 21.4 cc
Brain-CTV V18: 19.5 cc
Brain-CTV V23: 10.2 cc
Cochlea Dmax: 726 cGy
Brainstem Dmax: 979 cGy
Optic Pathway Dmax: 207 cG

Figure 2 Imaging and treatment volumes for patient A, including (A) preoperative imaging, (B) postoperative imaging,
(C) treatment volumes, (D) isodose lines, and (E) dose-volume histograms of the PTV.

prior. She presented to urgent care with new onset of
severe headaches and ataxia. MRI of the brain revealed
a 3.5-cm mass in the left cerebellum with mass effect on
the fourth ventricle and surrounding vasogenic edema.
There was no evidence of additional intracranial
pathology or leptomeningeal disease. Preoperative
imaging is shown in Fig. 2A. The patient underwent a
gross total resection, with pathology confirming meta-
static colon cancer. Postoperative SRS was to begin
3 weeks later.

Treatment and follow-up

CT simulation (1-mm slices) was performed using a
thermoplastic facemask for immobilization. Updated
postoperative volumetric MRI (1-mm slices) was obtained
on the same day as CT simulation. Postoperative MRI is
shown in Fig. 2B. The patient’s preoperative and postop-
erative MRIs were fused to the CT simulation using treat-
ment-planning software. Primarily using the contrast
enhanced T1 MRI sequence as guidance, the postopera-
tive bed CTV was contoured, and a 2-mm PTV margin
was applied to the CTV. The CTV and PTV are shown in
Fig. 2C. The fractionated SRS dose to the PTVs was
planned to 27 Gy in 3 fractions given every other day,
delivered using a LINAC with CBCT image guidance and
a VMAT technique with 3 noncoplanar arcs. Isodose lines
and relevant dose metrics are shown in Fig. 2D-E. The
patient tolerated the treatment well, without any signifi-
cant complications. Twelve months after fractionated
SRS, she developed multiple new metastases and also
developed recurrence in the resection cavity treated with
postoperative SRS, as previously described.

Case 2 discussion

What treatment volumes and fractionations are used
during postoperative SRS? In the postoperative setting,
the target volume is primarily based off the CTV from the
postoperative bed.”"** The primary recommendation for
CTV delineation is the usage of contrast enhancing T1
MRI to delineate the entire postoperative cavity, without
the inclusion of vasogenic edema, and a margin up to
5 mm along the meningeal margin/bone flap. For tumors
in contact with the dura preoperatively, a margin up to
10 mm along the bone flap beyond the initial region of
tumor contact in preoperative MRI may be considered.
For tumors in contact with a venous sinus, 1 to 5 mm
along the sinus is sufficient for inclusion in the CTV.*
Including the extent of preoperative tumor in CTV or
expanding from the closest meninges (in addition to the
resection cavity) provides little benefit.”” There is no con-
sensus as to whether the surgical tract should be covered.
Excluding the surgical tract results in a low failure rate
and can decrease the risk of adverse events. Inclusion of
the surgical tract should be evaluated on an individual
basis, considering risk factors for LMD such as infratento-
rial location and breast cancer history.”** PTV margin is
typically 2 mm, although in select cases it may be reduced
to 1 mm, though this is again dependent on confidence in
setup, and care must be taken to ensure local control is
not compromised.** *° When selecting dose fractionation,
similar principles to treatment of intact metastases may
be applied, though a fractionated approach is often pre-
ferred as a means of potentially minimizing risk of toxic-
ity when considering the higher cumulative doses
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Table 3

Comparison between potential benefits of preoperative and postoperative SRS

Preoperative SRS

Postoperative SRS

® Improved target delineation

® Improved local control

¢ Higher oxygenation

® Decreased risk of subsequent leptomeningeal disease
® Decreased risk of radionecrosis

® Smaller treatment volumes*

¢ Pathologic confirmation before treatment

® Compatible with cases with mass effect

® Immediate treatment of neurologic symptoms'
® Abundant data including level 1 evidence

* May not apply if surgical cavity shrinks significantly postoperatively, but is related to improved target delineation, not needing to cover elective
volumes such as surgical tract, and in some cases allowing smaller treatment margins.

1 Can be due to either needing urgent decompression to prevent further neurologic decline/damage, or due to logistical challenges of stabilizing and
discharging patients with symptomatic disease to allow for outpatient preoperative treatment.

received by normal tissues, extrapolating principles from
SRS outside the reirradiation setting.

When surgical management is indicated, what is the
evidence for pre- versus postoperative SRS? Due to
high risk of local recurrence following the surgical resec-
tion of brain metastasis, randomized data supports the
use of postoperative irradiation to reduce the risk of cavity
recurrence compared with observation.”” When clinical
factors such as patient stability allow, either pre- or post-
operative SRS can be considered. It should be emphasized
that preoperative SRS is typically not preferred for symp-
tomatic metastases either due to the patient needing
urgent decompression to prevent further neurologic
decline/damage or due to the logistical challenges of stabi-
lizing and discharging patients with symptomatic disease
to allow for outpatient preoperative treatment. Pre- and
postoperative SRS are associated with similar outcomes
regarding local control, distant brain failure, OS, and
need for salvage WBRT."* However, preoperative SRS
offers certain advantages.

One difficulty with postoperative SRS stems from tar-
get definition. The resection area is prone to change after
surgery. Earlier initiation of the treatment may cause irra-
diation of larger fields, but timing later than 4 weeks after
surgery may cause decreased LC. The general consensus
is to perform SRS within 4 weeks after surgery, with target
planning MRI performed 7 days or fewer before SRS.”'
This difficulty does not apply to preoperative SRS, where
treatment volumes are easily seen on MRI. Another con-
cern regarding postoperative SRS is the subsequent devel-
opment of nodular meningeal disease, which is associated
with piecemeal surgical resection, hemorrhagic and cystic
lesions, a greater number of brain metastases, posterior
fossa location, as well as with breast cancer histology.*"**
This risk provides a rationale for preoperative SRS, which
is hypothesized to decrease the risk of LMD, with initial
studies demonstrating meningeal disease rates of 5.8%
compared with 16% to 21% in the postoperative set-
ting.**”” Other potential benefits of preoperative SRS
include improved logistics due to not having to coordi-
nate postoperative treatment, earlier initiation of systemic

therapy, and ability to treat to doses that are about 20% to
25% lower.”””" A potential disadvantage of preoperative
SRS is the risk of irradiation of benign or primary CNS
lesions, which has been reported to occur in 2% to 11% of
patients.”” However, proper attention to the patient’s his-
tory and images should prevent this from being more
than a rare event, and especially so for those with benign
neoplasms. Table 3 includes a summary of theoretical
considerations regarding pre- versus postoperative SRS.
Multiple trials are now ongoing to prospectively evaluate
preoperative SRS.

Conclusion

As more patients with brain metastases are becoming
eligible for SRS, there is a need for practical review of
patient selection and treatment considerations. Included
as well is an insight into future directions of patient man-
agement, including treatment of many lesions, masked
SRS, alternative fractionation schedules, and systemic
therapies that will serve as an adjunct or alternative to
SRS. In the meantime, these guidelines are intended to
serve as an accessible and comprehensive guide to brain
SRS for patients with metastatic brain tumors.

Disclosures

Grace Gwe-ya Kim reports serveing as a consultant for
Varian Medical Systems. Helen A. Shih reports serving as
a writer and section editor for UpToDate, serving on the
advisory board for Advanced Accelerator Applications,
serving on the advisory board and as a consultant for
Servier Pharmaceuticals, and having grant funding from
AbbVie. Kristin J. Redmond reports research funding
from Accuray, Canon, and Elekta; consulting for icotec;
honoraria from Accuray; travel support from Elekta,
Brainlab, and Accuray; and a radiogenomics patent
shared with Canon. He serves on the Data and Safety
Monitoring Board for BioMimetix and serves as the Cen-
tral Nervous System track chair for the American Society



Advances in Radiation Oncology: March 2024

Stereotactic radiosurgery in brain metastases 9

for Radiation Oncology education committee. Simon S.
Lo reports grant funding from Kuni Foundation, Hutch-
inson Center, and Elekta; he has travel support from the
Japanese Society for Radiation Oncology (JASTRO); and
he serves as member of the Board of Directors and
National Medical Director of the Distinction in Practice
in Stereotatic Radiotherapy Program for the Radiosurgery
Society and Alternate Councilor for the American College
of Radiology.

References

10.

11.

12.

13.

14.

. Wen PY, Loeffler JS. Brain metastases. Curr Treat Options Oncol.

2000;1:447-458.

. Andrews DW, Scott CB, Sperduto PW, et al. Whole brain radiation

therapy with or without stereotactic radiosurgery boost for patients
with one to three brain metastases: Phase III results of the RTOG
9508 randomised trial. Lancet. 2004;363:1665-1672.

. Kocher M, Soffietti R, Abacioglu U, et al. Adjuvant whole-brain

radiotherapy versus observation after radiosurgery or surgical resec-
tion of one to three cerebral metastases: Results of the EORTC
22952-26001 study. J Clin Oncol. 2011;29:134-141.

. Chang EL, Wefel JS, Hess KR, et al. Neurocognition in patients with

brain metastases treated with radiosurgery or radiosurgery plus
whole-brain irradiation: A randomised controlled trial. Lancet
Oncol. 2009;10:1037-1044.

. Brown PD, Jaeckle K, Ballman KV, et al. Effect of radiosurgery alone

versus radiosurgery with whole brain radiation therapy on cognitive
function in patients with 1 to 3 brain metastases. JAMA.
2016;316:401-409.

. Brown PD, Ballman KV, Cerhan JH, et al. Postoperative stereotactic

radiosurgery compared with whole brain radiotherapy for resected
metastatic brain disease (NCCTG N107C/CEC-3): A multicentre,
randomised, controlled, phase 3 trial. Lancet Oncol. 2017;18:1049-
1060.

. Vogelbaum MA, Brown PD, Messersmith H, et al. Treatment for

brain metastases: ASCO-SNO-ASTRO Guideline. Neuro-Oncol.

2022;24:331-357.

. Sneed PK, Mendez ], Vemer-van den Hoek JG, et al. Adverse radia-

tion effect after stereotactic radiosurgery for brain metastases: Inci-
dence, time course, and risk factors. ] Neurosurg. 2015;123:373-386.

. Yamamoto M, Kawabe T, Sato Y, et al. Stereotactic radiosurgery for

patients with multiple brain metastases: A case-matched study com-
paring treatment results for patients with 2-9 versus 10 or more
tumors. ] Neurosurg. 2014;121:16-25.

Li J, Ludmir EB, Wang Y, et al. Stereotactic radiosurgery versus
whole-brain radiation therapy for patients with 4-15 brain metasta-
ses: A phase III randomized controlled trial. Int ] Radiat Oncol Biol
Phys. 2020;108:521-S22.

Yamamoto M, Serizawa T, Shuto T, et al. Stereotactic radiosurgery
for patients with multiple brain metastases (JLGK0901): A multi-
institutional ~prospective observational study. Lancet Oncol.
2014;15:387-395.

Redmond K]J, Gui C, Benedict S, et al. Tumor control probability of
radiosurgery and fractionated stereotactic radiosurgery for brain
metastases. Int | Radiat Oncol Biol Phys. 2021;110:53-67.

Milano MT, Grimm J, Niemierko A, et al. Single- and multifraction
stereotactic radiosurgery dose/volume tolerances of the brain. Int J
Radiat Oncol Biol Phys. 2021;110:68-86.

Lehrer EJ, Peterson JL, Zaorsky NG, et al. Single versus sultifraction
stereotactic radiosurgery for large brain metastases: An international
meta-analysis of 24 trials. Int ] Radiat Oncol Biol Phys.
2019;103:618-630.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Schiff D, Messersmith H, Brastianos PK, et al. Radiation therapy for
brain metastases: ASCO guideline endorsement of ASTRO guide-
line. J Clin Oncol. 2022;40:2271-2276.

Routman DM, Bian SX, Diao K, et al. The growing importance of
lesion volume as a prognostic factor in patients with multiple brain
metastases treated with stereotactic radiosurgery. Cancer Med.
2018;7:757-764.

Becker SJ, Jozsef G, Molitoris JK, Silverman JS, Presser J, Kondziolka
D. How many lesions can be treated with radiosurgery? Whole brain
dose from radiosurgery of multiple targets. Int | Radiat Oncol Biol
Phys. 2020;108:€301.

Viani GA, Gouveia AG, Louie AV, Moraes FY. Stereotactic radio-
surgery for brain metastases from small cell lung cancer without
prior whole-brain radiotherapy: A meta-analysis. Radiother Oncol.
2021;162:45-51.

Wolf A, Donahue B, Silverman JS, Chachoua A, Lee JK, Kondziolka
D. Stereotactic radiosurgery for focal leptomeningeal disease in
patients with brain metastases. ] Neuro-Oncol. 2017;134:139-143.
Angelov L, Mohammadi AM, Bennett EE, et al. Impact of 2-staged
stereotactic radiosurgery for treatment of brain metastases > 2 cm. J
Neurosurg. 2018;129:366-382.

Minniti G, Niyazi M, Andratschke N, et al. Current status and
recent advances in resection cavity irradiation of brain metastases.
Radiat Oncol. 2021;16:73.

Redmond KJ, De Salles AAF, Fariselli L, et al. Stereotactic radiosur-
gery for postoperative metastatic surgical cavities: A critical review
and International Stereotactic Radiosurgery Society (ISRS) practice
guidelines. Int ] Radiat Oncol Biol Phys. 2021;111:68-80.

Seymour ZA, Fogh SE, Westcott SK, et al. Interval from imaging to
treatment delivery in the radiation surgery age: How long is too
long? Int ] Radiat Oncol Biol Phys. 2015;93:126-132.

Garcia MA, Anwar M, Yu Y, et al. Brain metastasis growth on prera-
diosurgical magnetic resonance imaging. Pract Radiat Oncol. 2018;8:
€369-e376.

Agazaryan N, Tenn S, Lee C, et al. Simultaneous radiosurgery for
multiple brain metastases: Technical overview of the UCLA experi-
ence. Radiat Oncol. 2021;16:221.

Grishchuk D, Dimitriadis A, Sahgal A, et al. ISRS Technical Guide-
lines for Stereotactic Radiosurgery: Treatment of small brain metas-
tases (<1 cm in diameter). Pract Radiat Oncol. 2023;13:183-194.
Deng J, Li MK, Savjani RR, et al. Clinical outcomes of single-isocen-
ter versus multiple-isocenter stereotactic radiosurgery techniques
for multiple brain metastases. Int ] Radiat Oncol Biol Phys.
2021;111:e566-e567.

Palmer JD, Sebastian NT, Chu J, et al. Single-isocenter multitarget
stereotactic radiosurgery is safe and effective in the treatment of
multiple brain metastases. Adv Radiat Oncol. 2019;5:70-76.

Nakano H, Tanabe S, Utsunomiya S, et al. Effect of setup error in the
single-isocenter technique on stereotactic radiosurgery for multiple
brain metastases. ] Appl Clin Med Phys. 2020;21:155-165.

Sahgal A, Chang JH, Ma L, et al. Spinal cord dose tolerance to ste-
reotactic body radiation therapy. Int | Radiat Oncol Biol Phys.
2021;110:124-136.

Minniti G, Niyazi M, Alongi F, Navarria P, Belka C. Current status
and recent advances in reirradiation of glioblastoma. Radiat Oncol.
2021;16:36.

Kowalchuk RO, Niranjan A, Lee C-C, et al. Reirradiation with ste-
reotactic radiosurgery after local or marginal recurrence of brain
metastases from previous radiosurgery. Int ] Radiat Oncol Biol Phys.
2022;112:726-734.

Wegner RE, Horne ZD, Liang Y, et al. Single fraction frameless ste-
reotactic radiosurgery on the Gamma Knife Icon for patients with
brain betastases: Time to abandon the frame? Adv Radiat Oncol.
2021;6: 100736.

Wang H, Xu Z, Grantham K, et al. Performance assessment of two
motion management systems for frameless stereotactic radiosurgery.
Strahlenther Onkol. 2021;197:150-157.


http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0001
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0001
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0002
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0002
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0002
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0002
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0003
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0003
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0003
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0003
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0004
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0004
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0004
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0004
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0005
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0005
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0005
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0005
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0006
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0006
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0006
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0006
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0006
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0006
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0007
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0007
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0007
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0008
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0008
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0008
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0009
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0009
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0009
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0009
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0010
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0010
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0010
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0010
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0011
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0011
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0011
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0011
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0012
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0012
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0012
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0013
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0013
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0013
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0014
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0014
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0014
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0014
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0015
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0015
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0015
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0016
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0016
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0016
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0016
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0017
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0017
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0017
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0017
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0018
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0018
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0018
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0018
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0019
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0019
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0019
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0020
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0020
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0020
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0021
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0021
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0021
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0022
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0022
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0022
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0022
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0023
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0023
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0023
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0024
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0024
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0024
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0025
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0025
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0025
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0026
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0026
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0026
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0027
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0027
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0027
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0027
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0028
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0028
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0028
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0029
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0029
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0029
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0030
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0030
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0030
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0031
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0031
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0031
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0032
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0032
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0032
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0032
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0033
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0033
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0033
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0033
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0034
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0034
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0034

10

C. Ladbury et al

Advances in Radiation Oncology: March 2024

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Kroeze SG, Fritz C, Hoyer M, et al. Toxicity of concurrent stereotac-
tic radiotherapy and targeted therapy or immunotherapy: A system-
atic review. Cancer Treat Rev. 2017;53:25-37.

Borius PY, Regis J, Carpentier A, Kalamarides M, Valery CA, Lator-
zeff I. Safety of radiosurgery concurrent with systemic therapy (che-
motherapy, targeted therapy, and/or immunotherapy) in brain
metastases: A systematic review. Cancer Metastasis Rev.
2021;40:341-354.

Scoccianti S, Olmetto E, Pinzi V, et al. Inmunotherapy in associa-
tion with stereotactic radiotherapy for non-small cell lung cancer
brain metastases: Results from a multicentric retrospective study on
behalf of AIRO. Neuro Oncol. 2021;23:1750-1764.

Shen CJ, Kummerlowe MN, Redmond K], Rigamonti D, Lim MK,
Kleinberg LR. Stereotactic radiosurgery: Treatment of brain metas-
tasis without interruption of systemic therapy. Int J Radiat Oncol
Biol Phys. 2016;95:735-742.

Chen L, Douglass J, Kleinberg L, et al. Concurrent immune check-
point inhibitors and stereotactic radiosurgery for brain metastases
in non-small cell lung cancer, melanoma, and renal cell carcinoma.
Int ] Radiat Oncol Biol Phys. 2018;100:916-925.

Magnuson W], Lester-Coll NH, Wu AJ, et al. Management of
brain metastases in tyrosine kinase inhibitor-naive epidermal
growth factor receptor-mutant non-small-cell lung cancer: A
retrospective multi-institutional analysis. J Clin Oncol. 2017;
35:1070-1077.

Khatri VM, Mills MN, Oliver DE, et al. Tucatinib and stereotactic
radiosurgery in the management of HER2 positive breast cancer
brain metastases. ] Neurooncol. 2023;164:191-197.

Soliman H, Ruschin M, Angelov L, et al. Consensus contouring
guidelines for postoperative completely resected cavity stereotactic
radiosurgery for brain metastases. Int | Radiat Oncol Biol Phys.
2018;100:436-442.

Gui C, Moore J, Grimm J, et al. Local recurrence patterns after post-
operative stereotactic radiation surgery to resected brain metastases:
A quantitative analysis to guide target delineation. Pract Radiat
Oncol. 2018;8:388-396.

Choi CY, Chang SD, Gibbs IC, et al. Stereotactic radiosurgery of the
postoperative resection cavity for brain metastases: Prospective eval-
uation of target margin on tumor control. Int ] Radiat Oncol Biol
Phys. 2012;84:336-342.

Soltys SG, Adler JR, Lipani JD, et al. Stereotactic radiosurgery of the
postoperative resection cavity for brain metastases. Int ] Radiat
Oncol Biol Phys. 2008;70:187-193.

Shi S, Sandhu N, Jin M, et al. Stereotactic radiosurgery for resected
brain metastases: Does the surgical corridor need to be targeted?
Pract Radiat Oncol. 2020;10:e363-e371.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Mahajan A, Ahmed S, McAleer MF, et al. Post-operative stereotactic
radiosurgery versus observation for completely resected brain
metastases: A single-centre, randomised, controlled, phase 3 trial.
Lancet Oncol. 2017;18:1040-1048.

Patel KR, Burri SH, Asher AL, et al. Comparing preoperative with
postoperative stereotactic radiosurgery for resectable brain metasta-
ses: A multi-institutional analysis. Neurosurgery. 2016;79:279-285.
Udovicich C, Phillips C, Kok DL, et al. Neoadjuvant stereotactic
radiosurgery: A further evolution in the management of brain
metastases. Curr Oncol Rep. 2019;21:73.

Prabhu RS, Akinyelu T, Vaslow ZK, et al. Risk factors for progres-
sion and toxic effects after preoperative stereotactic radiosurgery for
patients with resected brain metastases. JAMA Oncol. 2023;9:1066-
1073.

Prabhu RS, Dhakal R, Vaslow ZK, et al. Preoperative radiosurgery
for resected brain metastases: The PROPS-BM Multicenter Cohort
Study. Int ] Radiat Oncol Biol Phys. 2021;111:764-772.

Asher AL, Burri SH, Wiggins WF, et al. A new treatment paradigm:
Neoadjuvant radiosurgery before surgical resection of brain metas-
tases with analysis of local tumor recurrence. Int J Radiat Oncol Biol
Phys. 2014;88:899-906.

Minniti G, Clarke E, Lanzetta G, et al. Stereotactic radiosurgery for
brain metastases: Analysis of outcome and risk of brain radionecro-
sis. Radiat Oncol. 2011;6:48.

Minniti G, Scaringi C, Paolini S, et al. Single-fraction versus multi-
fraction (3 x 9 Gy) stereotactic radiosurgery for large (>2 cm) brain
metastases: A comparative analysis of local control and risk of radia-
tion-induced brain necrosis. Int ] Radiat Oncol Biol Phys.
2016;95:1142-1148.

Minniti G, Esposito V, Clarke E, et al. Multidose stereotactic radio-
surgery (9 Gy x 3) of the postoperative resection cavity for treat-
ment of large brain metastases. Int ] Radiat Oncol Biol Phys.
2013;86:623-629.

Andruska N, Kennedy WR, Bonestroo L, et al. Dosimetric predictors
of symptomatic radiation necrosis after five-fraction radiosurgery
for brain metastases. Radiother Oncol. 2021;156:181-187.

Inoue HK, Sato H, Seto K-I, et al. Five-fraction CyberKnife radio-
therapy for large brain metastases in critical areas: Impact on the
surrounding brain volumes circumscribed with a single dose equiva-
lent of 14 Gy (V14) to avoid radiation necrosis. J Radiat Res.
2014;55:334-342.

Timmerman R. A story of hypofractionation and the table on the
wall. Int ] Radiat Oncol Biol Phys. 2022;112:4-21.

Milano MT, Grimm ], Soltys SG, et al. Single- and multi-fraction
stereotactic radiosurgery dose tolerances of the optic pathways. Int |
Radiat Oncol Biol Phys. 2021;110:87-99.


http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0035
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0035
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0035
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0036
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0036
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0036
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0036
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0036
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0037
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0037
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0037
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0037
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0038
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0038
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0038
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0038
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0039
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0039
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0039
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0039
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0040
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0040
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0040
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0040
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0040
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0041
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0041
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0041
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0042
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0042
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0042
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0042
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0043
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0043
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0043
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0043
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0044
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0044
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0044
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0044
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0045
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0045
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0045
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0046
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0046
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0046
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0047
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0047
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0047
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0047
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0048
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0048
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0048
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0049
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0049
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0049
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0050
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0050
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0050
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0050
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0051
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0051
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0051
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0052
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0052
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0052
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0052
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0053
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0053
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0053
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0054
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0054
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0054
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0054
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0054
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0054
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0055
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0055
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0055
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0055
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0055
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0056
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0056
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0056
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0057
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0057
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0057
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0057
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0057
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0058
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0058
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0059
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0059
http://refhub.elsevier.com/S2452-1094(23)00230-0/sbref0059

	Stereotactic Radiosurgery in the Management of Brain Metastases: A Case-Based Radiosurgery Society Practice Guideline
	Introduction
	Case Presentations
	Case 1: Patient with 7 brain metastases from non-small cell lung cancer
	Case scenario
	Treatment and follow-up
	Case 1 Discussion
	What factors contribute to whether a patient might be a candidate for SRS treatment?
	What fractionation schemes can be used in SRS?
	What treatment volumes are used during SRS without surgery?
	What technique can be used to treat multiple brain metastases using a linear accelerator?
	What dose constraints are used for SRS?
	What motion management approaches can be used during SRS?
	Can SRS be given concurrently with systemic therapies?


	Case 2: Patient with metastatic colon cancer with single large posterior fossa metastasis
	Case scenario
	Treatment and follow-up
	Case 2 discussion
	What treatment volumes and fractionations are used during postoperative SRS?
	When surgical management is indicated, what is the evidence for pre- versus postoperative SRS?



	Conclusion
	Disclosures
	References


