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Stereotactic Radiosurgery for Brain
Metastases: Review of Existing Data

and Future Directions

Elham Rahimy, MD;* Scott G. Soltys, MD

Abstract

Stereotactic radiosurgery (SRS) has become the standard of care for limited brain metastases to defer toxicities
associated with whole-brain radiation therapy (WBRT). While WBRT decreases the appearance of new distant
brain metastases, this is at the expense of worse cognitive decline without an overall survival benefit. However,

the definition of limited brain metastases continues to be controversial and variably interpreted. Randomized tri-
als are pending to evaluate whether contemporary WBRT techniques utilizing neuroprotective strategies such as
hippocampal avoidance and memantine are more appropriate than SRS in specific clinical scenarios. The emerg-
ing use of SRS has also led to other discussions regarding postoperative cavity contouring, utility of preoperative
SRS, and optimization of dose regimens, with growing support for fractionation of large tumors. In this narrative
review, we will discuss the existing data and rationale supporting the predominance of SRS for brain metastases,
and the evolving data for unanswered questions.

Keywords: radiosurgery, SRS, fractionated stereotactic radiation therapy, FSRT, radiation, radiation therapy, brain
metastases, intracranial metastases

Survival of patients with metastat-
ic cancer has markedly improved
in recent years with development
of better systemic therapies and
surgical techniques, identification of
targetable molecular mutations, and
realization that aggressive treatment
in patients with low volume (ie, oli-
gometastatic) disease can be benefi-
cial. With improved extracranial con-
trol and prognosis in many patients,
optimizing intracranial control while

brain radiation therapy (WBRT) as
the standard of care for limited brain
metastases as supported by interna-
tional guidelines'? and consistent
with more recent systematic and
narrative reviews.*® Practice patterns
demonstrate a doubling of SRS use
in the community from 2010 to

2015 with concomitant decline in
WBRT.? The numerical threshold

of “limited” remains controversial
but continues to be expanded with

minimizing late neurotoxicity has increasingly narrower indications for
WBRT. SRS allows for dose escalation

for increased local tumor control

become paramount. Herein lies the
appeal of stereotactic radiosurgery

(SRS), which has supplanted whole- while sparing normal brain tissue
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to minimize toxicities, which can
significantly impact quality of life.
The growth of SRS has led to several
clinical questions that are still being
fleshed out, a few of which we dis-
cuss in this review: Is there a limit
in the number/volume of metastases
appropriate for SRS over WBRT tech-
niques? What is the best sequencing
of surgery and SRS? And, what is

the optimal SRS dose/fractionation?
Table 1 summarizes the active/re-
cruiting trials aimed at elucidating
some of these questions.

Methods

The PubMed database was
searched using the terms brain metas-
tases, cavity, and stereotactic radiosur-
gery, with article type selected for
clinical trials, randomized controlled
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Table 1. Notable Active/Recruiting Randomized Clinical Trials Evaluating Nuances of SRS Treatment for

Limited Brain Metastases

Clinical trial Trial number

Trial design

Eligibility

Interventions

Primary®

CCTG CE.7 NCT03550391 Phase Il 5-15 brain metastases, SRS vs HA- 0S, neurocognitive PFS
total volume < 30 cc, WBRT+memantine
largest < 2.5 cm maximal
diameter

NRG BNOO9 NCT04588246 Phase Il BMV since upfront SRS=4  Salvage SRS vs HA- Time to neurologic deathP
brain metastases/year WBRT+memantine

HIPPORAD DRKS00004598 Phase Il > 4 brain metastases, not HA-WBRT+SIB vs Neurocognitive function
exceeding 10 metastases WBRT+SIB at 3 months’ post-
> 5 mm; none in or within 7 radiation
mm of hippocampus

CCco09 NCT04804644 Phase lll < 10 SCLC brain metastases SRS vs HA- Time to neurocognitive

WBRT+memantine failure

NRG BNO12 NCT05438212 Phase Il 1-4 brain metastases, 1 Preoperative vs Time to CAE (LF, nMD,
requiring resection postoperative SRS or RN)

Alliance NCT04114981 Phase lll One grossly resected brain ~ Single vs multifraction Surgical bed recurrence-

A071801 metastasis cavity 2-5 cm postoperative SRS (3 or  free survival

maximal diameter, with
0-3 unresected brain
metastases <4 cm

5 daily fractions)

Abbreviations: SRS, stereotactic radiosurgery; NCT, National Clinical Trial; HA-WBRT, hippocampal avoidance whole-brain radiation; OS, overall
survival; PFS, progression-free survival; BMV, brain metastasis velocity; DRKS, Deutsches Register Klinischer Studien (German Clinical Trials
Register); SIB, simultaneous integrated boost; CAE, Composite Adverse Endpoint; LF, local failure; nMD, nodular meningeal disease; RN, radiation

necrosis

OAlthough not individually detailed here, it is important to note that the definition of neurocognitive failure, and cognitive test(s) and timepoints

utilized, differs among the trials.

BDefinition: From randomization until progressive neurologic decline at time of death, irrespective of status of extracranial disease, or death from
intercurrent disease in patients with severe neurologic dysfunction, assessed up to 3 years

trials, meta-analyses, reviews, and
systematic reviews.

SRS vs WBRT

We will first summarize the sem-
inal data that support the routine
use of SRS instead of WBRT, and the
clinical scenarios when WBRT may be
more appropriate. While WBRT de-
creases the appearance of new distant
brain metastases (dBM), defined as
development of new brain metastases
different than the initial site,'° this
is at the expense of worse cognitive
decline without an overall survival
benefit."* WBRT originated in the 2D
era when targeted irradiation of brain
metastases was not possible and me-
dian survival of patients with metas-
tases was only 2 to 4 months,** such
that treatment durability (up to ~6
months with WBRT") and late toxicity
were not as relevant. Neurocognitive
impairment (NCI) is markedly worse
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with conventional WBRT, especially
in the domains of memory, learning,
and executive function.1¥1517:18,2225
Alliance N0574 trial reported 3 month
NCI of 64% with SRS vs 92% with

SRS plus WBRT, which persisted

at 6 and 12 months, indicating it is
not a reversible toxicity.” Similarly,
JCOGO0504 reported a 2 times worse
grade 2-4 NCI at 3 months post-WBRT
vs salvage SRS (16 vs 8%, P = 0.048).**
Beyond NCI, other toxicities include
fatigue, temporary alopecia, stroke,
hearing loss, endocrinopathies, dry
eye/mouth, and even retinopathy,* all
of which can impact quality of life.*?
The 1-year rate of new brain metasta-
ses with SRS is approximately 50% (al-
though dependent on systemic ther-
apy), and WBRT bestows an absolute
dBM reduction of approximately 20%
to 30% (with most studies using 30 Gy
in 10 fractions).''** A notable excep-
tion is melanoma, with no improve-

ment in dBM, likely because of the
radioresistant histology.'® Despite this
general improvement in intracranial
control, no data suggest an overall
survival benefit (although no trial has
been powered for overall survival);
the rationale is that overall survival is
driven by extracranial disease control,
which is dictated by systemic therapy
response.? In addition, salvage SRS
can often be done at the time of dBM
without compromising outcomes
(especially in patients with close fol-
low-up and early salvage).**? Apart
from overall survival, another end-
point of interest is cognitive decline,
which can be secondary to treatment
itself vs tumor progression. Several
studies have used the somewhat
ambiguous endpoint of neurologic
death, essentially defined as progres-
sive neurological decline at the time
of death (regardless of systemic sta-
tus).! It is unknown whether WBRT
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improves the neurological death rate,
as results from limited studies have
been mixed,»'217%1830 and it is difficult
to define endpoint to begin with.
However, several studies show that
NCI is worse with WBRT rather than
disease progression.!*15%2

The data above support the use of
SRS instead of WBRT in patients with
limited brain metastases and dis-
courage the routine use of adjuvant
WBRT after SRS. However, there is
no universal consensus for defining
limited. The initial SRS trials refer-
enced above enrolled patients with
less than 5 brain metastases. The
large prospective observation study
JLGKO0901 then expanded that defini-
tion to up to 10, given no difference
in overall survival when treated with
SRS alone.® Other studies followed in
suit supporting greater than 10 brain
metastases;*3* however, given lim-
itations in sample size/study design,
controversy remains for greater than
10 and especially greater than 20
brain metastases.>* While high-level
evidence for these specific clinical
scenarios is lacking, many argue that
one can extrapolate from the con-
sistent conclusions in the aforemen-
tioned studies, and use salvage SRS
to postpone WBRT toxicities for as
long as possible. In their institutional
experience of SRS for multiple brain
metastases (range, 1-85 metastases;
mean of 7; and median of 3), Yama-
moto et al report that 85% of patients
died of causes other than brain dis-
ease progression, regardless of brain
metastasis number,* again support-
ing the notion that overall survival is
often not dictated by intracranial dis-
ease. Perhaps a more relevant proxy
of intracranial tumor burden is not
the number, but the volume of brain
metastases.>*>* Again, the threshold
above which overall survival favors a
WBRT technique has not been estab-
lished. One of the higher proposed
cutoffs is 30 cc, used in the Canadian
phase III CE.7 comparing SRS vs
hippocampal avoidance (HA) WBRT
plus memantine for 5 to 15 brain
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metastases (NCT03550391). Another
potentially relevant parameter is
brain metastasis velocity. Several
studies have shown worse overall
survival and neurocognitive death
for first/second intracranial relapse
in patients with high brain metasta-
sis velocity.*”*® One proposed cutoff
that may predict patients at high
risk for neurologic death after SRS is
greater than or equal to 4 metastases
per year.” This cutoff is being used
in the phase III NRG Oncology BN009
study evaluating salvage HA-WBRT
plus SRS vs SRS in patients with

high brain metastasis velocity after
upfront SRS (NCT04588246).

The above CE.7 and BN009 studies
remind us that there are contempo-
rary alternatives to the 2D-era WBRT,
further complicating the discussion
surrounding HA-WBRT with/without
memantine with/without SRS boost.
With neuroprotective strategies
such as HA and memantine, and
dose escalation with integrated SRS,
WBRT may be more beneficial in a
select subset of patients who may
have poorer oncologic outcomes
with repeated salvage SRS courses.
HIPPORAD is an accruing phase II
German trial evaluating HA-WBRT
plus simultaneous integrated
boost (SIB),* with the hypothesis
of improved tumor control with
acceptable toxicity* and less NCI
than standard WBRT. The durability
of WBRT 30 Gy is poor with 0% local
control (LC) by 14 months for any
size nonbreast adenocarcinoma and
squamous cell carcinoma,* in con-
trast to greater than 75% to 90% for
SRS, even of large metastases greater
than 2 cm.** It should be noted that
the aforementioned neuroprotective
strategies help to reduce, but not
eliminate, NCI after WBRT. In NRG
CCO001, even with the 26% relative
risk reduction of NCI with the addi-
tion of HA to WBRT with memantine,
the rates of neurocognitive toxicity
remained over 50%, with a signif-
icant cognitive decline between 2
and 4 months following radiation.?

Similarly, even with the 22% relative
risk reduction of NCI upon adding
memantine to WBRT in RTOG 0614,
the difference was not statistically
significant (P = 0.59) given the likely
insufficient statistical power from
approximately 70% of patients dying
by 6 months.* And as with any drug,
there are side effects that patients
may not tolerate, such as fatigue,
headache, nausea, body aches, and
gastrointestinal disturbances.*

Even the topics of leptomeningeal
disease (LMD) and certain histologies
such as small cell lung cancer (SCLC),
which are believed to have an in-
creased rate of micrometastatic intra-
cranial involvement, have garnered
support for SRS in certain scenarios.
Retrospective data support SRS for fo-
cal LMD to delay WBRT.* While LMD
is most commonly widely disseminat-
ed, if it is radiologically and symp-
tomatically focal, SRS may be done
for potentially faster symptom relief
and to postpone WBRT toxicity while
minimizing time off systemic therapy
(vs buying time to test the intracranial
efficacy of a new systemic therapy).
SCLC was excluded from the afore-
mentioned seminal SRS trials given
the traditional thought that disease is
micrometastatic at onset. While SRS
is controversial in patients with SCLC,
there is growing evidence support-
ing its use with no overall survival
detriment and dBM rates similar to
non-SCLC, including FIRE-SCLC and
a systematic review and meta-analysis
of approximately 18,000 patients.*s*
CC009 is evaluating SRS vs HA-WBRT
for less than or equal to 10 SCLC brain
metastases (NCT04804644). Given the
frequent use of WBRT in extensive
stage SCLC, a move toward carefully
selecting patients for SRS may save a
large portion of patients from WBRT
toxicities (due to adequate intracrani-
al control with SRS or competing risk
of non-neurologic death).

As mentioned above, the dBM
failure rate with SRS is approximate-
ly 50% but dependent on systemic
therapy. The development of more
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effective systemic therapies with
intracranial efficacy, such as newer
generation targeted therapies and
immune checkpoint inhibitors (ICI)
often used in non-small cell lung can-
cer (NSCLC), melanoma, and renal
cell carcinoma, may subdue the high
dBM rate. The decision to defer SRS
for systemic therapy should be care-
fully considered, taking into account
systemic therapy factors such as esti-
mated time to response, response rate
(partial vs complete), durability of re-
sponse, and toxicity/compliance con-
cerns, as well as patient/tumor factors
such as symptoms, size, and distance
from eloquent structures. Consid-

er a patient with newly diagnosed
EGFR-mutated NSCLC with innumer-
able punctate brain metastases and
two 2-cm metastases, especially if
symptomatic or near eloquent struc-
tures (but with sufficient distance

to meet SRS constraints for organs
at risk). It may be optimal to pursue
upfront SRS to these 2 metastases
with initiation of osimertinib, and a
6-week interval MRI (median time to
response on osimertinib®) to re-eval-
uate the nonirradiated metastases.
For melanoma brain metastases, the
trial CheckMate 204 demonstrated
that nivolumab/ipilimumab can be
an effective treatment with durable
response in neurologically asymp-
tomatic patients;* however, median
time to response is approximately

2 months, and efficacy is poor in
neurologically symptomatic patients
(22% response rate).”>*? Given the
small sample size, it is unclear if this
poor response is due to corticoste-
roid use vs disease burden/rapid pro-
gression, but it does highlight utility
of local treatment (SRS vs resection)
for large/symptomatic metastases.®
Other nuances of systemic thera-

py include sequencing and timing
with SRS, with unclear interactions
that may lead to synergy vs toxicity
(radionecrosis).” Promising studies
suggest a potential overall survival
benefit when SRS is administered
concurrently with ICI (defined as
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within 4 weeks, given the long half-
life of many ICIs) without increasing
the risk of radionecrosis,** although
prospective data are needed.

In conclusion, SRS has become
the standard of care for limited brain
metastases, although that definition
is variably interpreted and there may
be select scenarios whereby WBRT
techniques are more appropriate
(currently under investigation). While
awaiting those open trials, one should
consider clinical factors such as
prognosis/extracranial disease bur-
den, systemic therapy options with
anticipated intracranial efficacy, and
intracranial tumor burden, with brain
metastasis number, size, and volume
likely all having relevance for clinical
decision-making (ie, 100 punctate
brain metastases may favor WBRT
techniques vs starting a systemic
therapy if anticipated to have good
intracranial efficacy, while two 2-cm
to 3-cm metastases would favor SRS
given the limited number of metas-
tases and desire for dose escalation
given poor durable LC with WBRT*).

Perioperative SRS

For large brain metastases (not
well-defined but typically > 2-4 cm),
resection is often considered upfront,
especially in patients with good
performance status and limited/
single brain metastases in surgically
accessible locations. More import-
ant than an arbitrary size cutoff is
the presence of symptoms from
tumor/vasogenic edema, especially
if not well-controlled with steroids
or if systemic therapy initiation (ie,
immunotherapy) is delayed by steroid
use. As we will discuss below, tumor
control with definitive SRS decreases
with increasing tumor size, which
historically has favored upfront
resection. Even with a gross total
resection (GTR), 1-year local failure
rate is high at approximately 50% to
65%, and at least halved with adjuvant
radiation.'***” Patients who will start
a systemic therapy with good intra-
cranial efficacy (ie, targeted therapies

“ Stereotactic Radiosurgery for Brain Metastases: Review of Existing Data and Future Directions

like epidermal growth factor receptor
[EGFR] inhibitors in NSCLC or dual
immunotherapy in melanoma) argu-
ably benefit less, and the decision for
adjuvant radiation should be made
on case-by-case basis. The Alliance
N107c trial established cavity SRS as
the standard of care over postoper-
ative WBRT for the same reasons as
discussed above.?* It should be not-
ed that with contemporary studies, LC
with cavity SRS is improved compared
with historic rates referenced above
(including N107c), now exceeding
90%.% A variety of reasons could
explain this observation: improved
recognition of radionecrosis that
may have historically been mistaken
for local failure;” learning curve of
accurate target/cavity delineation,
especially with improved MRI tech-
niques; and use of higher equivalent
dose/fractionated regimens (see SRS
dose/fractionation section).
Regarding target delineation,
cavity SRS contouring can vary
considerably.® Blood products and
inflammation can make delineation
of the cavity difficult.®® A decision
must be made on whether to include
a 1-2 mm cavity margin (essentially
a less conformal SRS plan to account
for uncertainty in cavity delinea-
tion),*! and whether to include the
surgical corridor.®*®> While consen-
sus contouring guidelines exist,*
these recommendations are based
on expert opinion and not neces-
sarily high-level evidence. Other
nuances in cavity contouring include
covering the preoperative extent of
tumor contact with dura/falx/tento-
rium/venous sinus with or with-
out additional margin.*® All these
additional expansions may variably
increase LC, but at the expense of in-
creasing radionecrosis risk, and thus
should be carefully considered. For
example, it may be institutionally/
individually decided to use a margin
for small cavities less than 2 to 3 cm,
especially if the cavity is not well-de-
fined on imaging, and to include
the surgical corridor if the cavity is
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superficially seated (ie, less than
1 cm) from the brain surface.

Another issue with the practical
transition from WBRT to cavity SRS
is the emergence of a new pattern
of progression, which we will term
nodular meningeal disease (nMD). This
phenomenon is due to cerebrospi-
nal fluid spread of tumor cells from
surgery (which would have been
irradiated with WBRT), and is likely
underreported and mistaken for
hematogeneous spread.®®® Incidence
of nMD after cavity SRS is approxi-
mately 10%, similar to the rates
of classical LMD (cLMD). Unlike the
“sugar coating” of cLMD, which is
usually disseminated and associated
with poor prognosis, nMD is typi-
cally focal nodules from iatrogenic
spread.® It most often presents on
the pachymeninges (ie, dural-based
nodules plus/minus a hypervascular
tail akin to meningiomas®), although
leptomeningeal nodules are also pos-
sible, and the two are not mutually
exclusive. Given that nMD often be-
haves similarly to new parenchymal
metastasis with no overall survival
benefit of WBRT, SRS is reasonable
treatment for when it occurs.®

These disadvantages of cavity SRS
have fueled interest in preoperative
SRS. This trend is similar to other
disease sites such as rectal/esopha-
geal cancer and soft-tissue sarcoma,
whereby preoperative radiation is fa-
vored for simpler target delineation,
smaller radiation field (for lower tox-
icity risk), and to avoid postoperative
tumor hypoxia, which may contrib-
ute to radioresistance. In addition,
preoperative SRS could potentially
“sterilize” tumor cells to circumvent
the nMD phenomenon. Preoperative
SRS can be logistically difficult, espe-
cially for multifraction regimens, as
typically resection is being consid-
ered for urgent decompression of
large symptomatic metastases.

The multicenter cohort study
Preoperative Radiosurgery for Brain
Metastases (PROPS-B) is the largest co-
hort study to date (n = 242) evaluating

outcomes of patients undergoing pre-
operative SRS for brain metastases. It
demonstrated low rates of meningeal
disease (~8% at 2 years, only one-third
being cMD vs cLMD) and radionecro-
sis (~7% at 2 years, half of which were
symptomatic), with low postoperative
surgical complications (4% of grade >
3, similar to that expected for upfront
resection).” Only 2 patients (0.8%) had
nonmetastatic brain lesions (primary
brain tumors), which emphasizes

the importance of pathologic proven
metastatic disease in patients being
considered for preoperative SRS. LC
was reasonable for a single fraction
with a median dose of 15 Gy (1-year
local progression of 15%, and 2-year
progression of 18%; median tumor
size ~10 cc, which correlates with ~2.7
cm tumor diameter). SRS was deliv-
ered a median of 1 day before surgery
(interquartile range of 1-3 days). Refer
to the SRS dose/fractionation section
below for further discussion of preop-
erative SRS dosing.

NRG BN012 is currently recruiting,
comparing preoperative vs postop-
erative SRS in patients with 1-4 brain
metastases, with 1 metastasis requir-
ing resection (NCT05438212). With a
calculated sample size of 224 patients,
the primary hypothesis is that pre-
operative SRS will prolong time to a
compositive adverse endpoint (CAE),
defined as either local progression,
radionecrosis, or nMD. Secondary
endpoints include cognitive function
and patient-reported outcomes. Doses
are the same in both arms, 12-20 Gy
in a single fraction; intact metastases
are required to be less than 4 cm in
diameter. Preoperative radiation is
delivered within 7 days of surgery,
while postoperative radiation is 10-30
days after surgery. Patients will be
stratified by number of metastases
(1 vs 2-4), breast cancer histology,
cerebellar location, and whether
targeted therapy/immunotherapy
is used within 8 weeks of surgery or
4 weeks prior to registration. Type
of surgical resection (piecemeal vs
en bloc) will also be evaluated given

unclear association with nMD.®

Off trial, preoperative SRS may be
pursued when logistically feasible and
convenient for the patient, especially
for colorectal cancer/breast histology
or cerebellar location, which may
have higher risk of nMD.*

SRS Dose/Fractionation

The most common late toxicity
risk after SRS is radionecrosis, which
typically occurs 3 months to a few
years after SRS, and is symptomatic in
approximately 33% to 50% of patients,
requiring steroids or even resection.”
Factors associated with radionecro-
sis include increasing tumor size,”
increasing volume of normal brain
irradiated (dictated by tumor size and
gradient index),” certain systemic
therapies (eg, trastuzumab emtan-
sine),”*”* and re-irradiation/repeat
SRS.” In practice, radiosurgery doses/
regimens are dictated in part by
Radiation Therapy Oncology Group
(RTOG) 9005, with consideration for
fractionation for large metastases (or
metastases near critical structures
like brainstem/optics) if logistically
feasible. It is also influenced to a large
degree by practitioner/institutional
preference and certain patient factors
(eg, prior radiation or future antici-
pated WBRT, and systemic therapy
considerations). The most studied
dosimetric parameters predictive of
radionecrosis are V12 Gy or V14 Gy
for single fraction (< 10-20 cc, perhaps
< 30 cc for multiple targets).”” Some
institutions consider fractionation if
V12-14 Gy exceeds a certain thresh-
old, but it is important to not under-
dose the tumor to meet an arbitrary
V12-14 Gy volume (increasing the risk
of local failure and thus repeat SRS,
which can double/triple the risk of
radionecrosis).”>’>7

SRS doses were first established by
RTOG 9005, a phase I/II dose escala-
tion study that sought to determine
the maximum tolerated dose (MTD)
for single-fraction radiosurgery of re-
current previously irradiated primary
brain tumors or brain metastases.”
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Notably, all participants had received
conventionally fractionated radiation
greater than or equal to 3 months
from study entry (36% were primary
brain tumors with prior median 60
Gy, and 64% were brain metastases
with prior median 30 Gy), and tumors
located in the brainstem or greater
than 4.0 cm were excluded. Starting
doses were inversely proportional

to maximum tumor diameter in

any plane (ie, 12 Gy for the largest
tumor size stratum of 3.1-4.0 cm),
and increased by 3 Gy increments

if grade 3-5 CNS toxicity (i.e., severe
neurologic symptoms from radiation
necrosis or cerebral edema) at 3
months was less than 20%. Chronic
CNS toxicity, meaning after 3 months,
was also recorded to determine MTD.
Treatment was permitted with either
the Gamma Knife (Elekta) or a linear
accelerator (linac), and dose was
prescribed to the 50% to 90% isodose
line to the enhancing tumor without
a margin. The final recommended
doses were 24 Gy for a maximum
tumor diameter less than or equal to
2.0 cm (median tumor volume in this
group was 3.6 cc, which corresponds
to 1.8 cm diameter), 18 Gy for 2.1-3.0
cm (dropped from 21 Gy because of
unacceptable chronic CNS toxicity),
and 15 Gy for 3.1-4.0 cm.

RTOG 9005 was the first radiosur-
gery study by the RTOG group, and it
is important to emphasize it was not
establishing doses based on efficacy
(ie, LC) but on toxicity, given that SRS
was initially being considered in pa-
tients with limited treatment options
who had undergone prior radiation.
Hence, recommended radiation dose
from 9005 inversely correlates with
tumor size. In addition, MTD was
not actually met in the less than or
equal to 2.0 cm stratum as investi-
gators were unwilling to escalate
beyond 24 Gy (27 Gy would equate to
54 Gy Dmax on the Gamma Knife).”
In practice, how institutions dose
the small metastases stratum varies
significantly: Some follow 9005,
quoting optimal balance of LC and
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radionecrosis,* others do not exceed
20-21 Gy,*»"® while others further
stratify the less than or equal to 2.0
cm group (ie, 24 Gy for < 1.0 cm, and
22 Gy for 1.0-2.0 cm, as is done on
protocol in BN012). Of interest, 9005
reported that linac treatment was
associated with higher local recur-
rence compared with the Gamma
Knife, so initially it was thought that
higher heterogeneity (the internal
“hot spots” inherent to Gamma Knife
planning given dose is prescribed to
the 50% isodose line) yielded better
LC. However, this observation was
not seen in the subsequent RTOG
9508” or comparative studies, includ-
ing a single-institutional randomized
trial.® It may be that minimum dose
(Dmin; akin to spinal metastases)
and not maximum dose (Dmax) is
more important for LC.8% Regard-
ing technique, a recently published
international guideline thoughtfully
discusses nuances regarding treat-
ment planning of small brain metas-
tases.® While planning margins were
not used in 9005, clinical decision
was based on the treatment platform
and institutional/physician prefer-
ence. For example, Gamma Knife,
CyberKnife (Accuray Inc.), and the
specialist linac Novalis (Varian) have
submillimeter positional accuracy,
yet for nonframe-based SRS some
centers use no margin while others
round up to 1 mm (seemingly innoc-
uous, but it can double the irradiated
volume and potentially increase the
radionecrosis risk).”®# Differences
in contouring due to partial volume
effect on MRI can also unintentional-
ly add/omit margin.®

Unlike the small metastases stra-
tum, multiple series have shown that
large metastases (> 2-2.5 cm) have
poor LC with 9005 single-fraction
dosing (1 year LC ~40%-50%).*%785485
Alluding to the principles of radio-
biology, fractionated stereotactic
radiation therapy (FSRT) has been
employed to improve LC/radione-
crosis risk. While randomized data
do not yet exist, it is supported by

comparative data and meta-analyses
for intact and resected metastases.®*’
With development of noninvasive fra-
meless methods, hypofractionation
can also be applied to the Gamma
Knife.® Several comparative studies
from Minniti et al support FSRT for
large intact and resected metastases
with 1-year LC improved to greater
than 90% (even with a median intact
metastases diameter of ~3.2 cm* and
median cavity ~3.9 cm,* although
intact melanoma may still have sub-
optimal LC),** and overall radione-
crosis approximately halved to less
than or equal to 10%.*%%° The ideal
multifraction regimen is not well
established, although there is growing
evidence for 27 Gy in 3 consecutive
fractions (with better LC rates than
24 Gy, and less radionecrosis than 30
Gy)**#? and 30-35 Gy in 5 consecu-
tive fractions.®* There is an ongoing
Italian randomized study evaluating
27 Gy in 3 fractions vs 35 Gy in 5 frac-
tions for intact metastases.*

In addition, Alliance A071801 is
currently comparing single-frac-
tion SRS vs hypofractionated
radiosurgery for resection cavities
(NCT04114981), with fractionation of
27 Gy in 3 fractions for cavities less
than 30 cc, or approximately 3.9-cm
diameter, and 30 Gy in 5 fractions for
greater than 30 cc. While awaiting
these results, in practice some
institutions utilize a volumetric
cutoff to decide on 3 vs 5 fractions,
similar to the Alliance A071801 study.
Two separate institutional phase I/II
dose studies reported MTD to be 27
Gy in 3 fractions (all cavities, MTD
determined individually for 2-3 cm
and 3-4 cm diameter cavities)?®“? and
32.5 Gy in 5 fractions (20 of 25 were
cavities; 3-6 cm diameter allowed,
median 3.3-cm diameter).”® Of note,
these MTD and other dose finding
studies often focus exclusively on
cavity or intact metastases, and
one must be cautious extrapolating
for the other scenario. Logically it
would seem that the risk of radione-
crosis is higher for a similarly sized
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cavity given surgical manipulation
and a larger volume irradiated after
including additional margins (which
can potentially double the volume
irradiated). Emory’s phase I MTD
5-fraction study, for example, prelim-
inarily reported toxicities exclusively
in the cavity group.” In a similar
vein, Minniti et al compared intact vs
cavity FSRT with 27 Gy in 3 fractions,
and reported similarly high 1-year
LC (> 90%), although radionecrosis
and meningeal disease were lower
for the intact metastases (which

also supports definitive SRS in cases
whereby surgery is not required for
rapid relief of neurological deficits).”
Thus, in practice 30 Gy in 3 fractions
or 35 Gy in 5 fractions are reasonable
to consider (accepting potentially
higher radionecrosis risk to optimize
local control),” especially for intact
metastases with radioresistant his-
tologies such as colorectal cancer or
possibly melanoma.*

It may even be that FSRT is ben-
eficial for small intact or resected
metastases less than or equal to 2.0
cm given radiobiologic properties.

In the meantime, a large meta-anal-
ysis supports FSRT for cavities®
(although most cavities are large and
do not shrink significantly to be < 2.0
cm for it to be a relevant issue). The
Alliance A071801 and BN012 studies
may be useful in answering this
question for cavities.

Given the likely higher necrosis
risks with cavity radiation, we return
to the topic of preoperative SRS to
discuss dosing. Initial studies had
dose reduced from RTOG 9005 by ap-
proximately 10% to 20% and found
unacceptably higher local failures;®
this dose reduction attempt was
likely driven by the fact that the vast
majority of resections are GTR and
postoperative hypoxia is not present.
The PROPS-BM multicenter cohort
study used a median 15-Gy SRS dose
(SRS dose/fractionation was left to
institutional protocol, although 99%
were treated with a single fraction)
and reported a low radionecrosis
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rate of 7% with median tumor size
approximately 10 cc (which cor-
relates with an approximate 2.7-cm
tumor diameter). Subtotal resection,
although infrequent (6%), was asso-
ciated with worse local recurrence,
which supports optimizing rather
than reducing SRS dose. Notably,
BN012 is a single-fraction study (as
N107c utilized single fraction, and it
was the landmark study to estab-
lish cavity SRS as the standard of
care over WBRT) and does not dose
reduce for the preoperative arm. Off
trial, preoperative FSRT instead of
SRS may alternatively be pursued for
certain large metastases (eg, a 3-cm
single colorectal cancer metastasis),
assuming logistics and the urgen-
cy of surgery permits it (typically
radiation is done 24-48 hours be-
fore resection).

Conclusion

While the increasing use of brain
SRS in the last decade is logical
given the accumulating high-level
evidence reasserting its advantages
over WBRT, many questions and
uncertainties remain with regard to
its application. The point at which
patient-centric outcomes tip in favor
of contemporary WBRT techniques
over SRS is not clear, although sev-
eral trials are evaluating promising
metrics such as metastases volume
and velocity. For large metasta-
ses, due to the variability of cavity
contouring and identification of a
new pattern of iatrogenic meningeal
progression, preoperative SRS is cur-
rently under evaluation. In addition,
large metastases not requiring surgi-
cal decompression are increasingly
being treated by multifractionated
regimens for potentially improved
control and radionecrosis rates,
although the optimal regimen is not
clear. While awaiting answers from
clinical trials, practice is influenced
in part by institutional/individual
preferences and interpretation/ex-
trapolation of existing data.
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