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ABSTRACT

Brain metastases are the most common intracranial malig-
nancy.Many approaches, including radiation therapy, surgery,
and cytotoxic chemotherapy, have been used to treat patients
with brain metastases depending on the patient’s disease
burden and symptoms. However, stereotactic surgery (SRS)
has revolutionized local treatment of brain metastases.
Likewise, targeted therapies, including small-molecule inhib-
itors and monoclonal antibodies that target cancer cell
metabolism or angiogenesis, have transformed managing
systemic disease. Prospective data on combining these

treatments for synergistic effect are limited, but early data
showfavorable safetyandefficacyprofiles.Thecombinationof
SRS and targeted therapy will further individualize treatment,
potentially obviating the need for cytotoxic chemotherapy or
whole-brain radiation.There is a greatneed topursue research
into these exciting modalities and novel combinations to
further improve the treatment of patients with brain
metastases.This articlediscusses reportedandongoing clinical
trials assessing the safety and efficacy of targeted therapy
during SRS. The Oncologist 2016;21:244–251

Implications for Practice: Treatment of patients with brain metastases requires a multidisciplinary approach. Stereotactic
radiosurgery is increasingly used in the upfront setting to treat new brain metastasis. Targeted therapies have revolutionized
systemic treatment of manymalignancies andmay sometimes be used as initial treatment in metastatic patients.There is sparse
literature regarding safety and efficacy of combining these two treatment modalities. This article summarizes the supporting
literature and highlights ongoing clinical trials in combining radiosurgery with targeted therapy.

INTRODUCTION

Brain metastasis (BM) is the most common intracranial
malignancy in adults, occurring in 20%–40% of all patients
with malignant tumors [1]. The incidence of BMmay be rising
because of improvement in local therapy, systemic therapy,
and better control of extracranial metastatic disease. In
addition, detection of metastatic lesions has improved
because of increased use of magnetic resonance imaging.
PatientswithBMoftenhavepoorprognosis and survival [2–4].

Advances in radiationoncology technologyhavepermitted
precise delivery of an ultrahigh definitive dose of radiation to
brain lesions. Conventionally fractionated radiation therapy
(RT) typically delivers treatment in 1.8–2.0Gy fractions over as
long as a 6-week course, but stereotactic radiosurgery (SRS)
provides ablative treatment often in a single treatment. SRS
offers the ability to tightly conform radiation to the target
volume and spare substantial amounts of normal tissue. For
properly selected patients, usually those with a limited number

of lesions and controlled extracranial disease, many studies
show that SRS is as effective as surgical resection for the
management of BM, with local control rates as high as 94%
[5–7].

Targeted medical therapies in oncology interfere with the
progression and dissemination of cancer by directly modulat-
ing cancer metabolism and progression. Targeted therapies
have revolutionized cancer treatment, potentially offering an
improved therapeutic ratio.Theyarebroadly classified into the
major categories of small-molecule inhibitors (SMIs) and
monoclonal antibodies. Targeted agents can modulate angio-
genesis, signal transduction, the immune system, and cellular
apoptosis.

Multiple medications have already entered into routine
clinical use for several different cancers. These include v-raf
murine sarcomaviral oncogenehomologB (BRAF) inhibitors in
combination with MEK inhibitors for melanoma, epidermal
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growth factor receptor (EGFR) inhibitors in colon cancer, and
anaplastic lymphoma kinase (ALK) inhibitors for non-small cell
lung cancer.

As the indications for targeted agents were refined, it
became possible to integrate them into clinical trials in
arrangement with established therapeutic modalities, such as
radiotherapy [8]. As a result, an enormous opportunity exists
to combine ablative SRS treatment with targeted therapy to
improve local control, systemic control, and overall survival.

The aim of this article is to review the current status of
targeted therapies combined with stereotactic radiosurgery
for patients with brain metastases.

MATERIALS AND METHODS

Three major components were used in the search strategy,
linkedwith the "AND"operator, ineachdatabase to findclinical
trials or reports of combined SRS and targeted agents.The first
component consisted of search terms related to targeted
therapies, including “targeted therapy,” or .60 individual
targetedagents selected forsearch (genericandbrandnames).
The second comprised search terms related to SRS, including
“stereotactic radiosurgery,” “SRS,” “radiosurgery,”or “Gamma
Knife.” The third was composed of terms related to brain
metastasis including “brainmetastasis”or “brainmetastases.”

The MEDLINE (via PubMed), Cochrane Library, Embase,
and ClinicalTrials.gov databases were searched for reports of
clinical studies that were published between 1990 and 2014,
were written in English, and assessed safety or efficacy of
combined SRS and targeted therapies. All results at each stage
of the literature search were combined in an electronic
bibliography management program with duplicates removed
electronically and manually. After combining these search
strategies in the abovedatabases, the investigators (F.Y.M. and
G.N.M.)usedmanualexclusionor filterswhenavailable to limit
studies to English-language clinical reports of studies inhuman
participants.

Two investigators (F.Y.M. and G.N.M.) independently
reviewedall returnedarticlesusinga3-stageselectionprocess.
During stage 1, 219 records were returned in the initial
database searches. During stage 2, all studies were manually
reviewed to ensure studies included only human patients
receiving a combination of SRS and targeted therapy for brain
metastases; 182 studies were excluded during stage 2. During
stage 3, editorials, case reports, or trials with unknown or
unreported endpoints were excluded. Thirteen published
studies ultimately were selected for review, as well as four
ongoing clinical trials.

SRS IN THE TREATMENT OF INTRACRANIAL DISEASE

SRS plays a valuable role in the management of patients with
BM as a stand-alone treatment or combined with surgical
resection or whole-brain RT (WBRT) [9].

SRS is a suitable modality for patients who have 1–4 brain
lesions, generally up to 4 cm in maximum diameter. Inde-
pendent of histologic features, SRS is effective even for
diseases that have been traditionally thought to be relatively
radioresistant, suchas renal cell carcinomaorcolon cancer [10,
11]. The Radiation Therapy Oncology Group (RTOG) used
recursive partitioning analysis (RPA) to stratify patients into
prognostic groups. Key determinants to determine RPA class

include Karnofsky performance status (KPS), age, and extra-
cranial disease control. The median duration of survival for
patients in RPA class I is 7.1 months, whereas those with poor
KPS (RPA class III) have a median survival duration of 2.3
months [12]. Patients with an excellent performance status,
solitary or few intracranial metastases, and controlled extracra-
nial disease are the best candidates for SRS [13]. More recently,
some preliminary studies have shown that SRS without WBRT
can lead to good clinical outcomes when performed even in
patients with 5 or more brain metastases [14, 15].

Patients with an excellent performance status, solitary
or few intracranial metastases, and controlled extra-
cranial disease are the best candidates for SRS.

The Radiation Therapy Oncology Group evaluated the
maximum tolerated dose (MTD) of SRS in relation to tumor
size. Lesions 2 cm or less can receive 24 Gy (MTD was not
reached); for lesions 2.1–3.0 cm, up to 18 Gy; and for lesions
3.1–4.0 cm, up to 15 Gy [16].

The exact radiobiology of tumor destruction from SRS is
incompletely understood. Conventionally fractionated radia-
tion mediates DNA damage, leading to eventual mitotic
catastrophe. In contrast, SRS is probably mediated through
damage, with substantial endovascular disruption leading to
microvascular damage. An exciting and emerging field of study
in SRS is the potential enhanced antitumor immunologic
response that ablative treatments may offer [17, 18]. Refined
understandingof thesepathwaysmaypotentially allow for the
improvement of radioprotectors or radiosensitizers that may
enhance the therapeutic ratio.

SRS AND THE TUMOR MICROENVIRONMENT

Theeffect of fractionated RTon the tumormicroenvironment
has been extensively studied. Used for decades, fractionated
RT is designed to maximize tumor cell kill with acceptable
damage to normal tissue.The primarymediator of tumor cell
kill in fractionated RT is loss of reproductive ability caused by
DNA double-strand breaks. The effect of RT has been estab-
lished by the “4 Rs”of radiobiology: repair of sublethal damage,
repopulationofcells afterexposure, redistributionofcellswithin
the cell cycle, and reoxygenation of the surviving population. A
fifth R was later added: intrinsic radiosensitivity of the tumor
[18]. The balance of these effects determines net cell kill. For
example, reoxygenation and redistribution places cells into a
more radiosensitive state, whereas repopulation and repair of
sublethal damage allow for tumor recovery.

The linear quadratic (LQ) model of radiation therapy is a
satisfactory model to predict the effects of modest fraction
size, generally 1–5 Gy. However, the LQ model may be
unsatisfactory to model the effects of high-dose RT given
additional effects of high dose, such as increased antitumor
immune response and ablative vascular and stromal damage.
Fuks and Kolesnick have described that the radiation sensitiv-
ity of tumors above 10 Gy may instead be governed by the
radiosensitivity of tumor endothelial cells [19, 20]. In addition,
the LQ model balances the differences in a/b ratio between
tumor and normal tissue. SRS uses image guidance and
precision within millimeters to limit dose beyond the tumor,
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potentially obviating the intrinsic radiosensitivity between
tumor and normal tissue. Other models, such as the universal
survival curve, hybridize the linear quadratic model and the
multitarget model to better predict RT effects at both modest
and ablative high doses [21].

Fractionated radiation primarily mediates tumor kill from
DNA double-strand breaks by reactive oxygen species. In high-
dose, single-fraction treatment, vascular damage and tumor
antigen release play an important role in SRS. Tumor vascula-
ture is often tortuous and dilated, has incomplete or inade-
quate basement membranes or supporting stroma, and is leaky
and branched. Although tumor vasculature may incorporate
native normal vasculature, the structure is different and
susceptible to multiple stressors. The ablative nature of SRS
may also increase antitumor immune response given increased
antigen release [22].

We understand that the radiobiology of high-dose
radiation is likely different from that of fractionated radia-
tion therapy. SRS generally treats intracranial lesions with
15–25 Gy in 1–2 fractions.This modality supplants, and even
replaces as appropriate, the use of whole-brain radiation
therapy for palliation of brain metastases. SRS is possible
with technological advances, such as tumor imaging im-
provements, on-board immediate pretreatment imaging,
patient immobilization improvements, and intensity-modulated
radiation therapy.

The substantial improvement in tumor localization and
fractionation may have reached a temporary plateau, so the
need to potentiate radiation via exploiting tumor biologywill
be critical [23].Targeted therapies have already been used in
combination with radiation in multiple phase III trials. These
drugs are characterized by being rationally designed to target
an aberrant cellular process ormolecular characteristic of the
tumor that may be critical to tumor progression, as opposed
to cell division in general with cytotoxic chemotherapy.
Targets include EGFR, human epidermal growth factor re-
ceptor 2 (HER2/neu), vascular endothelial growth factor,
CD20, BRAF, and histone deacetylase. For example, a phase III
trial of RT with or without cetuximab in locally advanced
squamous cell carcinoma of the head and neck showed 10%
improved survival at 3 years, with improved locoregional
control [24]. However, active studies are still limited as
combination trials represent less than 1% of all phase III
oncology trials [8].

The exact mechanism of how the tumor microenvironment
changes with SRS and targeted agents is not well understood
and is highly individualized to each targeted therapy. In the
1970s, George Steel proposed a framework to describe pos-
sible interactions of radiation and chemotherapy, including
spatial cooperation, temporalmodulation, cytotoxic enhance-
ment, and normal tissue protection [25]. Drug can radio-
sensitize or be synergistic with radiation, thereby increasing
antitumor effect or normal tissue damage. Drug can also be
radioprotective if it is able to selectively protect normal cells.
Because of targeted therapy’s improved specificity for disease,
there is potential for synergy with improved toxicity profile
compared with cytotoxic chemotherapy. Morris and Harari
expanded the Steel framework to includebiologic cooperation
with targeted therapy, suggesting that targeted therapymay
kill a cell population resistant to radiation [8]. However,

microenvironment changemay not be a substantial contributor
to cell kill considering the ablative nature of SRS treatments.

PROSPECTIVE ASSESSMENT OF SRS AND TARGETED

THERAPIES IN BRAIN METASTASES

The application of targeted therapy has already resulted in
impressive tumor responses in several histologic cancer types,
particularly with EGFR-mutant non-small cell lung cancer or
HER2/neu-positive breast cancer. However, its specific role in
themanagement of patients with brainmetastasis is not well-
defined [26, 27]. The initial management of these lesions is
often with resection, SRS, WBRT, or some combination of
these modalities, as indicated. Following this, the treatment
approach should rely on a multidisciplinary approach to ra-
tionally combine targeted therapy when standard initial op-
tions have failed or the patient has progressed.

The preponderance of clinical evidence combining SRS
with targeted therapy in brain metastasis comes from retro-
spective studies and case reports [28–30]. These reports are
summarized in Table 1 [31–42]. Several ongoing prospective
trials are evaluating this novel combination of treatments
(Table 2) [43–46].

RTOG 0320 was a phase III clinical trial that assessed 3
different treatment groups: (a) WBRT (37.5 Gy in 15 fractions)
and SRS, (b) WBRTplus SRS with temozolomide, and (c) WBRT
plus SRS with erlotinib. Patients included those with non-
small cell lung cancer who had 1–3 metastatic brain lesions.
Temozolomide or erlotinib was offered in the adjuvant setting
up to 6 months after completion of radiation. A total of 126
patients were enrolled, and the primary endpoint was over-
all survival. The median survival durations for the 3 treat-
ments groups were as follows: WBRT 1 SRS, 13.4 months;
WBRT1SRS1 temozolomide, 6.3 months; and WBRT1 SRS1
erlotinib, 6.1 months. Despite an absolute survival improve-
ment in theWBRT1 SRS group, the survival difference among
the3groupsdidnot reach statistical significance. Ineachof the
radiation with targeted therapy groups, grade 3–5 toxicities
were significantly higher than in the radiation-only group.
The study suggests that the addition of temozolomide or
erlotinib to radiation therapy had no survival benefit, and
the additional toxicity may have contributed to the poorer
survival [47]. The temozolomide and erlotinib groups may
have compromised further chemotherapy in these pa-
tients, which may have affected the primary endpoint. In
addition, the study was underpowered for its final analysis
given that it reached approximately one third of its target
accrual goal.

A prospective trial assessed the use of CyberKnife-based
(Accuray Inc., Sunnyvale, CA; https://www.cyberknife.com/)
radiosurgery followed by early adjuvant bevacizumab for
metastatic tumors in patients with a solitary brain lesion and
symptomatic extensive cerebral edema. All patients un-
derwent magnetic resonance imaging before radiotherapy,
and 8 patients (all symptomatic at diagnosis) were analyzed.
Dose ranged from 20 to 33 Gy (median, 30 Gy) in 1–5
fractions. Bevacizumab, 5 mg/kg, was administered for a
median of 4 cycles (given every 2 weeks) [48]. All patients
undergoing primary analysis showed an average lesion
reduction of 55.8% and 63.4% in postcontrast and T2-
weighted scans, respectively. Seven of eight patients had
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improvement in clinical symptoms, with a nearly 20-point
median score improvement in performance status. At a me-
dian 5 months of follow-up after the last dose of bevacizumab,
all 8 patients were alive and had achieved intracranial dis-
ease control. Radiation necrosis and recurrent brain edema
were not observed [48]. This approach seems promising and
safe for this group of patients presenting with a single meta-
static brain lesion and extensive edema.

It is important tohighlight that thebulkof reports currently
available have relatively small sample sizes and short follow-
up. However, the data are encouraging. Some studies do
report reasonable safety and acceptable toxicity profile in
combined-modality treatment. Certain series suggest better
median survival duration, longer freedom from failure, and

better symptom management with minimal increase in
radiation toxicity.

TARGETED THERAPIES FOR BREAST CANCER, LUNG CANCER,
AND RENAL CELL CARCINOMA

In selecting targeted therapies for brain metastases, pri-
ority is given to those with central nervous system (CNS)
penetration, with sufficient ability to reach therapeutic
level, and activity against a solid tumor type [26, 49]. As
of this writing, no level I evidence supports the use of SRS
with targeted therapy. However, several studies show
promising activity of combination therapy, and multiple
clinical trials are underway. The bulk of data are used in the
whole-brain orRT-naı̈ve setting. Herewepresent keydata in

Table 1. Published studies of targeted therapies and stereotactic radiosurgery for brain metastasis (via MEDLINE)

Agent
(Author, Year) Target Endpoint Patients (n)

Cancer
type

Treatment
sites Technique Clinical endpoints Toxicity

Trastuzumab
(Carlson et al.,
2014 [31])

EGFR/
HER21

Efficacy 4 Breast
cancer

BM1
edema

Linac SRS — 57%:
radiation
necrosis

Sorafenib/ sunitinib
(Staehler et al.,
2011 [32])

VEGFR Efficacy 106 RCC Spinal and
BM

CyberKnife
SRS

LC (15 mo): 98% 2 of 106:
tumor
hemorrhage

Trastuzumab
(Le Scodan et al.,
2011 [54])

EGFR/
HER21

Efficacy 130 Breast
cancer

BM WBRT no SRS
or surgery

mOS: 19.5 mo
61% CNS progression

—

Mutiple (Cochran
et al., 2012 [33])

TKI/
MTPI/
VEGFR

Efficacy 61 RCC BM GKS FLF (12 mo): 74%
TA predicted better OS

2 of 61:
tumor
hemorrhage

Ipilimumab
(Knisely et al.,
2012 [34])

BRAF Efficacy 77 Melanoma BM WBRT ↑mOS: 4.9 vs. 21.3 mo
(IPI1SRS)

—

Ipilimumab (Silk
et al., 2013 [35])

BRAF Efficacy 70 Melanoma BM WBRTor SRS ↑mOS: 5.3 vs. 18.3 mo
(WBRTor SRS)1 IPI

No
difference in
toxicity

Multiple (Vickers
et al., 2013 [36])

VEGFR Efficacy
and PF

106 RCC BM 81%WBRT
25% SRS
25%
Neurosurgery

KPS,80, time,.4
brain metastases are
worse PF

—

Ipilimumab
(Mathew et al.,
2013 [37])

BRAF Efficacy 58 Melanoma BM Linac SRS LC (6 mo): 65%
FLF (6 mo): 35%

No increase
in toxicity

Trastuzumab (Yomo
et al., 2013 [38])

EGFR/
HER21

Efficacy 80 Breast
cancer

BM GKS ↑mOS: 7.1 vs. 16.6 mo
(SRS1 TA)
↑ LC (SRS1 TA)

No increase
in toxicity

Ipilimumab (Tazi
et al., 2015 [39])

BRAF Efficacy 31/10 BM Melanoma BM Linac SRS No difference in mOS No increase
in toxicity

Trastuzumab (Tam
et al., 2014 [40])

EGFR/
HER21

Efficacy 57 Breast
cancer

BM Linac SRS ↑mOS (HER21): 12 vs.
22 mo (SRS1 TA)

Toxicity not
reported

Excellent LC

Vemurafenib
(Narayana et al.,
2013 [41])

BRAF Efficacy 12 Melanoma BM Linac SRS and
WBRT

64% had improved
neurological
symptoms
LC (6 mo): 75%

1 of 12:
radiation
necrosis

Ipilimumab (Kiess
et al., 2015 [42])

BRAF Efficacy 46 Melanoma BM Linac SRS ↑mOS (12 mo: 65%)
and RR (12 mo: 69%)
(SRS during or before
IPI)

Grade 3/4
toxicity:
20%

Abbreviations:—, no data; BM, brainmetastasis; CNS, central nervous system; EGFR, epidermal growth factor receptor; FLF, freedom from local failure;
GKS, GammaKnife radiosurgery; HER2, human epidermal growth factor receptor 2; KPS, Karnofsky performance status; IPI, ipilimumab; LC, local control;
Linac, linear accelerator;mOS,median overall survival;MTPI,mammalian target of rapamycin inhibitors; OS, overall survival; PF, prognostic factor; RCC,
renal cell carcinoma; RR, regional recurrence; SRS, stereotactic radiosurgery; TA, targeted agents; TKI, tyrosine kinase inhibitors; VEGFR, vascular
epidermal growth factor receptor; WBRT, whole-body radiation therapy.
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SRS trials and series with targeted therapy for different
histologic types.

Multiple targeted therapies have been attempted in
breast cancer, most notably antiangiogenic agents, such as
bevacizumab and anti-HER2 agents (including trastuzumab
and lapatinib, which also targets EGFR). Trastuzumab is a
standard-of-care therapy in managing patients with HER2-
positive metastatic breast cancer. Although trastuzumab
improves survival in patients with metastatic disease,
compared with patients not receiving trastuzumab there is
anapparent increase inboth the incidenceofbrainmetastasis
in these patients and the CNS being the first site of relapse.
The relatively largemolecular size limits CNS penetration [50,
51]. Lapatanib has dual-target effect and is more likely to
cross the blood-brain barrier than trastuzumab. Yomo et al.
retrospectively analyzed 40 patients treated with Gamma
Knife (Elekta, Stockholm, Sweden; https://www.elekta.com)
SRS and disease with HER2 overexpression, 24 of whom
received lapatinib. The 1-year local control of lapatinib-
treated patients was 86% versus 69% for non-lapatinib-
treated patients (p , .001), highlighting improved disease
control of patients receiving combination therapy [38].This is
promising because a previous study reported that patients
with HER2-positive breast cancer and brain metastases
treated with SRS have decreased progression-free survival
and overall survival [40]. Interestingly, bevacizumab has
shown protective effects against radiation necrosis and CNS
toxicity after SRS or hypofractionated SRS to the brain [52,
53]. In a retrospective series of breast cancer patients
with brain metastases treated with WBRT with or without
trastuzumab, those with HER2-positive disease receiving
trastuzumab survived significantly longer than those who did
not receive trastuzumab [54]. None of these patients received
SRSorsurgery.ThebulkofpatientswhowereHER2-positiveand
received trastuzumab and progressed while receiving therapy
were found to die of intracranial progression.This suggests that
in this instance, patients who have an actionable mutation and
receive targeted therapy may further benefit from increased
localtherapy,suchasSRS,tofurther improve intracranialcontrol
while extracranial disease is controlled.

Renal cell carcinoma (RCC), like melanoma, presents an
interesting clinical challenge given its relative radioresistance.
Dose escalation with SRS has largely overcome this to offer
excellent local control ofbrainmetastases, but furtherprogress
is possible. One Wake Forest University series reported on 61
patients with RCC metastases treated with Gamma Knife SRS
with or without sunitinib, sorafenib, or temsirolimus. The
median survival duration for patients receiving targeted

therapy increased from7.2 to16.6months,with freedomfrom
local failure increasing from 60% to 93% [33]. Safety and
excellent local control has been shown in RCC patients given
simultaneous antiangiogenic sorafenib or sunitinib therapy
[32]. Again, this continues to be an active area of study to
further establish safety and efficacy.

The tyrosine kinase inhibitor erlotinib in EGFR-mutant lung
adenocarcinoma has already shown CNS penetration and
activity.Agentsof thisclasscanbeused in first-line treatmentof
metastatic patients. Gerber et al. found equivalent survival in
lungcancerpatientswithbrainmetastasestreatedwithupfront
erlotinib versus standard-of-care whole-brain radiation ther-
apy [55]. Although RTOG 0320 found a potentially deleterious
effect to combination SRS and erlotinib,Welsh et al. found no
significant additional neurotoxicity in a phase II study that
addederlotinib towholebrainRT.Theoverall response ratewas
86%. Compared with historic controls, patients had longer
overall survival with combination therapy and patients with
EGFR-mutant disease had particularly longer survival than
those with EGFR wild-type disease [47, 56]. Other agents of
interest in lung cancer include the ALK mutation-targeted
crizotinib, alsoapproved for first-line treatment ofALK-positive
lung cancer. The role of all these agents when combined with
SRS is unclear, but the potential CNS activity of each agent
warrants further study.

MELANOMA AND IMMUNOTHERAPY

Targeted therapies have revolutionized the treatment of
melanoma, particularly those with BRAF V600E mutations,
allowing for improved progression-free survival and even
overall survival. Medications that have activity in brain
metastases include the BRAF kinase inhibitors dabrafenib
and vemurafenib and the MEK inhibitor trametinib. This is
critical considering that median duration of survival is 4
months in patients with melanoma brain metastases in
previously reported series [57]. A multicenter phase II trial of
dabrafenib in patients with BRAF-mutant melanoma with
brain metastases found the drug to have significant activity
in the central nervous system. Intracranial disease control
(including complete response, partial response, and stable
disease) forVal600GluBRAF-mutantpatientswasgreater than
80%; control was less in Val600Lys BRAF-mutant patients.
Twenty-two percent of patients experienced a grade 3 or
worse toxicity, with 30%experiencing a serious adverse event,
including fever, intracranial hemorrhage, and squamous cell
carcinoma. Toxicity was acceptable in this population [58].
Vemurafenib alone similarly showed activity in patients
with previously treated melanoma brain metastasis. Ten of

Table 2. Ongoing or completed clinical trials of targeted therapies and stereotactic radiosurgery for brain metastasis

Agent (trial number) Design Target Endpoint Population Status (study completion date)

Sunitinib (NCT00981890) I VEGFR Safety/Efficacy Solid tumors (1–3 brain metastases) Data collected (2014)

Sorafenib (NCT01276210) I VEGFR Safety Solid tumors (1–4 brain metastases) Accruing (2018)

Dabrafenib (NCT01721603) II BRAF Safety/Efficacy Melanoma (1–4 brain metastases;
#3 cm)

Accruing (2018)

Ipilimumab (NCT01703507) I BRAF Safety/Efficacy Melanoma (1–4 brain metastases;
#4 cm)

Accruing (2019)

From ClinicalTrials.gov.
Abbreviations: BRAF, v-raf murine sarcoma viral oncogene homolog B; VEGFR, vascular endothelial growth factor receptor.
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24 patients in this open-label pilot study achieved at least a
partial response, as well as a reduced need for steroids or
improved KPS. Four of 24 patients experienced a grade 3
adverse event, including squamous cell carcinoma [59]. Given
these studies, it is important to note that BRAF inhibitors do
exhibit significant CNS penetration and activity.

Ipilimumab, an immunomodulating monoclonal antibody,
alone also has shown activity in patient with both asymptomatic
and symptomatic melanoma brain metastases. Activity was
improved inpatientswith smallerasymptomatic lesions compared
with thosewith symptomatic lesions and using steroids.This study
established that ipilimumab alone has CNS activity without
significant unexpected adverse effects [60]. SRS combined with
an anti-cytotoxic T-lymphocyte-associated protein 4 (anti-CTLA4)
agent ipilimumab was shown in one series to improve median
survival duration from 4.9 to 21.3 months; the result was largely
confirmed by another study [34, 61]. In a small series of BRAF
V600E-mutant patients treated with SRS and vemurafenib, nearly
half showed partial or complete response [41]. Recently published
data by Kiess et al. show safety and efficacy of SRS combinedwith
ipilimumab. A total of 113 lesions were treated in 46 patients.
Patients treated with SRS before or concurrently with ipilimumab
hadsuperiorregionalrecurrencerateandoverallsurvivalcompared
with patients who received SRS after ipilimumab. The authors
considered the 20% grade 3 or 4 toxicity to be acceptable [42].

SRS combined with an anti-CTLA4 ipilimumab was
shown in one series to improve median survival du-
ration from 4.9 to 21.3 months; the result was
largely confirmed by another study. In a small series of
BRAF V600E-mutant patients treated with SRS and
vemurafenib, nearly half showed partial or complete
response.

Other reportsdoshowsomedifficulty in combiningRTwith
BRAF inhibitors. Ly et al. reported on 185 lesions in 52 patients
treated with SRS, with or without BRAF inhibition. One-year
local control was higher in patients with BRAFmutations who
received BRAF inhibitors (85% versus 51.5%; p 5 .0077).
However, patients treatedwith BRAF inhibitors had higher rates
of intratumoral hemorrhage [62]. In a reviewof patients treated
with SRS and BRAF inhibitors from 2005 to 2012, Patel et al.
described 12 of 72 patients with melanomametastases treated
concurrently with BRAF inhibitors. Local control was similar
between the groups, but patients who received BRAF inhibitors
exhibitedhigher rates andmore symptomatic radiation necrosis
[63]. Radiationnecrosismimicked rapid intracranial progression,
with symptoms in 2 patients treated with vemurafenib after
completing SRS [64]. These medications generally show CNS
activity and acceptable safety profiles, but BRAF inhibitor use is
showingevidenceof increased radiationnecrosis. Data continue
to emerge because this remains an exciting area of research;
multiple phase II and phase III trials using concurrent targeted
therapy with SRS are accruing or anticipating opening.

EVALUATION OF RESPONSE TO TARGETED AGENTS AND SRS
SRS has outstanding rates of local control. However, patients
with brain metastases in general have poor prognosis and a

high systemic disease burden, which may influence both
progression-free and overall survival. As data regarding CNS
activity of these agents improve, the best way to analyze
treatment efficacy for intracranial disease with concurrent
extracranial disease must be addressed.

Overall survival effects may be confounded by other salvage
treatments, including surgery, radiation, and other systemic
therapy to intracranial and extracranial sites. Progression-free
survival and radiographic response assessments both demand
precise and repeatable measurements with agreed-upon re-
sponse cutoffs. Finally, attention is increasingly given to neuro-
logic symptoms as a response measure [65].

The Response Assessment in Neuro-Oncology (RANO) group
has established guidelines for objective and reproducible re-
sponse measurement in the treatment of brain metastases
[66]. This includes analysis of the index lesion, nonindex lesion,
corticosteroid use, and clinical status. In creating the RANO
criteria forbrainmetastases, Linetal.haveprovidedexcellentand
thoughtful insight into optimally evaluating patients with brain
metastases in two reviews with attention to response criteria
and neurocognitive outcomes [67, 68].

To truly appreciate the response rate for targeted agents
and SRS for intracranial disease, assessment should be
limited to CNS response (optimally with radiologic evalua-
tion) and neurologic symptom assessment. Objective local
control criteria may include the RANO brain metastasis
measures, with neurologic symptom progression-free sur-
vival or death from intracranial disease as measures used as
alternative to survival. Interval imaging studies would be
conducted at scheduled time points. CNS activity, de-
termined by early studies including the BRAF inhibitor
studies noted earlier in this article, can be used to power
studies and design toxicity stopping rules to assess efficacy
of combined approaches.

FUTURE DIRECTIONS

The paucity of data regarding SRS combined with targeted
therapy in patients with brain metastases represents an
excellentopportunity for future trials and investigation. Future
trials must first address safety and tolerability of combining
therapy and then showefficacy in improving symptomcontrol,
local control, and potentially overall survival in a rigorous and
repeatable manner.

Although nearly 50% of cancer patients will receive
radiation therapy during some time in their cancer care,
radiation therapy studies are underrepresented in clinical
trials. Further study will require substantial additional
funding in the field because the acquisition of study medi-
cation, SRS treatment, and execution of a study can be very
expensive. As documented among a total of 1,415 phase III
trials for cancer, only 46 (0.9%) currently study a combination
of radiation therapy (stereotactic body radiation therapy,
SRS, or other modalities) and targeted therapeutics [8, 69].
Furthermore, the combination of these treatments will
ultimately need to show value in health service outcomes
research.

Early data do reflect that SRS and targeted therapy show
an acceptable level of toxicity in certain histologic types and
therapeutics. It is an active area of study regarding which
combination of targeted therapy and SRS shows the best local
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controlandoverall survivalbenefit. It is critical to identifypatients,
whether by histologic features, performance status, extracranial
disease control, and intracranial disease burden, who may best
benefit from this emerging combined-modality approach.
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