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Brain metastases (BM) are the 
most common intracranial neo-
plasm occurring in up to 20% to 

40% of patients with cancer.1,2 The in-
cidence of BM is increasing due to the 
longer survival of patients with cancer 
in the setting of modern treatment mo-
dalities, improved imaging techniques, 
and increased cancer screening.2 The 
prognosis for the majority of patients 
with BM remains quite poor. In fact, 
in a study of 1,953 consecutive pa-
tients with BM treated at the Cleveland 
Clinic, the 1-year survival was 30% and 
the 5-year survival was 3%.3 These pa-
tients commonly have a high burden of 
neurologic symptoms and often mortal-
ity due to their intracranial disease.4

Treatment options for patients with 
BM can include surgery, whole-brain 
radiation therapy (WBRT), stereotactic 
radiosurgery (SRS), or a combination of 
these modalities. Treatment recommen-

dations depend on the disease histology, 
burden of intracranial disease, extracra-
nial disease status, and the patient’s per-
formance status.5

Several landmark trials have informed 
our modern day practices including the 
first Patchell study, which demonstrated 
the importance of surgical resection in 
patients with single brain metastasis; the 
second Patchell study, which established 
the role for adjuvant WBRT after surgi-
cal resection in patients with a single 
brain metastasis; and the Aoyama study, 
which proved the feasibility of SRS 
alone.6-8 Through the years, SRS has 
continued to gain popularity as it offers 
a technique for radiation dose-intensifi-
cation while minimizing dose to normal 
brain tissue through its use of high doses 
of radiation in 1-5 fractions delivered 
via a highly conformal technique. This 
review aims to discuss methods of opti-
mizing the use of SRS in the treatment of 

brain metastasis with the goal of improv-
ing local control, decreasing toxicity, and 
ultimately improving survival. Topics 
include the use of targeted agents, treat-
ment planning strategies, toxicity prog-
nostication and reduction strategies; and 
prognostication and response assessment 
using imaging characteristics. 

Targeted Agents
SRS is now being studied alongside 

the development of targeted therapies.9 
Traditionally, systemic therapies have 
had a limited role in treating BM due 
to their inability to penetrate the blood-
brain barrier and the relative chemo-
resistance of tumor cells.2,10 Targeted 
agents differ from cytotoxic chemo-
therapy in that they act against spe-
cific aberrant cellular processes rather 
than halting uncontrolled cell prolif-
eration. Johnson et al analyzed pa-
tients who received upfront SRS with 
or without targeted agents and found 
that the use of targeted agents improved 
1-year outcomes including survival (65% 
vs. 30%, p < 0.0001), distant failure-free 
survival (32% vs. 18%, p = 0.0001) and 
freedom from WBRT (88% vs. 77%, p = 
0.03) across all histologies.11 These results, 
along with several retrospective studies,  
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highlight the increased therapeutic effect 
of targeted agents and SRS.10,12-14 The 
use of targeted agents has an increas-
ing role in the management of BM from 
breast cancer, renal cell carcinoma and 
melanoma, among other malignancies.

Breast cancers with human epider-
mal growth factor receptor 2 (HER2) 
mutation have been found to have an 
increased propensity for BM.2 Classic 
targeted therapies used in the definitive 
setting (eg, trastuzumab, a monoclonal 
antibody) have not been proven use-
ful after the development of BM due 
to relatively large size (> 150 kDa). A 
newer targeted agent, lapatinib, which 
is a small-molecule inhibitor (< 800 
Da) against HER2, has been shown to 
be tumoricidal with an ability to pen-
etrate the blood-brain barrier. Its util-
ity for BM without combined SRS has 
been confirmed by multiple studies 
including the LANDSCAPE trial15,16 
as well as a study led by Yomo et al. 
In the latter study, the administration 
of lapatinib with SRS increased 1-year 
local control rates (86% vs. 69%, p 
< 0.001).17 Similarly, data from the 
Cleveland Clinic has demonstrated that 
the use of concurrent lapatinib with 
SRS reduced the risk for local failure in 
HER2-amplified patients from 15.1% 
to 5.7% (p < 0.001).18 As this remains 
an ongoing area of investigation, an on-
going phase II trial is examining WBRT 
or SRS in the setting of lapatinib 
(NCT01622868). 

Renal cell carcinoma (RCC) is an-
other commonly studied malignancy 
with the potential to improve response 
to radiation therapy with the use of tar-
geted therapies. Established targeted 
therapies in this patient population in-
clude multiple tyrosine-kinase inhibi-
tors (eg, sunitinib, sorafenib), mTOR 
inhibitors (eg, temsirolimus), and anti-
VEGF agents (bevacizumab).12 While 
sunitinib has demonstrated intracranial 
tumoricidal activity, studies investigat-
ing sorafenib, temsirolimus and beva-
cizumab have only shown safety and 

lack of neurologic adverse events.9 
Cochran et al analyzed 61 patients who 
received SRS with or without sunitinib, 
sorafenib, or temsirolimus. Patients re-
ceiving targeted agents demonstrated 
improved survival from 7.2 to 16.6 
months (p = 0.04) and increased local 
control from 60% to 93% (p = 0.01).12 
Targeted agents for RCC have modest 
intracranial tumoricidal activity and are 
generally combined with other agents 
for extracranial metastatic disease. The 
evidence of synergistic activity when 
combined with SRS suggests these 
agents act as radiosensitizers for BM.

Malignant melanoma has the highest 
propensity to metastasize to the brain. 
In addition, because of its conceived 
radioresistance, it is an area requiring 
further research. A significant propor-
tion of melanomas are associated with 
a BRAF mutation, for which the tar-
geted agents dabrafenib, vemurafenib 
and trametinib have been shown to be 
efficacious.19 Long et al conducted a 
multicenter phase II trial studying dab-
rafenib in patients with BRAF-mutant 
melanoma BM and significant intra-
cranial activity.20 However, safety of 
this agent remains a concern given the 
associated risks of intratumoral hem-
orrhage and increased risk of radiation 
necrosis (RN) when combined with 
SRS, as reported by Ly et al.21,22 Oth-
ers have also demonstrated that the 
timing of the BRAF-directed therapy 
when given with SRS is important to 
reducing the risk of local failure.23 A 
current  prospective phase II trial aims 
to determine the effect of dabrafenib 
combined with SRS on distant and local 
control and toxicity (NCT01721603). 
For patients with BM from BRAF-wild 
type melanoma, immunotherapy (eg, 
ipilimumab) has demonstrated central 
nervous system (CNS) penetration and 
potential benefit.2 In a study by Kiess 
et al involving 46 patients with 113 
total BM lesions, ipilimumab admin-
istered prior to or concurrently with 
SRS was associated with an improved 

1-year distant intracranial local control 
when compared to the patient cohort 
receiving ipilimumab after SRS (69% 
vs. 64% vs. 92%, p = 0.003).14 Further 
investigation is warranted to establish 
optimal therapy sequencing in the ap-
propriate patient population. 

Treatment Planning Strategies
Strategies in radiation therapy plan-

ning to optimize SRS delivery include 
modifying the radiation dose, prescrib-
ing to different isodose lines, and chang-
ing tumor volume expansions. Dosing 
schemes for treating BM with SRS were 
established by the Radiation Therapy 
Oncology Group (RTOG) 90-05 clinical 
trial. Based on maximum tumor diam-
eter, tumors < 2 cm, 2.1 to 3 cm, and 3.1 
to 4 cm were recommended to receive 
24 Gy, 18 Gy, and 15 Gy, respectively.24 
However, these dosing regimens are 
not strictly followed, and many studies 
evaluating SRS outcomes have median 
doses less than RTOG 90-05 protocol.25 
There is evidence correlating radiation 
dose and different local control rates of 
BM despite the use of RTOG 90-05 dos-
ing schemes. In an analysis of 375 BM 
undergoing SRS, Vogelbaum et al dem-
onstrated BM < 2 cm prescribed to 24 
Gy to the tumor margin had better local 
control than larger BM receiving 15 Gy 
or 18 Gy (85% vs. 49% vs. 45%; p = 
0.0005).25 Mohammadi et al reported re-
sults of an updated study including 3,034 
BM ≤ 2 cm. They demonstrated BM < 1 
cm were associated with a lower risk of 
local progression (HR 2.32; p < 0.001) 
and RN (HR 2.13; p < 0.001) as com-
pared to larger lesions.26 Collectively, 
these results provide evidence that treat-
ing BM ≤ 2 cm with 24 Gy maximizes 
local control with no increased risk of 
radiation-induced toxicities.

The goal of treatment planning for 
SRS is to maximize peripheral tumor 
dose, while achieving a steep dose gra-
dient just beyond the tumor margin. 
Differing prescription isodose lines 
(IDL) can alter dose distributions to the 
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target volume, and RTOG 90-05 sug-
gests IDL > 50% to minimize normal 
tissue toxicity.24,27 In an investigation 
of SRS efficacy of differing IDLs and 
conformality indices (Table 1), Shiue 
et al analyzed 496 BM treated with 
SRS and expectedly demonstrated that 
tumor size predicted for local control 
(HR 1.696, p < 0.001). However, dif-
fering heterogeneity and conformality 
indices, and higher IDLs did not signifi-
cantly affect local control or RN.27 In a 
similar analysis, Jani et al also found no 
significant difference in local control 
with IDLs > 50%.28 These results sug-
gest that prescribing to higher IDLs can 
reduce treatment time without increasing 
the risk for RN or local failure. Romano 
et al analyzed IDLs as a continuous 
variable in 374 BM treated with SRS. 
They demonstrated that prescribing to 
a higher IDL and maximum tumor dose 
improved local control (p < 0.001 and p 
= 0.07, respectively) with no effect on 
radiation-related toxicities (p = 0.53 and 
p = 0.86, respectively).29 Collectively, 
these results suggest that a tumoricidal 
dose outside of tumor margins afforded 
by higher IDLs, rather than a maximum 
dose at the center, improves local con-
trol.27-29 Microscopic invasion beyond 
the visible tumor margins is supported 
from data by Nöel et al, who demon-
strated that adding a 1-mm margin to 
the gross tumor volume (GTV) signifi-
cantly improves local control without an  
increased risk of toxicity.30 To further 

define the optimal planning target vol-
ume (PTV), Kirkpatrick et al random-
ized patients to SRS with either a 1 mm 
or 3 mm margin. Local progression 
free survival was equally high in both 
groups, as the median time to failure 
was not met. However, patients who re-
ceived SRS with a 3 mm margin trended 
toward higher toxicity, as the volume re-
ceiving 12 Gy (V12Gy) was significantly 
higher (p < 0.01), which independently 
has shown to be a risk factor for devel-
oping RN.31,32  

For optimizing the treatment of 
larger, unresectable BM, multifraction 
and  dose-staged  SRS takes advan-
tage of the radiobiological therapeutic 
index of fractionating radiation therapy, 
while maintaining highly conformal 
dose distributions.33 In a comparison of 
single-fraction vs. multifraction (9 Gy 
x 3) SRS for BM > 2 cm, Minniti et al 
demonstrated that 27 Gy in 3 daily frac-
tions compared to single fraction SRS, 
improved local control (p = 0.01) while 
reducing the risk of RN (p = 0.03).32 
Another novel technique for large BM, 
called dose-staged SRS: two sessions 
of SRS in 2-4 week intervals, with each 
subsequent stage treating a smaller 
tumor that is responding to treatment.34 
Similar to multifraction SRS, dose-
staged takes advantage of dose-buildup 
while reducing the risk of RN. Prelimi-
nary studies show durable local control 
and acceptable toxicity, but long-term 
data is limited.34

Toxicity
Radiation necrosis, though uncom-

mon, remains a limiting toxicity to ra-
diation dose-intensification and has been 
treated with dexamethasone. Tradition-
ally, RN has been estimated to occur at 
rates of 5% to 10% (Figure 1).24 Symp-
tomatic RN may cause significant neu-
rologic deterioration and may become 
the cause of death. It often mimics tumor 
progression, and standard MRI tech-
niques have shown to be insufficient in 
distinguishing the two.35 Major risk fac-
tors that predict for RN include lesion 
size, maximum dose, the volume irradi-
ated and BM histology.24,35 RTOG 90-05 
established that as the tumor volume 
increases the dose that can be safely de-
livered to a tumor decreases. In terms of 
RN, multivariate analyses demonstrated 
maximum dose/prescription dose (dose 
homogeneity) > 2, and prescription iso-
dose volume/tumor volume (dose con-
formality) > 2 are predictors.24,35 The 
volume of normal brain tissue receiv-
ing 10 Gy (V10Gy) and 12 Gy (V12Gy) 
has also been associated with RN. In an 
analysis of 173 BM, Blonigen et al dem-
onstrated RN risk up to 68.8% for V10Gy 
> 14.5 cm3 and V12Gy > 10.8 cm3 (p < 
0.001).36 In an analysis of RN associated 
with BM histology, Miller et al found 
that BM from renal cell carcinomas, 
HER2-amplified breast cancer, ALK+ 
lung cancers, and BRAF V600 wild-type 
melanomas are all associated with in-
creased risk of RN.37

Table 1. Measures of Dose Conformality

   
Conformality Indices Equation  Variable definition Definition
Conformality index (CI) PIV  / TV PIV: prescription isodose volume How well the distribution of radiation conforms 
   TV: target volume to the shape of the radiosurgical target.

Heterogeneity index (HI) MD / PD	 MD:	maximum	dose	 Defines	the	uniformity	of	dose	distribution	in
   PD: prescription dose  the target volume. The inverse of isodose lines.

Gradient index (GI) PIVhalf / PIV PIVhalf:	volume	of	half	the		 Quantification	of	dose	falloff	outside	the 
   prescription isodose planning target volume.
   PIV: prescription isodose volume   
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Compared to the evidence that exists 
for the detection and management of 
RN, data on therapeutic interventions 
to prevent and reduce the risk of RN is 
limited.35 Aside from optimizing SRS 
planning, there is preliminary data on 
the use of hyperbaric oxygen and ad-
ministration of pentoxifylline and vi-
tamin E as prophylaxis for RN. Ohguri 
et al studied hyperbaric oxygen therapy 
one week after SRS in 32 patients as 
prophylaxis against RN demonstrating 
decreased incidence of RN in patients 
receiving prophylaxis from 20% to 11% 
(p = 0.05).38 The use of pentoxifylline 
and vitamin E has been established as a 
treatment for RN, and has been shown 
to reduce radiation-induced damage 
in extracranial disease sites.39,40 For its 
role in the brain, an ongoing phase II 
trial is evaluating the combination for 
prophylaxis of RN (NCT01508221). 
With the increased use of SRS for de-
finitive treatment, future research for 
RN should include improved detec-
tion of RN, groups at risk for RN, and 
techniques to prevent RN in high-risk 
groups. 

Imaging Characteristics
Imaging characteristics may have 

value in predicting outcomes of SRS 
and overall prognosis.41 Goodman et al 
investigated patterns of enhancement on 
day-of-treatment imaging as a prognostic 
indicator for local failure. They character-
ized lesions as homogenously enhancing, 
heterogeneously enhancing, or ring-en-
hancing and found local control at 1 year 
was 90%, 76% and 57%, respectively (p 
= 0.019).42 Necrotic-appearance of BM 
on MRI has been suggested as a negative 
prognostic factor with the hypothesis that 
the necrotic region correlates to hypoxic 
tumor cells, which may demonstrate rela-
tive radioresistance.42,43 Similarly, Xu et 
al analyzed 147 women with BM from 
breast cancer treated with SRS, strati-
fied by tumor necrosis on pretreatment 
MRI, revealing the non-necrotic cohort 
had better neurologic survival compared 

FIGURE 1. (A) Axial T1-weighted postcontrast pretreatment MRI (left) demonstrates an 
enhancing brain metastasis in the right parietal lobe measuring 9 mm in maximum diameter 
(red arrow). Axial T1-weighted postcontrast MRI 18 months post-treatment (right) demon-
strates that the enhancing lesion has increased, measuring 1.6 cm in maximum dimension 
consistent with radiation necrosis (green arrow). (B) Axial T2-weighted FLAIR (fluid attenu-
ation inversion recovery) pretreatment MRI (left) demonstrates lack of FLAIR changes 
surrounding the right parietal brain metastasis. Axial T2-weighted FLAIR MRI 18 months post-
treatment (right) demonstrates increased vasogenic edema consistent with radiation necrosis. 
(C) Representative images from the stereotactic radiosurgery plan (left to right: axial, coronal, 
and sagittal). The blue contour represents the brain metastasis. The yellow line correlates to 
24 Gy prescription isodose line.

A

B

C



www.appliedradiationoncology.com                                        APPLIED RADIATION ONCOLOGY            n       15March  2017

OPTIMIZATION OF STEREOTACTIC RADIOSURGERY FOR THE TREATMENT OF BRAIN METASTASES

applied radiation oncology  

to the necrotic cohort (25 vs. 17 months, 
p = 0.006).44 Local control for necrotic 
BM may be improved by combining 
SRS with hypoxic cell sensitizers (eg, 
nimorazole, nicotinamide, carbogen), 
or fractionating SRS to improve central 
oxygenation.42 Other techniques of opti-
mizing SRS for necrotic-appearing BM 
include the use of previously established 
radiosensitizers (eg, capecitabine, beva-
cizumab), or increasing the relative dose 
to the central necrotic regions by pre-
scribing to lower isodose lines.42.44 

To evaluate response to treatment, 
Response Evaluation Criteria in Solid 
Tumors (RECIST) has been commonly 
implemented. However, in the age of 
modern systemic therapies, the Response 
Assessment in Neuro-oncology - Brain 
Metastases (RANO-BM) response cri-
teria (Table 2) offers a more objective 
and reproducible method of interpreting 
response to treatment. RANO-BM in-
cludes radiographic assessment of target 
(based on changes in linear dimensions) 
and nontarget lesions, as well as assess-
ment of clinical status and corticoste-
roid use.45 For small-volume BM with 
complex geometries, these criteria may 
be unfit to accurately assess treatment 
response.46 Follwell et al analyzed 178 

brain metastases treated with SRS with 
MRI segmentation software to derive a 
3-dimensional volume-based response 
criteria that is approximately based on the 
RECIST criteria.46 Multivariate analysis 
identified BM with a baseline diameter > 
3 cm or a 3-dimensional volume > 6 cm3 
are at increased risk of local failure.46 The 
response assessment systems are summa-
rized in Table 2. 

Conclusion
The use of SRS for the management 

of BM has evolved from a targeted-
boost to the lesion to definitive upfront 
treatment. The advent of targeted ther-
apies and immunotherapies has cre-
ated a new tumor microenvironment 
within the brain and provides oppor-
tunities to investigate their combina-
tion with SRS. Several retrospective 
series have shown a synergistic effect 
in local control of SRS combined with 
lapatinib for HER2-positive BM, suni-
tinib, sorafenib and temsirolimus for 
RCC BM, and dabrafenib and ipilim-
umab for BRAF-mutated and wild-type 
melanoma BM. However, the retro-
spective nature of these analyses and 
subanalyses should only guide future 
prospective studies and no conclusive 

recommendations can be made without 
further hypothesis-driven evidence. 

As more patient groups are being de-
fined that are best suited for SRS, there 
is an increased interest in optimizing 
treatment planning. Dose-escalation 
to 24 Gy for small (< 2 cm) lesions has 
shown to improve local control without 
increasing toxicity, and alterations in 
fractionation schemes may improve the 
therapeutic window for larger metasta-
ses. Advances in imaging have allowed 
for improved differentiation between 
tumor progression and radiation-induced 
toxicities, and are characterized as BM 
by radiographic differences (eg, non-
necrotic vs. necrotic centers and ho-
mogenous vs. heterogeneous lesions). 
Future investigations should focus on 
taking advantage of imaging character-
istics to improve the efficacy of SRS as 
well as discovering therapeutic options 
in preventing toxicities. The influx of ret-
rospective data for SRS in recent years 
needs to be validated by randomized 
controlled trials. Although prospective 
analysis of BM has been a major chal-
lenge, contributions from the RANO 
group will help guide the creation of 
clinical trials that will offer more person-
alized treatments for patients with BM.

Table 2. Comparison of Brain Tumor Response Criteria

   RECIST 1.1 RANO-BM45 VC (Follwell et al.)46  V3d (Follwell et al.)46

 Complete response (CR) 100% decrease 100% decrease 100% decrease 100% decrease
	 Partial	response	(PD)	 ≥	30%	decrease	 ≥	30%	decrease	 ≥	65%	decrease	 ≥	58.5%	decrease
	 Stable	disease	(SD)	 <	30%	decrease	or	 <	30%	decrease	or	 <	65%	decrease	or	 <	58.5%	decrease	or 
	 	 	<	20%	increase	 	<	20%	increase	 	<	75%	increase	 <	71.5%	increase
	 Progressive	disease	(PD)	 ≥	20%	increase	 ≥	20%	increase	 ≥	75%	increase	 ≥	71.5%	increase
	 Measurement	techniques	 Uni-dimensional	 Uni-dimensional	 3-dimensional	 3-dimensional
 Imaging modality MRI or CT MRI or CT MRI MRI
 Neurologic status Not included Included Not included Not included
 Corticosteroids Not included Included Not included Not included
 Extracranial disease  Included Not applicable Not applicable Not applicable

Abbreviations: RECIST (Response Evaluation Criteria in Solid Tumors); RANO-BM (Response Assessment in Neuro-Oncology - Brain Metastases);  
VC (calculated volume); V3d	(3-dimensional	volume	using	MRI	segmentation);	MRI	(magnetic	resonance	imaging);	CT	(computed	tomography).	
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