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46%, the median overall survival was 11.6 months and the 
1 year overall survival was 46%. The use of sorafenib con-
current with SRS for the treatment of 1–4 brain metastases 
is safe and well tolerated at 400 mg twice a day. Our rec-
ommended phase II dose of concurrent sorafenib with SRS 
would be 400 mg twice daily.

Keywords Tyrosine kinase inhibitors · Concurrent 
chemoradiation · Targeted therapy

Introduction

Brain metastases are a major source of cancer morbidity 
and mortality for patients. Failure to control brain metasta-
ses including both radiographically visible disease as well 
as micrometastatic lesions significantly impact cognitive 
function, quality of life, performance status and overall sur-
vival. Approximately 10–30% of cancer patients develop 
brain metastases during the course of their disease [1]. 
Treatment options for clinically apparent brain metastases 
include surgery, stereotactic radiosurgery (SRS), whole 
brain radiation therapy (WBRT), or a combination of these 
treatments.

WBRT treating both the grossly visible disease as well 
as the micrometastatic sites of disease has been the main-
stay of treatment for decades. It provides a 4–6  months 
survival benefit, but is associated with a high risk of neu-
rocognitive toxicity and is less effective at controlling 
gross disease as compared to surgery or SRS. Clinical tri-
als have validated that for appropriately selected patients, 
SRS alone results in equivalent overall survival (OS) [2, 3] 
and improved neurocognition as compared to WBRT plus 
SRS [4]. Despite SRS’s ability to achieve excellent local 
control of the target lesion, patients remain at high risk for 

Abstract We hypothesized that sorafenib (BAY 
43-9006), an oral multi-kinase inhibitor, used in combi-
nation with SRS will improve overall intracranial control. 
This Phase I study assesses the safety, tolerability, and 
maximal tolerated dose of sorafenib administered with SRS 
to treat 1–4 brain metastases. This was an open label phase 
I dose escalation study with an expansion cohort. Eligible 
adults had 1–4 brain metastases from solid malignancies. 
Sorafenib was begun 5–7 days prior to SRS and continued 
for 14 days thereafter. Dose escalation of sorafenib was 
conducted via a “3 + 3” dose escalation design. Dose lim-
iting toxicities (DLT) were determined 1 month after SRS 
and defined as ≥grade 3 neurologic toxicities. Twenty-
three patients were enrolled. There were no DLTs at dose 
level 1 (400 mg per day) or dose level 2 (400 mg twice per 
day). An expansion cohort of 17 patients was treated at 
dose level 2. There were six grade 3 toxicities: hyperten-
sion (n = 2), rash (n = 1), lymphopenia (n = 1), hypokalemia 
(n = 1), fatigue (n = 1) and hand-foot syndrome (n = 1). All 
of these were attributable to sorafenib and not to the com-
bination with SRS. The median time to CNS progression 
was 10 months, 1 year CNS progression-free survival was 
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intracranial progression [2, 3]. In a recent subset analysis of 
good prognosis patients, there was a benefit in overall sur-
vival to the addition of WBRT to SRS [5]. Thus a regimen 
that treats both gross as well as micrometastatic disease 
while minimizing treatment related side effects and neuro-
toxicity is highly desirable.

Historically, chemotherapy has not been used to treat 
brain metastases due to the lack of penetration of drugs due 
to the blood–brain barrier. Although several chemothera-
peutic agents including topotecan [6], carboplatin [7] and 
temozolomide [8–10] have been used in combination with 
WBRT with the hopes of improving CNS disease control, 
thus far they have failed to demonstrate a benefit in overall 
survival. A Phase III trial (RTOG 0320) of WBRT and SRS 
alone versus WBRT and SRS with temozolomide or erlo-
tinib for non-small cell lung cancer and 1–3 brain metas-
tases found no benefit to the addition of chemotherapy to 
WBRT/SRS in these patients with 1–3 brain metastases. 
The radiation alone arm had less deterioration in perfor-
mance status at 6 months [11].

Preclinical studies have shown sorafenib (BAY 
43-9006), an oral multi-kinase inhibitor, to induce com-
plete tumor stasis and inhibition of tumor angiogenesis in 
a variety of tumor types [12]. Preclinical data has also sug-
gested that combining angiogenic blockade with radiation 
may result in increased DNA damage [13]. We hypoth-
esized that sorafenib would reduce intracranial disease 
progression by exerting its broad anti-tumor coverage on 
microscopic disease in the brain while SRS would be used 
to treat the macroscopic disease. This Phase I clinical trial 
is designed to assess the safety, tolerability, and maximal 
tolerated dose of sorafenib when administered in combina-
tion with SRS in the treatment of 1–4 brain metastases.

Materials and methods

Patient eligibility

The study was conducted in accordance with the princi-
ples of the Declaration of Helsinki and in accordance with 
the International Conference on Harmonization Guideline 
for Good Clinical Practice (ClinicalTrials.gov Identifier: 
NCT01276210). Informed consent was obtained from the 
patient prior to study enrollment. Eligible patients were 
≥18 years old with histologically confirmed solid tumors 
(except for lymphomas and small cell lung cancer) who 
had 1–4 brain metastases less than 4 cm in size for which 
the treating radiation oncologist recommended treatment 
with SRS. Patients who had prior radiation or surgery for 
CNS metastatic disease were eligible as long as 1 month 
had elapsed prior to enrollment. Patients were required to 
have an Eastern Cooperative Oncology Group performance 

status of ≤1 with adequate metabolic function. Prior treat-
ment with sorafenib or other tyrosine kinase inhibitors was 
allowed as long it had been discontinued either more than 
28 days or five half-lives prior to enrollment.

Exclusion criteria included concurrent chemotherapy, 
grade 3 hemorrhage within 4  weeks of enrollment, con-
current medications that could potentially affect hepatic 
metabolism, uncontrolled hypertension, heart failure > New 
York Heart Association class II, angina, ventricular 
arrhythmias or thromboembolic event within the previous 
6 months.

Stereotactic radiosurgery

SRS could be single fraction or fractionated (up to five 
fractions per lesion was allowed). Target volume and iso-
center determination were based on MRI (T1 post-Gado-
linium enhancing sequences, 1 mm thick slices) fused with 
CT images obtained with the patient’s head in a stereotactic 
frame and custom thermoplast mask (Brainlab, Chicago, 
IL). The target volume included the enhancing portion of 
the metastatic lesion or the surgical resection cavity with 
a 1–2 mm margin. The prescription dose was delivered to 
the 50–90% (maximum = 100%) isodose surface, and was 
defined as the minimum dose to the target volume. Dose 
and fractionation were determined by location, prior treat-
ment, size of target lesion and left to the discretion of the 
treating radiation oncologist. SRS was delivered by a linear 
accelerator based treatment system (Novalis TX, Varian, 
Palo Alto, CA and Brainlab).

Dosage and drug administration

This was a single institution phase I trial. Sorafenib was 
started 5–7 days prior to SRS and continued for 14 days 
after SRS. Dose escalation of sorafenib was conducted 
using a “3 + 3” dose escalation design. Dose level 1 began 
with sorafenib 400 mg once per day with dose level 2 being 
400  mg twice a day. No further dose escalations were 
planned. If the 400 mg dose twice a day was well tolerated, 
that would be considered the recommended phase II dose. 
Intra-patient dose escalation was not allowed. Patients were 
followed weekly for 1 month after SRS to assess for DLTs.

The Common Terminology Criteria for Adverse Events 
(CTCAE) version 4.0 was utilized. Study drug was held or 
dose reduced based on development of grade 3 hemato-
logic or non-hematologic toxicities if this occurred during 
the 3 weeks the patient was receiving drug. For hand and 
foot syndrome, dose reductions were for grade 3 toxicity or 
persistent (>7 days) of grade 2 toxicity. For hypertension, 
dose reductions occurred for grade 3 or symptomatic grade 
2 toxicities that persisted despite anti-hypertensives. A dose 
limiting toxicity (DLT) was defined as ≥grade 3 neurologic 
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toxicities which were attributable to the combination of 
sorafenib and SRS. Grade 3 toxicity that was a result of 
known toxicities of sorafenib alone were not considered 
dose limiting.

Patients had brain MRIs at 2, 6, and 12 months after 
SRS to assess the target lesion(s) as well as intracranial 
tumor control. Further brain imaging was left to the discre-
tion of the treating radiation oncologist.

This study was designed as a phase I study of the safety 
and tolerability of combining sorafenib with SRS. The 
primary endpoint was to establish the maximum tolerated 
dose (MTD) and determine the toxicity profile of combin-
ing sorafenib with SRS. Secondary endpoints included 
overall survival (OS) using the Kaplan–Meier method. 
Overall survival was measured from time of study enroll-
ment until death due to any cause. At the discretion of the 
treating physician, sorafenib could be continued after com-
pletion of the study.

Response criteria

RECIST criteria were used to measure response [14]. MRI 
scans were used to determine response to therapy. Com-
plete response (CR) was defined as complete disappearance 
of all tumor. Partial response (PR) was defined as greater 
than 50% reduction in tumor size on bidimensional meas-
urements. CNS progression was defined as ≥25% increase 
in size of the tumor or the emergence of new brain metas-
tases or leptomeningeal spread of disease (PD). Stable dis-
ease (SD) was defined as measurements not meeting the 
criteria for CR, PR or PD.

Statistical methods

As this was a phase I study, descriptive statistics were 
used to summarize the demographics and adverse events. 
Kaplan–Meier curve was used to estimate survival and 
CNS-progression free survival.

Results

From July 2011 to July 2015, 29 patients consented and 
23 eligible patients were enrolled. The treatment schema 
is summarized in Fig.  1. Reasons for exclusion included 
abnormal lab values (n = 3), active bleeding (n = 1) and a 
decline in performance status (n = 2). Twenty-three patients 
are eligible for toxicity analysis. Six patients enrolled in the 
“3 + 3” dose escalation design. There were no DLTs at dose 
level 1 (400 mg per day) or dose level 2 (400 mg twice a 
day). The remaining 17 patients were enrolled in the expan-
sion cohort at dose level 2. None of these patients suffered 
a DLT.

Table  1 summarizes the patient characteristics of the 
group as a whole. The median age was 63 with 70% being 
females. The most common primaries were non-small cell 
lung cancer (57%) and breast (22%). Forty-three percent of 
patients had a single brain lesion.

Table  2 summarizes the patient and treatment charac-
teristics of each patient on study. The details of radiation 
treatment was left to the discretion of the treating radiation 
oncologist and varied based on histology, size, location and 
number of lesions. One patient was enrolled on study and 
developed severe back pain which revealed leptomeningeal 
disease. This patient received whole brain radiation instead 
of SRS. As he had had initiated sorafenib, he was evalu-
able for toxicity and therefore is included in the analysis. 
He had a dramatic response to sorafenib and continued on 
this regimen.

Table  3 summarizes grade 2 and grade 3 treatment 
related toxicities. All of these toxicities are well estab-
lished side effects of sorafenib alone [15]. These included 
rash, hand foot syndrome, hypertension, mucositis, 
fatigue, lymphopenia and  hypokalemia. None of these 
were intracranial and therefore not a result of concur-
rent sorafenib and SRS and were therefore not deemed to 
be DLTs. There were no Grade 4 or 5 treatment related 

Start sorafenib 5-7 days prior to SRS

Patients continue sorafenib during SRS 
and for 2 weeks post-SRS

Toxicity assessment 1 month after SRS 
to evaluate for DLTs

Patients followed with brain MRI at 2, 6, 
and 12 months post-SRS

Fig. 1  Treatment schema for sorafenib concurrent with stereotactic 
radiosurgery. SRS stereotactic radiosurgery, MRI magnetic resonance 
imaging, DLT dose-limiting toxicity
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toxicities. Two patients in the expansion cohort at dose 
level 2 had their sorafenib dose reduced because of 
known sorafenib induced side effects. One patient devel-
oped hand-foot syndrome the other severe maculopapu-
lar skin rash with associated skin pain. In both instances, 
their skin reactions were assessed as Grade 2 toxicities 

which persisted >7 days. Dose reductions were not 
required for any of the Grade 3 toxicities that our patients 
experienced as they occurred after completion of the 
course of study drug.

Of the 23 patients, only one had a complete response. 
Of the patients (n = 20) with measurable disease, the 
overall response rate (stable disease + partial response) 
was 70%. There were three patients who did not have 
measurable disease by RECIST criteria. At 1 year, 80% 
of the SRS treated index lesions remained stable but 46% 
of patients experienced intracranial progression due to 
the development of new intracranial metastases.

Median follow up for all 23 enrolled patients is 23 
months with a minimum follow up of at least 3 months 
after SRS. The median time to CNS progression was 10 
months. Of the 11 patients who have not developed CNS 
progression, 4 (36%) remain alive at 3.5 2.3, 2 and 0.8 
years. The 1 year CNS progression-free survival was 46% 
(Fig.  2). The median overall survival was 11.6 months. 
The 1  year overall survival was 46% (Fig.  3). Sixteen 
patients have died of disease and 7 patients remain alive 
with disease.

Figure  4 is a representative case of a 54  year old 
woman who underwent SRS for a single lesion. Her 8 
week scan confirms partial response of the lesion. She 
remains alive 48 months following completion of SRS.

Table 1  Patient characteristics (n = 23)

N (%)

Median age (range) 63 (41 to 74)
Gender
 Male 7 (30%)
 Female 16 (70%)

Primary
 Lung 13 (57%)
 Breast 5 (22%)
 Renal cell 2 (9%)
 Esophagus 1 (4%)
 Bladder 1 (4%)
 Colon 1 (4%)

Number of metastases
 1 10 (43%)
 2 5 (22%)
 3 7 (30%)

Table 2  Treatment 
characteristics (n = 23)

# Age Gender Histology Sorafenib dosing Radiation (Gy)

1 48 F RCC 400 mg daily (dose level 1) 22 × 1
2 68 F NSCLC 400 mg daily (dose level 1) 22 × 1, 22 × 1, 22 × 1
3 69 F NSCLC 400 mg daily (dose level 1) 24 × 1, 27 × 1
4 67 M NSCLC 400 mg BID (dose level 2) 24 × 1
5 74 F Esophagus 400 mg BID (dose level 2) 22 × 1, 22 × 1, 22 × 1
6 61 F RCC 400 mg BID (dose level 2) 15 × 2, 15 × 2
7 68 F Breast 400 mg BID 20 × 1
8 58 M NSCLC 400 mg BID 9.5 × 3
9 52 F NSCLC 400 mg BID 6.5 × 5
10 54 F breast 400 mg BID 22 × 1, 25 × 1, 25 × 1
11 58 M NSCLC 400 mg BID 10.5 × 3, 23 × 1, 23 × 1
12 73 F NSCLC 400 mg BID 27 × 1
13 71 F NSCLC 400 mg BID 20 × 1, 22 × 1
14 67 F NSCLC 400 mg BID 24 × 2
15 63 F NSCLC 400 mg BID 24 × 1, 24 × 1, 20 × 1
16 54 F Breast 400 mg BID 24 × 1, 25 × 1
17 59 M NSCLC 400 mg BID WBRT
18 66 M Bladder 400 mg BID 6 × 5
19 65 M NSCLC 400 mg BID 23.5 × 1, 6.2 × 5
20 58 M Colon 400 mg BID 24 × 1, 23.5 × 1, 26.5 × 1
21 41 F Breast 400 mg BID 6.3 × 5
22 51 F Breast 400 mg BID 6.4 × 5
23 68 F NSCLC 400 mg BID 20 × 1, 25 × 1, 22 × 1
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Discussion

This Phase I trial of sorafenib concurrent with SRS for 
the treatment of 1–4 brain metastases demonstrates that 

this multidisciplinary approach is safe and well toler-
ated at doses as high as 400 mg twice a day. The grade 3 
treatment-related toxicities seen were known systemic side 
effects of sorafenib alone and unrelated to its concurrent 
use with SRS. No DLTs were encountered in the phase I 
component of this study (n = 6) or in the expansion cohort 
(n = 17). Therefore, sorafenib 400 mg twice a day with SRS 
is the recommended phase II dosing. This Phase I trial 
incorporates aggressive local therapy with SRS to control 
gross disease with a systemic agent, sorafenib, that can help 
to reduce intracranial failures with minimal neurotoxicity 
as compared to WBRT. This has the potential to delay or 
avoid the use of WBRT and its associated neurotoxicity.

There is a well-established dose-volume relationship 
when assessing acute and long term organ toxicity from 
radiation. The addition of chemotherapy to radiation often 
further narrows this therapeutic window. Many different 
chemotherapeutic and biologic agents have been combined 
with whole brain radiation therapy in the hopes of improv-
ing the outcomes of patients with brain metastases with dis-
appointing results [6, 7, 16]. The RTOG recently published 
their results of a Phase III trial (RTOG 0320) of WBRT 
and SRS with temozolomide (TMZ) or erlotinib (ETN) for 
non-small cell lung cancer and 1–3 brain metastases [11]. 
The authors concluded that the addition of these agents to 
WBRT/SRS did not improve overall survival and may have 
even decreased median survival times. It is presumed that 
the increased side effect profile of concurrent chemother-
apy and WBRT helped contribute to the decreased median 
survival times. Our study, on the other hand, finds that 
the additional toxicity introduced by concurrent systemic 
agents is minimal when a much smaller volume of brain is 
treated with radiation using SRS.

Table 3  Adverse events (n = 23)

Toxicity Grade 2 Grade 3 Grade 4

Lymphopenia 0 1 (4%) 0
Skin rash 2 (9%) 1 (4%) 0
Diarrhea 1 (4%) 0 0
Hand-foot syndrome 5 (22%) 1 (4%) 0
Hypertension 3 (13%) 2 (9%) 0
Fatigue 2 (9%) 1 (4%) 0
Mucositis 1 (4%) 0 0
Hypokalemia 0 1 (4%) 0
Headache 1 (4%) 0 0

Fig. 2  CNS progression free survival of patients treated with 
SRS + sorafenib

Fig. 3  Overall survival of patients treated with SRS + sorafenib

Fig. 4  A 54  year old woman who underwent SRS for an isolated 
lesion secondary to metastasis secondary to breast adenocarcinoma. 
Her 8 week follow up scan shows decrease in size of the target lesion. 
She remains alive 48 months following completion of SRS
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This dose-volume relationship was also evident in the 
Phase I trial of sorafenib with stereotactic body radiosur-
gery (SBRT) for patients with non-resectable hepatocellu-
lar carcinoma. The unacceptably high toxicity profiles with 
concurrent sorafenib with SBRT was found when larger 
volumes of liver were irradiated [17]. This is in contrast to 
the much smaller CNS treatment volumes needed to treat 
focal brain metastases and can explain why no DLTs were 
seen in our study.

The idea of using chemotherapy alone to attempt to 
control brain metastases has been explored. In the recently 
reported Phase II LANDSCAPE trial, patients with pre-
viously untreated brain metastases from HER2-positive 
metastatic breast cancer were treated with lapatinib plus 
capecitabine. There was a significant proportion (49%) of 
grade 3 or grade 4 treatment-related adverse events [18]. 
The authors concluded that this combination chemotherapy 
is active in HER2-positive brain metastases and a Phase III 
trial is warranted. These results are intriguing and worthy 
of further investigation though it is unlikely that systemic 
therapy alone can control radiologically evident CNS dis-
ease in the long term.

In a retrospective analysis of patients with metastatic 
renal cell cancer patients who were randomly assigned to 
receive sorafenib or placebo, the patients who received 
sorafenib were less likely to develop brain metastases as 
compared to the control group. This benefit persisted 1 and 
2 years after treatment [19]. Though not currently approved 
for this indication, there are reports of sorafenib being clin-
ically effective in patients with metastatic disease to the 
brain and in patients with primary brain tumors [20, 21]. A 
distinct mechanism of tumor control and non-overlapping 
toxicity profiles from radiation makes sorafenib an ideal 
agent to combine with focal radiation to maximize con-
trol of both gross (SRS) as well as microscopic (sorafenib) 
intracranial metastasis.

Our study confirms those of others that SRS achieves 
high local control rates of 80% in the SRS-treated lesions. 
Although we had hypothesized that the addition of a sys-
temic agent that penetrates the blood–brain barrier would 
result in better tumor control by killing microscopic intrac-
ranial disease, the 1 year CNS progression free survival of 
46% and the median survival of 11.6 months seen in this 
study is not significantly different compared to patients 
treated with SRS alone [3, 4].

There are several limitations to this study. The small 
number of patients, the variety of histologies, the wide 
range of total dose and fractionation schemas used for 
SRS as well as patients with a range of disease burden 
from CNS only presentations to a significant burden of 
systemic disease. Studies of patients with brain metasta-
ses have always been difficult given the wide variation in 
tumor-specific factors such as number, size, location and 

histologies of the lesions. Patient-specific factors such as 
medical comorbidities as well as performance status all 
of which can substantially effect survival. Neurologic 
control can also be affected by additional treatments 
including the newer more effective systemic treatments 
that can penetrate the blood brain barrier as well as sal-
vage SRS or whole brain radiation.

In the current study, gross disease was well controlled 
by SRS concurrent with sorafenib but patients continued 
to develop intracranial failures. Our study used sorafenib 
for approximately 1 week prior to SRS and 2 weeks after 
SRS and therefore this short duration of exposure may 
not be long enough to assess long term intracranial con-
trol, but is an acceptable duration to assess potential tox-
icities of concurrent therapy which was primary objective 
of this Phase I trial. Although a few patients continued 
sorafenib as the systemic disease was also responding to 
sorafenib, the large majority of patients only received a 
total of 3 weeks of treatment. In a phase II study of adju-
vant sunitinib to control distant intracranial failure in 
combination with SRS also showed no increase in acute 
or long term side effects. Despite a 4 week course of 
sunitinib, the 6 month disease control of 43% was no dif-
ferent from historical controls [22]. Additional study is 
needed to optimize the timing and duration of systemic 
therapy in conjunction with SRS.

This proposed treatment schema of SRS with systemic 
therapy is novel in that SRS can provide excellent local 
control of known disease and it aims to utilize systemic 
therapy to help control subclinical micrometastatic disease 
in the brain. With better intracranial control of disease, it is 
hoped that WBRT and its neurocognitive side effects can 
be avoided or delayed and reserved for salvage therapy only 
when needed. The first step is to assess if systemic thera-
pies can be safely given concurrently with SRS in order to 
design rigorous clinical trials to assess intracranial disease 
control to this multimodality approach to the treatment of 
brain metastases.

In summary, this Phase I trial shows that the concur-
rent use of sorafenib with SRS for the treatment of 1–4 
brain metastases was safe and well tolerated at doses as 
high as 400  mg twice a day. This lays the foundation for 
future Phase II clinical trials to assess treatment efficacy 
for sorafenib with SRS as well as providing the frame-
work for future investigations into multimodality treatment 
approaches to brain metastases. Our recommended phase II 
dose for this combination would be sorafenib 400 mg twice 
daily concurrently with SRS.
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