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Abstract 

 

Background and Purpose: To evaluate the tolerability and maximum tolerated 

dose (MTD) of sorafenib administered concurrently with palliative radiotherapy. 

Material and Methods: In patients with incurable cancer, sorafenib was 

escalated independently in three cohorts based on irradiation site: thorax, 

abdomen or pelvis. Sorafenib was administered days 1-28 and radiotherapy 

(30Gy in 10 fractions) was delivered days 8-12 and 15-19. Dose-limiting 

toxicities (DLT) were acute grade 3+ toxicities attributable to radiotherapy. 

Results: For the thorax, abdomen and pelvis cohorts, 14, 16 and 4 patients were 

recruited, and Dose Levels 3, 3 and 2 were reached, respectively. Sorafenib-

related systemic toxicity led to significant sorafenib interruption in 10 patients. 

There were 3 DLTs in total, one per cohort: grade 3 oesophagitis (thoracic), 

transaminase elevation (abdominal) and grade 5 bowel perforation (pelvic; 

patient with tumour invading bowel). Grade 2 radiation dermatitis developed in 

12 patients. The trial was terminated early as slow accrual and sorafenib-related 

systemic toxicity prevented efficient evaluation of RT-related DLTs. 

Conclusions: The MTD of sorafenib when used with 30Gy in 10 fractions was 

not established due to sorafenib-related systemic toxicity. Severe radiotherapy-

related toxicities were also observed. These events suggest this concurrent 

combination does not warrant further study.  
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Introduction 

 

Palliative radiotherapy (RT) is an established treatment for patients with 

symptomatic, incurable cancer[1-5]. Side effects are typically local to the 

irradiated area, and so vary with anatomical site. 

 

Sorafenib is a multi-targeted tyrosine kinase inhibitor with activity against 

Vascular Endothelial Growth Factor, Platelet-Derived Growth Factor, Raf and 

Kit[6,7]. Clinical activity is reported in renal[8], hepatocellular (HCC)[9] and 

differentiated thyroid cancers[10].  

 

At the time of trial set up pre-clinical studies had demonstrated that the use of a 

range of anti-angiogenic agents in combination with RT, could enhance the 

response to radiation[11-18]. This was demonstrated in multiple cell lines, 

including, for example, head and neck[18], lung[13,18] and colorectal 

cancers[11,12]. This raised interest in the potential clinical benefit of combining 

agents such as sorafenib concurrently with RT. When designing this trial, no 

clinical evidence existed regarding sorafenib in combination with RT. There was, 

however, an appreciation that combining two agents that both impact on 

vasculature might not be without risk and that existing clinical data regarding 

bevacizumab with RT, had demonstrated marked toxicities [19-21]. 

 

This study aimed to evaluate the tolerability and maximum tolerated dose (MTD) 

of sorafenib when used in conjunction with palliative RT. Given the factors 

discussed above, this trial was designed to evaluate the combination in a phase I 

dose-escalation setting and using an established, minimally-toxic palliative RT 

regimen. As such it was hypothesized that any RT-drug interactions could be 

identified in a relatively safe manner compared to using radical RT dose-ranges. 

In addition, as RT toxicities are generally local and related to the interplay of 

dose-volume effects on irradiated tissues, patients were enrolled into, and 

sorafenb dose escalated independently within, three cohorts: thorax, abdomen 

and pelvis, depending on irradiated area, in an effort to detect variation in 

tolerability of the treatment combination between different anatomic locations. 
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Material and Methods 

 

This single institution, open-label, phase I trial was approved by the institutional 

Research Ethics Board. 

 

Patients 

 

Patients had incurable cancer, with a measurable soft tissue lesion in the thorax, 

abdomen or pelvis. Patients were セ18 years old with prognosis セ3 months, 

Eastern Cooperative Oncology Group performance status 0-1 and adequate 

organ and marrow function (Supplementary Material). Exclusion criteria 

included overlap of planned radiation with previously irradiated volumes, 

inability to meet RT dose constraints, prior sorafenib, uncontrolled brain 

metastases and anticancer therapy within 4 weeks of sorafenib. Given potential 

sorafenib toxicities, patients with poorly controlled hypertension, bleeding 

disorders and cardiac dysfunction were excluded. Bone-only lesions were 

excluded, as these were considered non-measurable. 

 

 

Sorafenib 

 

Patients received sorafenib orally on days 1-28, starting one week pre-RT. 

Radiotherapy was delivered concurrently during weeks two and three (days 8-

12, 15-19). For each anatomic cohort, dose escalation proceeded independently 

according to a standard 3+3 protocol. Table 1 outlines planned dose levels. 

 

 

Patients were removed from the trial if there was delay or discontinuation of 

sorafenib for セ14 days due to systemic sorafenib-related toxicity. The Principal 

Investigator could also replace patients requiring substantial sorafenib dose 

reductions based on individual review. Removed patients were replaced at the 
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same Dose Level. Patients were considered to have completed sorafenib if 50% 

of the planned dose was taken without delay or discontinuation lasting 14 days. 

 

 

Radiotherapy 

 

Conformal RT was CT-planned. Intravenous or oral contrast was permitted. 

Radiotherapy was delivered to gross disease (+/- 

clinical target volume (CTV) at physician╆s discretion) and セ5mm planning target 

volume (PTV) for set-up variation and organ motion.  The prescription was 30Gy 

in 10 fractions, once daily, days 8-12 and 15-19. Treatment was planned using セ2 

high-energy (セ4MV) photon beams. It was mandated that the gross tumour 

volume (GTV) and PTV received セ95% and セ92% of the prescribed dose, 

respectively. Simple field arrangements were encouraged, although intensity-

modulated radiotherapy (IMRT) was permitted, if necessary, to meet constraints 

(Table 2). Verification was performed using orthogonal x-rays or cone beam CT 

on RT day 1, and as indicated thereafter. 

 

 

Toxicity Assessment 

 

Toxicities were assessed using Clinical Trials Criteria for Adverse Events 

(CTCAE) version 3.0. Dose-limiting toxicities (DLT) were defined as acute 

(during combination therapy or within 8 weeks post-RT) grade 3+ toxicities 

attributable to RT (i.e. toxicities local to the irradiated field, potentially 

exacerbated by sorafenib). Expected sorafenib-related systemic toxicities were 

not DLT (e.g hypertension, hand-foot syndrome (HFS), asymptomatic electrolyte 

abnormalities, grade 3 cytopaenia and diarrhoea (unless the RT field included 

bowel and symptoms uncontrollable)).  
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Patient follow-up and evaluation 

 

During weeks 1-4, patients were reviewed weekly by Medical and Radiation 

Oncologists with sorafenib dose adjustments as described in Supplementary 

Material. Patients were reviewed two-weekly during weeks 5-12, two-monthly 

for the next 6 months, then quarterly. Imaging was performed 8 weeks post-RT, 

then prior to each visit. If response was observed in the target lesion, a 

confirmatory scan was performed 4-6 weeks later. Local (i.e. in-field) response 

was assessed using Response Evaluation Criteria in Solid Tumours (RECIST) 

version 1.1.  Out-of-field responses were not used for response evaluation. 

 

 

Statistics 

 

Primary endpoints were to evaluate the tolerability and MTD of sorafenib when 

used concurrently with palliative RT by anatomic region (thorax, abdomen, 

pelvis). Best local response was recorded as a secondary endpoint in patients 

who completed sorafenib. Progression free survival (PFS) and overall survival 

(OS) were calculated from date of first sorafenib using Kaplan-Meier 

methodology and SAS version12.1 (SAS Institute Inc, NC).  

 

Results 

 

From May 2007 to October 2010, 34 patients were registered (Table 3). In the 

thorax, abdomen and pelvis cohorts, 14, 16 and 4 patients were recruited and 

Dose Levels 3, 3 and 2 were reached, respectively. All but 2 patients completed 

RT. One did not start RT as target liver volumes were too large. This patient was 

removed and replaced. The other patient completed 9/10 fractions but declined 

the final fraction due to sorafenib-related HFS, limiting her ability to attend. 31 

patients received 2-4-field treatments, and 2 received 5-7-field IMRT. 
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Systemic sorafenib toxicities (grade 2/3 HFS, diarrhoea and hypertension, i.e. 

toxicities unrelated to RT) resulted in early drug discontinuation in 10 patients: 

2, 5 and 3 patients at Dose Levels 1, 2 and 3, respectively (Table 4). Of these 10 

patients, 8 omitted セ50% of the planned sorafenib dose. Overall, 5 patients were 

replaced due to drug-related toxicity prior to termination of the study (Table 4).  

 

Of the 23 patients considered to have completed the 28-day course of sorafenib 

(i.e. セのどガ of planned dose received, no breaks lasting セなね days), 16 had no dose 

modifications (7/7, 6/9 and 3/7 patients at Dose Levels 1, 2 and 3, respectively) 

and 4 had minor modifications (i.e. >90% of planned dose completed with 

modifications due to mild transient systemic toxicities (n=2), intercurrent illness 

(n=1) or patient error (n=1)). Three patients at Dose Level 3 who completed 

sorafenib required substantial dose modifications due to sorafenib-related 

toxicities (grade 3 thrombocytopaenia, grade 3 rash and grade 2 HFS; 36-50% 

sorafenib omitted). Six of 10 patients treated at Dose Level 3 required drug 

discontinuation or modification due to systemic toxicity. 

 

In total, 33/34 patients were evaluable for DLT (i.e. grade 3+ RT-related 

toxicities). The remaining patient did not start RT (above). DLTs were observed 

in all cohorts (Tables 4 and 5).  

 

In the thoracic cohort, Dose Level 2 was expanded from 3 to 6 patients due to 

grade 3 esophagitis in a patient who received 4-field mediastinal RT for 

metastatic chondrosarcoma. This patient received the highest V25 (percent 

oesophagus receiving セ25Gy) in the series (39%). Oesophageal maximum and 

mean doses were 32Gy and 16Gy, respectively. Oesophagitis began in week 3, 

requiring hospitalisation on Day 22 for supportive measures for 6 days.  

 

In the abdominal cohort, Dose Level 3 was expanded due to grade 3 

transaminitis in a patient receiving RT for 2 liver metastases, delivered as 2 

parallel-opposed pairs to separate liver regions. Maximum and mean liver 

(minus GTV) doses were 31Gy and 9Gy, respectively. The liver volume receiving 

<1Gy was at the protocol limit (35%). The asymptomatic transaminitis began 6 
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days after completing sorafenib. At baseline, ALT was normal and AST was one 

unit above ULN.   Transaminases resolved to baseline within 2 weeks.  

 

In the pelvic cohort, one patient treated at Dose Level 2 developed small bowel 

perforation at the site of tumour invasion, resulting in death. The patient had 

peritoneal carcinosarcoma with large-volume disease. Sorafenib was 

discontinued on Day 19 due to grade 3 diarrhoea. The patient was admitted on 

Day 24 with bowel obstruction leading to perforation, sepsis and death on Day 

29. The maximum and mean small bowel doses received were 31Gy (104%) and 

10Gy, respectively and the small bowel volume receiving セ30Gy was 4%, well 

within the protocol-specified limit (33%). A protocol amendment excluded 

future patients with tumour-involved bowel or considered high-risk for fistula.  

 

No other high-grade, RT-related toxicities occurred.  

 

Acute increased dermatitis within the RT field was observed in 22 patients: 10 

grade 1 and 12 grade 2 (Figure 1). Grade 2 radiation dermatitis occurred in 1, 7 

and 4 patients at Dose Levels 1, 2 and 3, respectively. This included patients who 

failed to complete 4 weeks of sorafenib. Of patients who received セ4-field 

radiation, only 1/11 had radiation dermatitis >grade 1 (9.1%), while 11/22 

(50%) who received 2/3-field RT developed grade 2 radiation dermatitis ゅFisher╆s Exact p=0.027). Of 9 patients who received Dose Level 1, one  (11%) 

experienced radiation dermatitis >grade 1, while 11/24 (45.8%) who received 

Dose Level 2/3 experienced grade 2 radiation dermatitis (p=0.107).  

 

The trial was terminated as slow accrual, together with excessive sorafenib-

related systemic toxicity resulting in frequent dose reductions and 

discontinuations at 400mg bid (required in 60%), meant that efficient evaluation 

of toxicity related to combined radiation and sorafenib at this dose was 

infeasible. The observed frequency of significant sorafenib dose modifications 

due to systemic sorafenib toxicities, particularly at higher sorafenib doses, 

exceeded that anticipated during the design and budgeting of the study. A 

revised projection effectively doubled of the number of patients needed to 
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complete the study to account for drop out due to sorafenib systemic toxicity, 

exceeding the approved budget and led the study sponsor to request the study 

be terminated. The MTD was therefore not determined for any cohort.  

 

 

In total, 23 patients were evaluable for best local response (Table 4). The 

remaining 11 were inevaluable because of: failure to complete sorafenib due to 

systemic toxicities (i.e. ズのどガ planned dose completed and discontinuation/delay セなね days, n=8), CT follow-up in patient originally imaged using MRI (prohibited 

by RECIST, n=1), failure to start RT (n=1) and death on study (n=1). Results are 

summarized in Table 4. No complete responses were observed.  

 

 

One patient on sorafenib 400mg bid in the abdominal cohort with metastatic 

large cell pancreatic neuroendocrine cancer with widespread lymphadenopathy 

had radiological response in the irradiated para-aortic field and elsewhere. 

Sorafenib was continued for five months, at which point out-of-field progression 

occurred. Control continued in the irradiated region for 3 years. 

 

 

 

Median PFS and OS for all patients were 5.9 (95%CI: 4.7-7.4) and 10.8 (95% CI: 

6.4-17.6) months, respectively. Estimated 12-month PFS and OS were 22% and 

44% respectively.  

 

 

Discussion 

 

 

This study aimed to determine the tolerability and MTD of sorafenib used in 

conjunction with 30Gy in 10-fraction palliative RT. Dose-limiting toxicities were 

defined as acute grade 3+ toxicities attributable to RT, (i.e. not expected 

sorafenib-related systemic toxicities). Systemic sorafenib toxicities did interfere 
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with accrual however, as patients rendered ineligible due to significant dose 

reductions and delays for this reason were required to be replaced on study. This 

increased the number of patients required to complete the study beyond the 

approved budget leading to early study termination. Relevant to the primary 

outcome, however, three patients experienced DLTs (i.e. severe RT-related 

toxicities).  

 

At the time of trial design, there was no published clinical data regarding 

sorafenib delivered concurrently with RT. Since completion of this study, 

however, sorafenib with RT has been investigated in early phase trials in 

HCC[22-24], high grade glioma (HGG)[25,26], soft tissue sarcoma (STS)[27], and 

cervical[28], pancreatic[29] and rectal[30] carcinomas.  As in this study, 

systemic sorafenib-related toxicities commonly result in drug discontinuation or 

modification. For example, in a phase II trial in HCC administering sorafenib 

400mg bid with 40-60Gy (ズ2.5Gy fractions), 40% of patients required sorafenib 

discontinuation or modification for HFS or diarrhoea[22]. Similarly, in a phase I 

study of sorafenib, temozolomide and RT in HGG, 55% discontinued sorafenib, 

400mg bid, largely due to sorafenib-related toxicities[26]. 

 

Where RT-related toxicities in response to RT-sorafenib have been assessed, 

substantial toxicity has occurred. In the above-mentioned trial in HCC, 4 patients 

(10%) developed grade 3 hepatic toxicity during concurrent RT-sorafenib and 9 

(25%) developed grade 3+ toxicity during sequential sorafenib monotherapy; 6 

of these 9 high-grade events, including 3 deaths, occurred without intrahepatic 

tumour progression[22]. Sorafenib and 6-fraction stereotactic body 

radiotherapy (SBRT; 30-51Gy) was also evaluated in HCC in a phase I trial and 

again, high-grade toxicity occurred with 9, 2 and 1 episode(s) of grade 3, 4 (liver 

enzyme changes and bowel obstruction) and 5 (gastrointestinal bleed/ HCC 

rupture) toxicity respectively, all at least possibly attributable to RT[23]. In the 

current study, we observed 2 grade 3 and 1 grade 5 DLTs, illustrating that severe 

toxicity can occur, even with low-dose RT.  
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The DLTs in this study included grade 3 transaminitis and oesophagitis, and 

grade 5 bowel perforation. Hepatic toxicities have been previously observed 

with higher liver RT doses and sorafenib in HCC, as above[22,23]. In this current 

study, however, grade 3 transaminitis occurred in a patient with liver metastases 

and essentially normal liver function, illustrating that patients with intact liver 

function are also at risk of severe hepatic toxicity.  In a related institutional study 

evaluating sorafenib with whole liver RT or 6-fraction SBRT in patients with 

good liver function and liver metastases, severe hepatic toxicity also 

occurred[31].  For the case of grade 3 oesophagitis, this patient received the 

highest oesophageal V25 in the series.  Following the single case of grade 5 

perforation of tumour-involved bowel, the protocol was modified to exclude 

patients with tumour invading bowel or at high-risk of fistula. Since this trial, 

luminal toxicities and fistulation have been reported elsewhere following 

sorafenib with RT, including in the absence of tumour. These include grade 3-5 

colonic perforations, intestinal bleeds, obstruction and gastric ulcers and vesico-

vaginal fistulation in a patient with advanced cervical cancer[23,28,32,33]. 

Luminal toxicities and fistula formation are therefore realistic concerns.  

 

An unexpectedly high frequency and severity of radiation dermatitis was 

observed, including grade 2 reactions in 36%, especially in those receiving 2-3-

field RT. Interestingly, most subsequent sorafenib-RT trials do not report 

radiation dermatitis.  Only the study investigating sorafenib-RT in extremity STS 

reported mild/moderate radiation dermatitis in all patients[27]. One case study 

also reported grade 2 radiation dermatitis in a patient receiving sorafenib 

400mg bid concurrent with 2-field palliative thigh RT (36Gy, 12 fractions) for 

intramuscular metastatic deposits[34]. The lack of reported radiation dermatitis 

could be because multi-beam RT reduces skin dose compared to simpler 

arrangements. The dose threshold for this effect may be quite low however, as 

evidenced by the reaction within each portal in a patient (Figure 1) treated with 

a wedged-pair (~9Gy isodose at skin surface). The case of severe radiation-

induced oesophagitis suggests a similar process may affect mucosal reactions.    
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Although not the primary aim, best local responses were also assessed. Partial 

responses and stabilisation were observed in 26% and 48% respectively, within 

the 13-55% and 17-73% reported in other early phase sorafenib-RT trials[22,24-

26,29]. In the setting of palliative RT, symptomatic changes are often used to 

assess response rather than radiological changes. Historically, palliative RT 

results in symptomatic improvements in 45-100% of patients with soft tissue 

disease[1-5]. If it is assumed that symptomatic improvement corresponds to 

response or stabilisation, then the radiological responses observed here are not 

substantially better than the symptomatic responses achieved with palliative RT 

alone. 

 

This current study evaluated sorafenib and palliative RT, whereas existing 

published series employ higher RT doses. Acknowledging the limited patient 

numbers and that the primary objective (defining MTD of sorafenib in each 

anatomic cohort) was not met, this study forms the largest series investigating 

palliative RT and concurrent sorafenib. A hypothesis of this study design was 

that it could facilitate the identification of drug-radiation interactions using 

palliative RT and this is supported, based on congruence of observed toxicities 

with those documented in other studies using higher dose RT. In addition, the 

observation that sorafenib delivered concurrently with RT can result in severe 

RT-related toxicities is highly relevant to day-to-day practice. This study 

provides evidence that, for patients requiring palliative RT while on sorafenib, 

the decision to continue or interrupt sorafenib during RT, potentially 

compromising systemic control, requires careful consideration. 

 

A further limitation, and potential criticism, of the trial is that sorafneib was 

administered in disease sites for which there is a lack of molecular/clinical 

rationale for its use. However, pre-clinical data at the time of study design had 

demonstrated that radiotherapy resulted in the production of pro-angiogenic 

cytokines in several tumour cell types and that blockage of these with anti-

angiogenic agents enhanced RT effect[35,36(review)] and anti-angiogenic agents 

had been shown to reduce hypoxia by improving vasculature efficiency in a 

variety of experimental tumour cell models[36-38]. In addition, the role of 
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sorafenib in the clinical armamentarium was not completely defined. Therefore, 

it was hypothesized that this drug might enhance RT efficacy and that evaluation 

of the safety of the combination in a broad range of tumour types would be of 

clinical interest.  As a phase 1 trial however, the primary endpoint was toxicity 

and  the trial was modelled after a standard phase 1 systemic therapy study, 

enrolling patients who have exhausted standard therapies, and also met 

eligibility criterion for potential benefit from radiotherapy. The design was 

further adapted to account for the local nature of RT toxicity through 

incorporation of anatomically-based, independently accruing cohorts.  

 

The results demonstrated that there are difficulties in successfully administering 

palliative RT with concurrent sorafenib, both in terms of sorafenib-related 

systemic toxicities and severe RT-related toxicities. While disease response or 

stabilisation may occur, the combination does not appear superior to palliative 

RT alone. If the combination were to be evaluated further, this may be more 

feasible using multi-beam arrangements and lower dose sorafenib.  Based on this 

trial however, in a palliative setting, where improving quality of life guides 

treatment decision-making, further investigation of concurrent full dose 

sorafenib and simple low dose RT is unwarranted. In addition, this trial design 

may be useful in assessing the risk-benefit ratio of combining other molecularly 

targeted therapies with palliative radiotherapy, addressing an increasingly 

common clinical scenario, while simultaneously providing valuable information 

regarding drug-radiotherapy interaction relevant to the radical treatment space.  
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Figure Legends 

 

Figure 1. Patient with grade 2 radiation dermatitis who received 30Gy in 10 

fractions as an oblique parallel-opposed pair concurrent with sorafenib (200 mg 

bid) to a metastatic para-renal mass. Well-demarcated area of 

hyperpigmentation and dry desquamation noted after 1 fraction of radiotherapy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 16 

 

References 

 

[1] Tey J, Choo BA, Leong CN, et al. Clinical outcome of palliative radiotherapy 

for locally advanced symptomatic gastric cancer in the modern era. Medicine 

(Baltimore). 2014;93(22):e118. 

[2] Hoyer M, Swaminath A, Bydder S, et al. Radiotherapy for liver metastases: 

a review of evidence. Int J Radiat Oncol Biol Phys. 2012;82(3):1047-57. 

[3] Fairchild A, Harris K, Barnes E, et al. Palliative thoracic radiotherapy for 

lung cancer: a systematic review. J Clin Oncol. 2008;26(24):4001-11. 

[4] E C, Quon M, Gallant V, Samant R. Effective palliative radiotherapy for 

symptomatic recurrent or residual ovarian cancer. Gynecol Oncol. 

2006;102(2):204-9. 

[5] Cameron MG, Kersten C, Vistad I, et al. Palliative pelvic radiotherapy for 

symptomatic incurable prostate cancer - A prospective multicenter study. 

Radiother Oncol. 2015;115(3):314-20. 

[6] Adnane L, Trail PA, Taylor I, Wilhelm SM. Sorafenib (BAY 43-9006, 

Nexavar), a dual-action inhibitor that targets RAF/MEK/ERK pathway in tumor 

cells and tyrosine kinases VEGFR/PDGFR in tumor vasculature. Methods 

Enzymol. 2006;407:597-612. 

[7] Liu L, Cao Y, Chen C, et al. Sorafenib blocks the RAF/MEK/ERK pathway, 

inhibits tumor angiogenesis, and induces tumor cell apoptosis in hepatocellular 

carcinoma model PLC/PRF/5. Cancer Res. 2006;66(24):11851-8. 

[8] Escudier B, Eisen T, Stadler WM, et al. Sorafenib in advanced clear-cell 

renal-cell carcinoma. N Engl J Med. 2007;356(2):125-34. 

[9] Llovet JM, Ricci S, Mazzaferro V, et al. Sorafenib in advanced 

hepatocellular carcinoma. N Engl J Med. 2008;359(4):378-90. 

[10] Brose MS, Nutting CM, Jarzab B, et al. Sorafenib in radioactive iodine-

refractory, locally advanced or metastatic differentiated thyroid cancer: a 

randomised, double-blind, phase 3 trial. Lancet. 2014;384(9940):319-28. 

[11] Lee CG, Heijn M, di Tomaso E, et al. Anti-Vascular endothelial growth 

factor treatment augments tumor radiation response under normoxic or hypoxic 

conditions. Cancer Res. 2000;60(19):5565-70. 

[12] Hess C, Vuong V, Hegyi I, et al. Effect of VEGF receptor inhibitor 

PTK787/ZK222584 [correction of ZK222548] combined with ionizing radiation 

on endothelial cells and tumour growth. Br J Cancer. 2001;85(12):2010-6. 

[13] Williams KJ, Telfer BA, Brave S, et al. ZD6474, a potent inhibitor of 

vascular endothelial growth factor signaling, combined with radiotherapy: 

schedule-dependent enhancement of antitumor activity. Clin Cancer Res. 

2004;10(24):8587-93. 

[14] Schueneman AJ, Himmelfarb E, Geng L, et al. SU11248 maintenance 

therapy prevents tumor regrowth after fractionated irradiation of murine tumor 

models. Cancer Res. 2003;63(14):4009-16. 

[15] Huber PE, Bischof M, Jenne J, et al. Trimodal cancer treatment: beneficial 

effects of combined antiangiogenesis, radiation, and chemotherapy. Cancer Res. 

2005;65(9):3643-55. 

[16] Bischof M, Abdollahi A, Gong P, et al. Triple combination of irradiation, 

chemotherapy (pemetrexed), and VEGFR inhibition (SU5416) in human 

endothelial and tumor cells. Int J Radiat Oncol Biol Phys. 2004;60(4):1220-32. 



 17 

[17] Abdollahi A, Lipson KE, Han X, et al. SU5416 and SU6668 attenuate the 

angiogenic effects of radiation-induced tumor cell growth factor production and 

amplify the direct anti-endothelial action of radiation in vitro. Cancer Res. 

2003;63(13):3755-63. 

[18] Mauceri HJ, Hanna NN, Beckett MA, et al. Combined effects of angiostatin 

and ionizing radiation in antitumour therapy. Nature. 1998;394(6690):287-91. 

[19] Willett CG, Boucher Y, Duda DG, et al. Surrogate markers for 

antiangiogenic therapy and dose-limiting toxicities for bevacizumab with 

radiation and chemotherapy: continued experience of a phase I trial in rectal 

cancer patients. J Clin Oncol. 2005;23(31):8136-9. 

[20] Lordick F, Geinitz H, Theisen J, Sendler A, Sarbia M. Increased risk of 

ischemic bowel complications during treatment with bevacizumab after pelvic 

irradiation: report of three cases. Int J Radiat Oncol Biol Phys. 2006;64(5):1295-

8. 

[21] Crane CH, Ellis LM, Abbruzzese JL, et al. Phase I trial evaluating the safety 

of bevacizumab with concurrent radiotherapy and capecitabine in locally 

advanced pancreatic cancer. J Clin Oncol. 2006;24(7):1145-51. 

[22] Chen SW, Lin LC, Kuo YC, Liang JA, Kuo CC, Chiou JF. Phase 2 study of 

combined sorafenib and radiation therapy in patients with advanced 

hepatocellular carcinoma. Int J Radiat Oncol Biol Phys. 2014;88(5):1041-7. 

[23] Brade AM, Ng S, Brierley J, et al. Phase 1 Trial of Sorafenib and 

Stereotactic Body Radiation Therapy for Hepatocellular Carcinoma. Int J Radiat 

Oncol Biol Phys. 2016;94(3):580-7. 

[24] Cha J, Seong J, Lee IJ, Kim JW, Han KH. Feasibility of sorafenib combined 

with local radiotherapy in advanced hepatocellular carcinoma. Yonsei Med J. 

2013;54(5):1178-85. 

[25] Hottinger AF, Aissa AB, Espeli V, et al. Phase I study of sorafenib combined 

with radiation therapy and temozolomide as first-line treatment of high-grade 

glioma. Br J Cancer. 2014;110(11):2655-61. 

[26] Den RB, Kamrava M, Sheng Z, et al. A phase I study of the combination of 

sorafenib with temozolomide and radiation therapy for the treatment of primary 

and recurrent high-grade gliomas. Int J Radiat Oncol Biol Phys. 2013;85(2):321-

8. 

[27] Canter RJ, Borys D, Olusanya A, et al. Phase I trial of neoadjuvant 

conformal radiotherapy plus sorafenib for patients with locally advanced soft 

tissue sarcoma of the extremity. Ann Surg Oncol. 2014;21(5):1616-23. 

[28] Milosevic MF, Townsley CA, Chaudary N, et al. Sorafenib Increases Tumor 

Hypoxia in Cervical Cancer Patients Treated With Radiation Therapy: Results of a 

Phase 1 Clinical Study. Int J Radiat Oncol Biol Phys. 2016;94(1):111-7. 

[29] Chiorean EG, Schneider BP, Akisik FM, et al. Phase 1 pharmacogenetic and 

pharmacodynamic study of sorafenib with concurrent radiation therapy and 

gemcitabine in locally advanced unresectable pancreatic cancer. Int J Radiat 

Oncol Biol Phys. 2014;89(2):284-91. 

[30] Kim R, Prithviraj GK, Shridhar R, et al. Phase I study of pre-operative 

continuous 5-FU and sorafenib with external radiation therapy in locally 

advanced rectal adenocarcinoma. Radiother Oncol. 2016;118(2):382-6. 

[31] Brade A, kim J, Brierley J, et al. Phase I Study of Sorafenib and Whole-liver 

Radiation Therapy (WLRT) or Stereotactic Body Radiation Therapy (SBRT) for 

Liver Metastases. Int J Radiat Oncol Biol Phys. 2012;84(3):S11-2. 



 18 

[32] Peters NA, Richel DJ, Verhoeff JJ, Stalpers LJ. Bowel perforation after 

radiotherapy in a patient receiving sorafenib. J Clin Oncol. 2008;26(14):2405-6. 

[33] Barney BM, Markovic SN, Laack NN, et al. Increased bowel toxicity in 

patients treated with a vascular endothelial growth factor inhibitor (VEGFI) after 

stereotactic body radiation therapy (SBRT). Int J Radiat Oncol Biol Phys. 

2013;87(1):73-80. 

[34] Diaz O, Mazeron R, Martin E, Carrie C. [Toxicity of radiation therapy and 

antiangiogenics combination: a case report]. Cancer Radiother. 2009;13(3):205-

8. Toxicite de l'association radiotherapie et antiangiogeniques: a propos d'un cas. 

[35] Gorski DH, Beckett MA, Jaskowiak NT, et al. Blockage of the vascular 

endothelial growth factor stress response increases the antitumor effects of 

ionizing radiation. Cancer Res. 1999;59(14):3374-8. 

[36] Jain RK. Normalizing tumor microenvironment to treat cancer: bench to 

bedside to biomarkers. J Clin Oncol. 2013;31(17):2205-18. 

[37] Jain RK. Normalizing tumor vasculature with anti-angiogenic therapy: a 

new paradigm for combination therapy. Nat Med. 2001;7(9):987-9. 

[38] Jain RK. Normalization of tumor vasculature: an emerging concept in 

antiangiogenic therapy. Science. 2005;307(5706):58-62. 

 


