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Abstract: Survival in patients with unresectable pancreatic carcinoma is poor. Studies by 

Mayo Clinic and the Gastrointestinal Tumor Study Group (GITSG) have established 

combined modality treatment with chemotherapy and radiation as the standard of care. Use 

of gemcitabine-based chemotherapy alone has also been shown to provide a benefit, but 

5-year overall survival still remains less than 5%. Conventional radiotherapy is 

traditionally delivered over a six week period and high toxicity is seen with the 

concomitant use of chemotherapy. In contrast, SBRT can be delivered in 3–5 days and, 

when used as a component of combined modality therapy with gemcitabine, disruption to 

the timely delivery of chemotherapy is minimal. Early single-institution reports of SBRT 

for unresectable pancreatic carcinoma demonstrate excellent local control with acceptable 

toxicity. Use of SBRT in unresectable pancreatic carcinoma warrants further investigation 

in order to improve the survival of patients with historically poor outcomes. 

Keywords: stereotactic radiotherapy; radiotherapy; pancreatic neoplasms 

 

1. Introduction 

Pancreatic carcinoma is an uncommon cancer, representing only 3% of all malignancies and 14% of 

gastrointestinal malignancies. Despite this, it is the fourth leading cause of cancer death in the United 

States. According to the American Cancer Society 2009 statistics, pancreatic carcinoma has a 

projected incidence of 42,470 in the United States and will cause an estimated 35,240 deaths [1]. The 

estimated 5-year overall survival for patients with pancreatic carcinoma is 5% or less, and has not 
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changed significantly over the last 30 years. Therefore, investigations into methods of improving 

survival in pancreatic carcinoma continue to be pursued. Surgical resection can prolong survival in 

select cases and is the only treatment modality offering a chance of disease eradication. Unfortunately, 

only about 10–15% of patients are candidates for potentially curative resection at diagnosis and, as a 

result, outcomes have traditionally been poor. Even in node-negative patients undergoing optimal 

pancreaticoduodenectomy, 5-year survival is only 24% [2]. In addition, both local and systemic 

recurrences are common after surgical resection [3]. Therefore, new investigations into more effective 

treatments are warranted. 

2. Radiation Therapy for Locally Advanced Pancreatic Carcinoma 

There are many limitations to the use of radiation therapy alone as definitive therapy for unresectable 

pancreatic carcinoma. For example, external beam radiotherapy has traditionally been limited by the 

radiation tolerance of adjacent tissue, primarily the duodenum. When given as conventionally 

fractionated therapy, accepted limits for maximum radiation dose to the duodenum are thought to be 

about 50 Gray (Gy) to one-third of the organ or 40 Gy to the entire organ [4]. At these dose levels, it is 

estimated that there is a 5% probability of treatment-related complications within five years of treatment. 

More recently, dose-volume constraint recommendations have been redefined with the recent publication 

of Quantitative Analyses of Normal Tissue Effects in the Clinic (QUANTEC). The data analyzed as part 

of this publication recommends that only 195 cm3 of small bowel receive >45 Gy [5]. However, 

biologically effective doses in excess of 70 Gy are often necessary to achieve a high probability of 

tumor control [6].  

Conventionally fractionated radiation takes advantage of the deficiencies in DNA-damage repair 

inherent to many tumor cells. This results in making ionizing radiation more lethal to malignant cells 

than to those of normal tissue. At higher doses per fraction, emerging data suggests that in addition to 

direct cytotoxicity, a different mechanism involving microvascular damage begins to have a substantial 

effect on tumor cell kill [7,8]. Technological advances in stereotactic body radiation (SBRT) have built 

on the well-established principles of intracranial radiosurgery to allow delivery of a single or limited 

number of high dose radiation fractions to extracranial tumor targets [9]. This enables the delivery of 

ablative doses to the tumor and immediately adjacent tissues that is analogous to a surgical resection [10]. 

In fact, the use of SBRT has become an alternative to resection when involvement of critical structure 

precludes a traditional surgical approach. Recent trials have demonstrated the tolerability and efficacy 

of SBRT for treatment of early-stage lung cancer and liver metastases. For example, the published 

results for SBRT in early-stage non-small cell lung cancer have shown encouraging outcomes with 

reports of local control rates of 80–100% [11–15]. 

As the dose per fraction increases with the use of SBRT, the ability to delineate between tumor and 

organs at risk becomes essential in order to adequately target disease, but also to avoid potential 

complications of high doses of radiation on normal tissues. In most reports, the planning target volume 

(PTV) represents the gross tumor volume (GTV) as visible on pre-treatment imaging studies plus a 

margin to account for tumor displacement due to respiration (internal target volume or ITV) and 

patient set up uncertainty. Various techniques are also utilized to aid in tumor localization. For 

example, treatment planning is frequently done with respiratory-correlated cone-beam computed 
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tomography (4D-CT) as described by D’Souza et al. [16], with abdominal compression to limit the 

respiratory-associated movement of tumor. Often, gold fiducial markers are implanted within the 

patient’s tumor to be used during the course of treatment to actively track tumor movement. Image 

guided techniques such as cone-beam CT, as described by Pouliot et al. [17] and Chen et al. [18] can 

also be used to confirm tumor position prior to delivering each fraction of radiation. 

3. Combined Modality Therapy for Locally Advanced Pancreatic Carcinoma 

The use of 5-flurouracil (5-FU) based chemotherapy, in combination with external beam radiation 

therapy, has demonstrated a survival advantage over the use of radiation therapy alone [19–21]. Recent 

reports have established the superiority of gemcitabine-based chemotherapy over 5-FU when used alone 

or in combination with radiation therapy. In patients with symptomatic advanced pancreas cancer, 

gemcitabine, when given alone as a weekly regimen, was shown to have improved symptom control and 

a modest survival benefit compared to 5-FU [22]. In vitro studies also support the fact that gemcitabine 

acts as a potent radiosensitizer [23,24] and when used in combination with radiation therapy, survival 

outcomes are improved. In a Phase III randomized study of gemcitabine in combination with radiation 

therapy versus gemcitabine alone, Loehrer et al. reports a statistically significantly improvement in 

overall survival with the use of combined modality therapy consisting of gemcitabine and radiation 

therapy [25]. Patients enrolled in this trial were randomized to either gemcitabine (1000 mg/m2) alone 

given weekly × 3 every 4 weeks for 7 cycles or radiation therapy 50.4 Gy in 28 fractions along with 

gemcitabine (600 mg/m2) weekly × 6 followed by 5 cycles of gemcitabine alone (1000 mg/m2) given 

weekly × 3 every 4 weeks. In patients receiving radiation therapy, an improvement in median overall 

survival of 11.0 months was seen compared to 9.2 months in patients receiving gemcitabine alone. The 

objective response rate and progression free survival were also improved in patients randomized to 

receive radiation therapy. 

Although most patients with pancreatic cancer eventually die of metastatic disease, data suggests 

that local control of disease is important, as well. A study from Taiwan, using 50.4 to 61.2 Gy with 

concomitant chemoradiotherapy as treatment for unresectable pancreatic carcinoma, reported that 6 of 18 

patients (33%) had local progression as a component of their treatment failure [26]. Also, a report from 

MD Anderson Cancer Center on 323 patients who received induction chemotherapy and conventional 

radiotherapy, reports a 46% rate of local progression with or without distant progression. Among these 

patients, a total of 56 (38%) had local progression alone [27]. This emphasizes the need for more 

effective local therapy which will likely require novel combinations of systemically active therapies 

combined with radiotherapy. 

4. Results of Stereotactic Body Radiation Therapy for Unresectable Pancreatic Carcinoma 

Several trials have evaluated the feasibility, toxicity and tumor response of SBRT for unresectable, 

locally advanced pancreatic carcinoma (Table 1). One of the earliest Phase II studies involving SBRT in 

patients with non-resectable tumors due to invasion of vessels or other adjacent structures was performed 

in Denmark. In this trial, a dose of 45 Gy in 3 fractions was delivered over a period of 5–10 days to the 

treatment isocenter. Also, the dose at the margin of the tumor corresponded to the 67% isodose line or 

30 Gy. The treatment volumes as described in this study were much larger than more contemporary 
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trials looking at SBRT as a component of management for pancreatic carcinoma. The patients in this 

series had poor outcomes, suggesting that treating such a large volume may be detrimental to durable 

tumor control. A median survival of 5.7 months was seen in this study and, of the 22 patient evaluated, 

only 5% were alive at 1 year post treatment. A median time to progression of 4.8 months was seen 

with a one year progression free survival of 9%. Additionally, only one patient was free from disease 

progression at 18 months [28].  

Table 1. SBRT for locally advanced pancreatic carcinoma. 

Study Fractionation 

Median 

follow-up 

(months) 

Local 

control 

(%) 

Median 

survival 

(months) 

Grade ≥ grade 3 

toxicity (%) 

Acute Late 

Chang et al. [30] 25 Gy × 1 12 84 11.9 * 1 9 

Hoyer et al. [28] 45 Gy × 3† 6 57 5.4 78 33 

Mahadevan et al. [32] 8–12 Gy × 3 24 78 14.3 8 6 

Polistina et al. [38] 10 Gy × 3 9 83 10.6 0 0 

Rwigema et al. [31] 18–24 Gy × 1†† 6 77 10.3 4 0 

* Calculated from time of diagnosis. †Dose to ICRU reference point; †† Various doses delivered: 24 Gy 

(61%), 22 Gy (18%), 25 Gy (7%), 20 Gy (6%), 18 Gy (3%). 

As seen with conventional radiation therapy, patient outcomes are improved when gemcitabine is 

added to SBRT. Investigators from Stanford University have reported the results of a single institution 

Phase 2 trial of gemcitabine and single-fraction SBRT in locally advanced, nonmetastatic, pancreatic 

adenocarcinoma. A total of 16 patients, who were treated with gemcitabine and SBRT to 25 Gy in a 

single fraction delivered two weeks after completion of the first cycle, are detailed in this study. A 

median survival of 11.4 months was seen with a 1 year overall survival of 50% and an estimated 2 year 

survival of 18% [29]. A cumulative report of all 77 patients treated with single fraction SBRT reports 

similar outcomes [30]. The rates of freedom from local progression at 6 months and 12 months were 

91% and 84%, respectively. Of the patients with progressive disease, only 13% had local failure as a 

component of their disease progression. The median survival of all patients treated with single fraction 

SBRT, as calculated from the time of diagnosis, was 11.9 months. 

Other institutions have published data on the use of SBRT in locally advanced pancreatic carcinoma 

as well. Rwigema et al. describes the University of Pittsburgh experience in a heterogeneous group of 

70 patients, including some with metastatic disease, who received SBRT as part of their management [31]. 

Most patients in this study received a prescription dose of 24 Gy delivered to the 80% isodose line 

(marginal dose of 19.2 Gy) in a single fraction. A total of 40 patients (56%) described in this study had 

locally advanced, unresectable disease. Another 11 patients (16%) were treated for local recurrence 

after previous external beam radiation therapy (median 45 Gy), and 12 patients (17%) were given 

SBRT in the adjuvant setting for positive or close margins. Despite this heterogeneity, good local 

control and overall survival was seen in the entire patient population. In fact, in a select group of 

patients with tumors <15 mL in size, freedom from local progression was achieved in 77.3% at a 

median follow up of 12.7 months. Among all patients, a median survival of 10.3 months was reported 

with a 6 and 12-month overall survival rate of 65.3% and 41 % respectively.  
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A study by Polistina et al. has reported the experience of 23 patients with locally advanced, 

unresectable pancreatic carcinoma given 30 Gy SBRT in 3 consecutive daily fractions. All patients 

also received gemcitabine chemotherapy for 6 weekly cycles after SBRT. In this group of patients, the 

overall local control rate was 82% at 6 month follow-up visits. In addition, 5 patients (22%) had their 

disease become resectable after treatment. 

Recently published data by Mahadevan et al. on combined modality therapy from Beth Israel 

Deaconess Medical Center details a different approach to treatment [32]. In the 36 patients evaluated, a 

radiation dose of 24 Gy, 30 Gy, or 36 Gy in 3 fractions was prescribed based on the location of tumor 

in relation to the duodenum. If the tumor abutted one third or more of the circumference of the 

duodenum, a dose of 24 Gy was delivered. If the tumor touched the duodenum in only one area or the 

space between the tumor and bowel was <3 mm, a dose of 30 Gy was delivered. A higher dose of 36 Gy 

was given if tumor was found to be ≥3 mm from the duodenum. All patients received gemcitabine 

chemotherapy weekly × 3, every 28 days for 6 cycles starting one month after SBRT. However, despite 

the location-based dosing, most patients in this series (69%) received a total of 30 Gy in 3 fractions. A 

median survival of 14.3 months was seen with a local control rate of 78% at a median follow-up duration 

of 24 months (range 12–33). In this study, progression-free survival as determined by CA 19-9 was 

7.9 months and 9.6 months if determined by CT scan. 

5. Risks of Toxicity  

One of the prevailing limitations to more widespread acceptance of SBRT for locally advanced 

pancreatic carcinoma has been the toxicities associated with treatment, especially when combined with 

concomitant chemotherapy. The early GITSG reports did not report late toxicity, but many instances 

of unacceptable toxicity were seen in other reports of combined modality treatment with gemcitabine 

and conventionally fractionated radiation therapy. Patients enrolled in a Phase I dose escalation study 

described by McGinn et al. were administered gemcitabine as a 30-minute intravenous infusion at a 

dose of 1000 mg/m2 on days 1, 8, and 15 of a 28-day cycle together with external beam radiation 

therapy. Due to the toxicity of treatment, the authors recommend a dose no greater than 36 Gy in 2.4-Gy 

fractions when gemcitabine is given concomitantly [33]. Using this treatment regimen, sixteen of 

seventy-four patients (22%) had ≥Grade 3 gastrointestinal toxicity. An 11% rate of late ≥grade 3 

toxicity, including 6 episodes of upper GI bleeding, was reported. In addition, a 69% incidence of 

acute grade 1–2 gastrointestinal toxicity was seen. The acute toxicities primarily consisted of nausea, 

vomiting and diarrhea, but there were also 2 upper GI bleeds as well as a duodenal fistula and a partial 

small bowel obstruction reported. Other significant toxicities seen in these patients included a colon 

stricture and a choledochoduodenal fistula. In addition, one death was reported from a bleeding 

duodenal ulcer [34].  

In early SBRT trials, a dose of 45 Gy in 3 fractions delivered to the pancreas, without the use of 

chemotherapy, was deemed to be too toxic. A probable contributing factor to the toxicity seen in this 

series is that a large volume was treated to moderately high doses, as the PTV (median 136 cm3) 

consisted of gross tumor with surrounding edema, plus an isotropic margin of 5 mm in the transverse 

direction, and 10 mm in the cranio-caudal direction. Many patients receiving this dose reported a 

decrease in performance status, increased nausea, and more pain after treatment compared to baseline. 
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In this trial, 5 of the 12 patients (42%) evaluated at ≥3 months suffered from severe mucositis or 

ulceration of the stomach or duodenum. In addition, one patient experienced a non-fatal perforated 

ulcer in the stomach. All of these patients had part of the stomach or duodenum receiving at least 67% of 

isocenter prescription dose, or 30 Gy in 3 Fx [28].  

As reported by de Lange et al. similarly high rates of toxicity were seen in patients with locally 

advanced pancreatic carcinoma treated with concomitant gemcitabine administered at a dose of 

300 mg/m2 2–4 hours prior to hypofractionated radiotherapy (three weekly fractions of 8 Gy). This 

was followed by full dose gemcitabine (1000 mg/m2) given weekly × 3, every 28 days, for a median of 

13 cycles. In this series of 24 patients, the authors report a 37.5% incidence of ulceration in the 

stomach (9 patients) with 5 of these having associated bleeding. Two deaths were reported, including 

one from a bleeding ulcer and another from the development of an aortoduodenal fistula [35].  

The initial reports on the Stanford 25 Gy in 1 Fx regimen reported only mild acute gastrointestinal 

toxicity consisting of 2 cases of grade 2 and 1 case of grade 3 toxicity. Late toxicity, however, was 

much more common in reports of the Phase II component, as five ulcers (grade 2), one duodenal stenosis 

(grade 3), and one duodenal perforation (grade 4) were seen [29]. The cumulative experience of all 

patients at Stanford receiving a single fraction of 25 Gy by Chang et al. show that the grade ≥2 acute and 

late toxicity rates at 6 and 12-months are 17% and 28%, respectively [30]. In a recent dosimetric 

analysis of these patients, additional data is provided. A median time to toxicity of 6.3 months was 

reported with a significant decrease in duodenal toxicity seen on univariate analysis when the 

maximum dose to the duodenum was kept below 23 Gy [36]. A similar decrease in toxicity was seen 

when the volume of duodenum receiving 15 Gy, and 20 Gy were kept below the threshold of 9.1 cm3 

and 3.3 cm3, respectively. Despite the higher rates of serious toxicity in early SBRT reports, compared 

to conventional chemoradiotherapy for pancreatic carcinoma, the overall toxicity risk of SBRT is 

acceptable given the high probability of local control. In comparison, a recent RTOG randomized 

controlled Phase III trial [37], evaluating the role of adjuvant radiation therapy in combination with 

either gemcitabine or 5-FU, reported a 58% incidence of grade 3 or higher toxicity in the group 

receiving concomitant gemcitabine. 

The study by Mahadevan et al. [32] reports less toxicity when SBRT is delivered in three fractions 

compared to a single, high dose fraction. Of the 36 patients reported in this recent publication, 

69% (25 patients) received a prescribed radiation dose of 30 Gy and all but 5 patients received 

gemcitabine after SBRT. With a median follow-up of 24 months, a total of 9 patients developed grade 2 

nausea (25%) with 4 of these patients experiencing persistent nausea. There were also 3 patients (8%) 

who reported grade 3 toxicities. Hospitalization for control of cramping and vomiting was needed in 

2 patients and an IVC thrombosis was seen in a third. In addition, late toxicity (≥3 months) occurred 

in2 patients (5.5%), both of which developed gastrointestinal bleeding requiring transfusion.  

Two other recent studies by Rwigema et al. [31], as well as an Italian study by Polistina et al. [38], 

report a low incidence of serious toxicity. In the University of Pittsburgh series, a total of three acute 

grade 3 toxicities were seen, consisting of one event each of nausea, abdominal pain, and 

gastroparesis. No late ≥ grade 2 toxicities were reported. The Italian study is remarkable for the lack of 

any grade 2 or higher toxicities. A summary of the incidence of ≥grade 3 toxicity for all published 

SBRT trials is presented in Table 1. 
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As reported in the above trials, toxicity rates after SBRT for pancreatic tumors compare favorably 

to a more protracted course of treatment, as long as dose thresholds for critical structures are respected. 

The recent QUANTEC data suggests that the small-bowel volume receiving >12.5 Gy in a single 

fraction should be kept to <30 cc with avoidance of circumferential coverage above that dose. The 

QUANTEC authors also provide a more conservative threshold such that for a three to five fraction 

regimen, the maximum point dose should be <30 Gy [5]. 

6. Biological Considerations of SBRT 

The rationale for a multiple fraction regimen is based on putative advantages of fractionation, 

including reoxygenation of otherwise radioresistant hypoxic tumor and redistribution of tumor 

clonogens into a sensitive phase of the cell cycle. However, a conventional course of radiation is given 

over a number of weeks which can allow for interfraction repair of cellular radiation damage or 

lengthen any interruption of systemic therapy. Either of these factors could potentially compromise the 

effectiveness of therapy. In order to decrease the chance of significant interfraction repair, time 

committed to treatment and costs to the patient, hypofractionated courses of treatments are now 

commonly used.  

The dose of 36 Gy delivered in the Phase I dose-escalation trial of concomitant chemoradiotherapy 

described by McGinn et al. is equivalent to a biologically effective dose (BED) of 55 when calculated 

using an alpha/beta ratio of 3 for late responding tissues [33]. Similarly, a commonly prescribed dose 

for pancreatic carcinoma of 50.4 Gy in 28 fractions corresponds to a BED (Gy 3) of 62.5. In contrast, 

the Stanford University SBRT dose of 25 Gy in a single fraction and the Danish dose of 45 Gy in 

3 fractions correspond to a BED (Gy 3) of 233 and 268, respectively. Radiobiologic principles support 

the fact that, at a given dose level, increasing the number of fractions can decrease the late effects of 

radiation on normal tissues. Given the excessive late duodenal toxicity seen after SBRT delivered at 

these doses, it would be justified to further increase the number of treatment fractions in order to 

decrease the BED and consequently, the probability of late duodenal toxicity. Therefore, clinical trials 

or other investigations looking at a more protracted SBRT, to deliver an equivalent or greater tumoricidal 

dose, but allow for decreased BED in regards to late normal tissue toxicity, need to be developed.  

7. Conclusions  

Survival is poor in patients diagnosed with pancreatic carcinoma due to the lack of adequate 

treatment options. Only 15–20% of patients present with resectable disease, and even with adequate 

surgical resection, recurrence is common. Concurrent chemoradiotherapy is the standard of care at the 

present time, but conventionally fractionated radiation therapy can take 5–6 weeks to deliver. SBRT is 

a promising alternative to conventional radiation therapy in that local control is excellent and 

disruption to systemic therapy is minimal. The fact remains, however, that distant metastatic disease is 

common and toxicity of treatment is generally high. In order to address these issues, new 

investigations combining the use of a more protracted course of SBRT with chemotherapy need to be 

performed in the setting of well designed and conducted clinical trials. 



Cancers 2010, 2                    

 

 

1572

References 

1. Jemal, A.; Siegel, R.; Ward, E.; Hao, Y.; Xu, J.; Thun, M.J. Cancer statistics, 2009.  

CA Cancer J. Clin. 2009, 59, 225–249. 

2. Schnelldorfer, T.; Ware, A.L.; Sarr, M.G.; Smyrk, T.C.; Zhang, L.; Qin, R.; Gullerud, R.E.; 

Donohue, J.H.; Nagorney, D.M.; Farnell, M.B. Long-term survival after pancreatoduodenectomy 

for pancreatic adenocarcinoma: Is cure possible? Ann. Surg. 2008, 247, 456–462. 

3. Raut, C.P.; Tseng, J.F.; Sun, C.C.; Wang, H.; Wolff, R.A.; Crane, C.H.; Hwang, R.; Vauthey, 

J.N.; Abdalla, E.K.; Lee, J.E.; Pisters, P.W.; Evans, D.B. Impact of resection status on pattern of 

failure and survival after pancreaticoduodenectomy for pancreatic adenocarcinoma. Ann. Surg. 

2007, 246, 52–60. 

4. Emami, B.; Lyman, J.; Brown, A.; Coia, L.; Goitein, M.; Munzenrider, J.E.; Shank, B.; Solin, L.J.; 

Wesson, M. Tolerance of normal tissue to therapeutic irradiation. Int. J. Radiat. Oncol. Biol. Phys. 

1991, 21, 109–122. 

5. Kavanagh, B.D.; Pan, C.C.; Dawson, L.A.; Das, S.K.; Li, X.A.; Ten Haken, R.K.; Miften, M. 

Radiation dose-volume effects in the stomach and small bowel. Int. Radiat. Oncol. Biol. Phys. 76, 

S101–S107. 

6. Fletcher, G.H. The evolution of the basic concepts underlying the practice of radiotherapy from 

1949 to 1977. Radiology 1978, 127, 3–19. 

7. Fuks, Z.; Kolesnick, R. Engaging the vascular component of the tumor response. Cancer Cell 

2005, 8, 89–91. 

8. Hall, E.J.; Brenner, D.J. The radiobiology of radiosurgery: Rationale for different treatment 

regimes for avms and malignancies. Int. J. Radiat. Oncol. Biol. Phys. 1993, 25, 381–385. 

9. Nedzi, L.A. The implementation of ablative hypofractionated radiotherapy for stereotactic 

treatments in the brain and body: Observations on efficacy and toxicity in clinical practice. 

Semin. Radiat. Oncol. 2008, 18, 265–272. 

10. Timmerman, R.D.; Kavanagh, B.D.; Cho, L.C.; Papiez, L.; Xing, L. Stereotactic body radiation 

therapy in multiple organ sites. J. Clin. Oncol. 2007, 25, 947–952. 

11. Baumann, P.; Nyman, J.; Hoyer, M.; Wennberg, B.; Gagliardi, G.; Lax, I.; Drugge, N.; Ekberg, 

L.; Friesland, S.; Johansson, K.-A.; Lund, J.-A.; Morhed, E.; Nilsson, K.; Levin, N.; Paludan, M.; 

Sederholm, C.; Traberg, A.; Wittgren, L.; Lewensohn, R. Outcome in a prospective phase ii trial 

of medically inoperable stage i non-small-cell lung cancer patients treated with stereotactic body 

radiotherapy. J. Clin. Oncol. 2009, 27, 3290–3296. 

12. Fakiris, A.J.; McGarry, R.C.; Yiannoutsos, C.T.; Papiez, L.; Williams, M.; Henderson, M.A.; 

Timmerman, R. Stereotactic body radiation therapy for early-stage non-small-cell lung 

carcinoma: Four-year results of a prospective phase ii study. Int. J. Radiat. Oncol. Biol. Phys. 

2009, 75, 677–682. 

13. McGarry, R.C.; Papiez, L.; Williams, M.; Whitford, T.; Timmerman, R.D. Stereotactic body radiation 

therapy of early-stage non-small-cell lung carcinoma: Phase i study. Int. J. Radiat. Oncol. Biol. Phys. 

2005, 63, 1010–1015. 



Cancers 2010, 2                    

 

 

1573

14. Nagata, Y.; Takayama, K.; Matsuo, Y.; Norihisa, Y.; Mizowaki, T.; Sakamoto, T.; Sakamoto, M.; 

Mitsumori, M.; Shibuya, K.; Araki, N.; Yano, S.; Hiraoka, M. Clinical outcomes of a phase i/ii 

study of 48 gy of stereotactic body radiotherapy in 4 fractions for primary lung cancer using a 

stereotactic body frame. Int. J. Radiat. Oncol. Biol. Phys. 2005, 63, 1427–1431. 

15. Timmerman, R.; Paulus, R.; Galvin, J.; Michalski, J.; Straube, W.; Bradley, J.; Fakiris, A.; 

Bezjak, A.; Videtic, G.; Johnstone, D.; Fowler, J.; Gore, E.; Choy, H. Stereotactic body radiation 

therapy for inoperable early stage lung cancer. JAMA 2010, 303, 1070–1076. 

16. D'Souza, W.D.; Nazareth, D.P.; Zhang, B.; Deyoung, C.; Suntharalingam, M.; Kwok, Y.; Yu, 

C.X.; Regine, W.F. The use of gated and 4d ct imaging in planning for stereotactic body radiation 

therapy. Med. Dosim. 2007, 32, 92–101. 

17. Pouliot, J.; Bani-Hashemi, A.; Josephine, C.; Svatos, M.; Ghelmansarai, F.; Mitschke, M.; Aubin, 

M.; Xia, P.; Morin, O.; Bucci, K.; Roach Iii, M.; Hernandez, P.; Zheng, Z.; Hristov, D.; Verhey, 

L. Low-dose megavoltage cone-beam ct for radiation therapy. Int. J. Radiat. Oncol. Biol. Phys. 

2005, 61, 552–560. 

18. Chen, J.; Morin, O.; Aubin, M.; Bucci, M.K.; Chuang, C.F.; Pouliot, J. Dose-guided radiation 

therapy with megavoltage cone-beam ct. Br. J. Radiol. 2006, 79, S87–S98. 

19. Moertel, C.; Reitemeier, R.; Childs, D.; Colby, M.; Holbrook, M. Combined 5-fluorouracil and 

supervoltage radiation therapy of locally unresectable gastrointestinal cancer. Lancet 1969, 294, 

865–867. 

20. Gastrointestinal tumor study group. Comparative therapeutic trial of radiation with or without 

chemotherapy in pancreatic carcinoma. Int. J. Radiat. Oncol. Biol. Phys. 1979, 5, 1643–1647. 

21. Moertel, C.G.; Frytak, S.; Hahn, R.G.; O'Connell, M.J.; Reitemeier, R.J.; Rubin, J.; Schutt, A.J.; 

Weiland, L.H.; Childs, D.S.; Holbrook, M.A.; et al. Therapy of locally unresectable pancreatic 

carcinoma: A randomized comparison of high dose (6000 rads) radiation alone, moderate dose 

radiation (4000 rads +5-fluorouracil), and high dose radiation +5-fluorouracil: The gastrointestinal 

tumor study group. Cancer 1981, 48, 1705–1710. 

22. Burris, H.A., 3rd; Moore, M.J.; Andersen, J.; Green, M.R.; Rothenberg, M.L.; Modiano, M.R.; 

Cripps, M.C.; Portenoy, R.K.; Storniolo, A.M.; Tarassoff, P.; Nelson, R.; Dorr, F.A.; Stephens, 

C.D.; Von Hoff, D.D. Improvements in survival and clinical benefit with gemcitabine as first- line 

therapy for patients with advanced pancreas cancer: A randomized trial. J. Clin. Oncol. 1997, 15, 

2403–2413. 

23. Shewach, D.S.; Lawrence, T.S. Radiosensitization of human tumor cells by gemcitabine in vitro. 

Semin. Oncol. 1995, 22, 68–71. 

24. Lawrence, T.S.; Chang, E.Y.; Hahn, T.M.; Hertel, L.W.; Shewach, D.S. Radiosensitization of 

pancreatic cancer cells by 2',2'-difluoro-2'-deoxycytidine. Int. J. Radiat. Oncol. Biol. Phys. 1996, 

34, 867–872. 

25. Loehrer, P.J., Sr.; Powell, M.E.; Cardenes, H.R.; Wagner, L.; Brell, J.M.; Ramanathan, R.K.; 

Crane, C.H.; Alberts, S.R.; Benson, A.B., III. A randomized phase iii study of gemcitabine in 

combination with radiation therapy versus gemcitabine alone in patients with localized, 

unresectable pancreatic cancer: E4201. J. Clin. Oncol.  2008, 26, Abstr. 4506. 



Cancers 2010, 2                    

 

 

1574

26. Li, C.-P.; Chao, Y.; Chi, K.-H.; Chan, W.-K.; Teng, H.-C.; Lee, R.-C.; Chang, F.-Y.; Lee, S.-D.; 

Yen, S.-H. Concurrent chemoradiotherapy treatment of locally advanced pancreatic cancer: 

Gemcitabine versus 5-fluorouracil, a randomized controlled study. Int. J. Radiat. Oncol. Biol. Phys. 

2003, 57, 98–104. 

27. Krishnan, S.; Rana, V.; Janjan, N.A.; Varadhachary, G.R.; Abbruzzese, J.L.; Das, P.; Delclos, 

M.E.; Gould, M.S.; Evans, D.B.; Wolff, R.A.; Crane, C.H. Induction chemotherapy selects 

patients with locally advanced, unresectable pancreatic cancer for optimal benefit from 

consolidative chemoradiation therapy. Cancer 2007, 110, 47–55. 

28. Hoyer, M.; Roed, H.; Sengelov, L.; Traberg, A.; Ohlhuis, L.; Pedersen, J.; Nellemann, H.; Kiil 

Berthelsen, A.; Eberholst, F.; Engelholm, S.A.; von der Maase, H. Phase-ii study on stereotactic 

radiotherapy of locally advanced pancreatic carcinoma. Radiother. Oncol. 2005, 76, 48–53. 

29. Schellenberg, D.; Goodman, K.A.; Lee, F.; Chang, S.; Kuo, T.; Ford, J.M.; Fisher, G.A.; Quon, 

A.; Desser, T.S.; Norton, J.; Greco, R.; Yang, G.P.; Koong, A.C. Gemcitabine chemotherapy and 

single-fraction stereotactic body radiotherapy for locally advanced pancreatic cancer. Int. J. 

Radiat. Oncol. Biol. Phys. 2008, 72, 678–686. 

30. Chang, D.T.; Schellenberg, D.; Shen, J.; Kim, J.; Goodman, K.A.; Fisher, G.A.; Ford, J.M.; 

Desser, T.; Quon, A.; Koong, A.C. Stereotactic radiotherapy for unresectable adenocarcinoma of 

the pancreas. Cancer 2009, 115, 665–672. 

31. Rwigema, J.C.; Parikh, S.D.; Heron, D.E.; Howell, M.; Zeh, H.; Moser, A.J.; Bahary, N.; Quinn, 

A.; Burton, S.A. Stereotactic body radiotherapy in the treatment of advanced adenocarcinoma of 

the pancreas. Am. J. Clin. Oncol. 2010, doi:10.1097/COC.0b013e3181d270b4. 

32. Mahadevan, A.; Jain, S.; Goldstein, M.; Miksad, R.; Pleskow, D.; Sawhney, M.; Brennan, D.; 

Callery, M.; Vollmer, C. Stereotactic body radiotherapy and gemcitabine for locally advanced 

pancreatic cancer. Int. J. Radiat. Oncol. Biol. Phys. 2010, doi:10.1016/j.ijrobp.2009.08.046. 

33. McGinn, C.J.; Zalupski, M.M.; Shureiqi, I.; Robertson, J.M.; Eckhauser, F.E.; Smith, D.C.; 

Brown, D.; Hejna, G.; Strawderman, M.; Normolle, D.; Lawrence, T.S. Phase i trial of radiation 

dose escalation with concurrent weekly full-dose gemcitabine in patients with advanced 

pancreatic cancer. J. Clin. Oncol. 2001, 19, 4202–4208. 

34. Murphy, J.D.; Adusumilli, S.; Griffith, K.A.; Ray, M.E.; Zalupski, M.M.; Lawrence, T.S.; Ben-

Josef, E. Full-dose gemcitabine and concurrent radiotherapy for unresectable pancreatic cancer. 

Int. J. Radiat. Oncol. Biol. Phys. 2007, 68, 801–808. 

35. de Lange, S.M.; van Groeningen, C.J.; Meijer, O.W.M.; Cuesta, M.A.; Langendijk, J.A.; van Riel, 

J.M.G.H.; Pinedo, H.M.; Peters, G.J.; Meijer, S.; Slotman, B.J.; Giaccone, G. Gemcitabine-

radiotherapy in patients with locally advanced pancreatic cancer. Eur. J. Cancer 2002, 38,  

1212–1217. 

36. Murphy, J.D.; Christman-Skieller, C.; Kim, J.; Dieterich, S.; Chang, D.T.; Koong, A.C.  

A dosimetric model of duodenal toxicity after stereotactic body radiotherapy for pancreatic 

cancer. Int. J. Radiat. Oncol. Biol. Phys. 2010, doi:10.1016/j.ijrobp.2009.09.075. 



Cancers 2010, 2                    

 

 

1575

37. Regine, W.F.; Winter, K.A.; Abrams, R.A.; Safran, H.; Hoffman, J.P.; Konski, A.; Benson, A.B.; 

Macdonald, J.S.; Kudrimoti, M.R.; Fromm, M.L.; Haddock, M.G.; Schaefer, P.; Willett, C.G.; 

Rich, T.A. Fluorouracil vs gemcitabine chemotherapy before and after fluorouracil-based 

chemoradiation following resection of pancreatic adenocarcinoma: A randomized controlled trial. 

JAMA 2008, 299, 1019–1026. 

38. Polistina, F.; Costantin, G.; Casamassima, F.; Francescon, P.; Guglielmi, R.; Panizzoni, G.; 

Febbraro, A.; Ambrosino, G. Unresectable locally advanced pancreatic cancer: A multimodal 

treatment using neoadjuvant chemoradiotherapy (gemcitabine plus stereotactic radiosurgery) and 

subsequent surgical exploration. Ann. Surg. Oncol. 2010, 17, 2092–2101. 

© 2010 by the authors; licensee MDPI, Basel, Switzerland. This article is an Open Access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


