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increasingly important. We have previously reported the intrafraction motion of the pancreas using the Calypso System in patients
with unresectable pancreatic cancer. The present study reports interfraction motion using the Calypso System.

Materials/Methods: Calypso Beacon transponders were implanted into pancreatic cancer patients for tumor tracking dur-
ing daily setup and radiation delivery. Transponders were placed during routine exploratory laparoscopy performed to
rule out peritoneal metastasis. Under laparoscopic guidance, 3 transponders were implanted in a triangulated fashion
into the pancreas. All patients underwent a free-breathing “slow scan” for CT based planning to control for centroid
motion. Patients were initially positioned for radiation treatment using skin tattcos and orthogonal port films. The patients
were then shifted from their initial position based on localization information from the Calypso System to position the
tumor centroid between the maxima and minima of oscillation. Interfraction motion was evaluated in the left-right (X),
superior-inferior (Y), and anterior-posterior dimensions (Z). Calypso patient set-up data was collected for 164 consecutive
treatment sessions,

Results: The median initial shift from tattoos and orthogonal films based on the Calypso System was less than 0.5 cm for all three
dimensions. Based on the 164 shifts, the mean shift in cm for the X, Y and Z dimensions were -0.18, 0.27, and -0.32, respectively.
The median X, Y, and Z shifts in em (followed by SD in parenthesis) were -0.06 (0.72), 0.11 (0.85), and -0.30 (0.41).

Conclusions: At present a 1.5-2.0 cm PTV is added to the CTV at our institution when treating pancreatic cancer definitively.
Based on the Calypso System data examined here, it appears that this is adequate. The SDs of the shifts suggest that a PTV of
2 cm would account for the majority of interfractional motion when only skin marks and orthogonal films are used. This margin
would also be adequate to account for intrafraction motion, which was much greater, based on previously reported data. The use of
the Calypso system may allow smaller margins to be used, which may allow physicians greater flexibility in choosing treatments for
patients, such as using hypofractionated radiation or higher doses of chemotherapy. While this data is preliminary, it is encouraging
and warrants further study.

Author Disclosure: E.T. Shinohara, Honoraria, D. Speakers Bureau/Honoraria; A. Kassaee, None; N. Vapiwala, Honoraria, D.
Speakers Bureau/Honoraria; J. Plastaras, None; J. Drebin, None; J. Metz, Honoraria, D. Speakers Bureau/Honoraria.

3069 1nterfractional Variations of Lung Tumor in the Stereotactic Body Radiotherapy with Cine EPID
at Treatment

Y. Ueda, K. Tsujii, K. Shirai, M. Miyazaki, K. Miyagi, O. Suzuki, K. Nishiyama
Osaka Medical Center for Cancer, Osakashi, Japan

Purpose/Objective(s): At stereotactic radiotherapy (SBRT) for lung cancer, errors in patient set-up and changes of tumor motion
are two major interfractional variations. We evaluated these variations using an electronic portal imaging device (EPID) in cine
mode during treatment.

Materials/Methods: The subjects were 33 patients with stage I non-small lung cancer treated with SBRT at our institution.
Simulation processes included respiratory correlated 4 dimensional CT (4D-CT) and a Varian Real-Time Position Management
system. 4D-CT data were divided into 10 respiratory phases and reformed into the maximum intensity (MIP) and averaged
intensity projection images (AVE-IP). Internal target volume (ITV) was defined as a tumor shadow on MIP images. Peak-
to-peak movement (M-4D-CT) was measured using 10 bins of 4D-CT and the coordinate of the tumor geometrical center
on AVE-IP was calculated (mean tumor position on AVE-IP: MTP-AVE). At every treatment, a cone-beam CT (CBCT)
scan was acquired before irradiation. CBCT and AVE-IP images were registered according to tumor shadow to each other
by viewing three planes (axial, sagittal and coronal) for patient positioning. At 3 sessions of every patient, tumor shadows
were acquired on anterior-posterior images of an electronic portal imaging device (EPID) in cine mode at 2 frames per second.
Using an in-house template matching software, the geometric center of the tumor was demonstrated on each cine EPID image
and its trajectory was drawn. The motion length (M-Cine) and the average coordinate (MTP-Cine) of the geometrical center
were derived from the trajectory. The differences between M-4D-CT and M-Cine and between MTP-AVE and MTP-Cine
along the cranio-caudal direction were estimated as interfractional variations of tumor motion change and patient setup error,
respectively.

Results: M-4D-CT (mean + SD) was 3.3 + 3.5 mm (range: 0-16.3 mm) and M-Cine was 4.2 + 3.8 mm (range: 0.3-16.4 mm). The
differences of absolute values between M-4D-CT and M-Cine and between MTP-AVE and MTP-Cine were 1.4 + 1.4 mm (mean +
SD)and 1.4 + 1.8 mm, respectively. The increases in M-Cine from M-4D-CT and the shift of MTP-Cine from MTP-AVE were less
than 3 mm in 90% and 95% of all sessions, respectively.

Conclusions: Considering both interfractional variations of tumor motion changes (M-4D-CT vs. M-Cine) and mean tumor po-
sitions (MTP-AVE vs. MTP-Cine), the total margin added to ITV to make PTV was calculated at 6 mm using the formula described
by Stroom et al.

Author Disclosure: Y. Ueda, None; K. Tsujii, None; K. Shirai, None; M. Miyazaki, None; K. Miyagi, None; O. Suzuki, None; K.
Nishiyama, None.

3070 A Novel Markerless Technique to Evaluate Daily Lung Tumor Motion

Y. Yang', Z. Zhong!, X. Guo', J. Anderson?, T. Solberg?, W. Mao?
"University of Texas at Dallas, Richardson, TX, ? University of Texas Southwestern Medical Center at Dallas, Dallas, TX

Purpose/Objective(s): Cone-beam CT (CBCT) has been widely used to localize patients for radiation therapy, particularly
for Stereo Body Radiation Therapy (SBRT) lung cancer treatment. In planning for lung SBRT, 4D-CT is often used to
derive patient-specific clinical target (CTV) and planning target (PTV) volumes. Other motion management techniques
such as abdominal compression may also be used to reduce respiratory motion. Motion characteristics at the time of treat-
ment, however, can differ significantly from those determined by 4D-CT. The use of 4D CBCT to address this issue is
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2706 r easibility and Toxicity of Dose-Escalated 4D Adaptive Image-guided Radiotherapy (IGRT) for Non-small
Cell Lung Cancer (NSCLC)

M. C. McGee, 1. S. Grills, D. Ionascu, J. Wloch, S. Martin, J. Margolis, R. Welsh, G. Chmielewski, D. Yan, L. L. Kestin
William Beaumont Hospital, Royal Oak, MI

Purpose/Objective(s): To report technique, feasibility, and toxicity of hyperfractionated accelerated 4D IGRT for NSCLC.

Materials/Methods: Seventeen patients with clinical stage Il NSCLC were treated on a phase I/II protocol at William Beaumont
Hospital (2008-2010). A 4D CT (10 phases) and SEDG-PET were acquired and fused for planning. All clinical data was used to
define known disease (GTV). Phase 1 of the 4D CT was used for GTV and normal structure contours, which were propagated to
create an ITV of the primary tumor and average normal structure volumes. CTV rimary Was defined as a 5 mm 3D expansion of the
ITV primary- CTV10da=GT Vyoqa- PTV=CTV + 5 mm. In the preoperative setting, objective dose was 54 Gy in 1.5 Gy fractions BID
to PTV D99. For definitive RT, initial objective dose was 66 Gy with dose escalation to 72 Gy in 1.5 Gy fractions BID (5 days per
week). Intensity-modulated RT was utilized for all cases to achieve adequate dosimetric coverage and normal tissue constraints. If
constraints prevented delivery of the intended PTV dose, only the maximum allowable dose was prescribed while still meeting all
constraints. On-line CBCT IGRT was performed for each fraction with registration performed based on optimal alignment of both
PTV srimary and PTV o441 Toxicities were scored utilizing CTC v 3.0.

Results: Seventeen patients were treated with median follow-up of 1.0 year. Mean age was 63.8 years. 11 patients (65%) were stage
IIIA and 6 patients (35%) were stage IIIB. 3 were stage N3, 13 were N2, and 1 T4NO. 82% had adenocarcinoma, 12% squamous,
and 6% large cell carcinoma. All patients completed the prescribed dose of RT with a median dose of 66 Gy (mean 64.2 Gy) in
a median of 44 fractions (mean 42.8) over a median of 31 elapsed days. Three stage IIIA patients were treated preoperatively to 54
Gy. Definitive chemo-RT cases received 60 Gy (n = 2), 63 Gy (n =2), 66 Gy (n = 6), and 72 Gy (n = 4). All received concurrent
chemotherapy (82% cisplatin/etoposide, 12% carboplatin/taxol, 6% carboplatin/etoposide). 3 patients (17%) developed = grade 2
(G2) pneumonitis (at 3 and 6 months) and 1 (6%) had = grade 3 (G3) pneumonitis 6 months after RT. 6 patients developed acute
G2 esophagitis. 1 patient (6%) had chronic G2 esophagitis at 12 months after RT. 2 patients (12%) had acute G2 myositis with no
chronic G2 myositis reported. The 1-year rate for local recurrence was 6%, regional recurrence 30%, and distant metastasis 31%.
Only one patient died (with distant metastasis) for a 1-year overall survival of 92%.

Conclusions: Dose-escalated hyperfractionated accelerated RT using a 4D adaptive approach with online image guidance and con-
current chemotherapy is a feasible treatment for NSCLC with acceptable acute and chronic toxicity with promising early data in this
prospective series.

Author Disclosure: M.C. McGee, None; 1.S. Grills, None; D. Tonascu, None; J. Wloch, None; S. Martin, None; J. Margolis, None;
R. Welsh, None; G. Chmielewski, None; D. Yan, None; L.L. Kestin, None.

2707 Radiotherapy for the Second Lung Mass after Surgical Resection of the First Lung Cancer

K. Miyagi, A. Nakajima, Y. Kawaguchi, O. Suzuki, S. Nakamura, K. Nishiyama

Osaka Medical Center for Cancer and Cardiovascular Diseases, Osaka, Japan

Purpose/Objective(s): To estimate the outcome of 3-dimensional conformal radiotherapy (3D-CRT) and stereotactic radiotherapy
(SRT) for second lung tumor after resection of lung cancer.

Materials/Methods: Between March 2000 and February 2008, 3D-CRT or SRT for second lung tumor was performed in 60 patients
who had undergone resection of first lung cancer (non-small cell lung cancer). According to Martini’s criteria, those second lung tumors
were classified into second primary lung cancer (SPLC) (50 cases) and intrapulmonary metastasis (PM) of first lung cancer (10 cases).
Five patients with PM had metastasis in other sites (group A) and the other 5 did not (group B). The median interval between resection of
first lung cancer and detection of second lung tumor was 40 months for SPLC (range, 11-160) and 10 months for PM (range, 4-20).
Histology was adenocarcinoma in 35 patients, squamous cell carcinoma in 16 and no pathologic evidence in 9. Stage was T1 in 45
patients and T2 in 15. In SRT, total doses were 48 Gy in 4 fractions for 16 patients and 60 Gy in 10 fractions for 5. In 3D-CRT, total
doses were 60-72 Gy in 10-24 fractions, 3 to 7 Gy a day, for 39 patients. The median follow-up was 32.5 months (range, 4-104).

Results: Three-year overall survival (OS) was 71% for SPLC and 60% for PM (p = 0.43). Three-year local control rate was 82% for
SPLC and 88% for PM (p = 0.87). Three-year cause specific survival (CSS) was 84% for SPLC and 60% for PM (p = 0.10). 3-year
CSS was 40% for group A of PM, which was significantly lower than that for SPLC (p = 0.03). However, 3-year CSS was 80% for
group B of PM, which was similar to that for SPLC (p = 0.72). When SPLC and group B of PM were classified according to the
biologically effective dose with an «/f ratio of 10 (BED,(), 3-year CSS was 93% for BED;o >100 Gy and 80% for BED;o <100
Gy. There were one case with Grade 5 radiation-induced pneumonitis and one case with Grade 3 dyspnea.

Conclusions: Radiotherapy was feasible treatment for second lung tumor after resection of first lung cancer and provided excellent
prognosis especially when doses of BED;,>100 Gy were irradiated. We suppose that SPLC and PM without any other metastasis
should be aggressively treated because of their similar favorable CSS.

Author Disclosure: K. Miyagi, None; A. Nakajima, None; Y. Kawaguchi, None; O. Suzuki, None; S. Nakamura, None; K.
Nishiyama, None.

2708 2 Prospective Multicenter Study of Stereotactic Radiosurgery for the Treatment of Stage I NSCLC in
Medically Inoperable Patients

A. Pennathurl, R. L Whytez, D. E. Heron3, B.W. Lnoz, D. G. Brachman®, W. E. GoodingB, A. Zajacs, N. A. Christiel,
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"University of Pittsburgh Medical Center, Pittsburgh, PA, *Stanford University School of Medicine, Stanford, CA, *University of
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of Surgery, Leiden Umvers:ry Medical Center, Leiden, Leiden, Netherlands, "Department of Surgery, Uppsala University
Hospital, Uppsala, Sweden, °Department of Radiotherapy, The Maria Sklodowska-Curie Memorial Cancer Centre, Warsaw,
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Purpose/Objective(s): To develop validated nomograms for accurate prediction of local recurrence (LR), distant metastases (DM)
and overall survival (OS) within 5 years of follow-up for rectal cancer patients treated with short-course radiotherapy (RT) and
surgery. This should allow proper selection in future trials and selection of patients who may benefit most from more intensive
follow-up and postoperative treatment.

Materials/Methods: A poo]ed database with clinical data from three tnals (1552 pts) was used for nomogram building; the Polish
Rectal Cancer trial (144 pts)’, the Swedish Rectal Cancer trial (495 pts)” and the Dutch TME trial (913 pts)’. All included patients
were treated with preoperative 5 x 5 Gy RT and surgery. The relevant clinical data present in all datasets were: sex, age, tumor
distance to anal verge, surgery type (TME/conventional), surgery group (local, LAR, APR), residual disease, pT-, pN- and pM-
staging, overall pathological stage, radicality of the surgery and the presence of postoperative complications. A multivariate
analysis (pSVM) was used to train and validate the prediction models. Performance of the model was expressed as the Area-Under-
the-Curve (AUC) of the Receiver Operating Characteristic (ROC) curves. Nomograms were developed based on internal random-
ized validation with an optimal training set size of 60%. Logistic regression was used to convert the assigned weights of each
selected predictor to a probability for 5-year outcome.

Results: The occurrences of events in the pooled database were 7.1% LR, 25.3% DM and 61.5% OS. The performance of the de-
veloped models for the validation sets were AUC, g = 0.73+/-0.033 (SD), AUCyp = 0.75 +/- 0.018, AUCgqs = 0.77+/-0.015 and
consistent with the performance on the training sets. Pathological staging and residual disease were important predictors for all
outcomes. Age and pN-stage were specifically predictive for DM and OS and surgery type for LR and DM.

Conclusions: The developed nomograms are able to accurately predict long-term outcome for rectal cancer patients after short-
course radiotherapy and surgery and have been validated within a large pooled trial database. These nomograms should allow proper
stratification in future trials and selection of patients who may benefit most from intensive follow-up and postoperative treatment.

References: ! " Bujko et al. 2005, Colorectal Disease; 7:410-416
2 Folkesson et al. 2005, J Clin Oncol.; 23(24):5644-50
3 Kapiteijn et al. 2001, N Engl J Med.; 345(9):638-46

Author Disclosure: R.V. Stiphout, None; W. van Gijn, None; V. Valentini, None; G. Lammering, None; M.A. Gambacorta, None;
C. van de Velde, None; L. Pahlman, None; K. Bujko, None; P. Lambin, None.

1129 Combined Modality Therapy for Rectal Cancer: Analysis of Potential Differences in Disease Presentation,
Treatment Adherence, and Treatment Qutcome According to Race

S. Liauw’, S. Song!, N. Tonlaar', J. C. Hong?, B. D. Minsky’, D. T. Chang?, B. Polite’
"University of Chicago, Chicago, IL, 2Stanford University, Palo Alto, CA

Purpose/Objective(s): Population-based studies suggest that African Americans (AAs) with rectal cancer have a worse overall
ouicome compared to whites. This relationship was explored in a cohort of locally advanced rectal cancer patients treated with
preoperative chemoradiation (CRT) and surgery at two urban academic cancer centers.

Materials/Methods: A total of 146 patients underwent curative-intent combined modality therapy for adenocarcinoma of the rec-
tum. The median age was 57 years. Median dose was 50.4 Gy, given with 5-flourouracil based concurrent chemotherapy. Analysis
was performed to test for differences in disease presentation, adherence to recommended therapy, and treatment outcome (freedom
from failure, FFF) by race. Median follow-up was 34 months from completion of chemoRT.

Results: Twenty-six patients (18%) were AA, and 120 (82%) patients were White, Asian, or Hispanic. AA patients had longer times
from diagnosis to start of therapy (median 45 days vs. 35 days, p < 0.01) and from CRT completion to surgery (median 42 days vs. 46
days, p=0.03). CRT treatment time was no different between the two groups (median 38 days for both groups, p=0.53). In the subset
of patients with preoperative staging by endoscopic ultrasound (EUS, n = 119), AA patients presented with more favorable disease
(20% stage I, 47% stage 11, 33% stage II) compared with non-AA patients (0% stage I, 50% stage I1, 48% stage 111, 2% stage IV, p <
0.01). Among patients with stage II-IV disease (n = 116), the rate of any T or N downstaging was lower for AA patients (58% vs.
79%, p = 0.13). Pathologic complete response rates were also lower (17% vs. 26% for non-AA patients, p = 0.47), although not
statistically different. AA patients were less likely to receive adjuvant chemotherapy (58% vs. 89%, p = 0.01). Log-rank analysis
showed that time from diagnosis to therapy, and time from CRT to surgery were not associated with any difference in FFF when
stratified by the median value. Similarly, completion of adjuvant chemotherapy was not associated with FFF. Overall, AA patients
were not more likely to recur after therapy (FFF-3y, 100% for AA patients vs. 81% for non-AA patients, p = 0.09).

Conclusions: This analysis refiects differences in time from preoperative therapy to surgery and a lower rate of adjuvant therapy in
AA patients with rectal cancer treated in at two urban academic cancer centers. These differences did not appear to result in inferior
disease outcome for this cohort, Further study is necessary to explore the reasons underlying the delays in therapy and lower rates of
adjuvant chemotherapy for AA patients.

Author Disclosure: S. Liauw, None; S. Song, None; N. Tonlaar, None; J.C. Hong, None; B.D. Minsky, None; D.T. Chang, None;
B. Polite, None.

1130 Ppatterns of Failure in Patients with Clinical Stage IA Thoracic Esophageal Cancer treated with Definitive
Radiotherapy Using Localized Field

Y. Kawaguchi, S. Nakamura, K. Miyagi, A. Nakajima, O. Suzuki, K. Nishiyama
Osaka Medical Center for Cancer & Cardiovascular Diseases, Osaka, Japan
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Purpose/Objective(s):To evaluate the treatment outcome of definitive radiotherapy (RT) and pattems of the first sites of recur-
rence in patients with clinical stage IA thoracic esophageal carcinoma, and to determine whether elective nodal irradiation is nec-
essary or not for these patients.

Materials/Metheds: During the period from January 2000 to December 2007, 68 patients with clinical stage IA thoracic esoph-
ageal cancer, aged 43-84 years, received definitive RT. Treatment was chemoradiotherapy in 58 patients (60 Gy/30 fractions) and
RT alone in 10 (8 2patnenl:s 60 Gy/30 fractions , 2 panents 70 Gy/35 fractions). Concurrent chemotherapy mainly consisted of
cisplatin 70 mg/m?*/day (days 1, 29) and 5-FU 700 mg/m’/day (days 1-4, 29-32). Radiation field in this study was localized field
including the primary tumor with a 3-cm margin cranio-candally. Patterns of failure were classified according to first sites of
recurrence. In-field, regional and distant lymph node recurrences were defined as lymph node failures within the irradiated
area, within the mediastinum and perigastric area beyond the irradiated area and outside the regional lymph nodes, respectively.

Results: The 3-year overall survival and cause-specific survival rates were 75% and 88%, respectively, with a median follow-up of
32 months. Twenty-two of the 68 patients showed treatment failures. Of these 22, local recurrence with or without recurrence of
other site, lymph node recurrence alone and distant metastasis were observed in 11, 10 and 1 patient, respectively. Of the 10 patients
with lymph node recurrence alone, sites of failure were regional in 3 patients, in-field in 1, in-field and distant in 1 and distant in 5.
Late toxicities occurred in 2 patients (Grade 3 and Grade 5 radiation pneumonitis in each).

Conclusions: In our study, 3 out of 68 patients developed regional lymph node recurrence alone. Considering the frequency of
regional recurrence and risks of late sequelae resulting from extended field, we suppose that localized field is adequate for clinical
stage IA thoracic esophageal cancer.

Author Disclosure: Y. Kawaguchi, None; S. Nakamura, None; K. Miyagi, None; A. Nakajima, None; O. Suzuki, None; K. Nishiyama,
None.

1131 Incorporating SNPs as Biomarkers to Improve the Fit of the Lyman Model for Radiation Pneumonitis

Z. Liso', Q. Wei', M. K. Martel', D. Gomez', Z. Lin*, X. Guan®, Y. Zhuang', C. Lu', R. Komaki', S. L. Tucker"
'M.D. Anderson Cancer Center, Houston, TX, *Jinling Hospital - Nanjing University School of Medicine, Nanjing, China

Purpose/Objective(s): To test the hypothesis that the Lyman model for predicting the risk of radiation pneumonitis (RP) based on
mean lung dose (MLD) can be significantly improved by incorporating biomarkers such as single nucleotide polymorphisms
(SNPs) in tissue-injury and repair-related genes.

Materials/Methods: This analysis included 143 patients with non-small cell lung cancer (NSCLC) treated with definitive radio-
therapy with (N = 114) or without (N = 29) concurrent chemotherapy. We genotyped 15 potentially functional SNPs (M677,
MDM2_P3_TA, MTRR, XRCC3, XRCC_NCI, VEGF2061, VEGF3963, VEGF4039, TNF0629, TNF9964, TNFR6&22,
TNFR625, TGFS469, TGFS073, and TGFF471) in the genes related to DNA repair, inflammation, folic acid metabolism, and an-
giogenesis. The endpoint for analysis was the time to development of CTCAE grade 3 or higher RP. Using a forward stepwise
procedure, candidate SNPs were added to the Lyman model based on MLD alone, with indicator variables used to represent
each genotype. Genotypes occurring in 3 or fewer patients were not analyzed. The significance of improvement was assessed using
the likelihood-ratio test.

Results: The parameters of the Lyman MLD model fitted to the data from this cohort were TD50 = 27.5 Gy and m = 0.42.The SNP
that most significantly improved the fit of the Lyman model based on MLD alone was XRCC_NCI. Patients with XRCC_NCI =
WW had an increased risk of RP with a TD50 of 21.5 Gy compared to 30.6 Gy for patients with the PP or PW genotype (p = 0.013).
Inclusion of the VEGF4039 SNP further improved the model fit (p = 0.035), with the CT/TT genotypes conferring increased risk of
RP. Patients with XRCC_NCI = WW and VEGF4039 = CT/TT had a TD50 only half as large (16.7 Gy) as patients with
XRCC_NCI = PP/PW and VEGF4039 = CC (33.8 Gy). The model was further improved with inclusion of TNF0629 = AA as
a risk factor (p = 0.048), although there were only 4 patients with this genotype. The SNP previously identified by our group as
having an association with increased risk of RP, TGFB073 = TT, was marginally significant when included in the models contain-
ing XRCC_NCIT and VEGF4039 (p = 0.064) or XRCC_NCI, VEGF4039 and TNF0629 (p = 0.071).

Conclusions: XRCC_NIH = WW and VEGF4039 = CT/TT were selected as significant adverse risk factors for RP in a Lyman
mode] based on mean lung dose. TNF0629 = AA was also found to be a significant adverse risk factor, although there were only 4
patients with this genotype (3 of whom had severe RP). We are currently working on validating these findings in an independent
cohort.

Author Disclosure: Z. Liao, None; Q. Wei, None; M.K. Martel, None; D. Gomez, None; Z. Liu, None; X. Guan, None; Y. Zhuang,
None; C. Lu, None; R. Komaki, None; S.L. Tucker, None,

1132 The Valueof Single Nucleotide Polymorphisms in TGF31, TPA and ACE in Survival Prediction in Patients
with Non-small Cell Lung Cancer

C. Xie'%, S. Yuan'?, V. L, Ellingrod*, J, A, Hayman!, D. Arenberg®, J. Curtis®, N. Ramath®, G. P. Kalemkerian®, J. Wang!,
F. Kong!

2
! Department of Radfatwn Oncology, University of Michigan, Ann Arbor, MI The First Hospital of Wenzhou Medical College,
Wenzhou, C hina, *Shandong Cancer Hospital and Institute, Jinan, China, *College of Pharmacy, University of Michigan, Ann
Arbor, MI, *Department of Internal Medicine, University of Michigan, Ann Arbor, MI

Purpose/Objective(s): Single nucleotide polymorphisms (SNPs) of transforming growth factor beltal (TGFS1) are known to be
associated with the risk of radiation induced lung toxicities. Tissue plasminogen activator (TPA), and angiotensin-converting en-
zyme (ACE) are also related to radiation damage. We hypothesized that single nucleotide polymorphisms (SNPs) of the functional
regions of these genes may also be associated with survival in patients with non-small cell lung cancer (NSCLC).

Materials/Methods: Using 80 available genomic DNA samples from blood buffy coats of patients with NSCLC treated with de-
finitive radiochemotherapy in a prospective study, we genotyped 3 SNPs of each gene (TGFg1 gene, CC, CT and TT; TPA, CC,
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Stereotactic body radiation therapy is a new treatment modality where narrow beams from
several directions focus on the target while sparing the adjacent normal tissues with high
accuracy. This technique basically derived from that of radiosurgery for intracranial lesions
allows us to deliver high dose to the target leading to high control of the tumor without
causing significant cytotoxicities associated with the treatment. Early-stage non-small cell
lung cancers are regarded as most appropriate malignancies for this modality and accordingly
have most intensively been investigated. With many encouraging outcomes in retrospective
studies, several prospective clinical trials have been started world-wide. Japan Clinical
Oncology Group protocol 0403 is a phase |l trial of stereotactic body radiation therapy for
T1NOMO non-small cell lung cancer including both inoperable and operable patients. The
results for operable patients are to be disclosed this year after 3 years of follow-up. It is highly
probable that sterectactic body radiation therapy can be a standard treatment modality for
inoperable patients for early-stage non-small cell lung cancer. The role of stereotactic body
radiation therapy for operable patients is expected to be clarified by the outcomes of coming
clinical trials. Tremendous advance in stereotactic body radiation therapy is expected when
four-dimensional radiation therapy coping with tumor movement is realized. Among several
approaches, tumor tracking appears most ideal. The new image-guided radiotherapy system
which has the capability of tumor tracking has been developed in Japan.

Key words: stereotactic body radiation therapy — non-small cell lung cancer — four-dimensional

radiation therapy — tumor tracking

INTRODUCTION

Radiation therapy (RT) is recognized as one of three major
treatment modalities in the management of cancer. The ratio
of newly diagnosed cancer patients treated by RT is around
60% in developed countries. The only exception is Japan
where only 25% of patients receive RT as of 2004. The ratio
has increased by 10% in the last decade, and it is estimated
that it will be up to 40% in 2015 (1). The rapid increase in
elderly patients, who are not amenable to surgical treatment,
and innovations of RT in both physical and biological
aspects to meet the demands of patients explain this
increased use of RT.

The goal of RT is to accomplish the improvement of sur-
vival and also the improvement of quality of life in cancer
patients. There are two limiting factors to achieve this goal

in current RT. One is insufficient biological effects of radio-
therapy, and the other is unsatisfactory dose localization
techniques. To overcome these problems, several strategies
have been investigated, which are divided into two
approaches, one is a biological approach and the other is a
physical one. The biological approach includes combination
of anti-cancer drugs with RT (chemoradiotherapy), modifi-
cation of fractionation regimen, use of radiosensitizers or
radioprotectors, use of hyperthermia and heavy particle
therapy. As regards the physical approach, which allows us
to irradiate the target as most physically localized as poss-
ible, there are intraoperative RT, brachytherapy, conformal
radiotherapy, three-dimensional conformal RT (3DCRT),
stereotactic irradiation (STI), intensity-modulated RT
(IMRT) and proton or heavy particle therapy.

© The Author (2010). Published by Oxford University Press. All rights reserved.
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Among those approaches, chemoradiotherapy, STI, IMRT
and proton or heavy particle therapy have been applied
intensively in clinics as advanced RT modalities.

STI started with intracranial lesions in 1960s. The great
success of this innovative treatment, in terms of the technol-
ogies used, quality assurance and quality control and clinical
outcomes indicating high local control rate with minimal
toxicities has induced much interest in the application of this
treatment for extracranial regions (2,3). The technologies and
methods have been improved greatly in the last decade, and
now it is used in clinics as an effective treatment for tumors
including early-stage non-small cell lung cancer (NSCLC),
liver tumor and so on. STI for extracranial lesions is usually
named as stereotactic body RT (SBRT). Radiation oncolo-
gists in Japan have contributed greatly to the development
of this innovative treatment modality, and furthermore
are leading the next generation of SBRT, that is four-
dimensional SBRT.

In this 40th anniversary issue of Japanese Journal of
Clinical Oncology, achievements and future perspectives of
SBRT will be reviewed focusing on studies in Japan.

CONCEPT AND HISTORY

STI was originally developed by Leksell (4) for intracranial
lesions. The concept of this new treatment technology is that
narrow beams from several directions focus on the target
while sparing the adjacent normal tissues with high accuracy.
This technique allows us to deliver high dose to the target
leading to high control of the tumor without causing signifi-
cant cytotoxicities associated with the treatment. The
Gamma Knife had been invented for this purpose and
installed at Karolinska Hospital in 1968. Following the great
success of the Gamma Knife, linear accelerator
(LINAC)-based STI has been developed. It is advantageous
over the Gamma Knife in that fractionated irradiation is feas-
ible. With the use of fractionated STI, function preservation
rate (like hearing capability) is improved and relatively
larger tumors can be treated (5).

SBRT is an applied form of STI. It has taken a few
decades for STI to be applied for extracranial lesions since
the Gamma Knife had been invented. There were several
issues to be resolved before it could be utilized for extra-
cranial organs: computed tomography (CT) which can visu-
alize and localize lesions precisely, a treatment planning
system for 3D dose calculation and a fixation device for the
body. Lax et al. (6) developed the first stereotactic body
frame with vacuum pillow stabilization for SBRT in 1994.
Blomgren et al. (2) published the first report on SBRT using
the stereotactic body frame in 1995. Forty-two tumors in the
lung and liver of 31 patients were treated with SBRT. The
local control rate was 80%. In Japan, Uematsu et al. (3)
developed a frameless system (FOCAL unit) that consisted
of a LINAC, an X-ray simulator, CT and a table. They
treated 66 lung tumors in 45 patients using this system.

Jpn J Clin Oncol 2010,40(9) 847

Local progression was observed only in 2 of the 66 tumors
(3%). Several researchers studied SBRT for lung tumors
after these reports, and their results were also promising.
These promising results encouraged multi-institutional
oncology groups to conduct trials of SBRT for the lung. The
Radiation Therapy Oncology Group (RTOG) and Japan
Clinical Oncology Group (JCOG) started the RTOG 0236
protocol and JCOG 0403 protocol, respectively.

Since SBRT was covered by the governmental health
insurance in Japan in 2004, the number of patients treated
with SBRT is increasing. SBRT was performed in 2104
cases with lung cancer at 53 institutions in Japan as of
November 2004 (7).

RATIONALES AND INDICATIONS

The use of a high dose per fraction with small fraction
number (hypofractionation) for a small tumor is the basis
of SBRT. This approach is a double-edged sword. This
scheme provides much higher effects on the tumor com-
pared with conventionally fractionated RT, while much
worse influence on normal tissues. This is because
irradiation with high dose per fraction has been shown to
produce more toxicities in a late phase. Prerequisites for
SBRT are (i) the lesion is clearly visualized; (ii) the target
is precisely localized; (iii) no serial organs are adjacent to
the lesion and (iv) tumor size is relatively small.
Considering these conditions, the lung and the liver are
most suitable for SBRT. Recently, SBRT has been investi-
gated clinically for cancers in the pancreas (8), the prostate
(9), paraspinal areas (10) and so on.

Lung cancer is the leading cause of cancer-related death
in Japan (11). Approximately 65 000 patients died of lung
cancer in 2007 in Japan. For the management of stage I
NSCLC, surgical resection is the standard treatment, and
lobectomy is generally accepted as the optimal surgical pro-
cedure. Survival outcomes of surgical treatment have
recently been reported by the Japanese Joint Committee of
Lung Cancer Registry (12). According to these data, the
overall survival of patients in clinical stage IA is 77.3% at
5 years, and that of patients in clinical stage IB is 59.8% at
5 years.

What about RT alone for stage I NSCLC? As is known,
RT has been used primarily for those patients who are not
considered to be surgical candidates; that is, those who
refuse surgical intervention, and those who are medically
inoperable. The reported 5-year survival rate is around 6—
32%, and is not satisfactory (13). SBRT is expected to
improve the outcomes for these patients.

TECHNIQUES

Details on SBRT procedures for lung cancer in Kyoto
University were described in the previous paper (14). The
criteria for SBRT for lung tumors were one or two tumors in
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the lung with size <5 ¢m in diameter. Two kinds of body
frame, Stereotactic Body Frame (Elekta, Stockholm,
Sweden) and BodyFIX  (Medical Intelligence,
Schwabmiinchen, Germany), are used to attain accurate and
precise patient positioning and immobilization. The former
has built-in reference indicators which provide accurate
determination of target coordinates. In our experience, daily
setup errors with Stereotactic Body Frame were within 5 mm
in 90, 100 and 93% of all verifications in the mediolateral,
anteroposterior and craniocaudal directions, respectively
(15). BodyFIX is composed of radiolucent materials that
allow image guidance with X-ray.

X-ray fluoroscopy is performed to measure tumor move-
ment before CT scan. When the tumor moves more than
8 mm in the craniocaudal direction, we use a small plate
called a ‘diaphragm control” which suppresses the movement
of the diaphragm and reduces respiratory motion of the
tumor. After fluoroscopy, the patient is transferred to a CT
room. CT scan is performed under free-breathing with a
slow scan technique which can visualize a major part of the
trajectory of the tumor by scanning each slice for a time
longer than the respiratory cycle, or a 4D-CT technique.

The internal target volume (ITV), which encompasses the
whole trajectory of the tumor motion, is delineated on the
scanned CT images. After contouring on CT, we compare
the ITV on CT with the tumor motion, which was evaluated
on fluoroscopy. If the delineated ITV is found to be insuffi-
cient to encompass respiratory motion, we extend the ITV.
The planning target volume (PTV) is defined by adding a
5-mm margin of setup error to the ITV. The planning
organ-at-risk volumes (PRVs) are defined for lung, spinal
cord, esophagus, stomach, intestine, trachea, bronchus, pul-
monary artery and other organs at risk (OARs). The margin
between PRV and OAR is 5 mm, except for the spinal cord
and lung. The PRV for the spinal cord is defined as a 3-mm
margin with the spinal canal delineated on CT images. The
PRV for the lung is the bilateral pulmonary parenchyma
outside the PTV. Non-coplanar static beams (5—8 ports)
with 6-megavolt (MV) X-rays are used. The margin between
the PTV and the field edge is 5 mm, as a rule.

Table 1. A summary of outcomes after SBRT for primary lung cancer

We prescribe a total dose of 48 Gy in four fractions at the
isocenter for primary lung cancer with a diameter of 3 cm or
less, and 56 Gy in 14-Gy fractions for primary tumor larger
than 3 cm and metastatic lung cancer, respectively.
Calculated biological effective doses (BEDs) are 105.6 and
134.4 Gy at the isocenter (under o/ = 10 Gy), respectively.

CLINICAL OUTCOMES
PriMarRY NSCLC

Table 1 summarizes reports on outcomes of SBRT for
NSCLC. There are some variations in dose-fractionation and
patient characteristics including operability. It is obvious that
SBRT outcomes are much better than those of conventional
radiotherapy persistently.

We recently reviewed 10-year experiences at Kyoto
University to investigate the factors that influence clinical
outcomes following SBRT for lung cancer (16). A total of
101 patients with histologically confirmed stage I NSCLC
who underwent SBRT with 48 Gy in four fractions from
September 1998 to December 2007 were examined.
Multivariate analysis using the Cox proportional hazards
model was used to find potential factors that affected clinical
outcomes after SBRT. The factors evaluated were age,
maximal diameter of tumor, overall treatment time, sex, per-
formance status, operability and histology. The analysis has
revealed that tumor diameter and sex were the most signifi-
cant factors. Recursive partitioning analysis indicated a con-
dition for good prognosis (class I) as follows: female or Tla
(tumor diameter <20 mm). When the remaining male
patients with T1b—2a (>20 mm) were defined as class II,
3-year rates of local progression, disease progression and
overall survival were 6.8, 23.6 and 69.9% in class I, respect-
ively, whereas these values were 19.9, 58.3 and 47.1% in
class 1I. The differences between the classes were statisti-
cally significant.

There are two large series of multi-institutional studies
that retrospectively surveyed clinical outcomes of SBRT for
NSCLC. Onishi et al. (17) reviewed 257 patients who

Author Year No. of cases T-stage Dose 3y LC 3y 08 MST
(T1:T2) (mo)
Nyman et al. (39) 2006 45 18:27 45 Gy/3 fr. 80% 55% 39
Hoyer et al. (40) 2006 40 22:18 45 Gy/3 fr. 85% (2y) 48% (2y) NA
Koto et al. (41) 2007 31 19:12 45 Gy/3 fr. or 60 Gy/8 ft. 77.9% (T1) 71.7% NA
Fakiris et al. (42) 2009 70 34:36 60 or 66 Gy/3 fr. 88.1% 42.7% 324
Ricardi et al. (43) 2009 62 43:19 45 Gy/3 fr. 87.8% 57.1% NA
Kopek et al. (44) 2009 88 51:36 45 or 67.5 Gy/3 fr. 89% 36% 218
Matsuo et al. (16) 2010 101 73:28 48 Gy/4 fr. 86.8% 58.6% 48.8

SBRT, stereotactic body radiation therapy; LC, local control; OS, overall survival; MST, median survival time.
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underwent SBRT for stage I NSCLC during 1995—-2004 at
14 institutions in Japan. Local progression was observed in
14.0% of patients. The overall 3- and S-year survival rates
were 56.8 and 47.2%, respectively. The local recurrence
rates were 8.4% in patients who received a BED of 100 Gy
or more at the isocenter, and 42.9% in patients receiving a
BED <100 Gy. This difference was statistically highly sig-
nificant (P < 0.001). Baumann et al. (18) retrospectively
reviewed results of SBRT for 138 patients with medically
inoperable stage I NSCLC treated during 1996—2003 at five
centers in Sweden and Denmark. Local failure was observed
in 12% of patients. The overall 3- and 5-year survival rates
were 52 and 26%, respectively. Local failure was associated
with tumor size, target definition and central or pleura proxi-
mity. There was a significant advantage in survival for the
group receiving a dose above 55.6 Gy in equivalent dose in
2 Gy fractions (EQD?2). This report indicates that 55.6 Gy in
EQD?2 at the PTV periphery corresponds to BED of 100 Gy
at the isocenter as is shown in the Onishi’s study.

Two multi-institutional prospective trials of SBRT for
primary lung cancer have been reported so far. One is a
phase II trial for inoperable stage I NSCLC which was
undertaken at seven centers in Sweden, Norway and
Denmark (19). The prescription dose was 15 Gy with a total
dose of 45 Gy at the 67% isodose of the PTV. The 3-year
local control rate and overall the survival rate were 92 and
60%, respectively, at a median follow-up of 35 months.
Another trial is RTOG protocol 0236 (20). A total dose of
60 Gy was delivered in three fractions to cover 95% of the
PTV. Three-year estimates of disease-free and overall survi-
val were 48.3 and 55.8%, respectively.

JCOG protocol 0403 is a phase II trial of SBRT for
TINOMO lung cancer including both inoperable and operable
patients. Patient accrual for operable cases and their 3-year
follow-up has already finished in February 2010, and the
outcomes are to be disclosed in 2010. This is the first pro-
spective trial for operable TINOMO lung cancer (21).

METASTATIC LUNG CANCER

There are several reports on SBRT for metastatic lung
cancer (Table 2). Up to two lesions were simultaneously
treated in most of these reports, except for that by Okunieff

Table 2. A summary of outcomes after SBRT for metastatic lung tumor

Jpn J Clin Oncol 2010,40(9) 849

(up to five lesions). The local control rate was around 80%
and the overall survival rate was more than 30% at 2 years.
These outcomes seem comparable to those by surgical
metastatectomy (22).

Rusthoven et al. (23) reported a multi-institutional phase I/TI
trial of SBRT for metastatic lung tumor. Actuarial local control
rate at 1 and 2 years after SBRT was 100 and 96%, respect-
ively, at a median follow-up of 15.4 months. Median survival
was 19 months, and overall survival rate at 2 years was 39%.

COMPLICATIONS

Onishi et al. (17) reported that pulmonary complications
above grade 2 were observed in 5.4%, grade 3 esophagitis in
0.8% and grade 3—4 dermatitis in 1.2% in the retrospective
study of 257 SBRT patients. In Baumann’s retrospective
study, grade 3—4 toxicity was observed in 10.1% (18).

One of the most informative reports on toxicities associ-
ated with SBRT for the lung cancer is the article published
in 2006 by Timmerman et al. (24). They reported that grade
5 toxicity was observed in 6 patients (8.6%), and grade 3—4
was in the 8 patients (11.4%) of 70 patients who underwent
SBRT for NSCLC with a prescription dose of 60—66 Gy in
three fractions. Such severe toxicities were related with
tumor location. Patients treated for tumors in the peripheral
lung demonstrated a 2-year freedom from severe toxicity in
83% compared with 54% for patients with central tumors.
On the basis of this study, central tumor was excluded from
the RTOG trial 0236. Protocol-related grade 3 and 4 adverse
events in the RTOG 0236 were reported in 12.7 and 3.6%,
respectively (20).

PERSPECTIVES OF CLINICAL ISSUES
SBRT ror CENTRALLY LOCATED TUMORS

Relatively, few data have been available for centrally located
tumors. Timmerman et al. (24) demonstrated that a total
dose of 60—66 Gy in three fractions caused severe toxicities
in 40% for centrally located tumors in the lung. The dose to
the organs in the mediastinum should be low enough in
those tumors. One possible approach to a central tumor is
the use of a mild hypofractionation regimen with a smaller

Author Year No. of cases/lesions Dose LC (%) 0S (%)
Onimaru et al. (26) 2003 20/32 48—60 Gy/8 fr. 93.8 48.8
Waulf et al. (45) 2004 41/51 26 Gy/1 fr. or 30-37.5 Gy/3 fr. 80 33
Okunieff et al. (46) 2006 50/125 50—55 Gy/10—11 fr. 83 38

Hof et al. (47) 2007 61/71 12-30 Gy/1 fr. 73.7 65.1
Norihisa et al. (48) 2008 34/43 48—60 Gy/4-5 fr. 90.0 843
Kim et al. (49) 2009 13/18 39-51 Gy/3 fr. 52.7 755
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fractional dose. Lagerwaard et al. (25) used three fraction-
ation schemes depending on T-stage and normal tissue tox-
icity; three fractions of 20 Gy (for T1 tumors), five fractions
of 12 Gy (for T1 tumors showing broad contact with the
thoracic wall, or T2 tumors) or eight fractions of 7.5 Gy (for
tumors adjacent to the heart, hilus or mediastinum). They
reported that this risk-adapted SBRT was well tolerated and
severe late toxicity was observed in <3% of patients. Eight
fractions of 7.5 Gy may be a reasonable approach for most
central tumors. There is a case report that a lower dose of
48 Gy in eight fractions caused a grade 5 esophageal ulcer
(26). Further studies are needed to determine an optimal
dose and fractionation for centrally located tumors.

SBRT ForR OPERABLE PATIENTS

One of the biggest questions to be answered is whether
SBRT can be an alternative to surgical treatment. Several
results suggest the potential use of SBRT for those patients.
JCOGO0403 to be open this year will answer this question
since it is the first prospective trial dealing with operable
patients. If the results appear almost equivalent to those of
surgery, a phase III trial which randomizes lobectomy with
SBRT is obviously warranted.

In conclusion, technologies of SBRT have been almost
established in the last decade. Clinical efficacy and safety of
SBRT for lung cancers are being evaluated favorably by
clinical studies. SBRT is less invasive than surgery, and it
can play an important role for operable patients with early-
stage NSCLC who refuse surgery due to the invasiveness,
especially for elderly patients. For inoperable patients, SBRT
is considered as a standard treatment with curative intent.

PERSPECTIVES OF INNOVATIONS FROM
3DRT TO 4DRT

Three-dimensional conformal irradiation techniques have
improved the dose distributions greatly. It enabled the deliv-
ery of high-dose irradiation to the target while minimizing
the dose to the surrounding normal tissues. The most
advanced treatment of this 3DCRT is STI and IMRT, and
many patients with cancer enjoy the benefits of this innova-
tive treatment.

Tremendous advance in sophisticated RT is expected
when 3DRT is moved up to 4DRT (four-dimensional RT).
Almost all tumors in the body are never static. A tumor in
the intra-thoracic and upper-abdominal regions may move
1-3 cm with respiration (27,28). If sufficiently large safety
margins are setup to encompass large tumor motions, a
large amount of normal tissues have to be irradiated, which
obviously increases the risk of radiation-induced cytotoxicities.
Several approaches to compete with tumor motions have
been clinically attempted, including respiratory inhibition
with abdominal compression (15), breath-holding (29,30),
respiratory gating (31—33) and tumor tracking. The 4DRT

is generally defined in that information on the target position
is tracked directly or indirectly in real-time during the
treatment session, and the treatment beams are adaptively
delivered in accordance with the motion information.
Realization of this 4DRT obviously will open a new era of
external RT. It will dramatically improve the tumor conform-
ality, and accordingly SBRT and IMRT will be applied to
larger tumors and malignancies in various sites for which
3DRT has contributed little.

HISTORY OF THE 4DRT

Japan has contributed much to the development of the
4DRT. In the late 1980s and early 1990s, respiratory gating
in RT was first studied by Ohara et al. (31) to apply proton
therapy mostly for liver tumors. They used a pressure sensor
for the abdominal wall as a respiratory signal. This method
was followed by Minohara et al. (32) in gated heavy-ion
beam treatment. In the USA, in the mid 1990s, Kubo and
Hill (33) investigated different external respiratory signals to
monitor respiratory motion. Currently, gated radiotherapy
using an external respiratory signal has being clinically
implemented using commercially available systems. One of
the problems of this method is low duty cycle (typically 30—
50%). Since the beam is not continuously delivered, gating
procedures take longer treatment time than non-gating pro-
cedures. Another problem is that the time-dependant target
position might not match the respiration monitoring, and
position accuracy is not always guaranteed.

To solve the latter problem, Hokkaido University and
Mitsubishi Electronics Co. Ltd developed a new approach in
the late 1990s, named ‘real-time tumor-tracking radiotherapy
(RTRT) system.” It consists of four diagnostic X-ray fluoro-
scopy units located in a radiation treatment room. Two units
of the four are used to track 2-mm gold fiducial markers
inserted in or near the tumor using image-guided implan-
tation, and the 3D position of the each fiducial can be calcu-
lated every 0.03 s in real-time. The LINAC is gated to
irradiate the tumor when each fiducial is within an accepta-
ble range of the desired position (34,35). This system rea-
lized real-time tracking radiotherapy, and enabled us to
know the details of tumor motion by respiration, which have
not been evaluated. However, since the beam delivery
method is categorized as gated radiotherapy, the problem of
treatment time prolongation has still remained. In addition,
this system requires implantation of gold fiducial markers.
Unfortunately, the system has not been distributed in the
world market, and finally discontinued from production.

An attractive and ideal approach to compete with tumor
movement is dynamic-tracking irradiation in which the beam
is continuously delivered focusing on the tumor. It is
advantageous in that beam delivery is highly efficient and
the procedure is totally non-invasive. Figure | summarized
differences between a conventional method with wide margin,
respiratory gating and dynamic-tracking irradiation.
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Figure 1. From 3DRT to 4DRT. (A) Conventional method: Wide margin is needed to include respiratory motion. It causes excess irradiation to the normal
tissue. (B) Respiratory gating: Beam delivery is gated. Treatment time is prolonged. (C) Dynamic tracking: Beam tracks the target. It allows continuously

irradiation with a small field.

Qn«bc?ard : ‘O-ring’ gantry
imaging ;

subsystem Gimbaled
X-ray head

FPD

Figure 2. An innovative image-guided radiotherapy (IGRT) system
‘MHI-TM2000’. (A) Overview of the machine. (B) Configuration of the
system. Abbreviations: FPD, flat panel detector; EPID, electronic portal
imaging device.

Kyoto University, Institute of Biomedical Research and
Innovation (IBRI) and Mitsubishi Heavy Industries, Ltd
have started collaboration in 2000 to develop an innovative

Figure 3. Image-guided setup using simultaneously obtained orthogonal
radiographs. (A) Dual kilovoltage (kV) X-ray imaging subsystem consisting
of two sets of a kV X-ray tube and an FPD provides simultaneous orthog-
onal radiographs. (B) The obtained radiographs are automatically registered
to the digitally reconstructed radiographs (DRR) for image-guided setup
based on bone structures.
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image-guided radiotherapy (IGRT) system which has the
capability of dynamic tumor tracking using a novel gimbaled
X-ray head and a dual real-time X-ray monitoring system
(36—38). The first clinical version of the IGRT system has
been approved in FDA in August 2007 and PMDA in January
2008 as “MHI-TM2000.’ Its clinical application started in
May 2008 at IBRI, and five machines are working or are
under construction in Japan and in Belgium as of March
2010.

DYNAMIC TUMOR-TRACKING IRRADIATION
BY MHI-TM2000

The configuration of MHI-TM2000 is shown in Fig. 2. The
system is designed to efficiently implement genuine high-
precision radiotherapy. A rigid ring gantry supports both the
beam delivery system and on-board imaging system. An
on-board dual kilovoltage X-ray imaging system provides
orthogonal radiographs or cone-beam CT (CBCT) for an
image-guided setup. The setup error is automatically calcu-
lated by the image registration software shown in Fig. 3, and
a patient support couch can automatically correct the error
not only in translational shift but also rotational movement.
The beam delivery system consists of an originally devel-
oped C-band compact LINAC which produces 6-MV photon
beam, and a multi-leaf collimator (MLC) which produces
conformal beams for 3DCRT or intensity-modified beams
for IMRT. These components above are highly integrated to
implement a fast and accurate image-guided setup and
precise beam delivery. Those capabilities are being investi-
gated clinically for 150 patients treated at IBRI.

The X-ray head with the LINAC and the MLC is mounted
on a gimbals mechanism. As illustrated in Fig. 4, the
gimbals mechanism has two rotational axes, and an active
control of rotations along these axes allows the treatment
beam to swing toward a designated position around the iso-
center. Each rotation (pan and tilt motion) ranges up to
+/—2.4°, which means that the MV beam can swing in the
range of up to +/—4.2 cm from the isocenter. This beam
swing function can be used to achieve high accuracy of the
beam delivery to the mechanical isocenter by active compen-
sation for any mechanical distortion in the static mode.
A star-shot irradiation test demonstrated its high-beam posi-
tioning accuracy <0.1 mm. In the dynamic mode, this func-
tion enables the MV beams to track a target in real-time
while continuously being delivered. This dynamic-tracking
irradiation method named ‘gimbaled tracking’ has three
advantages. First, one-degree-ordered small-angle rotations
of the gimbals provide quick and accurate beam adaptation
to designated positions of a mobile target. Secondly, the
mechanism is relatively simple and thus minimizes mechan-
ical load. Finally, the treatment system is safer than systems
involving a robotic arm because the moving unit is covered
S0 as not to touch a patient.

In terms of real-time imaging, the system can use orthog-
onal serial radiographs scanned with the gantry-mounted kilo-
voltage X-ray imaging system. This technique is capable of
directly tracking tumors based on the density difference
between the tumor and normal lung tissue, provided that the
tumor is well defined with a high-contrast edge. Several vari-
ations for real-time tracking would be possible in a clinical
setting, such as direct tracking, external surrogates and internal
surrogates including fiducial markers, diaphragms and so on.

Figure 4. Gimbaled X-ray head. X-ray head with a LINAC and an MLC is mounted on a gimbals mechanism. Rotations along the two orthogonal gimbals
(pan and tilt rotations) up to +/—2.4° allow the therapeutic beam swing toward a designated position in the range of up to +/—4.2 cm from the isocenter.

Abbreviations: LINAC, linear accelerator; MLC, multi-leaf collimator.
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The validation tests using a computer-controlled three-
dimensionally movable phantom have shown that the
gimbals tracking system significantly reduced motion
blurring effects in the dose distribution compared with the
non-tracking state, and produced a dose profile slope similar
to the profile that is obtained when the phantom was station-
ary (<1 mm) (37,38). Currently, the gimbals tracking
irradiation function is not installed in a commercially avail-
able version. Mitsubishi Heavy Industries is developing a
clinically applicable system in collaboration with Kyoto
University and IBRI.

CONCLUSIONS

SBRT is an innovative treatment modality for early-stage
NSCLC. It is considered to be a standard treatment option for
inoperable patients. The role of SBRT for early-stage NSCLC
should be clarified by the coming clinical trials.

Realization of four-dimensional RT coping with tumor
movement obviously causes dramatic advancement of
SBRT. The new IGRT system which has the capability of
tumor tracking has been developed in Japan, and is expected
to be applied in clinics.
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Purpose: To assess positional reproducibility of pancreatic tumors under end-exhalation (EE) breath-hold (BH)
conditions with a visual feedback technique based on computed tomography (CT) images.

Methods and Materials: Ten patients with pancreatic cancer were enrolled in an institutional review board-
approved trial. All patients were placed in a supine position on an individualized vacuum pillow with both
arms raised. At the time of CT scan, they held their breath at EE with the aid of video goggles displaying their
abdominal displacement. Each three-consecutive helical CT data set was acquired four times (sessions 1-4; session
1 corresponded to the time of CT simulation). The point of interest within or in proximity to a gross tumor volume
was defined based on certain structural features. The positional variations in point of interest and margin size
required to cover positional variations were assessed.

Results: The means + standard deviations (SDs) of intrafraction positional variations were 0.0 + 1.1, 0.1 + 1.2, and
0.1 = 1.0 mm in the left-right (LR), anterior-posterior (AP), and superior-inferior (SI) directions, respectively (p =
0.726). The means + SDs of interfraction positional variations were 0.3 + 2.0, 0.8 + 1.8, and 0.3 = 1.8 mm in the LR,
AP, and SI directions, respectively (p = 0.533). Population-based margin sizes required to cover 95th percentiles of
the overall positional variations were 4.7, 5.3, and 4.9 mm in the LR, AP, and SI directions, respectively.
Conclusions: A margin size of 5 mm was needed to cover the 95th percentiles of the overall positional variations
under EE-BH conditions, using this noninvasive approach to motion management for pancreatic tumors. © 2010

Elsevier Inc.

Pancreatic cancer, Breath-hold, Visual feedback technique, Reproducibility, Internal margin.

INTRODUCTION

Pancreatic cancer is the fifth leading cause of cancer-related
deaths in Japan. According to vital population statistics pub-
lished by the Ministry of Health, Labor, and Welfare of Japan
(1), pancreatic cancer resulted in approximately 25,960
deaths in 2008, and the number of people dying from pancre-
atic cancer is increasing year by year. Worldwide, in 2002,
there were an estimated 232,000 new cases of pancreatic can-
cers and 227,000 deaths (2). Most patients present with lo-
cally advanced, unresectable, or metastatic disease at
diagnosis (3). Locally advanced unresectable diseases with-

out distant metastases are often treated with radiotherapy
(RT), with or without concurrent chemotherapeutic agents,
but the outcome is still modest.

Although recent developments of new drugs are remark-
able and seem promising as systemic therapy, local persis-
tence of disease remains serious. However, the prescribed
doses in most previous studies had been limited to <60 Gy
with conventional techniques (4-8), because the pancreatic
tumor is adjacent to organs at risk (OARs), with lower
tolerances for radiation, such as the stomach and
duodenum. Thus, how to deliver more intensive RT while
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minimizing the discontinuation of chemotherapy might
become a greater issue for the treatment of pancreatic cancer.
Both stereotactic body RT and intensity-modulated RT
(IMRT) have the potential to safely escalate the radiation
dose for pancreatic tumors without increasing toxicity to OARs.

Several investigators have quantified the intrafraction
movement of pancreatic tumors under free breathing by using
various modalities (9—15). Recently, Feng et al. (14) found that
motion of the borders of pancreatic tumors was highly variable
among patients, using cine magnetic resonance images, and re-
ported that a margin of 20 mm inferiorly was required to pro-
vide 99% geometric coverage. Mori et al. (15) verified a gross
tumor volume (GTV) displacement of >10 mm in the superior-
inferior (SI) direction, with a 256-multislice four-dimensional
computed tomography (CT) scanner. Thus, larger internal
margins (IMs) are needed to fully cover geometric changes un-
der free breathing (16). Consequently, a large volume of OARs
will be included in a planning target volume.

The breath-hold (BH) technique reduces the impact of re-
spiratory motion and has been applied successfully in treat-
ment of lung and liver cancer patients (17-22). Our group
has also shown that higher stability of the pancreatic tumor
position was observed at end exhalation (EE) than at end-
inhalation (23). Thus, we hypothesized that IMRT in combi-
nation with EE-BH might be a reliable method for achieving
dose escalation for locally advanced pancreatic cancer with
small margins. In order to accurately perform IMRT in com-
bination with EE-BH, it is important to understand positional
variations in pancreatic tumors under EE-BH conditions
through the course of treatment (24); however, there have
been few studies of this.

The purpose of this study was to assess the positional re-
producibility of pancreatic tumors under EE-BH conditions
with a visual feedback technique, based on CT images, and
to calculate the margin size necessary to cover positional
variations during the course of treatment.

METHODS AND MATERIALS

Patients

The eligibility criteria for this study were as follows: (a) patients
who underwent RT in combination with chemotherapy for locally
advanced pancreatic cancer; (b) patients whose performance status
was scored O or 1; (c) patients who were able to hold their breath
at EE for >15 sec; and (d) patients who provided written informed
consent. Ten consecutive patients who met the above criteria were
enrolled in this institutional review board-approved trial between
January 2009 and October 2009. Six patients were treated with
RT for 3 weeks, and 4 patients were treated with RT for 6 weeks.
Patient characteristics are shown in Table 1.

A brochure explaining BH-CT scanning was distributed to all
participating patients on the day before CT simulation. This bro-
chure contained an illustration of a BH-CT scan using video gog-
gles (iWear VR920; Vuzix Corporation, Rochester, NY).

Breath-hold helical CT scan

At the time of CT simulation (session 1), all patients were placed
in a supine position on an individualized vacuum pillow (BodyFix;
Medical Intelligence, Schwabmiinchen, Germany) with both arms
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Table 1. Patient characteristics

Patient Sex Age (y) Body weight (kg) TNM Location

76 46.8
72 59.7
44 90.3

T4NOMO Body
T4NOMO Body
T4NOMO Body
72 61.9 T4NOMO Body
66 65.7 T4NOMO Head
65.6 T3NOMI1*  Head
66 66.0 T4NOMO Body
61 58.5 T3NOM1* Tail

66 56.9 T4NOMO Head
66 68.5 T4NOMO Head

SO UN AW —
EETMEEELELE™™
%

—

Abbreviations: M = male; F = female.
* Distant lymph node metastasis.

raised. A marker block with two infrared reflecting dots was placed
tightly on the anterior abdominal surface of the patient (Fig. 1).
Anterior-posterior (AP) abdominal skin surface displacement was
monitored by a Real-time Positioning Management (RPM) system
(Varian Medical Systems, Palo Alto, CA). A visual feedback tech-
nique was applied with the aid of video goggles displaying the ab-
dominal displacement acquired by the RPM system. The patients
were asked to breathe following simple audio instructions, such as
““breathe in, breathe out, and hold your breath,” and then held their
breath at EE for >15 sec, depending on their ability, while watching
their abdominal displacement with the goggles. They practiced until
they held their breath successfully, which took around 5 min.

All participating patients stopped oral intake except for drugs and
water for >3 hr before treatment planning and before each BH-CT
scan. No patient was provided with oxygen at the BH-CT scan.
The scan protocol at session 1 was as follows: before the BH-CT
scan, two scout views were taken under EE-BH conditions to deter-
mine the scan start position. First, the whole abdomen, from the
superior border of the liver to the iliac crest, was scanned with
a four-slice CT scanner (LightSpeed RT; General Electric Medical
Systems, Waukesha, WI) under EE-BH conditions with a visual
feedback technique, which took around 30 sec. If the patient could
not hold their breath for 30 sec at the time of practice, this scan was
done twice with BH. The acquisition parameters of the helical CT
scan were a rotational time of 1.0 sec and a helical pitch of 15

Fig. 1. Patient setup. All patients were placed in a supine position
on an individualized vacuum pillow with both arms raised. A marker
block (lower right) with two infrared reflecting dots was placed
tightly on the anterior abdominal surface of the patient. Patients
wore goggles (upper left) displaying the abdominal displacement.
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mm/rotation. CT data were reconstructed in a field of view of 550
mm on a 512 x 512 grid with a slice thickness of 2.5 mm. Second,
contrast-enhanced CT data were acquired with one EE-BH for ap-
proximately 200 mm centered on the pancreas, which took around
14 sec. lodinated contrast medium , 300 mg/ml (25), was infused
at a rate of 3 ml/sec (26). The patients received a total contrast me-
dium volume based on twice their body weight (up to 100 ml) (27).
The delay time between the injection of the contrast medium and the
start of the contrast-enhanced BH-CT scan was set to 40 sec. Fi-
nally, another BH-CT scan was repeated promptly after the comple-
tion of the first contrast-enhanced BH-CT scan.

During the course of treatment, three consecutive BH-CT data
sets were also acquired three times, at 1- to 2-min intervals, with
no iodinated contrast medium (sessions 2—4). A scan range was ap-
proximately 200 mm, centered on the pancreas. Actual CT scan time
was around 14 sec. The interval period between CT data acquisitions
during the treatment course depended on the RT schedule (i.e., once
per week for patients who were treated with RT for 3 weeks and
once per 2 weeks for those treated with RT for 6 weeks). Conse-
quently, a total of 12 BH-CT data sets per patient were acquired.

Target definition

After the BH-CT scan, the point of interest (POI) within or in
proximity to a GTV was defined by one radiation oncologist special-
izing in pancreatic cancer (K.S.), based on certain structural features
that were not affected by the contrast medium, to detect, including
calcification, points of disruption of the main pancreatic duct, points
of adhesion of involved vessels within the tumor, or areas of low
density within the tumor. The POIs for each session were deter-
mined without reference to POIs previously decided on a commer-
cially available three-dimensional radiation treatment planning
system (Eclipse, version 8.2; Varian Medical Systems). In this
study, the GTV was not contoured to avoid geometric ambiguities
that resulted from manual delineation (28).

Intra- and interfraction positional variations

Positional differences between the first POI and the two other POIs
within each session were calculated to evaluate the intrafraction po-
sitional variations. In total, 80 values were analyzed in each direction.

Subsequently, positional differences between sessions (interfrac-
tion positional variations) were evaluated. Before calculating the
interfraction positional variations, setup errors between the first
BH-CT scan at session 1 and those at other sessions were corrected,
based on the vertebral body, using the image registration algorithm
of Eclipse. After image registration, alignment of the vertebral body
around the pancreas was visually inspected by a medical physicist
(ML.N.). The registration was modified until the vertebral body mis-
alignment was measured as <1.0 mm in any of the axial, coronal,
and sagittal views. Following this, the interfraction positional variation
was determined as the difference in the mean POI positions between
session 1 and the three other sessions. In total, 30 values were acquired.

Internal margin sizes

To take into account the overall positional variations, both indi-
vidual and population-based margin sizes were calculated. The indi-
vidual margin sizes were defined as the maximum distance between
the first POI position at session 1 and other POI positions. On the
other hand, the population-based margin sizes were computed based
on the linear sum of the standard deviation (SD) of the mean intra-
fraction positional variations (Z;,,) and the root-mean-square of the
individual SD in interfraction positional variations (Gjner) (29). In
this study, 95% confidence levels were chosen to calculate the
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Fig. 2. Frequency distributions of the intrafraction positional varia-
tions. The means £ SDs were 0.0 + 1.1, 0.1 £ 1.2, and 0.1 £ 1.0
mm in the (a) left-right, (b) anterior-posterior, and (c) superior-
inferior directions, respectively.

population-based margin sizes. The value of the distribution associ-
ated with 95% nominal probability was 1.96. Then, an equation for
the population-based margin calculation was expressed as 1.96 x
Sintra + 1.96 X Ginger-

Statistical analysis

One-way analysis of variance was performed to assess the signif-
icance of the positional variations among left-right (LR), AP, and SI
directions. Values of p < 0.05 were deemed to indicate statistical
significance.

RESULTS

All 10 patients were able to hold their breath at EE for
around 20 sec, and 9 of 10 patients tolerated a BH of 30
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sec, which was needed to scan the whole abdomen. The re-
maining 1 patient needed two scans to acquire the whole ab-
dominal images. The decision of the POIs was not affected by
the number of scans. The POIs were located based on calci-
fication in 2 patients, points of disruption of the main pancre-
atic duct in 3 patients, points of adhesion of involved vessels
within the tumor in 3 patients, and areas of low density within
the tumor in 2 patients. Through repeated CT data acquisi-
tion, we did not have any patients in whom we could not
identify each POI defined at session 1.

Intrafraction positional variations

Figure 2 shows the frequency distribution of the intrafrac-
tion positional variations. The means + SDs of intrafraction
positional variations were 0.0 + 1.1 mm (range, —3.3 to 3.1
mm), 0.1 £+ 1.2 mm (range, —2.5 to 3.3 mm), and 0.1 + 1.0
mm (range, —2.5 to 2.5 mm) in the LR, AP, and SI directions,
respectively. Positive values indicate the left, posterior, and su-
perior directions. Among the 80 values, 55%, 46%, and 80% of
the POI positions were reproducible to within the voxel size in
the LR, AP, and SI directions, respectively. No significant dif-
ference was observed between the directions (p = 0.726).

Interfraction positional variations

A representative interfraction positional variation is shown
in Fig. 3. The maximum positional difference was 5 mm in
the SI direction. Figure 4 shows the frequency distributions
of the interfraction positional variations. The means + SDs
of interfraction positional variations were 0.3 = 2.0 mm (range,
—3.51t04.5 mm), 0.8 £ 1.8 mm (range, —3.6 to 4.5 mm), and
0.3 £ 1.8 mm (range, —3.3 to 5.0 mm) in the LR, AP, and SI
directions, respectively. The SDs of interfraction positional

Volume I, Number M, 2010

variations were larger than those of the intrafraction positional
variation. Although larger systematic deviations were observed
in the posterior than in other directions (Fig. 4), there were no
significant differences between the directions (p = 0.533).

Internal margin sizes

The individual margin sizes to cover the overall positional
variations are listed in Table 2. The maximum margin sizes
were 5.5, 5.8, and 5.0 mm in the LR, AP, and SI directions,
respectively. The margin size of 5 mm was sufficient to cover
the overall positional variations in 7 of 10 patients.

The values of 2;,;;, and Giper were 1.1 mmand 1.3 mm, 1.2
mm and 1.5 mm, and 1.0 mm and 1.5 mm in the LR, AP, and
SI directions, respectively. Therefore, the population-based
margin sizes of 4.7, 5.3, and 4.9 mm were calculated in the
LR, AP, and SI directions, respectively. As setup correction
was applied based on bony anatomy, these margins did not
include the setup errors.

DISCUSSION

We evaluated positional variations in pancreatic tumors in
10 patients under EE-BH conditions, with a visual feedback
technique based on CT images. None of the patients took
anything orally except for drugs or water for >3 hr prior to
treatment planning and each BH-CT scan. BH-CT scans
were taken several minutes apart and repeated on different
days. The POIs within or in proximity to a GTV were deter-
mined to quantify the positional variations after setup errors
were corrected by matching bony anatomy. Under such con-
ditions, we found that the margin size of 5 mm was needed to
cover the 95th percentiles of the overall positional variations
under EE-BH conditions.

Fig. 3. Sagittal images at (a) session 1, (b) session 2, (c) session 3, and (d) session 4 for patient 6. An area of calcification
was set as a point of interest (POI). White dashed lines show the mean POI position in the superior-inferior direction at

session 1. The POI of each session is indicated by a red circle.
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Table 2. Individual margin sizes

Patient LR (mm) AP (mm) SI (mm)
1 4.6 5.8 0.0
2 39 4.1 2.5
3 2.8 2.0 2.5
4 33 3.8 0.0
5 1.8 1.9 2.5
6 2.5 2.0 5.0
7 1.8 4.1 0.0
8 5.3 1.9 2.5
9 5.5 5.0 2.5

10 4.5 2.1 5.0
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Fig. 4. Frequency distributions of the interfraction positional varia-
tions. The means + SDs were 0.3 £ 2.0,0.8 £ 1.8, and 0.3 £ 1.8
mm in the (a) left-right, (b) anterior—posterior, and (c) superior—in-
ferior directions, respectively.

In the current study, the GTV itself was not delineated be-
cause the tumor border was less clear on CT images without
the iodinated contrast medium. The variability of GTV delin-
eation has been described for pancreatic tumors by Yamazaki
etal. (28). The GTV centroid depended on the GTV size and
shape in each CT slice. Our POI approach was adopted to
focus on the accuracy of the positional variations.

According to a report published by the American Associ-
ation of Physicists in Medicine (AAPM) (30), there are sev-
eral approaches with regard to BH techniques. One is active
breath control (ABC), developed at William Beaumont Hos-
pital. Several investigators have shown the high reproducibil-
ity of ABC at various phases of the breathing cycle for

Abbreviations: LR = left-right; AP = anterior-posterior; SI = su-
perior-inferior.

patients with lung and liver cancer (17-19). The second
technique is the voluntary deep-inspiration BH, with a com-
mercially available spirometer. Hanley et al. (20) have indi-
cated that intra-BH reproducibility of the lung tumor was 1.0
£ 0.9 mm. Their results were consistent with those of Mah
et al. (21). The third technique is the BH method with no re-
spiratory monitoring. Onishi et al. (22) have reported that the
differences in lung tumor position were 2.2 £+ 1.1 mm in the
SI direction under patients’ self-estimated breath-holding,
with no respiratory monitoring. In the present study, the intra-
fraction positional variations were normally distributed, with
a focus on the first POI within each session (Fig. 2). Unlike
the three BH approaches described above, our BH maneuver
was based on a visual feedback technique. In general, visual
feedback improves the reproducibility of the abdominal wall,
chest wall, and lung tumor positions (31-36). This visual
feedback BH technique appeared to be effective in
controlling the reproducibility of pancreatic tumor positions.

Wysocka et al. (37) have reported interfraction positional
variations in the pancreas in voluntary expiration BH and
showed that the 90th percentiles of the interfraction positional
variations were 8.9, 7.9, and 23 mm in the LR, AP, and SI di-
rections, respectively (37). Our results for interfraction posi-
tional variations were more favorable than the results of their
study (Fig. 4). The visual feedback technique may also help
to reduce the interfraction positional variation. In addition to re-
spiratory movement, a possible cause of the interfraction posi-
tional variations in pancreatic tumors involves anatomical
characteristics. Pancreatic tumors are surrounded by flexible
structures, such as the stomach, small intestine, and colon. Dur-
ing the course of treatment, some patients experience anorexia
and suffer from digestive troubles. Gastrointestinal states, in-
cluding gastrointestinal content and bowel gas, generally
vary with time because of physiological phenomena and
some digestive disorders (Fig. 5). These changes in gastrointes-
tinal states might affect pancreatic tumor positions.

We acquired a total of 12 BH-CT data sets per patient, not
only at the time of CT simulation but also during the course of
treatment, and found that the pancreatic tumor position was
not always reproducible at the position at the time of CT sim-
ulation, even under EE-BH conditions. This finding is im-
portant in determining the margin size for IMRT in
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Fig. 5. Axial images at (a) session 1, (b) session 2, (c) session 3, and (d) session 4 for patient 6. An area of calcification was
set as a point of interest (POI). The POl is indicated by a red circle (a). These images display the same axial position. States

in bowel vary with time.

combination with EE-BH. Report 62 of the International
Commission on Radiation Units and Measurements recom-
mends that a clinical target volume should be enlarged with
an IM to compensate for the effects of physiological changes,
as well as target motion during the administration of radio-
therapy (16). AAPM Report 91 also indicates that interfrac-
tion positional variation does occur and should be
considered (30). This means that an appropriate IM size can-
not be decided based on only one CT scan. Although Murphy
et al. (38) indicated that pancreatic tumor position in three di-
mensions was reproducible to within 2.5 mm at end-
inhalation, based on implanted gold fiducials, our study
showed that margin sizes of 2.5 mm were insufficient to en-
compass the overall positional variations (Table 2). From the
results of 12 BH-CT scans, it was found that a margin size of
5 mm was needed to cover the 95th percentiles of the overall
positional variations under EE-BH conditions.

The IMRT technique typically uses 5 to 7 ports to deliver the
entire prescribed set of monitor units (MUs), and one set of
MUs in one port can be delivered in 15 sec EE-BH using the
highest dose rate (600 MU/min in our machine). Thus, the
number of BH times that corresponds to the number of ports

is required for one fraction. As can be estimated from Fig. 2,
the impact of the intrafraction positional variations on dose dis-
tribution is considered nonsignificant within one fraction.
Rather, interfraction positional variations could have an effect
on dose distribution. The effect, however, can be minimized by
adding margin sizes to encompass the interfraction positional
variations. Thus, a margin size of 5 mm plus the setup margin
will ensure that the planned dose is delivered to the target vol-
umes. Also, the visual feedback BH technique provided signif-
icant margin reduction, compared with the results of the studies
under free breathing (14, 15), which will reduce the incidence
of high-grade gastrointestinal toxicity (39).

CONCLUSIONS

Positional variations in pancreatic tumors were assessed
under EE-BH conditions with a visual feedback technique,
based on CT images. The intrafraction positional variations
were mostly slight. A margin size of 5 mm was needed to
cover the 95th percentiles of the overall positional variations
under EE-BH conditions using this noninvasive approach to
motion management for pancreatic tumors.
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