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 Introduction 
Locally advanced esophageal cancer (LAEC) is a disease associated with poor outcomes, and it poses a challenge to surgical, medical, and radiation oncologists. Most LAEC patients are unresectable or at an advanced stage at the time of initial diagnosis (1, 2). The mainstay treatment method for both resectable and unresectable LAEC is multi​disciplinary and includes chemotherapy, radiotherapy (RT) and surgery (1, 2). The outcome of concurrent chemoradia​tion (CCRT) is comparable with that of surgical intervention (3). Patients responding to definitive CCRT had a similar overall survival to CCRT followed by surgery, although more locoregional recurrence (LRR) occurred in the CCRT group (3, 4). Several studies have found the overall risk of LRR after CCRT to be approximately 45% to 60% in LEAC patients, regardless of differences in the duration of follow-up, radiation dose, or chemotherapy regimens (3-8). 

Previous studies using simple radiation techniques, such as conventional two-dimensional or a 3 fields planning approach for sparing the spinal cord (3-5, 8, 9), reported higher tox​icities observed in patients receiving higher RT doses (4-6). To date, the role of dose escalation above 50 Gy for LAEC patients remains controversial. One study reported that higher doses of radiation were associated with decreased LRR and increased survival (10). Further research using modern RT techniques is needed to clarify the possible benefits of dose escalation. Intensity-modulated radiation therapy (IMRT) constitutes an important advance in techniques for improv​ing tumor coverage and decreasing critical organ toxicities. However, concerns have been raised regarding low-dose exposure to the lungs in the treatment of thoracic malignancy (11, 12). 

Volumetric-modulated arc therapy (VMAT) is a widely used radiation technique and is regarded as a new genera​tion linear-accelerator IMRT. A study with esophageal can​cer patients found that TomoTherapy (TM) showed better target coverage than either 3DCRT or step-and-shot IMRT (ssIMRT) when the RT dose was 50 Gy (13). Another study using an integrated boost (SIB) technique with oropharyn​geal cancer patients reported that TM provided superior dose homogeneity and conformity compared with VMAT (Smart​Arc) (14). 

We hypothesized that state-of-the-art techniques would enable RT doses to be escalated, to optimize the outcome for LAEC patients, without compromising adjacent normal tis​sues. Our study compared the dosimetric differences among 3 novel RT techniques, namely TM, RapidArc (RA), and dynamic IMRT (dIMRT). 

Materials and Methods 
The research participants were recruited from a previous study on four-dimensional (4D) positron emission tomog​raphy/computed tomography (PET/CT). The local institu​tional review board approved the current study. In total, we recruited 12 patients with squamous cell carcinoma of esoph​agus, one of whom was affected in the upper–middle third of the esophagus, 4 in the middle of the esophagus, and 7 in lower third. 

To enable the comparison of RT treatment planning, all patients were positioned supinely with their arms raised above the head. Patient respiration was recorded by a respira​tory gating system (Real Time Position Management Respi​ratory Gating System, Varian Medical System Inc., Palo Alto, CA), and 4D CT images with 2.5 mm slice thickness were acquired. Each 4DCT and 4D PET image set consisted of 10 phases set equally divided in a breathing cycle, and each set was fused at the same respiratory phases for gross tumor volume (GTV) contouring. 

Target Definition and Delineation 
Each GTV was contoured according to the data provided by the CT scan, endoscopic ultrasound, and PET/CT images. The patient’s final GTV was summed using the maximum intensity projection method from 10 image sets. Clinical tar​get volume low (CTVL) was defined as an area extending 4 cm longitudinal and 1 cm lateral beyond the primary GTV. Lymphadenopathy and elective lymph nodes were included in the CTVL, according to RTOG protocols (5, 15). Plan​ning target volume low (PTVL) included the CTVL plus a 0.8 cm margin. Planning target volume high (PTVH) was defined as primary esophageal cancer and lymphadenopathy with an additional 0.5 cm to compensate for variations in the RT set-up. PTVL was prescribed at 54 Gy in 30 fractions for microscopic disease, and PTVH was boosted to 60 Gy in 30 fractions for macroscopic disease. Lungs, heart, and spinal cord were contoured to compare the parameters of the dose volume histogram (DVH) of the 3 plans. 

Treatment Planning 
In clinical use, dIMRT offered superior target coverage than ssIMRT (16). The current study therefore investigated dIMRT only. RA and dIMRT plans were generated using the Eclipse (version 8.6.15 Varian Medical System Inc., CA) treatment planning system. Radiotherapy was delivered with 6MV photon beam from the Clinac iX with Varian’s fine leaf Millennium™ 120 multi-leaf collimator (MLC) (Varian Medical System Inc., CA). Simultaneously, RA (volumet​ric modulated arc therapy) delivered radiation by dynamic MLC, with variable gantry rotation speed and variable dose rate. We used the Analytical Anisotropic Algorism (AAA) to calculate the RA dose, with a calculation grid resolution of 2.5 mm. Two coplanar isocentric 358° arcs consisting of one clock and one counter-clock rotation were used, and delivery dose rate varied from 0 MU/min to 600 MU/min. The dIMRT was planned with 5 angle beams chosen for decreasing irradiation doses to the lung, and calculations were made using the Eclipse pencil beam convolution algo​rithm (PBCA). All radiation treatment plans (RTPs) were calculated with heterogeneity correction. 

TomoTherapy is a unique radiation machine that provides a helical rotation approach at a constant speed, continuously moving couch and rapid binary 64 MLC to modulate the intensity of radiation. Six MV photons delivered 51 beam angles per rotation during RT. TomoTherapy Hi-Art RTP 4.04 (TomoTherapy Inc., Madison, WI) was used for TM plan​ning. A jaw width of 2.5 cm, a pitch of 0.287, and a nominal modulation factor of 3.0 were used for beamlet calculation. 

The conformity index (CI) and homogeneity index (HI) were adopted for coverage comparison of PTVL and PTVH among the 3 plans. CI was defined as 

(TVPV/VPTV)/(VTV/TVPV), [1] 

where VPTV is the volume of the PTV, TVPV is the volume of the VPTV covered by the prescribed isodose line, and VTV is the treated volume of the prescribed isodose line (17). The 95% isodose was selected for our standard isodose line. Pos​sible values for CI range from 0 to 1, with values closer to 1 indicating better performance. HI was defined as 

100% 3 (D2-D98)/DP, [2] 

where D2 and D98 are the doses at 2% and 98% of the PTV, and DP is the prescription (18). Theoretically, a lower HI value represents a plan that provides with more homogenous dose distribution. 

The principal optimization criteria were set as 95% of the prescribed dose covering the whole PTVL and PTVH (V95), with no more than 2% of the PTVH receiving more than 107% of the prescribed dose (V107). The secondary priority was to minimize the RT dose to normal organs. The dose constraints for organs at risk (OAR) were as follows: lung V5 (volume of lung receiving 5 Gy) , 65%, V10 , 50%, V20 , 35%, mean lung dose , 20 Gy; spinal cord , 45 Gy; and heart: V50 , 33%, V45 , 66%, and V40 , 100%. In order to reach equal skills and efforts in each of the techniques, two qualified physicists with experienced clinical practice participated this dosimetric study. They used identical objectives for plan opti​mization. Moreover, the same physicist carried out the plans for the 3 techniques for each patient to avoid interobserver’s bias. All plans were reviewed by one radiation physician. 

Statistical Analysis 
Statistical analysis was performed using SPSS software (version 12.0, Chicago, USA). One-way ANOVA was used to compare the 3 treatment plans, including dosimetric parameters of PTVH, PTVL and OARs, HI, CI and MU. Post hoc tests with Bonferroni’s method for multiple comparisons were used to further analyze the differences among treatment methods. Statistical significance was defined as a P-value less than 0.05. 

Results 
Each of the 12 patients received 3 RT treatment plans for DVHs and homogeneity parameters for target coverage, as listed in Table I. The mean PTVL was 387.31 cm3 (range 259.31 to 596.81 cm3) and the mean PTVH was 76.70 cm3 (range 43.23 to 181.07 cm3). For RA, V95 of the PTVL (97.8%) was lower than the specified criteria, but this sce​nario is common with low lung density when doses are cal​culated by AAA. Compared with TM, the mean dose for PTVL was significantly higher under both RA and dIMRT (all P , 0.001). The HI for PTVH differed significantly for the 3 techniques of TM, RA, and dIMRT (4.38 6 0.86, 6.40 6 0.86, and 6.11 6 0.68, respectively; P , 0.001). The CI scores for PTVH also differed across TM, RA, and dIMRT (0.64 6 0.06, 0.53 6 0.06, and 0.59 6 0.05, respec​tively; P , 0.001). The HI for PTVL showed a significant difference among the 3 techniques of TM, RA, and dIMRT (15.44 6 0.88, 20.88 6 1.03 and 18.65 6 1.42, respectively; P , 0.001). For PTVH, significant differences were found for the mean dose, D2, V97, and V99 (all P , 0.05). For PTVL, significant differences were found for the mean dose, GTV mean dose, D2, D98, V95, and V97 (all P , 0.05). 

The best CI and HI results for target coverage were yielded by TM. Figure 1 illustrates the isodose distribution of TM, RA, and dIMRT for one patient in axial, coronal and sagit​tal views. Figure 2 shows the dose volume histogram of the same patient under different plans. 

The parameters of OARs under the 3 plans are listed in Table II. We found no significant difference for the mean lung dose or V10 among the 3 techniques. However, the mean V5 (P , 0.01) and V20 (P 5 0.001) differed significantly between TM, RA, and dIMRT (for V5: TM 54.4 6 8.0%; RA 67.5 6 14.5%; dIMRT 44.8 6 8.2%; for V20: 13.6 6 3.3%, 12.2 6 3.6%, and 18.1 6 3.4%, respectively). For RA, the lung V5 $ 65% was observed in 6 patients and the V10 $ 50 % in one patient. All lung parameters of TM were eligible for the lung constraint criteria, apart from lung V5 of 67.5% in one patient. In general, RA yielded the highest V5 for the lung, but the lowest V20. By contrast, dIMRT yielded the lowest V5 and the highest V20. 

The spinal cord maximum dose showed no significant dif​ference among the three techniques (P 5 0.14). The low​est value of maximal point (1 cm3) dose of the spinal cord was 39.03 6 2.55 Gy (P 5 0.01) in the TM group. No heart parameters differed significantly among the 3 treatment types. Table III summarizes the comparisons among the techniques. 

Discussion and Conclusion 
This study conducted the first dosimetric comparison of 3 modern RT techniques for LAEC, all using a SIB tech​nique. All treatment plans were optimized to provide accept​able coverage of the PTVL and PTVH. Our results showed that TM achieved superior HI and D2, without significantly different mean doses to the lung and heart compared with other treatment types. Although the CI for PTVL was similar among the 3 techniques, the CI for PTVH showed a statistical significance in favor of TM. For the sparing of lungs, RA pre​sented the highest V5 to the lung, but the lowest V20. Con​versely, dIMRT provided the lowest V5 and the highest V20. 

Because of the lack of evidence supporting dose escalation for LAEC, the standard prescribed dose of 50.4 Gy has been accepted for many years (5). In contrast, Zhang et al. showed promising outcomes in 3-year local control rate, disease-free survival rate, and overall survival in a high-dose RT group, with dosages more than 51 Gy (10). Hurmuzlu et al. reported a positive correlation between local tumor control and high-dose RT (66 Gy in 33 fractions) used to irradiate LAEC (6). In addition, Welsh et al. reported a benefit of ssIMRT using an SIB technique to boost the GTV dose to 64.8 Gy, with a reduction in OAR dose, for esophageal cancer (19). The optimal radiation dose and scheme for LAEC have yet to be established (1, 6, 10). Nonetheless, dose escalation may pres​ent a possible approach to improve the survival rate because of the high local failure incurred after current RT schemes (6, 10). Our study demonstrated the feasibility of dose escala​tion with elective node irradiation across the 3 RT techniques. We found that it would be difficult to obtain satisfactory lung sparing when applying RA with single or double arcs in the treatment of LAEC. 

RP is a major determinant of lung toxicity when lung cancer is irradiated, and it can substantially influence the patient’s quality of life (1). In the era of IMRT for thoracic malig​nancy, Liao et al. reported that the rate of grade 3 or greater RP was higher after 3DCRT for NSCLC than after IMRT (P 5 0.017). The hazard ratio of V20 for the 3DCRT group (RP 25%) compared with the IMRT group (RP 8%) was 3.08 (P 5 0.001) (20). Wang et al. reported several DVH param​eters (lung V5-V65 and MLD) were highly correlated with RP, and the incidence of grade 3 or greater RP was 38% when the patient’s V5 was more than 42% (21). Notably, studies found that smoking (22), age, and forced expiratory volume at the first second were risk factors associated with the occur​rence of severe RP, when the parameters for RP lay within an acceptable range (such as MLD # 20 Gy or V20 # 35%) (23). In our study, TM achieved better tumor coverage than RA under the comparable lung V20 and lung V10. Moreover, lung V5 of TM was significantly lower than that of RA. 

Similarly, radiation of esophageal cancer could lead to the occurrence of RP because adjacent lymphatics should be irradiated. In a study investigating late toxicities for esopha​geal cancer patients who received extensive field CCRT, the 2-year cumulative incidence of grade 3 or greater late cardio​pulmonary toxicities of was 7.2% (5/69) (9). In another study comparing DVH parameters for RP in LAEC patients treated with conventional RT, 10 (27%) patients developed grade 2 RP and 3 (8%) patients had grade 3 or higher RP (24). In gen​eral, the RP rates of esophageal cancer were lower than that of lung cancer (9, 24). However, the risk of RP would remain a major concern for dose escalation, even when applying novel RT techniques for the treatment of LEAC. Although V5 to the lung was highest under RA in the current study, the asso​ciated possibility of RP may have been indistinct because we merely compared the DVH parameters (20, 21, 24). 

To our knowledge, this was the first study to investigate the dosimetric benefit of various modern RT techniques (dIMRT, RA, and TM) using the SIB technique for the treatment of LEAC. Our research was subject to 2 main limitations, which are clarified here. First, some bias might exist because of dif​ferences in calculated algorithms as described in dosimet​ric comparison studies (25, 26). AAA demonstrated greater accuracy in calculating the radiation dose for tumor coverage, compared with PBCA (27), but AAA remained suboptimal at the interface of heterogeneous materials (28). The treatment scenario of our study was appropriate for a clinical dosimet​ric comparison without major violation of dose calculations. The second limitation of our research was the lack of a con​trolled 3DCRT plan because of its inability to perform the SIB technique. Our dosimetric study revealed that compared with current dIMRT, both TM and RA could further reduce a moderate dose (V20) of the lung, at the cost of slightly higher low-dose (V5) of the lung. 

With adequate coverage of the target and sparing of OARs for LAEC using the SIB technique, TM achieved superior CI and HI for PTV coverage compared with either RA or dIMRT and lowered the specified dose parameters for lung. Although RA provided the lowest MU, and thus, shortest treatment duration, its higher V5 to the lung was of some concern. We thus recommend future studies to assess their clinical outcomes.
