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Abstract 

Purpose: A feasibility dosimetric study was performed to eval-
uate RapidArc (RA) plan on advanced esophageal cancer and 
compare it against Helical Tomotherapy (HT) plan.  
Patients and Methods: Six patients with locally advanced mid
-lower esophageal carcinoma were treated with neoadjuvant 
chemoradiation therapy. Radiotherapy was delivered by RA 
then re-planned by HT. The prescription dose was 50 Gy in 25 
fractions, with 95% of the planning target volume receives 
100% of the dose. For organs at risk (OAR), V20 of the lung 
was <20% -30%, mean lung dose (MLD) was ≤ 15.0 Gy, V45 
of the heart was <20%, V30 was <50%, spinal cord dose re-
ceived by 1% was <45 Gy. Dose-volume histograms (DVHs), 
homogeneity index (HI), conformity index (CI), OAR doses 
and treatment time were analyzed for plans comparison.   
Results: All planning objectives were achieved by both tech-
niques. The PTV coverage, HI, CI, MLD, V45 of the heart and 
V30 of the liver were comparable in both plans. HT showed 
better sparing of the V30 of the heart (p= 0.042), better maxi-
mum dose to spinal cord (p= 0.028), while RA showed slightly 
better sparing of the volumes of lung and faster treatment time 
(p= 0.027). 
Conclusion: Both techniques are good options for treating 
esophageal cancer, achieved optimal low dose to the lungs and 
heart with acceptable PTV coverage. The RA provided for im-
proved treatment plans using two arcs with low doses to the 
lungs at the cost of increased heart dose (V30). RA with FFF 
beams resulted in minor improvements in plan quality with ad-
ditional useful reduction in the treatment time. 

 

Introduction 

Esophageal cancer is the 6th most common cause of cancer 
deaths worldwide and is more common in men1. Combined-
modality therapy has been adopted for the treatment of 
esophageal cancer because of the poor survival rates associated 
with patients treated with surgery or radiation alone and has 
now become standard for the treatment of non-metastatic dis-
ease, except for the earliest lesions.2 The outcome following 
primary radiation therapy alone in the treatment of clinically lo-
calized esophageal cancer remains poor, with a 2-year survival 
rate of approximately 10% to 20% and a 5-year survival rate of 
approximately 5%.3-5 Several investigators have studied the role 
of conformal therapy techniques, intensity modulated radiation 
therapy (IMRT), helical tomotherapy, and volumetric-
modulated arc therapy6-10. These studies demonstrated the fea-
sibility of IMRT in all its forms for esophageal cancer treat-
ment with the possibility of increasing therapeutic ratio (better 
target coverage and organ at risk protection). 
 
The main aim of our study was to evaluate RapidArc (RA) and 
the potential benefit of flattening filter-free (FFF) beams, on 
advanced esophageal cancer and compare it against Helical 
Tomotherapy (HT). FFF beams have been considered for clini-
cal use in recent years11-13 and are clinically available on new de-
livery platforms. The FFF beams might be suitable for IMRT 
planning and the out-of-field dose could be significantly re-
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duced owing to the lower contamination from head scatter, re-
sulting in better organ at risk (OAR) protection14.  

Methods and Materials 

Patient selection, target, and OAR 
All six patients in this study were treated supine on the RA unit 
with locally advanced carcinoma of the mid and lower esopha-
gus. Planning CT images were exported from Eclipse planning 
station to tomotherapy plan. Each patient was re-planned ret-
rospectively via inverse planning for HT technique with a dose 
prescription of 50 Gy to gross planning target volume (PTV) in 
25 fractions. The gross tumor volume (GTV), clinical target 
volume (CTV), PTV, and nodes as well as the organs at risk 
(OAR) were contoured by the radiation oncologist by imaging 
studies including CT scan, positron emission scan (PET), and 
endoscopic ultrasound as per RTOG 0436 protocol15 for radia-
tion delivery without gating. The CTV was delineated with 3–4 
cm superior–inferior margins and 0.5-1 cm radially with respect 
to the GTV for all patients with 1 cm uniform margins for 
positive nodes. The planning target volume (PTV) was deline-
ated with additional 0.5–1.0 cm margins to the CTV depending 
on nearby critical structures. Treatment objectives for individu-
al patients varied depending on the volume and extent of the 
target volume, but in general, the goals were to keep the dose 
as low as possible to lungs, heart, spinal cord and liver while 
maintaining optimal target coverage and dose uniformity to the 
target volumes, Table 1. 
 
RT planning techniques 
Rapidarc 
Eclipse treatment planning system (Varian Medical Systems, 
Inc., Palo Alto, CA) was used along with the analytical aniso-
tropic algorithm (AAA,Version 11.031) dose calculation algo-
rithm. For RA optimization; progressive resolution optimizer 
(PRO) Version11.031 was used. All plans generated using 
TrueBeam linacs with 120 leaf millennium multileaf collimator 
and kV imaging, 2 full arcs one clockwise & the other counter-
clockwise, with collimator angles 10º and 350 º and a couch an-
gle of 0º, Arc mode, 6MV Flattening Filter Free (FFF) beam 
energy and maximum dose rate of 1400 MU/min. Both arcs 
had the same isocenter, located at the center of the PTV.  
 
Tomotherapy 
Tomotherapy is a rotating linear accelerator with no flattening 
filter mounted on a continuously moving slip ring gantry in 
synchrony with the couch motion, delivers highly conformal 
dose using 6 MV X-ray beams with a 64 binary collimator 
leaves and thicknesses of 1.0 or 2.5 or 5.0 cm. All plans were 
based on batch beamlets mode with fine calculation grid size 
(0.273 x 0.273) cm. Degraded photon beam energy is used to 
make Mega voltage CT (MVCT) for image guidance. For all 
patients in this study, a field width of 2.5 cm, pitch value of 
0.287 and planning modulation factor of 3.0 were used. The 
treatment planning software version was Hi-ART 4.2.3
(TomoTherapy, Accuray Inc., Sunnyvale CA).  
 

Treatment plan evaluation  
Dose-volume histogram statistics, dose conformity, dose ho-
mogeneity and treatment time were analyzed to compare treat-
ment plans. 
 
Homogeneity index (HI) was evaluated as the difference be-
tween the maximum and minimum dose to the target volume 
divided by the prescription dose16, 17 but conformity index (CI) 
is calculated through the following equation18. 
 
                  (TV95)2   
    CI =     ————      
                 TVxV95 
 
Where TV is the target volume and V95 is the volume covered 
by 95% isodose. 
 
Statistical analysis 
The dosimetric endpoints of the target volumes, normal or-
gans, CI, HI and delivery time were analyzed using the non-
parametric (small sample size) Wilcoxon signed rank test 
(SPSS, V19, USA), a probability value of <0.05 considered to 
be statistically significant (two tailed). 
 

Results 

Target volume coverage 
All dose constraints regarding PTV coverage were similarly 
achieved by both plans but the maximal and minimal doses 
generated by the HT plans were better than those of the RA 
plans and statistically significant (p= 0.046 & 0.028) table 2, 3. 
 
Comparison of dosimetric parameters 
The Conformity indices of both plans were comparable (p= 
0.157), while homogeneity indices were better and statistically 
significant in HT plans (p= 0.026) table 2, 3. 
 
Normal tissue sparing  
We analyzed the dose parameters of the lungs (V5, V10, V20 & 
mean lung dose), heart (V30 & V45), liver (V30) and spinal 
cord (maximal dose) (Table 2,3). All requirements were compa-
rable in both groups especially lungs, liver and V45 of the 
heart; however, the HT plans achieved a superior sparing of 
the heart (V30) and spinal cord with statistically significant re-
sults (p= 0.042 & 0.028 respectively) table 2, 3. 
 
 

Table1 Dose planning constraints  
PTV Minimum dose received by PTV 

Lung V20 < 20-30% 
MLD 15 Gy 

Heart V30 < 50% 
V45 < 20% 

Spinal cord 1% < 45Gy  

Liver V30 <50% 
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Treatment time The estimated delivery time of the RA plans 
is faster than the HT plans (Median 2.4 vs 8.2 minutes) with 

significance (p=0.027) table 2, 3. 
 

Table 2. Target dose, Organs at risk dose and treatment time results 

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6  

RA HT RA HT RA HT RA HT RA HT RA HT 

PTV 
Mean (%) 
Max. (%) 
Min. (%) 

  
101 
108 
83 

  
100 
103 
95 

  
97 
105 
87 

 
100 
105 
88 

  
100 
104 
89 

  
99 
102 
92 

  
102 
108 
88 

  
99 
103 
88 

  
100 
107 
79 

  
100 
105 
85 

  
100 
108 
86 

  
100 
102 
94 

Lung 
V5 (%) 
V10 (%) 
V20 (%) 
Mean (Gy) 

  
95 
80 
24 
16 

  
98 
85 
26 
17 

  
77 
63 
24 
14 

  
64 
55 
21 
13 

  
54 
41 
13 
10 

  
56 
44 
18 
11 

  
87 
79 
32 
17 

  
87 
77 
34 
18 

  
54 
46 
22 
12 

  
57 
50 
31 
14 

  
77 
59 
25 
14 

  
85 
78 
27 
17 

Heart 
V30 (%) 
V45 (%) 

  
21 
10 

  
19 
10 

  
69 
19 

  
37 
19 

  
39 
20 

  
36 
19 

  
51 
21 

  
41 
23 

  
0 
0 

  
0 
0 

  
40 
16 

  
30 
16 

SC (max.)  (%) 77 52 82 41 63 45 72 54 64 49 52 52 

Liver V30 (%) 0.05 0.2 29 20 25 21 24 22 0 0 8 9.3 

CI 0.8 0.8 0.92 0.9 0.87 0.8 0.91 0.9 0.91 0.9 0.93 0.8 

HI 0.106 0.026 0.104 0.056 0.052 0.034 0.084 0.042 0.068 0.054 0.071 0.026 

Time in min. 2.4 7 2.4 8.1 2.4 8.3 2.4 9.1 2.4 6.4 2.4 8 

Table 3. Statistical results of both plans  

 
Mean Median 

P value 
RA HT RA HT 

PTV 
Mean (%) 
Max. (%) 
Min. (%) 

100 
106.5 
85.4 

99.7 
103.4 
90.4 

100 
107 
86.6 

99.8 
102.8 

90 

0.686 
0.046 
0.028 

Lung 

V5 (%) 
V10 (%) 
V20 (%) 
Mean (Gy) 

74 
61 
23 
14 

75 
65 
26 
15 

77 
61 
24 
14 

74.5 
66 
26 

15.5 

0.498 
0.345 
0.172 
0.084 

Heart 
V30 (%) 
V45 (%) 

36.7 
14.3 

27.3 
14.4 

39.5 
17.5 

33 
17.5 

0.042 
0.655 

SC (max.) % 69 49 68 25.4 0.028 

Liver V30 (%) 14.3 12 16 14.5 0.225 

CI 0.89 0.8 0.9 0.85 0.157 

HI 0.08 0.04 
0.07

5 
0.035 0.026 

Time in min. 2.4 8 2.4 8.2 0.027 
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Figure 1: displayed the PTV95 of RA & HT of the same patient (Axial, coronal & sagittal views) 
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Discussion 

Both Yang et al. 19 and Hazard et al. 20 concluded that new and 
innovative treatment strategies are needed to improve out-
comes for patients with esophageal cancers. 
 
Chen et al. compared different radiotherapy techniques HT, 
IMRT, and 3-dimensional conformal radiotherapy (3DCRT) 
for patients with mid-distal esophageal carcinoma. By isodose 
distributions and DVHs, HT plans showed sharper dose gradi-
ents, more conformal coverage, and better HI compared with 
IMRT or 3DCRT plans. Mean V20 of lung was significantly re-
duced in HT plans. However, HT and IMRT plans resulted in 
larger V10 of lung compared to 3DCRT plans. The heart was 
significantly spared in HT and IMRT plans compared to 3D-
CRT plans in terms of V30 and V45. They concluded that HT 
plans are superior in terms of target conformity, dose homoge-
neity, and V20 of lung.21  
 
Spencer et al compared radiotherapy treatment plans for mid- 
and distal esophageal cancer with primary involvement of the 
gastroesophageal (GE) junction using a HT and RA1 and RA2. 
They observed that HT plan provided best dose uniformity (p 
= 0.001) and dose homogeneity (p = 0.002) to planning target 
volume (PTV), while RA2 plan gave lowest dose to lungs 
among four radiotherapy techniques with acceptable PTV dose 
coverage. Mean V10 of the lungs was significantly reduced by 
the RA2 plans compared to HT (66.2%, p < 0.001) techniques. 
Mean V15 of the lungs for the RA2 plans also showed signifi-
cant improvement over the HT (34.8%, p = 0.027) technique. 
Mean lung dose (MLD) for the RA2 (23.2% of prescription 
dose) technique was reduced compared to HT (26.3%). These 
improvements came at the cost of higher doses to the heart 
volume compared to HT technique.22  
 
Nicolini et al. evaluated RA, and the potential benefit of FFF 
beams on advanced esophageal cancer against IMRT and 3D-
CRT. They concluded RA compared with conventional IMRT, 
similar target coverage and some better dose sparing to the or-
gans at risk; the advantage against conventional 3DCRT was 
more evident. RA with FFF beams resulted in minor improve-
ments in plan quality but with the potential for additional use-
ful reduction in the treatment time. 23 

 
The previous studies21, 23 have compared either HT versus 
IMRT and 3DCRT or RA versus 3DCRT and IMRT, so in our 
study, we used a new and innovative treatment strategies RA 
(FFF) and HT, trying to find out which one is better. Both RA 
and HT were able to produce clinically acceptable plans. HT, 
however, provided a more uniform target dose (homogeneity 
indices were significantly better, p= 0.026) and improved criti-
cal structure sparing (a superior sparing of the heart (V30) and 
spinal cord, p= 0.042 & 0.028 repectively), on the other hand, 
RA achieved faster delivery time (p= 0.027), relatively better 
lung volumes and mean lung doses so Our results are support-
ed by the previous studies.21-23 

Conclusion: 

The RA and HT techniques can provide plan qualities compa-
rable to each other for treating esophageal cancer. Both 
achieved optimal low dose to the lungs and heart with accepta-
ble PTV coverage. The RA technique provided for improved 
treatment plans using two arcs with low doses to the lungs at 
the cost of increased heart dose (V30).HT plans are superior in 
terms of V30 of heart and lower dose to the spinal cord. RA 
with FFF beams resulted in minor improvements in plan quali-
ty with additional useful reduction in the treatment time. 
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