“" Scientifi Journal of Cancer Therapy, 2021, 12, 593-601
cientific . . . )
“: Research https.//www.sarp..org/JournaI/Jct
94% Publishing ISSN Online: 2151-1942

@,

ISSN Print: 2151-1934

Dosimetric and Efficiency Comparisons
between Volumetric Modulated Arc Therapy
and IMRT for Cervical-Thoracic Esophageal
Cancers

Yuxin Duan?*, Xi Liu?*, Zhongqiang Liu3*, Ning Zhan4, Zongda Zhu+, Zhenxiang Deng*#

'Department of Radiation Oncology, Southern Theater Command Air Force Hospital, Guangzhou, China

2School of Medical Information and Engineering, Guangdong Pharmaceutical University, Guangzhou, China
*Department of Radiation Oncology, Nanfang Hospital, Southern Medical University, Guangzhou, China
“Department of Radiation Oncology, Xiang’an Hospital of Xiamen University, School of Medicine, Xiamen University,
Xiamen, China

Email: r‘ghost_fxl35@163.c0m

How to cite this paper: Duan, Y.X,, Liu, Abstract

X., Liu, Z.Q., Zhan, N., Zhu, Z.D. and

Deng, Z.X. (2021) Dosimetric and Efficien- ~ Purpose: This study aims to evaluate the treatment plans of Volumetric-mo-
¢y Comparisons between Volumetric Mod-  dulated arc therapy (VMAT) and intensity-modulated radiation therapy
ulated Arc Therapy and IMRT for Cervic-

al-Thoracic Esophageal Cancers. Journal of . . . . . .
Cancer Therapy, 12, 593-601. Materials: Sixty patients were retrospectively identified. Several parameters

(IMRT) techniques for cervical-thoracic esophageal cancers. Methods and

https://doi.org/10.4236/jct.2021.1211051 were evaluated based on target conformity and dose-volume histograms of

organs at risk (lung, spinal cord, and heart). A phantom for time compari-
Received: October 2, 2021
Accepted: October 30, 2021 son was also assessed for each plan. Results: The IMRT plans (5f-IMRT:
Published: November 2, 2021 V95% = 99.4 + 0.3, 7f-IMRT: V95% = 99.8 + 0.1) results in better PTV cov-
erage than RA plans (Single-arc: V95% = 95.8 + 3.2, Double-arc: V95% =

Copyright © 2021 by author(s) and 95.4 + 2.3). The target dose conformity of the 5f-IMRT plan was inferior to

Scientific Research Publishing Inc.

This work is licensed under the Creative all plans (CI = 70.4 = 7.1). The Single-arc plan achieved the best conformity
Commons Attribution International (CI = 72.5 * 4.6), whereas the Double-arc plan (CI = 72.1 £ 5.1) was slightly
License (CC BY 4.0). inferior to the Single-arc plan but superior to the 7-IMRT plan (CI = 71.7 +
http://creativecommons.org/licenses/by/4.0/ .

8.6). The total MU was reduced by 42.1% in VMAT plan. The average MU
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needed to deliver the dose of 60 Gy for Single-arc (423.5 + 52.1 MU) was
found to be the least. Similarly, the average MU for the 5f{-IMRT, 7f-IMRT
and Double-arc were 868.2 + 182.0 MU, 870.0 + 225.3 MU and 548.8 + 47.2
MU, respectively. The delivery time in VMAT plans was reduced from
193.8 seconds to 99.2 seconds by around 48.8% compared to IMRT plans.
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Conclusion: For similar PTV parameters, VMAT delivers a lower dose to or-
gans at risk than IMRT in a shorter time, and this has warranted clinical im-
plementation.
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1. Introduction

Chemo-radiation has emerged as a standard method in the treatment of cervic-
al-thoracic esophageal cancer [1] [2]. However, because of complexity of ana-
tomic structures in head and neck, especially in cervical-thoracic esophagus, ra-
diotherapy presents a particularly difficult treatment planning problem [3].

In recent years, volumetric-modulated arc therapy (VMAT) has become more
and more important in the treatment of several tumor types and has been shown
to provide significant dosimetric and delivery benefits over intensity-modulated
radiation therapy (IMRT) [4]-[9]. The term intensity-modulated radiation ther-
apy (IMRT) refers to a radiation therapy technique in which a nonuniform flu-
ence is delivered to the patient from any given position of the treatment beam to
optimize the composite dose distribution. The delivery of a rotational cone beam
with variable shape and intensity is commonly called volumetric-modulated arc
therapy (VMAT). In a VMAT treatment, the gantry moves continuously, with
the MLC leaves and dose rate varying throughout the arc. The TPS computes the
dose by sampling the delivery at a number of discrete gantry angles [10]. So far,
there have been no published reports on the advantages of VMAT use in cervic-
al-thoracic esophageal patients compared with IMRT. Volumetric arc modula-
tion using VMAT enables IMRT-like dose distributions to be delivered using a
single and/or multiple rotations of the gantry. Recent studies report the efficacy
of RapidArc (RA) over conventional IMRT in terms of PTV conformity and re-
duction in organs at risk (OAR) doses. These studies have further demonstrated
the ability of VMAT to reduce the number of monitor units and overall treat-
ment times when compared with IMRT. The purpose of this study is to investi-
gate whether VMAT has the capability to deliver plans that are superior to IMRT

for cervical-thoracic esophageal cancers [11] [12] [13].

2. Methods and Materials

Sixty patients with pathologically proven primary and secondary cervical-thoracic
esophageal squamous carcinoma were selected for the study, the median age was
65. Patients were immobilized in supine position using a thermoplastic mask
system with active fixation of light points and scanned with a Philips Brilliant
spiral CT (Philips Brilliant, Cleveland, OH) according to standard procedures

with 3 mm slice spacing.
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Target Contour and Planning

The clinical target volume (CTV) included the esophageal tumor, with a mar-
gin for microscopic tumor extension, and the adjacent lymph nodes. For the
planning tumor volume (PTV), a three-dimensional margin of 15 mm was add-
ed to the CTV to account for the variability in patient setup, uncertainty in tar-
get definition, and organ motion. The following OARs were contoured: lungs,
heart, and spinal cord. The healthy tissue was defined as the patient’s volume
covered by the body volume excluding the PTV.

The goal of treatment planning was to get a good coverage of PTV while spar-
ing normal tissues. All plans were normalized to 60 Gy at 30 fractions at 6 MV
for all the patients plans. Rapaid and IMRT plans were generated for each pa-
tient using Varian Eclipse treatment planning system (Clinical version 15.6.01,
Varian USA). All plans were optimized to reach clinically acceptable PTV cov-
erage and organ at risk (OAR) sparing. At least 95% of the PTV must be covered
by 95% of the prescription dose.

Evaluation

Quantitative evaluation of plans was performed by means of standard dose
volume histogram (DVH). To evaluate PTV coverage, the values of D98% and
D21% (dose received by the 98% and 2% of the volume) were defined as metrics
for minimum and maximum doses and consequently reported. V95% (the vo-
lume receiving at least 95% of the prescribed dose) was eported as the target
coverage. The degree of conformity of the plans was measured with the Confor-
mity Index (CI), the CI was defined as the ratio between the patient volume re-
ceiving at least 95% of the prescribed dose and the volume of the PTV. For
OARs and health tissues, the analysis included the mean dose and a set of ap-
propriate VX and DY values. To evaluate the difference in treatment time be-
tween VMAT and IMRT, total MU and the delivery time were also accounted
based on known machine parameters. To determine statistical significance, the
paired, two-tailed Student’s t-test and the paired, two-tailed Wilcoxon’s signed

ranks test were used. p-value p < 0.05 were considered to be significant.

3. Result

The dose distributions for the four plans were shown for one patient in Figure 1.
In Tables 1-5, an overview of the numerical findings from average DVH analy-
sis on OARs and PTV are reported as mean values * standard deviation to assess
for the relative inter-patient variability. The significant differences between deli-
very methods for OARs and PTV are also reported in the table.

PTV Dosimetric Parameters

Clinically acceptable plans of VMAT and IMRT were completed by all the
sixty patients. The IMRT plans (5{-IMRT: Vg5, = 99.4 + 0.3, 7f-IMRT: V5 =
99.8 + 0.1) results in better PTV coverage than RA plans (Single-arc: V,,, = 95.8
* 3.2, Double-arc: Vg, = 95.4 + 2.3). The target dose conformity of the 5f-IMRT
plan was inferior to all plans (CI = 70.4 £ 7.1). The Single-arc plan achieved the
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Table 1. Summary of numeric analysis from DVH for target volumes.

Parameter 5f-IMRT 7f-IMRT RA_SA RA_DA P
Conformity
0.704 £ 0.071 0.717 +0.086 0.72.5 +0.046 0.72.1 + 0.051 NS
Index
PTV
(656 + 112 cm®)
D, (Gy) 64.0 1.8 63.6 +1.5 63.5+1.1 61.8+0.9 cef
Dygy, (GY) 58.0+0.6 58.6 £ 0.8 56.6 +0.8 56.3 £ 0.6 b,c,d, e
Vgso, (%) 99.4+£0.3 99.8 £0.1 95.8£3.2 954+23 a,b,cde

Statistically significant differences (p < 0.05) of paired t-test analysis for four plans; a:
5f-IMRT vs. 7f-IMRT; b: 5f-IMRT vs. RA_SA; c: 5-IMRT vs. RA_DA; d: 7f-IMRT vs.
RA_SA;e: 7f-IMRT vs. RA_DA; f: RA_SA vs. RA_DA.

Table 2. Maximum of spinal cord recorded from the DVHs.

Parameter 5{-IMRT 7f-IMRT RA_SA RA_DA P

40.7+1.8 NS

D, (Gy)  423+12 414424 429+1.7

Statistically significant differences (p < 0.05) of paired t-test analysis for four plans; a:
5f-IMRT vs.7f-IMRT; b: 5f-IMRT vs. RA_SA; c: 5-IMRT vs. RA_DA; d: 7f-IMRT vs.
RA_SA; e: 7f-IMRT vs. RA_DA; f: RA_SA vs. RA_DA. NS: Not significant.

Table 3. Lung dose calculated from the DVHs.

Parameter 5f-IMRT 7f-IMRT RA_SA RA_DA

D,...(Gy) 15.0+2.1 151420  145+23 142+20  b,cde
Vig, (%) 602%133  60.5+129 602+13.9  60.9 % 14.0 NS

Vioay (%) 50.5+£9.0 52.8£10.3 52.4+12.0 52.5+11.5 a

20Gy (%) 302£25 303+1.38 28427 258+ 1.6 b,c e f

\%
Vg (%) 169+16  161+18  153%13 146+1.6 a,b,cd,e
Vioay (%) 9.5£2.0 9.5+1.8 8.8+1.2 92+1.6 NS

\%

0ey (%) 51+14 50+ 1.4 42+1.0 48+1.1 b, d

Statistically significant differences (p < 0.05) of paired t-test analysis for four plans; a:
5f-IMRT vs. 7f-IMRT; b: 5f-IMRT vs. RA_SA; c: 5-IMRT vs. RA_DA; d: 7f-IMRT vs.
RA_SA; e: 7f-IMRT vs. RA_DA; f: RA_SA vs. RA_DA. NS: Not significant.

Table 4. Heart dose calculated from the DVHs.

Parameter 5f-IMRT 7f-IMRT RA_SA RA_DA P

Mean (Gy) 10.4 +£9.5 10.4 £ 9.6 10.1+£9.3 10.1 £9.0 d

D,y (Gy) 9.0 £12.8 9.0 £12.9 8.6 +11.2 8.4 +11.0 NS

Statistically significant differences (p < 0.05) of two-paired Wilcoxon’s signed ranks test
for four plans; a: 5{-IMRT vs. 7f-IMRT; b: 5f-IMRT vs. RA_SA; c¢: 5f-IMRT vs. RA_DA; d:
7f-IMRT vs. RA_SA; e: 7f-IMRT vs. RA_DA; f: RA_SA vs. RA_DA. NS: Not significant.
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Figure 1. Isodose distributions of 5f-IMRT, 7f-IMRT, single-arc RA, and double-arc RA
plans of one case.

Table 5. Total MU and delivery time.

Parameter 5f-IMRT 7f-IMRT RA_SA RA_DA P
Total MU 868.2 +182.0 870.0 +225.3 423.5+52.1 548.8+472 b,cd,ef

Delivery Time (s) 198.7 £36.5 198.0 +44.9 84.7+10.7 113.7+94 b,c,d,ef

Statistically significant differences (p < 0.05) of paired t-test analysis for four plans; a:
5f-IMRT vs. 7f-IMRT; b: 5{-IMRT vs. RA_SA; c: 5f-IMRT vs. RA_DA; d: 7f-IMRT vs.
RA_SA; e: 7-IMRT vs. RA_DA; f: RA_SA vs. RA_DA. NS: Not significant.

best conformity (CI = 72.5 + 4.6), whereas the Double-arc plan (CI = 72.1 £ 5.1)
was slightly inferior to the Single-arc plan but superior to the 7f-IMRT plan (CI
= 71.7 + 8.6). But there were no statistically significant Differences between the
plans.

Spinal Cord

All plans complied with the planning objective of 45 Gy as maximum dose to
the spinal cord. The double-arc plan spared dose most of all the plans. But no
statistically significant differences were observed between the plans.

Lung

As summarized in Table 3, MLD, lung V,, and V,, in VMAT plans were lower
than in IMRT plans (p < 0.05). V,, reduced from 30.2% * 2.5% in 5{-IMRT and
30.3% + 1.8% in 7f-IMRT to 28.4% + 2.7% in Single-arc and 25.8% + 1.6% in
Double-arc. V,, reduced from 16.9% + 1.6% in 5f-IMRT and16.1% + 1.8% in
7f-IMRT to 15.3% * 1.3% in Single-arc and 14.6% + 1.6% in Double-arc. MLD
reduced from 15.0 = 2.1 Gy in 5-IMRT and15.1 + 2.0 Gy in 7f-IMRT to 14.5
2.3 Gy in Single-arc and 14.2 + 2.0 Gy in Double-arc. V;, V,, and V,, showed no
difference between IMRT and VMAT plans. Lung V;, in Double-arc was lower
than that of IMRT (p < 0.05), while there was no statistical difference between
Single-arc and IMRT.
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Heart

VMAT plans were superior in sparing the heart in terms of D, and D;g,.

The mean dose to heart for VMAT plans was better than IMRT plans by a mar-
ginal percentage variation (1% - 2%). Similar results were for D, heart doses.
However, there was no statistical significance between these four plans, except
that Single-arc plan showed a significant difference in heart mean dose when
compared with 7f-IMRT plan. Details were in Table 4.

Monitor Units and Delivery Time

As displayed in Table 5, compared with IMRT plan, the total MU was re-
duced by 42.1% in VMAT plan. For single-arc plans, the value was 49.6%, and
34.6% for double-arc plans. The average MU needed to deliver the dose of 60 Gy
for Single-arc (423.5 = 52.1 MU) was found to be the least. Similarly, the average
MU for the 5{-IMRT, 7f-IMRT and Double-arc were 868.2 + 182.0 MU, 870.0
225.3 MU and 548.8 + 47.2 MU, respectively. The delivery time in VMAT plans
reduced from 193.8 seconds to 99.2 second by around 48.8% compared to IMRT

plans.

4. Discussion

Radiation technique develops from conventional radiotherapy to conformal ra-
diotherapy, and then to IMRT. IMRT reduce the dose to lung parenchyma thus
facilitating tumor dose escalation, which might improve local control and im-
proves the uniformity of tumor irradiation and reduces the dose to lung. How-
ever, the disadvantage of IMRT is the higher number of MU and longer treat-
ment time. The relative long treatment time will increase patients’ discomfort.
The prolongation of the fraction time will spare tumors with a fast DNA healing
result in inefficient therapeutic benefits. And longer treatment times increase the
likelihood of patient movement during treatment, which can potentially lead to PTV
miss. VMAT, first raised by Yu in 1995 [14], was capable for intensity-modulated
radiation delivery during gantry rotation with dynamic multi-leaf collimator (MLC)
motion, variable dose rates (DR) and gantry speed modulation. Previous studies
[4]-[9] showed VMAT can generate similar or better dose distributions includ-
ing target volumes and OARs and achieve a reduction in treatment time and a
reduction in monitor units (MU). Cervical-thoracic esophageal cancers because
of its anatomically adjacent to spinal cord lead it hard to generate satisfactory
dose distributions with spinal cord limits. This study compares the dosimetric
parameters and radiobiological effects in cervical-thoracic esophageal cancers of
four plans. The results indicated that VMAT could generate better radiothera-
peutic plans than IMRT.

Concerning PTV, RA techniques (Single-arc: CI = 72.5 * 4.6; Double-arc: CI
= 72.1 + 5.1) achieved slightly better conformality than IMRT (5{-IMRT: CI =
70.4 + 7.1; 7-IMRT: CI = 71.7 + 8.6), whereas it resulted to be inferior on target
coverage and dose homogeneity in comparison to IMRT. Both VMAT and IMRT
plans resulted in almost equivalent D, of PTV. Though IMRT achieved better
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target coverage, it compromised over-irradiation of target volume. V,,, was com-
parable 1.9% (Clys,,: [0.7%, 3.4%]) for IMRT and VMAT.

Notwithstanding the considerable differences in target size (~60% in the PTV),
the plans for all techniques resulted in robust dosimetric parameters for the tar-
gets (as presented by the small standard deviations), manifesting that the analy-
sis is robust against inter-patient variability.

Compared with IMRT, one of major advantage of VMAT was sparing OARs.
Our study suggested Double-arc plans achieved the best of all plans in sparing
cord. Double-arc plans spared 1.2 Gy on average when compared to IMRT plans.
Although all plans fulfilled the limits of cord (D,,,, < 45 Gy), more cord sparing
could be easier to design better plans without compromised any OARs and tar-
get volumes. Another OAR was heart, VMAT reduced 0.3 Gy and 0.4 Gy on av-
erage on D, .., and D;;,,, respectively. Radiation-associated cardiac diseases were
slowly progressing until 10 - 20 years after radiation. Although it was of minor
importance for our comparison, the cardiac dose may become more important
as cure rate improves, it was still desirable to reduce cardiac dose as much as
possible.

The analysis of lung data showed that VMAT improved sparing compared to
IMRT (Table 3). MLD and V,, as the two main predictors for lung toxicity were
accounted. V,, was reduced by 3.2% on VMAT compared to IMRT. Similar re-
sults were also observed in MLD, where VMAT reduced MLD by 4.8% com-
pared to IMRT. Emerging data [15] [16] suggested that percentage of lung vo-
lume receiving lower dose maybe a more excellent predictor of pulmonary toxic-
ity, however this study demonstrated no statistic differences between VMAT and
IMRT on V..

VMAT was performed simultaneously with rotation by a dynamic MLC adap-
tation to the target volume during the rotation thus reduced the number of re-
quired MU. In this study, VMAT technique offered a clear benefit in terms of
reduction in MU by an average 42.1% when compared with IMRT. The reduc-
tion on MU in turn leaded to reduce treatment delivery time from 193.8 to 99.2
seconds. Theoretically, the significant reduction of MU by VMAT decreases
scattered dose and may reduce the risk of secondary malignancies. Radiation
therapy treatments for the esophagus require the patient to be positioned supine
with their arms extended above their head and clear of the treatment fields. This
position can be very uncomfortable for many patients and the shorter treatment
time afforded by VMAT could save patients a substantial amount of discomfort.
And shorter treatment times reduce the likelihood of patient movement during
treatment, which can potentially lead to PTV miss. In addition, shorter treat-

ment times improved the utilization of machine.

5. Conclusion

For the treatment of cervical-thoracic esophageal cancer, VMAT is capable of

delivering plans with better OAR sparing and without compromising PTV pa-
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rameters. In addition, VMAT technique can significantly reduce the number of
monitor units required and overall treatment time. In a word, the VMAT tech-

nology can be an alternative method for cervical-thoracic esophageal cancer.
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