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Purpose: This study was designed to explore the optimal minimum segment width (MSW) 
in the intensity-modulated radiotherapy (IMRT) plan for esophageal cancer.
Patients and Methods: The imaging data of 20 esophageal cancer patients were selected 
for this study. Four IMRT plans were designed for each patient with MSWs of 0.5, 1.0, 1.5, 
and 2.0 cm. The conformity index (CI) and homogeneity index (HI) of the planning target 
volumes (PTV), organs at risk (OARs), control points (CP), monitor units (MU), plan 
delivery time (DT), and gamma passing rates (GPR) were collected and compared to 
appraise the treatment plan quality and delivery efficiency.
Results: Lower-MSW plans had larger CI and smaller HI values, and lower dose parameters 
of OARs and PTVs. The HI, CI, and dose parameter of OARs in the 0.5 and 1.0 cm MSW 
groups were similar and much better than those of the 1.5 and 2.0 cm MSW groups. 
Meanwhile, the plan in the 0.5 cm MSW group had significantly higher MUs, CPs, and 
DTs, and a significantly lower relative dose of GPR with a 3% dose difference and 3 mm 
distance to agreement criteria than the other three groups.
Conclusion: The 0.5 and 1 cm MSW groups had better dosimetric parameters and IMRT 
plan quality than the other groups. However, plans with 0.5 cm MSW had worse delivery 
accuracy and efficiency than the other three groups. Thus, MSW of 1.0 cm was the optimal 
choice to ensure good quality, delivery accuracy, and treatment efficiency in IMRT plans for 
esophageal cancer.
Keywords: esophageal cancer, minimum segment width, delivery efficiency, plan quality, 
intensity-modulated radiotherapy

Introduction
Intensity-modulated radiotherapy (IMRT) is the most important radiation technique 
of the past decade, accomplishing not only better conformity and homogeneity of 
the target volume but also better protection of normal tissue near the cancer tissue 
compared with traditional two- and three-dimensional conformal radiation 
therapy.1–4 The minimum segment width (MSW) parameter plays an important 
role in designing an IMRT plan. The choice of different segment settings might 
affect the optimization of the target area as well as the modulation and, accordingly, 
the plan delivery and verification passing rate.5,6 Until now, few studies have 
reported the influence of MSW optimization on IMRT plan quality, delivery, and 
efficiency,7 and no related research on esophageal cancer has been found. In this 
study, 20 patients suffering from local-regional stage esophageal cancer were 
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enrolled to explore the impact of MSW values on IMRT 
plan quality and delivery efficiency to provide a clinical 
reference for the IMRT plan design for esophageal cancer.

Materials and Methods
Patients
A total of 20 patients with local–regional stage (cT2-3N1- 
2M0, stage III, the American Joint Committee on Cancer 
8th staging) esophageal squamous cell cancer being trea-
ted with IMRT between January 2018 and December 2019 
were enrolled in this study. Clinical and image characters 
of these patients were listed in Table 1.

This study was conducted in accordance with the 
Declaration of Helsinki and approved by the review 
board of the Affiliated Huaian No. 1 People’s Hospital of 
Nanjing Medical University. All the treatment plans in this 
study were used for research only; they were not used for 
treatment. No human subjects or personal identifying 
information were used in this study; no informed consent 
was required.

Radiation Treatment Plan
Each patient was positioned on a treatment board with both 
of their arms falling naturally near their body or raising 

above their head, immobilized with a thermoplastic mold, 
and scanned using the Siemens Somatom Confidence RT 
Pro (Siemens Healthcare GmbH, Erlangen, Germany) large- 
aperture Computed Tomography (CT) simulation with 
a 5 mm slice thickness. The free-breathing CT images 
were then transferred to the Monaco treatment planning 
system version 5.11 (Elekta, Sweden)8 for contouring of 
the organs at risk (OARs), gross tumor volume (GTV), and 
clinical target volume (CTV) according to the guidelines for 
radiotherapy of esophageal cancer in China9 and the 
International Commission on Radiation Units and 
Measurements report No. 83 (2010).10,11 The planning tar-
get volumes with a dose of 51 Gy (PTV51) and 60 Gy 
(PTV60) were defined as the CTV and GTV, respectively, 
with a 5–10 mm margin in all directions. The prescribed 
doses of PTV60 and PTV51 were 60 Gy/30 fx and 51 Gy/30 
fx, respectively. The dose constraints of the OARs were as 
follows: 1) heart: V40 < 30%, V30 < 40%, Dmean < 26 
Gy; 2) lungs: V20 < 28%, V30 < 20%, Dmean < 14 Gy; 
and 3) spine: Dmax < 45 Gy.

Each plan was designed by the Monte Carlo algo-
rithm with five fixed fields12 (0°, 50°, 150°, 210°, 300°) 
and 0.3 cm of the calculation grid. The calculation 
uncertainty of the entire plan was 1%. The collimator 
and table angles were 0 degrees, individual leaf width 
was 0.5 cm, the dose rate with a range of 0–600MU/min 
was automatically generated by the Monaco treatment 
planning system. All plans were automatically optimized 
according to the function listed in Table 2, without 
manual intervention of any parameter except for the 
MSW. The beam’s eye view of an example plan with 
detailed dynamic multileaf collimator (dMLC) informa-
tion was shown in Supplementary Figure 1. The MSWs 
were selected as 0.5, 1.0, 1.5, and 2.0 cm, and four 
plans were computed with the different MSWs for 
each patient.13 Each plan was normalized to 95% 
volume of PTV60 to be covered with 60 Gy. The radio-
therapy plans were delivered with a 6 MV x-ray and 
dMLC via the Versa HD linear accelerator.

Parameters for Plan Evaluation
The parameters used to evaluate the treatment plans 
included the dose parameters of the PTVs and OARs, 
homogeneity index (HI), conformity index (CI), monitor 
units (MU), control points (CP), gamma passing rates 
(GPR) of the dosimetric distributions, and the “beam on” 
delivery time (DT). The CI, HI, and dose parameters were 
defined as follows:

Table 1 Summary of Clinical and Image Characters

Characters N (%) Mean (SD)

Sex 20

Female 8 (40.0%)
Male 12 (60.0%)

Age (years) 20 67.3 (7.39)

Clinical stage 20

T2N2M0 2 (10.0%)
T3N1M0 16 (80.0%)

T3N2M0 2 (10.0%)

Local 20

Mid thorax 9 (45.0%)

Upper thorax 11 (55.0%)

Length (cm) 20 5.35 (1.60)

VPTV60 (cm3) 20 137 (67.0)

VPTV51 (cm3) 20 486 (106)

V Llung (cm3) 20 1506 (457)

VRlung (cm3) 20 1958 (764)

Abbreviations: VPTV60, volume of PTV60; VPTV51, volume of PTV51; V Llung, 
volume of left lung; VRlung, volume of right lung.
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1. CI14

The CI of PTV was defined as follows:
CI = (Vtref/VT) × (Vtref/Vref),
Vtref was the TV covered by the 95% isodose line, VT 

was the volume of the target, and Vref was the treated 
volume covered by the 95% isodose line. The CI value 
was distributed from zero to one, and values closer to one 
were positively related to better conformity.

1. HI15,16

The HI of PTV was defined with the following equation:

HI = D5/D95,
D5 and D95 represented the doses that covered 5% and 

95% of the volume of the PTV, respectively, on the dose– 
volume histogram. The HI value was negatively correlated 
with a more homogeneous target dose.

2. Dose parameters of OARs

Here, V20, V30, and V40 were defined as the 
volume percent receiving 20, 30, and 40 Gy, respectively, 
of the corresponding OARs; Dmax and Dmean referred to 
the 2% volume dose and the mean dose of the OARs.

The dosimetric distributions were measured by 
ArcCHECK (Sun Nuclear Corporation, Melbourne, 
Florida)17 using the SNC software to analyze the GPR 
between the treatment planning system (TPS) calculated 
dose and the measured dose for points contributing to at 
least 10% of the max dose in the plan. The standard 2% 
dose difference (DD) and 2 mm distance to agreement 
(DTA) and 3 mm/3% were used. The relative dose (RD) 
or absolute dose (AD) of GPR with 2 mm/2% and 3 mm/ 
3% was collected for analysis.18–20

Statistical Analysis
Continuous variables were presented as the mean ± stan-
dard deviation. As the smallest value, 0.5 cm was defined 
as the reference, and the ratio of the other three groups to 
the reference group was calculated. The generalized linear 
mixed model was performed to analyze the differences 
among the four groups by calculating the 95% confidence 
interval. Box plots and forest plots between the 0.5 cm 
MSW group and the other three groups were also drawn. 
A p value of <0.05 was considered statistically significant. 
All data were analyzed by R version 4.0.2 (R Foundation 
for Statistical Computing, Vienna, Austria).21,22

Results
Dosimetric Parameters of Targets and 
OARs
The dosimetric parameters of targets containing D95 of 
PTV51 and CI and HI values of PTV51 and PTV60 were 
listed in Supplementary Tables 1 and 2 and displayed with 
box plots and forest plots in Figures 1 and 2. The D95 of 
PTV51 and CI values of PTV51 and PTV60 decreased and 
the HI values of PTV51 and PTV60 increased as the MSW 
value increased. As an increase in the CI implied better 
conformity and an increase in the HI implied less 

Table 2 The Cost Functions of IMRT Planning for ESCC

ROIs Cost Function Parameter Iso 
Constraint

PTV60 Target penalty 98% 60Gy

Quadratic 
Overdose

63Gy 100

PTV51 Target penalty 98% 51Gy

Quadratic 
Overdose

60Gy Shrink 
0.1cm

30

Quadratic 
Overdose

55Gy Shrink 
0.6cm

100

Llung Parallel 20Gy K=3 20

Parallel 5Gy K=3 50

Rlung Parallel 20Gy K=3 20

Parallel 5Gy K=3 50

Spine cord Maximum dose NA 45Gy

Heart Parallel 30Gy k=3 10

Serial K=3 20Gy

PTV51 

+1cm

Quadratic 

Overdose

51Gy Shrink 

0.1cm

30

Quadratic 

Overdose

48Gy Shrink 

0.3cm

100

Serial K=14 Shrink 

0.5cm

45Gy

Patent Maximum dose NA 66Gy

Quadratic 

Overdose

30Gy Shrink 

3cm

80

Serial K=14 35Gy

Note: PTV51+1cm: were defined as the PTV51 with a 1 cm margin in all directions.
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Figure 1 Box plot (A) of the parameters of organ at risks (OARs). Forest plot (B) of the OARs between different MSW groups.
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homogeneity, the results indicated that the conformity and 
homogeneity deteriorated as the MSW increased.

The dosimetric parameters of the OARs, including the 
V20, V30, and Dmean of both lungs, V30, V40, and 
Dmean of the heart, and Dmax of the spine, were shown 
in Supplementary Tables 1 and 2 and Figure 1. The para-
meters were similar in the 1.0 and 0.5 cm MSW groups. 
However, the V30 of the right lung and Dmax of the spine 
in the 1.5 cm MSW group were significantly higher than 
those in the 0.5 cm MSW group. Meanwhile, the V20 of 

the left lung, V30 of both lungs, and Dmax of the spine in 
the 2.0 cm MSW group were significantly higher than 
those in the 0.5 cm MSW group.

MU, CP, and DT
The MU and CP of the four groups were shown in 
Supplementary Tables 1 and 2 and Figure 3. There was 
668.896 ± 57.9 MU in the 0.5 cm MSW group; this value 
was reduced by 14.2%, 18.8%, and 13.9% in the 1.0, 1.5, 
and 2.0 cm MSW groups, respectively.

Figure 2 Box plot (A) of the HI and CI of PTV60 and PTV51. Forest plot (B) of HI and CI of the PTV60 and PTV51 between different MSW groups.
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The CP decreased as the MSW value increased. There 
was 144.25 ± 1.164 CP in the 0.5 cm MSW group; this 
value was reduced by 4.8%, 9.8%, and 19.1% in the 1.0, 
1.5, and 2.0 cm MSW groups, respectively.

The DT of the four groups were illustrated in 
Supplementary Tables 1 and 2 and Figure 3. The DT of 
the 0.5 cm MSW group was 208.754 ± 21.616, signifi-
cantly higher than that of the 1.0, 1.5, and 2.0 cm MSW 
groups, which was reduced by 12.1%, 13.0%, and 8.7%, 
respectively.

GPR
The RD and AD of the GPR were illustrated in 
Supplementary Tables 1 and 2 and Figure 4. The RD 
of the GPR with 2 mm/2% and 3 mm/3% of the 0.5 cm 
MSW group were 95.52 ± 1.696 and 98.78 ± 0.916, 
respectively, significantly lower than those of the other 
groups. The AD of the GPR with 2 mm/2% and 3 mm/ 
3% of the 0.5 cm MSW group were 95.04 ± 2.397 and 
98.51 ± 1.039, respectively, lower than those of the 
other groups, but not significantly. The other three 

Figure 3 Box plot (A) and forest plot (B) of MU, CP and delivery time among different MSW groups.
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groups had similar AD and RD values of the GPRs with 
2 mm/2% and 3 mm/3%.

Discussion
Esophageal squamous cell carcinoma (ESCC) is one of the 
most common malignancies in China.23–25 Radiation ther-
apy is a vital treatment method for this disease, especially 
for local advanced ESCC.26,27 Thus, it is important for 
radiation oncologists to optimize the radiotherapy plan and 
improve the treatment effect of ESCC. The MSW plays an 

important role in the shapes and sizes of the segments (ie, 
CPs) produced by multileaf collimators in IMRT plans. So 
far, the mechanism of its influence on the treatment plan 
remains unclear, but several studies have demonstrated 
that it can influence two main aspects of the plans. Small 
MSWs improve the quality by raising the TV coverage 
and protecting OARs;7,28,29 they also prolong the treat-
ment DT and reduce the treatment plan’s 
efficiency.5,7,30,31 Plans with smaller MSWs require higher 
treatment accuracy and are more easily affected by errors 

Figure 4 Box plot (A) and forest plot (B) of GPR among different MSW groups.
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in the setup and multileaf collimator position.5 Therefore, 
an appropriate MSW value is essential for radiotherapy 
plans. Previous research on the optimization of subfield 
segment width mainly focused only on plan quality28,29,31 

or efficiency.5,30 Few studies have comprehensively ana-
lyzed the both plan aspects. So far, we have found only 
one study on plan quality and efficiency in cervical cancer 
by Wang.7 No such comprehensive research on esophageal 
cancer has been found. Therefore, we designed this study 
to comprehensively explore the effect of four different 
MSW values on the quality and efficiency of IMRT 
plans for esophageal cancer.

Our study results showed increasing HI and decreasing 
CI values of the PTVs as the MSWs increased. The HI and 
CI values of the 0.5 and 1.0 cm MSW groups were similar 
and much better than those of the 1.5 and 2.0 cm MSW 
groups (see Figure 1). As for the dose parameters of the 
OARs, the plans with smaller MSWs had a lower OARs 
radiation dose. The dose parameters in the 0.5 and 1.0 cm 
MSW groups was similar. Compared with the 0.5 cm 
MSW group, the V30 of right lung (9.884% vs 9.347%) 
and Dmax of the spine (42.444 Gy vs 41.905 Gy) in the 
1.5 cm MSW group and the V20 of the left lung (20.599% 
vs 19.388%), V30 of the left (9.267% vs 8.838%) and 
right lungs (9.919% vs 9.347%), and Dmax of the spine 
(43.615 Gy vs 41.905 Gy) in the 2.0 cm MSW group were 
significantly higher (see Figure 2). These results indicated 
that the parameters, including the HI and CI values of the 
PTVs and dose parameters of the PTVs and OARs, per-
formed best in the 0.5 and 1.0 cm MSW groups and 
worst in the 2.0 cm MSW group. These results differed 
from those of a previous study on cervical cancer7 in 
which the dosimetric parameters in the PTVs and OARs 
remained similar as the MSW value increased.

In addition, similar to Wang’s study on the CP and MU 
in cervical cancer plans,7 we also found that the number of 
MU and CP decreased as the MSW value increased. The 
mean numbers of MU in the 0.5, 1.0, 1.5, and 2.0 cm 
MSW groups were 668.896, 573.022, 540.501, and 
574.883, respectively. There was significantly more MU 
in the 0.5 cm MSW group than in the other groups, and the 
MU of the other three groups did not show significant 
differences. The mean DT of the 0.5, 1.0, 1.5, and 
2.0 cm MSW groups were 208.754, 182.504, 180.019, 
and 189.638 seconds, respectively. The 0.5 cm MSW 
group needed a longer DT than the other three groups. 
The MU and DT trends in the four groups were consistent, 
which agreed with the fact that more MU require a longer 

DT. The mean numbers of CP in the 0.5, 1.0, 1.5, and 
2.0 cm MSW groups were 144.25, 137.35, 130.1, and 
116.7, respectively. There was significantly more CP in 
the 0.5 cm MSW group than in the other groups, proving 
that the 0.5 cm MSW made worse efficiency than the 1.0, 
1.5, and 2.0 cm MSWs.

Additionally, the mean GPR of the for groups were all 
higher than 98.5% with 3% DD and 3 mm DTA criteria, 
and higher than 94.5% with 2% DD and 2 mm DTA 
criteria. There were no significant differences in the GPR 
among the different MSW groups, except for the RD of the 
GPR with 3% DD and 3 mm DTA criteria in the 0.5 cm 
MSW group, which was significantly lower than those in 
the other three groups (see Figure 4). This illustrated that 
the measured dose might have been less aligned with the 
calculated dose in the 0.5 cm MSW group than in the other 
groups. These trends also appeared in Wang’s research.7 

All of the above results agreed with the hypothesis that 
larger MSWs could decrease the number of small fields, 
reduce system errors in verification, and make dosimetry 
verification and plan delivery easier.

Conclusion
In summary, smaller MSWs could lead to better target 
coverage and HI/CI values, while larger MSWs could 
decrease the number of CP and MU, raise the GPR, reduce 
the plan DT, and hence improve the plan delivery effi-
ciency. Our study showed that esophageal cancer IMRT 
plans with a MSW of 1.0 cm had an advantage in balan-
cing plan quality and efficiency, and was an optimal choice 
in clinical practice.
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