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Abstract
Purpose: To compare the effect of the minimum segment width of the multi-leaf collimator (MLC) on the
quality of rectal cancer planning in the Monaco treatment planning system. 

Methods: A retrospective analysis of 30 rectal cancer patients was conducted using the Monaco
treatment planning system with varying minimum segment widths under the same optimization
parameters. The dose of the target area and organs at risk (OARs), conformability index (CI),
homogeneity index (HI), time of treatment and monitor units (MUs) were compared across patients under
different minimum segment widths. 

Results: All of the patients had γ-passing rates greater than 95% and they were all statistically signi�cant.
From TPS calculations and 3DVH recalculations, deviations above 5% occur at MLC=0.5 and 2.0,
particularly larger at 0.5 and with a larger variance for target areas. Of the 9 dosimetric parameters, only
D98 and Dmax were statistically signi�cant. As the minimum segment width increases, the mean number
of MUs decreased with 724, 525, 469, and 451 respectively, and the mean time of treatment also
decreased from 154, 141 to 140s. The differences in target area dose, conformability index, homogeneity
index and organs at risk dose with different segment widths were not statistically signi�cant(P>0.05). 

Conclusion: When designing treatment plans for rectal cancer using Monaco, dose distributions that meet
the requirements can be obtained using all 4 segment width optimization patterns. In short, the radiation
treatment time can be shortened and the clinical e�ciency can be enhanced by increasing the minimum
segment width without compromising the treatment outcome.

Introduction
Rectal cancer is one of the most common gastrointestinal tumors in the world. In China, its incidence rate
has been increasing year after year, and the onset age is about 45 years old. (Bando et al., 2021; Ding et
al., 2019; Yang et al., 2020). Due to its low location, rectal cancer is di�cult to detect in the early stages,
so many patients miss the best therapeutic period. Currently, radiotherapy is a signi�cant treatment
option for rectal cancer, with volumetric modulated arc therapy (VMAT) being widely used in clinical
practice. As a dynamic treatment technique, it allows continuous adjustments to gantry rotation speed,
MLC motion, and dose rate during the irradiation process, dramatically improving both dose distribution
and e�ciency (Franzese et al., 2021; Infusino et al., 2014; Pasquier et al., 2013; Smyth et al., 2016;
Vendrely et al., 2022; Xu et al., 2017; Yadav et al., 2017). Compared to conventional three-dimensional
conformal radiation therapy (3D-CRT) and intensity-modulated radiation therapy (IMRT), VMAT delivers a
higher dose consistency to the target tissue while conserving more normal tissue(Diot et al., 2012;
McGrath et al., 2010). MLC segment width is one of the most important parameters of VMAT regulation.
Theoretically, a smaller segment width allows for more precise control of the dose to the target area or
organ at risk, bringing it closer to the clinical target dose. But in practice, it has been found that reducing
the segment width also increases the time of treatment, thereby having an unpredictable impact on tumor
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treatment and organ movement(Lin et al., 2018; Marinho et al., 2017; Moon et al., 2019; Nithiyanantham
et al., 2014). Few reports have been published regarding MSW optimization in terms of VMAT plan quality
and e�ciency(Wang et al., 2018).

To investigate the effect of minimum segment width on plan quality, 30 postoperative rectal cancer
patients were given VMAT plans with various minimum segment widths. And by determining the
appropriate minimum segment width in this study, it can provide a solid reference for the design of
radiotherapy plans for rectal cancer.

Materials And Methods
1. Patients selection

From January to July 2019, 30 patients, 20 men and 10 women, with a median age of 57.5 years, were
randomly selected to receive postoperative pelvic radiotherapy for rectal cancer at the Army Medical
Center. All patients were diagnosed by pathological examination and the lesions were located in the lower
and middle segments with no contraindications to radiotherapy. The study was approved by the Ethics
Committee of Army Medical Center of PLA. Our institutional review board waived the requirement for
written informed consent from the participants because this was not a treatment-based study. To protect
patient con�dentiality, patient information was anonymized and deidenti�ed.

2. CT simulation

All patients were instructed to empty their bladder 1 hour before CT positioning, drink 1L of water in
multiple separate doses, and hold their urine to �ll the bladder. And then they were placed in a supine
position with hands holding head naturally and �xed with a thermoplastic body �lm. After the
thermoplastic membrane has been formed, lead dots are placed under the laser light in the middle and on
each side of the anterior body (approximately at the central pelvic level). Each patient was scanned with a
Philips large aperture 16-row CT scanner under quiet breathing, with a layer thickness of 5 mm, from the
1st lumbar vertebra to 10–15 cm below the sciatic tuberosity. The CT images were transferred in DICOM
format via the LAN to the Monaco 5.11.01 treatment planning system for the reconstruction of the 3D
images.

3. Target volume delineation and prescription dose

The experienced radiation oncologist delineates the visible Gross Tumor Volume (GTV) and the Clinical
Target Volume (CTV) on the CT images according to the institutional protocol, and the Planned Target
Volume (PTV) is obtained by applying the appropriate contour expansion

to the GTV and CTV. The bladder, small intestine, left and right femoral head were delineated as organs at
risk (OARs). The prescription dose was uniformly 50 Gy in 25 fractions with 5 times a week. The dose
was prescribed to the PTVs isocenter and each PTV was covered by at least 95% of the prescribed dose.
OAR dose constraints are as follows: 1) bladder: V50 ≤ 40%, V45 ≤ 45%, V40 ≤ 50%; 2) small intestine:
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Dmax ≤ 55Gy, V45 ≤ 120cc, V40 ≤ 200cc, V35 ≤ 300cc; 3) femoral head: Dmax ≤ 50Gy, V45 ≤ 10%, V40 
≤ 15%, Where Vx represents the volume of the organ receiving xGy and above. The target region and
OARs were drawn in Monaco version 5.11.01 software (Elekta, Stockholm, Sweden).

4. Planning dose veri�cation

Dosimetric accuracy was veri�ed using ArcCHECK-3DVH system (Sun Nuclear Corporation, Melbourne,
FL, USA). The phantom has a 21 cm long cylindrical geometry with 1386 spirally distributed
semiconductor probes. The spacing of the probes is 1cm, and the effective detection area is 0.8mm×0.
8mm. By importing the VMAT plan of 30 patients in TPS to the ArcCHECK module, the patient treatment
plan was used to set up the radiation beam and measurements were performed beneath the phantom to
assess the γ pass rate. The criteria used for the γ pass rate were 3 mm, 3% and a threshold of 10%. The
RT Plan, RT Dose, RT structures and CT images �les from the patient's VMAT plan in TPS were imported
into 3DVH Version 3.2 software. The patient’s dose was then recalculated using perturbation algorithm
(Planned Dose Perturbation (PDP)) and compared with the TPS calculated dose-volume parameters,
where deviation (%) = (3DVH recalculated value - TPS calculated value) / TPS calculated value×100%.

5. Radiotherapy planning and evaluation

Four plans were designed for each patient with a minimum segment width of 0.5cm, 1.0cm, 1.5cm and
2.0cm respectively using the Monaco 5.11.01 treatment planning system. Each VMAT plan has a dose
rate of ~ 800 MU/min and double-arc clockwise rotation with a start angle of 180° and a stop angle of
180°, and the Constrained mode was selected for dose optimization. All plans were optimized using the
same set of objective functions, which were obtained by iteratively modifying and optimizing the plan
under the minimum segment width of 2.0 cm.

The plan is assessed by dose-volume histograms and dose distributions with reference to the provisions
of ICRU Report 83. They were compared in terms of dosimetric indices such as the minimum and
maximum dose of target volume, homogeneity index (HI), conformity index(CI), MUs and execution time.
As for the OARs, the DVH parameters such as Dmean, Dmax, V50, V45, V40, V35, V45% and V40% were
compared. The maximum dose is expressed as Dmax, the minimum dose as Dmin and the average dose
as Dmean. Vx indicates the volume of the target area encompassed by a dose contour such as X Gy. The
CI and HI were determined as follows:

CI = VRX2/(TV×VRI)

where VRX represents the volume of the target area covered by the 95% isodose contour, TV represents
the volume of the target area, and VRI represents the volume of all the areas surrounded by the 95%
isodose contour. The CI value ranges from 0 to 1, and the larger the CI value, the better the conformability.
HI = D2%/D98%
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where D2% represents the minimum dose received by 2% of the PTV according to the DVH (indicating the
maximum dose) and D98% represents the minimum dose received by 98% of the PTV (indicating the
minimum dose), and the larger the HI the worse the dose distribution.

6. Statistical methods

SPSS 22.0 software was used for statistical and analytical purposes, and the results were expressed as
mean ± standard deviation. One-way ANOVA was performed on the results of plan optimization, and the
LSD method was used for comparison between groups; P < 0.05 indicated that the difference was
statistically signi�cant.

Results
1. Dosimetric veri�cation

Table 1 shows the VMAT plan γ-passing rates for all patients. All of the patients had γ-passing rates
greater than 95% and they were all statistically signi�cant. Statistical analysis among groups revealed
that the last three groups for these parameters were statistically indistinguishable from one another.
Accordingly, the minimum segment width of 0.5 had the lowest γ-passing rate compared to the other
three groups, indicating the poorest plan quality.

Table 1
Gamma passing rates for plans with different minimum segment widths (MSWs)

Parameter MLC = 0.5 MLC = 1.0 MLC = 1.5 MLC = 2.0 P value

γ3mm/3% Overall 99.43 ± 0.34 99.69 ± 0.24 99.60 ± 0.41 99.69 ± 0.31 < 0.001

γ3mm/3% PTV1 96.56 ± 1.56 98.40 ± 1.42 97.60 ± 2.91 97.22 ± 3.08 < 0.001

γ3mm/3% bladder 97.11 ± 2.65 99.14 ± 0.94 98.96 ± 1.05 98.52 ± 1.54 < 0.001

γ3mm/3% Right femur 99.28 ± 1.08 99.90 ± 0.17 99.97 ± 0.09 99.97 ± 0.06 < 0.001

γ3mm/3% Left femur 99.25 ± 0.83 99.83 ± 0.32 99.96 ± 0.11 99.97 ± 0.11 < 0.001

γ3mm/3% Small intestine 98.68 ± 1.17 99.63 ± 0.44 99.70 ± 0.41 99.64 ± 0.55 < 0.001

2. Comparison of dose volume parameters for the PTV and OARs

The dose volume parameters from TPS calculations and 3DVH recalculations for target areas and OARs
were shown in Table 2. Based on the results, deviations above 5% occur for different regions of interest at
MLC = 0.5 and 2.0, particularly larger at 0.5 and with a larger variance, which indicates a more unstable
dose. Regarding the OARs, the number of cases with dose differences greater than 5% was 58 for the
right and 33 for the left femur, while only 5 and 8 for the small intestine and bladder respectively. All dose
differences were less than 5% for PTV.
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Table 2
Comparison of dose volume parameters from TPS calculations and 3DVH recalculations with different

minimum segment widths (MSWs)
Area of interest Parameters Dose volume deviation(%)  

MLC = 0.5 MLC = 1.0 MLC = 1.5 MLC = 2.0 P Value

PTV ΔDmean -0.24 ± 1.14 -0.61 ± 0.73 -0.85 ± 0.66 -0.93 ± 0.64 < 0.001

ΔD98% -1.06 ± 0.90 -1.05 ± 0.74 -1.18 ± 0.62 -1.19 ± 0.62 0.856

ΔD2% 1.63 ± 0.67 0.41 ± 0.72 -0.07 ± 0.68 -0.34 ± 0.67 < 0.001

ΔD50% -0.27 ± 1.08 -0.58 ± 0.77 -0.94 ± 0.68 -0.92 ± 0.78 < 0.001

Small intestine ΔDmean 0.00 ± 1.25 -0.26 ± 0.62 -0.73 ± 0.57 -0.70 ± 0.66 < 0.001

ΔV30 -1.06 ± 2.46 -1.15 ± 1.64 -2.06 ± 1.35 -2.13 ± 1.28 < 0.001

ΔV35 -0.01 ± 3.92 -1.15 ± 2.23 -2.23 ± 1.82 -2.36 ± 1.86 0.004

ΔV40 0.88 ± 3.78 -0.57 ± 1.80 -1.55 ± 1.68 -1.60 ± 1.84 < 0.001

Right femur ΔDmean 0.40 ± 0.96 -0.26 ± 0.55 -0.46 ± 0.63 -0.60 ± 0.69 < 0.001

ΔV40 5.09 ± 3.92 0.13 ± 3.46 0.20 ± 3.31 0.67 ± 4.51 < 0.001

ΔV45 2.44 ± 4.87 -0.90 ± 4.02 0.53 ± 4.01 1.01 ± 4.23 < 0.001

Left femur ΔDmean -0.06 ± 0.82 -0.04 ± 0.56 -0.25 ± 0.51 -0.38 ± 0.49 < 0.001

ΔV40 2.77 ± 5.24 -0.39 ± 3.51 -1.12 ± 3.78 -1.40 ± 4.00 < 0.001

ΔV45 1.35 ± 5.24 -0.51 ± 3.25 -0.77 ± 3.64 -0.14 ± 4.65 0.014

bladder ΔDmean -0.13 ± 1.68 -0.85 ± 0.83 -1.51 ± 0.68 -1.73 ± 0.70 < 0.001

ΔV40 -0.03 ± 2.51 -0.93 ± 2.48 -1.70 ± 2.07 -2.12 ± 2.14 < 0.001

ΔV45 3.10 ± 2.90 0.71 ± 2.62 -0.27 ± 2.63 -1.18 ± 2.70 < 0.001

3. Analysis of dosimetric parameters of the target area

The target doses of the 4 VMAT plan groups are shown in Table 3. Of the 9 dosimetric parameters, D98
and Dmax were statistically signi�cant, and both of them were correlated with maximum dose. Further
between-group analysis showed that for the D98 parameter, there was no statistical difference between
the MLC = 0.5 and 1.0 groups, nor between MLC = 1.5 and 2.0. For the Dmax parameter, there was no
statistical difference between the three groups (MLC = 1.0, MLC = 1.5, and MLC = 2.0). And the remaining 7
parameters were all not statistically different.

Table 3 Dosimetric parameters for target area with different Minimum segment width ( eq x̄ ±S)
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Minimum segment
width

MLC = 0.5 MLC = 1.0 MLC = 1.5 MLC = 2.0 P
Value

PTV D98/Gy 5084.59 ± 
26.09

5070.62 ± 
38.96

5029.63 ± 
50.76

4995.07 ± 
49.11

< 
0.001

PTV D2/Gy 5319.26 ± 
19.94

5309.82 ± 
23.36

5318.37 ± 
19.87

5317.59 ± 
22.56

0.260

PTV D50/Gy 5212.90 ± 
15.71

5210.34 ± 
20.03

5215.96 ± 
16.44

5213.84 ± 
18.71

0.480

PTV Dmin/Gy 4496.22 ± 
259.37

4526.35 ± 
249.57

4447.79 ± 
234.96

4406.26 ± 
224.91

0.090

PTV Dmax/Gy 5510.14 ± 
27.91

5479.00 ± 
31.99

5479.96 ± 
28.31

5475.81 ± 
31.61

< 
0.001

PTV Dmean/Gy 5210.31 ± 
15.21

5206.36 ± 
19.00

5208.73 ± 
15.47

5203.10 ± 
17.47

0.342

PTV V107/% 0.11 ± 0.14 0.06 ± 0.08 0.07 ± 0.08 0.07 ± 0.09 0.232

HI 1.03 ± 0.00 1.03 ± 0.00 1.04 ± 0.01 1.04 ± 0.01 0.896

CI 0.87 ± 0.02 0.86 ± 0.03 0.86 ± 0.03 0.86 ± 0.02 0.310

4. Analysis of dosimetric parameters of OARs

In general, the mean values of parameters like V35 for the small intestine and V45 and V50 for the
bladder decrease as the minimum segment width increases, indicating the organs at risk suffered a slight
reduction in dose. The mean values of parameters such as V45 of the left and right femur and V40 of left
femur tended to increase, meaning a slight dose development. The other 4 parameters showed no clear
pattern across different plans. According to the statistical results of the doses to the OARs, all parameters
were not statistically different between 4 minimum segment widths.

Table 4 Dosimetric parameters for OARs with different minimum segment width ( eq x̄ ±S)
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Area of
interest

Parameters MLC = 0.5 MLC = 1.0 MLC = 1.5 MLC = 2.0 P
Value

Small
intestine

V35/cc 211.12 ± 
51.97

205.40 ± 
50.68

204.86 ± 
51.92

204.35 ± 
51.18

0.838

V40/cc 130.17 ± 
32.53

133.49 ± 
33.75

134.36 ± 
34.14

133.65 ± 
34.42

0.922

V45/cc 82.95 ± 
25.54

85.88 ± 
25.32

85.73 ± 
25.05

84.30 ± 
25.34

0.957

Right femur V45/% 0.53 ± 0.65 0.66 ± 0.69 0.77 ± 0.85 0.79 ± 0.99 0.490

V40/% 4.11 ± 2.48 4.04 ± 2.13 4.60 ± 2.37 4.45 ± 2.40 0.711

Left femur V45/% 0.43 ± 0.54 0.65 ± 0.84 0.74 ± 0.99 0.82 ± 1.37 0.169

V40/% 3.04 ± 1.99 4.01 ± 2.33 4.20 ± 2.56 4.41 ± 2.79 0.086

bladder V50/% 22.53 ± 9.97 21.15 ± 9.91 18.41 ± 9.38 16.74 ± 9.21 0.051

V45/% 30.39 ± 
10.89

30.14 ± 
10.97

29.39 ± 
11.10

28.81 ± 
10.98

0.894

V40/% 37.46 ± 
11.29

37.77 ± 
11.14

37.87 ± 
11.35

37.71 ± 
11.32

0.995

5. MU and time of treatment

The total monitor units and time of single treatment for the four different minimum segment widths were
shown in Table 5. As the minimum segment width increased, the mean number of MUs decreased with
724, 525, 469, and 451 respectively. Relative to MLC = 2.0, the �rst three groups increased by 61%, 16%,
and 4% respectively, and were statistically different. Further intergroup analysis showed no statistical
difference between the latter 2 plans. Also, the mean time of treatment decreased from 154, 141 to 140s
with increasing sub�eld width. Relative to MLC = 2.0, the �rst three groups increased by 10%, 1%, and 0,
respectively. And no statistical difference was found between the latter three plans on intergroup
analysis.

Table 5 MU and time of treatment with different minimum segment width( eq x̄ ±S)

Parameters MLC = 0.5 MLC = 1.0 MLC = 1.5 MLC = 2.0 P Value

MU 723.58 ± 73.98 524.56 ± 32.06 468.66 ± 30.80 450.55 ± 26.08 < 0.001

Time of
treatment

153.64 ± 9.84 141.25 ± 4.79 140.32 ± 3.50 140.29 ± 3.15 < 0.001

Discussion
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VMAT, a new intensity-modulated technique, is being implemented in more and more hospitals because
of its many advantages in clinical radiotherapy for rectal cancer (Bertelsen et al., 2010). The VMAT allows
constant rotation of the frame, constant variation of the instantaneous dose rate, and dynamic
movement of the multi-leaf collimator during beam irradiation, thus attaining the dose distribution
requirements (Wang et al., 2019). VMAT improves the biological effect of the target area with fewer total
machine jumps and fewer scattered rays to the patient, thus providing better patient protection. (Shaffer
et al., 2010).

The results showed that for the different segment widths, the gamma passing rate within the target area
and OARs was greater than 95%, which can meet all clinical treatment needs. For the organs at risk,
during the change of the minimum segment width from 0.5 to 2.0, there was a gradual decrease in the
dose received in the small intestine and bladder, and a slight increase in the dose received in the right and
left femur. And all were well below the dose requirement for quality control, giving su�cient room for
further increments in the target area. For machine parameters, the time of treatment increased more when
the segment widths reduced from 1.0 to 0.5, from 141.25 to 153.64, while there was no statistical
difference between the number of MU for the two plans. Therefore, in the case of synthesizing dosimetry
of target volume, organ and machine parameters, setting the minimum sub�eld width to 1.0 can meet the
treatment conditions and achieve the requirement of high e�ciency at the same time.

In practice, when designing a patient's VMAT plan, the optimal segment width should be considered to
better meet clinical needs based on the speci�c circumstances of different target area sizes, organs at
risk, patient condition and coordination with other treatments.
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