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Abstract. Background/Aim: The aim of this study was to
evaluate the mechanical performance and the effect on dose
distribution and deliverability of volumetric modulated arc
therapy (VMAT) plans for prostate cancer created with the
commercial knowledge-based planning (KBP) system
(RapidPlan™ ). Materials and Methods: Three institutions,
A, B, and C were enrolled in this study. Each institution
established and trained a KBP model with their own cases.
CT data and structures for 45 patients at institution B were
utilized to validate the dose-volume parameters (Dz(%),
D95(%)’ and D98(%) for target, and V50(%), V75(%)’ and Vgo(%)
for rectum and bladder), and the following mechanical
performance parameters and gamma passing rates of each
KBP model: leaf sequence variability (LSV), aperture area
variability (AAV), total monitor unit (MU), modulation
complexity score for VMAT (MCSv), MU/control point (CP),
aperture area (AA)/CP, and MUxAA/CP. Results: Significant
differences (p<0.01) in dosimetric parameters such as D,
and Dyg for target and Vsy, V;5 and Vg, for bladder were
observed among the three institutions. The means and
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standard deviations of MCSv were 0.31+0.03, 0.29+0.02, and
0.32+0.03, and the angles of maximum and minimum
MUxAA/CP were 269° and 13°, 269° and 13°, and 273° and
153° at institutions A, B, and C, respectively. The mean
gamma passing rate (1%/1 mm.) was >95% for all cases in
each institution. Dose distribution and mechanical
performance significantly differed between the three models.
Conclusion: Each KBP model had different dose
distributions and mechanical performance but could create
an acceptable plan for deliverability regardless of
mechanical performance.

Volumetric modulated arc therapy (VMAT) is an intensity-
modulated technique delivered with dynamic gantry motion,
while varying multi leaf collimators (MLC), dose rates, and
gantry speeds (1) and can be used to create a steep dose
gradient and complement dose distribution (2). It utilizes
inverse planning to improve target conformity and organ at
risk (OAR) sparing (3) and has often been used for prostate
and head and neck cancer (4, 5). However, one of the
disadvantages of VMAT is that the plan quality, such as
target coverage and OAR sparing, depends on the planner’s
skill and experience or institution’s plan policy during
optimization (6, 7).

VMAT plans require more complex parameters related to
treatment equipment such as gantry, linear accelerator, and
MLC than conformal plans; therefore, it is recommended
that patient-specific quality assurance (QA) be performed
prior to initiating treatment to ensure deliverability.
Complexity is associated with gantry speed, MU and
sequence and aperture of MLC, which we defined as
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mechanical performance. One of the complex plans
includes high MU, variable gantry speed and sequence and
small aperture of MLC. Nowadays, various metrics to
quantify mechanical performance have been developed, and
it has been reported that some metrics relate to
deliverability and indicate the possibility of passing QA for
delivered plans (1, 8).

Knowledge-based planning (KBP) has an important role
in standardizing plan quality. RapidPlan™ (Varian Medical
Systems, Palo Alto, CA, USA) is a commercial KBP tool
incorporated in the Eclipse treatment planning system. By
learning the dosimetric and geometric information of the
registered cases, RapidPlan™ predicts an achievable dose-
volume histogram for the organ at risk and provides the
optimal dose distribution for the new patients (9). If the
institutions share better KBP models, the plan quality will
improve and be standardized. Some studies have shown that
KBP plans are acceptable for clinical use in various
treatment sites (10-12). In one study, Tamura et al. evaluated
the mechanical performance and dose accuracy of plans
generated with a KBP model by comparing clinical plans,
and found that the KBP system of VMAT for prostate cancer
could create plans clinically acceptable for dose accuracy
without any major problems (13).

When comparing the dosimetric parameters calculated by
each KBP model for prostate cancer in multiple institutions,
the performance in sparing OAR varied by the enrolled
model (6, 14, 15). However, Kubo ef al. found that MU and
MLC sequence complexity calculated with RapidPlan were
higher than the clinical plan, and the possibility of passing
QA may depend on the KBP model (9). There has been no
study comparing mechanical performances calculated with
multi-models in KBP. Moreover, we suggest quantifying the
effect of MLC aperture and MU at every angle during one
full arc on dose distribution as new metrics in evaluating
whether to share the KBP model between institutions. This
study aimed to evaluate mechanical performances and the
effect on deliverability and dose distribution using the KBP
models for prostate cancer of three institutions in VMAT.

Materials and Methods

Definitions of structures and planning design at each institution.
Three institutions (Institutions A, B, and C) were enrolled in this
study. Each KBP model was configured using clinical plans for
patients with T1-T2c¢ prostate cancer VMAT in each institution,
which had different contouring definitions. The definitions of the
clinical target volume (CTV) were the prostate and 15 mm of
seminal vesicle (SV), the prostate and half of the SV, and the
prostate and 10 mm of SV at institutions A, B, and C, respectively.
The planning target volume (PTV) was generated by adding an 8-
mm, 8-mm, and 6-mm margin around the CTV in all dimensions,
except posteriorly, where 5-mm, 6-mm, and 4-mm margins were
used, at institutions A, B, and C, respectively. The definition for the
rectum was up to 1.0 cm above and below the PTV, 1.5 cm above

688

Table 1. Dose prescription and dose constraints for the VMAT planning
in each institution.

Dose constraints

Institution Organ Target Prescribed
volume

A Rectal wall ~ Bladder wall CTV PTV-Rectum
V78Gy<1%  V70Gy<35% Dmean<103%
V70Gy<20% V40Gy<60% Dmin>99%
V60Gy<30% Dmax<110%
V40Gy<60% D95%=100%

B Rectal wall ~ Bladder wall CTV PTV
V78Gy=<1%  V70Gy=<35% Dmean=100%
V70Gy<20% V40Gy=60% D95%=95%
V60Gy=35% V90%=98%
V40Gy=60% Dmax<110%

C Rectal wall ~ Bladder wall CTV PTV
V70Gy=5%  V80Gy=5% D98%=98% Dmean=100%
V65Gy=<10% V75Gy<15% D2%=<105% D95%=95%
V60Gy=<20% V70Gy=<25% V90%=98%
V40Gy=<40% V60Gy=<40% D2%=<105%

CTV: Clinical target volume; PTV: planning target volume.

Rectal/Bladder wall: the volume with a wall thickness of 4 mm
generated automatically from the rectum/bladder contour

the seminal vesicles to 1.5 cm below the prostate, and the tissue
extending from the rectosigmoid junction to the anus at institutions
A, B, and C, respectively. Table I shows dose prescription and dose
constraints for the VMAT planning in each institution.

In each institution, the model for KBP was created using that
institution’s VMAT plans for clinical use before April 2017. At
institution A, the PTV minus the rectum was used as the prescribed
volume (PV). In institutions B and C, the PTV was used as the PV.
The prescription dose was a mean PTV dose of 78 Gy at institutions
B and C, and a minimum dose to 95% (Dgs) of the PTV minus the
rectum at institution A. The number of registered cases in institution
A, B, and C was 50, 100, and 20, respectively. Each model was
clinically accepted at each institution and sent to institution B.

Validation plans for KBP. To validate the performance of KBP at
each institution, 45 prostate cancer cases who were clinically treated
from May 2017 to April 2018 at institution B were used in a single
optimization with the RapidPlan™ system. For these validation
plans (VP), a beam energy of 6 MV photons from a TrueBeam STx
linear accelerator equipped with a high definition 120-leaf multileaf
collimator (MLC) (Varian Medical Systems) was utilized. The
treatment field was one full arc rotating counterclockwise from 179°
to 181°, with a collimator rotation of 30°. Institution B accepts one
full arc for prostate cancer because dose distribution and time
efficiency in one full arc are comparable to and better than that in
two - three arc. After calculation, MLC leaf position, gantry speed,
and dose rate were defined by each control point (CP) and CPs were
spaced 2° apart in one full arc. The optimization and calculation
algorithms used were the Anisotropic Analytical Algorithm and
Photon Optimizer 13.0 (Varian Medical Systems) with Eclipse ver.
13.5, and the grid size was 2.5 mm. The prescription setting for the
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VP of each model was the same as that of the clinical plan in each
institution. Written informed consent was obtained from all patients,
and the Institutional Ethics Committee approved this study (Osaka
International Cancer Institute review board number: 1611119172).

Dosimetric data analysis. The dose—volume relationship, represented
by the dose as a percentage of the prescribed dose to 2.0%, 95%, and
98% of the PV (D,, Dys, and Dgg, respectively) and the volume ratio
as receiving 50%, 75%, and 90% of the prescribed dose (Vsg, Vs,
and V), respectively) for the rectum and bladder, was extracted from
dose-volume histogram data for VP with each model.

Mechanical performance. To analyze the mechanical performance
of the VP, leaf sequence variability (LSV), aperture area variability
(AAV), modulation complexity score for VMAT (MCSv), and total
monitor units (MU) during one full arc were calculated using in-
house software created by MATLAB R2016a (MathWorks, Natick,
MA, USA). MCSv is a normalized sum over all CPs of LSV and
AAV. The MCSv, LSV, and AAV values range from O to 1 and a
small value indicates that the MLC motion is complex (1). When
the value of LSV and AAV is 1, the field shape is rectangular, and
the aperture area equals the maximum aperture area in one full arc.
On the other hand, when the value of LSV and AAV is
approximately 0, the differences in position between adjacent MLC
leaves are large and the aperture area is much smaller than the
maximum aperture area in one full arc. In this study, we adopted
the mean of these values during one full arc.

In each plan, changes in MU, area aperture (AA) and the product
of MU and AA (MUxAA) at each CP were evaluated and
represented as MU/CP, AA/CP and MUxAA/CP. Using 45 cases in
each institution, the means at every CP, along with the mean and
standard deviation (SD) considering all CPs were calculated.

Gamma analysis. We measured the dose response of the three
institutions’ plans with an electronic portal imaging device (EPID)
detector, aS1200, equipped with a TrueBeam STx linear accelerator. The
total area and matrix size of the EPID were 40x40 cm?2 and 1,190x1,190
pixels, respectively. All EPID images were acquired in the integrated
acquisition mode with a source-to-imager distance of 160 cm. Measured
dose responses were compared with planned dose responses using global
gamma analysis. The gamma analysis was performed with a criterion
of 1%/1 mm (dose difference and distance to agreement) and a threshold
at 10% using the commercial software PerFraction (SUN Nuclear
corporation, Melbourne, FL, USA) because all plans in the three
institutions are 100% in conditions 3%/3 mm and 2%/2 mm.

Statistical analysis. The paired Wilcoxon signed rank test was used
to compare dosimetric parameters, mechanical performance, and
passing rate of gamma analysis between two of the three
institutions. A p-value of <0.05 was considered significant.

Results

Table II summarizes the results comparing D,, Dgs and Dgg for
the PV and V5, V75 and Vg, for the rectum and bladder across
the three institutionsj For PV, there was a significant difference
(p<0.01) between each paired institution, except for Dy5 between
institutions B and C. Institution A had the highest PV among the
three institutions, whereas institution B had the lowest.
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Table II. The summary of dose-volume parameters in three institutions.

Institution A Institution B Institution C

PV PTV-Rectum PTV PTV
D, 104.5%+0.9% 102.4%+0.4% 102.8%+0.4%
Dys 100.0%=+0.4% 96.4%+0.5% 96.5%+0.5%
Dgg 99.0%+0.3% 94.1%+0.8% 94 .4%=+0.7%
Rectum
Vsq 40.2%=+7.7% 40.3%+6.8% 31.5%+10.5%
Vis 19.1%=+5.0% 23.7%+7.5% 19.6%+8.9%
Voq 9.6%+3.0% 13.8%+6.1% 11.7%+6.2%
Bladder
Vsq 37.7%+14 4% 29.1%=+14 2% 33.6%+15.0%
Vis 20.1%+9.7% 16.3%+9.3% 18.1%+8.6%
Voo 13.8%=+7.3% 11.3%+7.1% 12.1%+6.2%
Institution comparison p-Values

AxB AxC BxC
PV PTV-Rectum PTV PTV
D, <0.01 <0.01 <0.01
Dgs <0.01 <0.01 0.38
Dgg <0.01 <0.01 <0.01
Rectum
Vso 0.37 <0.01 <0.01
Vis <0.01 045 <0.01
Voo <0.01 <0.05 <0.01
Bladder
Vso <0.01 <0.01 <0.01
Vis <0.01 <0.01 <0.01
Voo <0.01 <0.01 <0.01

PTV: Planning target volume; PV: prescribed volume.

In the dosimetric parameters for the rectum, there was a
significant difference (p<0.01 or 0.05) between each paired
institution, except for Vs, between institutions A and B, and
V-5 between institutions A and C. V45 and Vg for institution
A, and V5 for institution C were the lowest among the three
institutions for the rectum. Regarding the dosimetric
parameters for the bladder, there were significant differences
(p<0.01) between all pairs. Institution B had the lowest
bladder results, whereas institution C had the highest.

Figure 1 shows the dose distribution in each institution.
Institution A had the highest uniformity for a 100% PTV
isodose. The lower line of a 50% isodose for institution C
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Figure 1. Comparison of the dose distribution from three institutions’ plans. (A), (B) and (C) show the dose distributions of institutions A, B, and
C. Yellow, blue, green, and pink curves indicate 100%, 90%, 75%, and 50% isodose curves, respectively. Red, brown, and light blue curves indicate
planning target volume, rectum, and bladder, respectively.

expanded the most widely horizontally, especially on the left
side. Considering this fact, each model created a
characteristic dose distribution.

Table III shows the mean, SD and range (max/min) of the
LSV, AAV, total MU, and MCSyv, as well as the p-value of
each mechanical performance in the three groups. Institution
C had the highest LSV and there were significant differences
in the group that comprises institution C (A vs. C and B vs.
C). Institution B had the lowest AAV and MCSv and the
highest total MU. There were significant differences (p<0.01
or 0.05) in the group that comprises institution B (A vs. B
and B vs. C) for AAV and total MU, and in all groups for
MCSyv. We found institution B used the closest area of MLC
and the most complex modulation.

Figure 2 shows the MU/CP, AA/CP, and MUxAA/CP of
the three institutions to investigate variation. Table IV shows
the mean, SD, and range (max/min) of the MU/CP, AA/CP,
and MUxAA/CP among the three institutions from 179° to
181° and the p values of the three groups. The mean value
for the MU/CP in each institution was the same. Institution
A had the highest SD and the narrowest range for MU/CP in
any parameter. Institution B had the lowest AA/CP and
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MUXAA/CP. The SD and maximum value for MUxAA/CP
in institution C were the highest of the three institutions.
Significant differences (p<0.01 or 0.05) were observed in all
parameters across institutions.

The angle of maximum MU/CP was 101°, 99°, and 101°
for institutions A, B, and C, respectively. The angle of
minimum AA/CP was 13° for all institutions. The angles of
maximum and minimum MUxAA/CP were 269° and 13° for
institution A, 269° and 13° for institution B, and 273° and
153° for institution C. In addition to minimum MUxAA/CP,
179° and 181° were not considered because MU/CP was
much lower there. The maximum differences of MU/CP,
AA/CP, and MUxAA/CP at each angle were calculated
among three institutions. The angle at which the maximum
difference was the highest in 1 full arc was 99° (0.27%), 1°
(7.0 cm?) and 275° (5.7% cm?), respectively.

For institution A, B, and C, the gamma passing rate was
99.4%+0.6%, 98.9%=+1.0% and 99.5%+0.7% (mean+SD),
respectively, and was >95% for all cases with a criterion of
1%/1 mm. There were significant differences (p<0.01) in
gamma passing rate between the groups pairing institution B
(A vs.B and B vs. C).
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Discussion

In this study, we evaluated mechanical performance using
prostate cancer models in VMAT and compared the
complexity of MLC motion and dose distribution across
three institutions. Regarding complexity, significant
differences in MCSv were observed, but the plans were
deemed clinically acceptable despite MCSv affecting gamma
passing rate (1). The dose distribution of each institution met
institution B’s dose constraint and significant differences in
dosimetric parameters of the target and OAR were observed.
By quantifying MLC motion in each CP, through MU/CP,
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Figure 2. Comparison of (A) MU/CP, (B) area aperture (AA)/CP, (C)
MUxAA/CP as a function of gantry angle in three institutions. The
vertical axis represents the MU and the horizontal axis represents the
gantry angle. MU, AA, or MUxAA of each CP averaged across 45
plans was plotted for each institution. Error bars represent the standard
error. MU: Monitor unit; CP: control point; AA: aperture area.

AA/CP and MUxAA/CP, it was found that the tendencies of
the beam irradiation in each gantry angle varied between
models and might link to OAR sparing. In summary, KBP
model plans were clinically acceptable for deliverability
regardless of the structure set. However, there is a need to
select models considering individual institutional plan design
because it affects dose distribution to the target and OAR by
MLC motion.

Institution B obtained the lowest result for MCSv and
gamma passing rate and the highest result for total MU
among the three institutions, thus its model created the most
complex plans in which the dosimetric accuracy is the
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Table III. Comparison of mechanical performance during all CPs in
three institutions’ models.

Table IV. Comparison of mechanical performance (MU, AA, MUxAA)
at each CP from 179° to 181° between three institutions.

Institution LSV AAV MCSv Total MU Institution MU/CP (%) AA/CP (cm2) MUxXAA/CP (% cm?2)
(max/min) (max/min) (max/min) (max/min) range (max/min) range (max/min)  range (max/min)

A 0.72+0.06 0.44+0.04 0.31+£0.03 68166 A 0.56+0.08 18.1£1.8 10.1+1.8
(0.89/0.59)  (0.50/0.35) (0.38/0.23)  (947/573) (0.75/0.23) (21.7/14.2) (14.7/3.7)

B 0.72+0.06 0.40+0.03 0.29+0.02 763+48 B 0.56+0.12 15.9+3.6 8.9+2.8
(0.89/0.62)  (0.46/0.34) (0.35/0.23)  (865/641) (0.95/0.22) (21.9/7.6) (14.8/2.5)

C 0.73+0.05 0.44+0.02 0.32+0.03 678+44 C 0.56+0.16 17.6£3.1 10.0£3.5
(0.89/0.62)  (0.51/0.34) (0.39/0.24)  (793/583) (1.03/0.19) (23.4/11.6) (19.5/2.7)

Institution LSV AAV MCSv Total MU Institution MU/CP AA/CP MUxAA/CP

Comparison p-Value p-Value p-Value p-Value Comparison p-Value p-Value p-Value

Avs.B 0.28 <0.01 <0.01 <0.01 Avs.B <0.01 <0.01 <0.01

Avs.C <0.01 041 <0.05 0.35 Avs.C <0.01 <0.01 <0.05

Bvs.C <0.01 <0.01 <0.01 <0.01 Bvs.C <0.01 <0.01 <0.01

LSV: Leaf sequence variability; AAV aperture area variability; MCSv:
modulation complexity score for VMAT; MU: monitor unit.

lowest. In one study by Sarah et al., when the modulation
complexity of score (MCS) for a step-and-shoot IMRT static
beam was greater than 0.35 (MCS >0.35), all gamma passing
rates (3%/3 mm) were greater than 95% (16). In this study,
the gamma passing rates were >95% for all cases in each
institution for the criterion of 1%/1 mm, while some plans
had MCSv <0.35, thus KBP plans were applied clinically
without any major problem regardless of mechanical
performance. It was assumed that the models could create
the plans with high dosimetric accuracy (gamma passing
rate) because clinically acceptable cases registered in each
model in this study had simple MLC aperture. If models
consisting of complex cases create the plans, the gamma
passing rate may decrease.

Among VP with each model, we compared MU/CP, AA/CP,
and MUxAA/CP at each gantry angle. In Figure 2, the
standard error of three parameters for each model were small,
and the beam irradiation hardly changed in 45 plans. The
angle for institutions A and B where MUXAA/CP reached its
maximum and minimum was about 270° and 10°, respectively,
while the angle for institution C was about 270° and 150°.
Each model created plans where the irradiation intensity from
lateral direction was higher because of avoiding the rectum.
However, focusing on MUxAA/CP for institution A and C,
there is a difference in the tendency of the beam irradiation.
Institution A irradiated the most evenly at any angle as can be
seen from Figure 2 because SD and range for institution A
were lower and narrower. On the other hand, institution C also
had higher MUXAA/CP at approximately 90° and 270°, and
lower MUxAA/CP at approximately 0° and 180° than
institution A. Therefore, the difference in the tendency of the
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MU: Monitor unit; AA: aperture area.

beam irradiation affected model’s sparing performance where
the mean of V5 for rectum in institution C was the lowest of
the three institutions, and the 50% isodose curve of institution
C extended more widely than that of institution A. Evaluating
some plans created with a model in order to understand the
model feature will serve as a tool for model sharing between
institution.

Conclusion

Each KBP model had different dose distributions and
mechanical performance but could create an acceptable plan
for deliverability regardless of mechanical performance.
MLC aperture and MU at every CP indicated institution’s
tendency of beam irradiation to understand model feature.
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