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A B S T R A C T

Purpose: This study aimed to clarify the inter-planner variation of plan quality in knowledge-based plans created
by nine planners.
Methods: Five hypofractionated prostate-only (HPO) volumetric modulated arc therapy (VMAT) plans and five
whole-pelvis (WP) VMAT plans were created by each planner using a knowledge-based planning (KBP) system.
Nine planners were divided into three groups of three planners each: Senior, Junior, and Beginner. Single op-
timization with only priority modification for all objectives was performed to stay within the dose constraints.
The coefficients of variation (CVs) for dosimetric parameters were evaluated, and a plan quality metric (PQM)
was used to evaluate comprehensive plan quality.
Results: Lower CVs (< 0.05) were observed at dosimetric parameters in the planning target volume for both
HPO and WP plans, while the CVs in the rectum and bladder for WP plans (< 0.91) were greater than those for
HPO plans (< 0.17). The PQM values of HPO plans for Cases1–5 (average ± standard deviation) were
41.2 ± 7.1, 40.9 ± 5.6, and 39.9 ± 4.6 in the Senior, Junior, and Beginner groups, respectively. For the WP
plans, the PQM values were 51.9 ± 6.3, 47.5 ± 4.3, and 40.0 ± 6.6, respectively. The number of clinically
acceptable HPO and WP plans were 13/15 and 11/15 in the Senior group, 13/15 and 10/15 plans in the Junior
group, and 8/15 and 2/15 plans in the Beginner group, respectively.
Conclusion: Inter-planner variation in the plan quality with RapidPlan remains, especially for the complicated
VMAT plans, due to planners’ heuristics.

1. Introduction

Dependence on the skill and experience of a planner or institution is
one of the most serious issues in intensity-modulated radiation therapy
(IMRT) and volumetric-modulated arc therapy (VMAT) planning [1–4].
Knowledge-based treatment planning (KBP) has been introduced to
many radiotherapy centers to overcome this problem. The RapidPlan
(Varian Medical Systems, Palo Alto, CA, USA) can predict an achievable
dose–volume histogram (DVH) (i.e., prediction range) for organs at risk
(OARs) in a patient using a model that is trained with data from pa-
tients previously treated for the same disease [5]. Some studies have
investigated whether the knowledge-based plan had plan quality com-
parable to that of the clinical plan [6,7] and concluded that the Ra-
pidPlan was a useful tool for consistent plan quality [8–12]. In addition,
mechanical performance and dosimetric accuracy for the RapidPlan-

based plan were also comparable to those of the clinical plan, which
indicated the RapidPlan could be safely administered to a patient [13].
Moreover, trained models from an experienced center can be shared
with other centers and can be used to identify systematic variations
between multiple campuses of a single institution [14,15]. Hence, the
RapidPlan may provide uniform plan quality across many centers.
However, the RapidPlan has a weak point. Chang et al. showed that the
performance of a RapidPlan to achieve dose constraints is still behind
that of an experienced planner, and manual touch-up is necessary, al-
though RapidPlan-based plans with a single optimization without any
modifications could produce clinically acceptable plans [16]. Fogliata
et al. also demonstrated that auto-generated priorities of an upper
constraint for the planning target volume (PTV) and clinical target
volume (CTV) require manual modification to reach institutionally
acceptable dose homogeneity during the interactive phase of the
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optimization for lung cancer patients, while fixed priorities of upper
and lower objectives could generate acceptable plans for prostate
cancer patients [17]. They showed the inaccuracy of priority given by
the RapidPlan. Thus, manual modification of priorities and adding
objectives should still be performed to achieve the best dose constraints
in clinical practice, even though the RapidPlan was introduced. How-
ever, manual modification of the priority and objectives by the planner
may nullify RapidPlan’s main advantage—i.e., overcoming the differ-
ences in planning skills for planners or institutions. Scaggion et al. in-
vestigated inter-planner variability in prostate VMAT plans generated
with RapidPlan assistance and demonstrated that the RapidPlan sig-
nificantly reduced inter-planner variability [18]. However, their study
investigated only simple VMAT plans and was performed under opti-
mization methods limited to use and modification to know the cap-
ability of the RapidPlan.

The purpose of this study was to clarify the variations in plan
quality among planners using RapidPlan-based simple and complex
VMAT plans when planners with different experience optimized with
the RapidPlan with modification. Forty-five hypofractionated prostate-
only (HPO) VMAT plans for low- and intermediate-risk prostate cancer
and 45 whole-pelvis (WP) VMAT plans for high-risk prostate cancer
were created with RapidPlan by nine planners with different levels of
planning experience for five patients per disease. Their plans were se-
lected to confirm whether the plans’ complexity affected the inter-
planner variation. The planners were allowed only “modification of
priorities” of all objectives during the optimization [17]. The plan
quality was scored with a plan quality metric (PQM) [1] to evaluate the
inter-planner variation.

2. Materials and methods

2.1. Patient characteristics and contouring

Data from 131 patients with prostate cancer who were con-
secutively treated with HPO or WP VMAT between January 2016 and
March 2019 were used in this study. Of these patients, 49 classified as
being at low- or intermediate-risk underwent HPO VMAT, and 82
classified as being at high-risk underwent WP VMAT. The Eclipse
treatment planning system version 15.6 (Varian Medical Systems, Palo
Alto, CA, USA) was used for this study. The CTV was defined as the
entire prostate with a 1.5 cm proximal area of seminal vesicles for in-
termediate- and high-risk patients, while CTV was defined as the entire
prostate for a low-risk patient. For HPO VMAT, the PTV was generated

by adding a 0.6 cm margin to the CTV in all directions, except poster-
iorly, where a 0.4 cm margin was added. In the case of a high-risk pa-
tient, the margins were 0.8 cm and 0.5 cm, respectively. For WP VMAT,
a pelvic lymph node was also defined as another target in a high-risk
patient. The obturator vessels, including the common, external, and
internal iliac vessels, were delineated and then expanded by adding an
isotropic 0.7 cm margin to generate the nodal CTV, excluding the ad-
jacent bone, muscle, bowel, and bladder. The nodal PTV was generated
adding a 0.5 cm margin to the nodal CTV. The rectum, bladder, femoral
heads, and bowels were contoured as the OARs. Details of the con-
touring were reported elsewhere [19]. Written informed consent was
obtained from all patients, and our institution’s ethics committee ap-
proved the study (IRB number 201901-48).

2.2. Model configuration

Two models for HPO and WP plans were trained based on 44 and 77
plans, respectively. These clinically delivered plans were created by
senior planners between April 2016 and December 2018 using Eclipse
version 10.0, and the dose distributions were not recalculated with
Eclipse version 15.6. They have been accepted by both physicians and
medical physicists. The structures used for training were the PTV,
rectum, bladder, and femoral heads for the HPO model and the PTV,
nodal PTV, rectum, bladder, bowels, and femoral heads for the WP
model. The volumes of all structures for the training set and trial set are
shown in Table 1. More detail is shown in Supplementary file. The
structures indicated as outliers were determined based on analysis using
RapidPlan version 15.6. A few outlier structures may not affect the
quality of the plan made by the model [20], but all outliers were ex-
cluded in the model to eliminate their effect. Four cases of the bowels
and two cases of the left femoral head were excluded as outliers from
the WP model. Two cases of the bladder were excluded from the HPO
model. The objective setting for each model is shown in Table 2. The
models were validated through an open loop process before starting this
study. Fixed priorities were used for upper and lower objectives in the
targeted structures, and the line objective and priority given by the
RapidPlan were used for the OARs. The line objective was placed just
below the inferior boundary of the DVH estimated range. The values of
fixed priorities were determined from the optimization results of the
validation set, which were tuned to achieve our institution’s acceptance
criteria. An upper objective was placed at desirable maximum dose for
the OARs.

Table 1
Data for the training and trial sets.

HPO VMAT WP VMAT

Volume (cc) Training set (n= 44) Trial set (n= 5) Training set (n=77) Trial set (n=5)

PTV
Total 91.3 ± 31.8 89.9 ± 24.1 116.6 ± 36.5 113.7 ± 17.6
Nodal PTV
Total 789.6 ± 159.9 689.1 ± 120.2
Rectum
Total 62.8 ± 16.3 70.5 ± 16.1 70.0 ± 22.4 93.1 ± 26.5
Overlap with PTVs 2.9 ± 0.9 1.5 ± 0.5 5.5 ± 2.1 5.1 ± 2.5
Bladder
Total 232.6 ± 68.0 232.0 ± 57.1 244.1 ± 65.2 190.9 ± 46.6
Overlap with PTVs 6.4 ± 2.5 7.3 ± 3.2 33.3 ± 9.5 17.7 ± 4.4
Bowel
Total 981.6 ± 387.5 730.1 ± 435.9
Overlap with PTVs 73.5 ± 32.0 38.2 ± 35.4
Rt. femoral head
Total 155.0 ± 18.4 168.7 ± 19.2 153.4 ± 18.2 164.4 ± 14.9
Lt. femoral head
Total 153.2 ± 18.4 167.8 ± 22.1 153.2 ± 17.5 169.8 ± 15.4

PTV: planning target volume, HPO: hypofractionated prostate only, WP: whole pelvis
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2.3. Treatment planning with RapidPlan

Of 131 patients, 10 who were consecutively treated between
January 2019 and March 2019 were studied to compare the variations
in plan quality among planners. Five patients were at low or inter-
mediate risk, and five were at high risk. Two full arcs (181°–179°,
clockwise and counterclockwise) and 10-MV photons were used for
both the HPO and WP VMAT plans. The same collimator angles were
used by the planners for each patient. Planning techniques such as the
number of arcs, energy, and collimator angle were the same as those in
the clinically accepted human-generated plan. The prescribed doses
were 51.6 Gy (12 fractions) in the PTV for the HPO VMAT plan and
52.0 Gy in the PTV and 46.8 Gy (26 fractions) to the nodal PTV for WP
VMAT using a simultaneous integrated boost technique. A boost VMAT
plan delivering 26.0 Gy in 13 fractions to the PTV is concomitant with
the initial WP VMAT in clinical practice, but only the WP VMAT plan
was employed in this study. Dose calculations were performed using an
anisotropic analytical algorithm with a grid size of 0.25 cm. Dose nor-
malization was performed at 95% of the PTV volume and the mean dose
of the PTV for the HPO and WP VMAT plans, respectively.

Nine planners with different levels of planning experience partici-
pated in this study and were divided into three groups of three planners
per group (Senior, Junior, and Beginner) according to the number of
VMAT planning cases they performed per week. Five HPO and five WP
VMAT plans were generated by each planner using the HPO and WP
models, respectively. Single optimization was performed with only
modification from preset priorities (Table 2) during optimization to
generate the best plan that would meet the dose constraints in our
center. Any other modification—such as modification of the dose or
volume of the objectives or adding an objective—was not allowed
during the optimization. The dose constraints are shown in Table 3. In
addition, HPO and WP VMAT plans were generated using the RapidPlan
without modification during optimization to compare with the plans
generated by the planners. We counted the number of clinically ac-
ceptable HPO and WP VMAT plans, which were judged according to the
dose constraints in Table 3.

2.4. Evaluation

The coefficients of variation (CVs) for dosimetric parameters were
evaluated for the HPO and WP plans. In the HPO VMAT plan, the
parameters were D99% (dose received at least a volume of 99%) and
D0.03cc for the PTV; minimum dose for the CTV; D0.03cc and V95% (vo-
lume receiving at least 95% of the prescribed dose), V90%, V80%, and
V50% for the rectum and bladder; and V27.86Gy and maximum dose for

each femoral head. For the WP VMAT plan, the parameters were D98%,
D95%, and D0.03cc for the PTV; D98%, D95%, and mean dose for the nodal
PTV; minimum doses for the CTV and nodal CTV; D0.03cc, V100%, V90%,
V80%, and V50% for the rectum and bladder; D0.03cc and V45Gy for the
bowels; and maximum dose for each femoral head. The homogeneity
index (HI: defined as HI= [D2% –D98%]/D50%, where D2%, D98%, and
D50% are minimum doses to 2%, 98%, and 50% of the PTV volume,
respectively) [21] and the conformation number (CN: defined as
CN=VPTV, pre

2/[VPTV × Vpre ], where VPTV, pre is the volume covered
by the prescribed dose in the PTV, VPTV is the volume of the PTV, and
Vpre is the volume covered by the prescribed dose) [22] were also
evaluated.

Table 2
Objectives settings and priorities for HPO and WP models.

HPO model WP model

Structure Objective Volume (%) Dose (Gy) Priority Objective Volume (%) Dose (Gy) Priority

PTV Upper 0.0 53.5 105 Upper 0.0 54.4 105
Lower 100.0 52.8 80 Lower 100.0 52.0 95

Nodal PTV N/A Upper 1.0 51.7 120
N/A Lower 100.0 46.8 105

Bladder Upper 0.0 51.6 Generated Upper 0.0 52.0 Generated
Line Generated Line Generated

Bowels N/A Upper 0.0 50.0 Generated
N/A Line Generated

Rectum Upper 0.0 51.6 Generated Upper 0.0 52.0 Generated
Line Generated Line Generated

Femoral head (Each) Upper 0.0 41.8 Generated Upper 0.0 37.5 Generated
NTO Automatic 100 Automatic 100

PTV: planning target volume, NTO: normal tissue objective, HPO: hypofractionated prostate only, WP: whole pelvis.

Table 3
Clinical goals of the HPO and WP VMAT plans in our institution.

HPO VMAT plan WP VMAT plan

Structure Dosimetric
parameter

Clinical goal Dosimetric
parameter

Clinical goal

PTV D99% ≥49.05 Gy D98% ≥48.36 Gy
N/A D95% ≥49.40 Gy
D0.03cc < 55.21 Gy D2% <53.04 Gy

Nodal PTV N/A D98% ≥43.50 Gy
N/A D95% ≥44.40 Gy
N/A Dmean 46.60 –

47.10 Gy

CTV Dmin ≥50.57 Gy Dmin ≥48.36 Gy
Nodal CTV N/A Dmin ≥43.50 Gy
Bladder V50% <50% V60% <55%

V80% <20% N/A
V90% <10% V90% <30%
V95% <3.0 cc N/A
D0.03cc < 54.18 Gy D0.03cc < 53.04 Gy

Bowels N/A D2% <50.0 Gy
N/A V45Gy < 195.0 cc

Rectum V50% <50% V60% <50%
V80% <20% N/A
V90% <10% V90% <25%
V95% <3.0 cc N/A
D0.03cc < 54.18 Gy D0.03cc < 53.04 Gy

Femoral head
(Each)

Dmax <41.80 Gy Dmax < 40.0 Gy

V27.86Gy < 10 cc N/A

Vn%: volume received (n%) of the prescribed dose, Dn%: minimum dose re-
ceiving at least the n% volume; HP VMAT: hypofractionated prostate-only
VMAT, WP VMAT: whole-pelvis VMAT.
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The PQM was used to evaluate the comprehensive plan quality. The
PQM is a user-defined metric intended to quantify and compare the
plan quality by mimicking the judgment of a physician, which consisted
of a set of clear and specific plan objectives. Each plan objective is
scored according to a mathematically described physician judgment
criterion. Scoring of the above dosimetric parameters was performed as
follows: The scores for the PTV, nodal PTV, CTV, nodal CTV, HI, and CN
were assigned according to the dose constraints used in our center. The
scores for the OARs were assigned based on prediction ranges that were
estimated as being achievable by the RapidPlan for each patient. The
score for the global maximum dose location was assigned according to
Nelms et al. [1]. The final PQM score is the sum of all components
(maximum possible PQM=100.0). Fig. 1 shows an example of the
scoring details for the WP VMAT plan. (An example of the HPO VMAT
plan is shown in a Supplementary File.) PQM scores were converted to
percentage PQM (PQM%), representing the ratio of the achieved score
to the maximum achievable score [18,23]. The Steel–Dwass test was
used to compare the PQM scores of the three groups. Differences were

considered significant at a value of p < 0.05. Clinically accepted
manual plans created without the RapidPlan (i.e., human-generated
plan devised via a trial-and-error process) were also evaluated using the
PQM score for 10 patients.

3. Results

Five HPO VMAT plans and five WP VMAT plans were created by
each planner, and the total 45 HPO VMAT plans and 45 WP VMAT
plans were then analyzed. Table 4 shows the CVs of dosimetric para-
meters from nine planners for each case included in the HPO and WP
VMAT plans. Except for the HI in the PTV, the CVs at dosimetric
parameters were < 0.05 in both HPO and WP VMAT plans. The
average CVs at D0.03cc, V100%, V90%, V80%, and V50% for the rectal doses
were 0.01, 0.09, 0.07, 0.05, and 0.04, respectively, in the HPO VMAT
plans vs. 0.01, 0.61, 0.18, 0.13, and 0.11, respectively, in the WP VMAT
plans. For the bladder doses, the average CVs at D0.03cc, V100%, V90%,
V80%, and V50% were 0.01, 0.04, 0.04, 0.03, and 0.03, respectively, in

Fig. 1. Example of score assignments for the plan quality metric (PQM) for whole-pelvis volumetric modulated arc therapy (WP VMAT) plans. To assign numerical
scores to patients with clearly different achievable sparing of organs at risk (OARs), prediction ranges generated by the model were used in each patient, and our
clinical dose constraints were used for the targets in all patients. (a) Prediction ranges for the rectum (yellow), bladder (cyan), and bowels (pink). White arrows from
right to left show prediction ranges to assign the scores at dosimetric parameters (D0.03cc, V100%, V90%, V80%, and V50%) for the bladder. Details of score assignments
are shown for (b) D98% of the PTV; (c) D95% of the PTV; (d) D0.03cc of the PTV; (e) conformation number; (f) homogeneity index; (g) D98% of the nodal PTV; (h) D95% of
the nodal PTV; (i) Dmean of the nodal PTV; (j) Dmin of the CTV; (k) Dmin of the nodal CTV; (l) D0.03cc of the rectum; (m) V100% of the rectum; (n) V90% of the rectum; (o)
V80% of the rectum; (p) V50% of the rectum; (q) D0.03cc of the bladder; (r) V100% of the bladder; (s) V90% of the bladder; (t) V80% of the bladder; (u) V50% of the bladder;
(v) D0.03cc of the bowels; (w) V45Gy of the bowels; (x) Dmax of each femoral head; (y) global maximum dose location. The final PQM score is the sum of all components
(maximum possible PQM=100.0). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 4
Coefficient of variations to dosimetric parameters from nine planners of five HPO VMAT and five WP VMAT cases.

Dosimetric parameter HPO VMAT plan Dosimetric parameter WP VMAT plan

Case 1 Case 2 Case 3 Case 4 Case 5 Average Case 1 Case 2 Case 3 Case 4 Case 5 Average

PTV PTV
D99% 0.00 0.00 0.01 0.01 0.01 0.01 D98% 0.01 0.04 0.01 0.01 0.02 0.02

D95% 0.01 0.02 0.01 0.01 0.01 0.01
D0.03cc 0.01 0.01 0.01 0.01 0.01 0.01 D0.03cc 0.00 0.01 0.00 0.01 0.01 0.01
CN 0.02 0.03 0.02 0.02 0.02 0.02 CN 0.05 0.06 0.03 0.05 0.02 0.04
HI 0.16 0.13 0.17 0.20 0.13 0.16 HI 0.24 0.46 0.18 0.23 0.30 0.28

Nodal PTV
D98% 0.07 0.01 0.02 0.02 0.01 0.03
D95% 0.05 0.01 0.01 0.01 0.01 0.02
Dmean 0.02 0.00 0.01 0.01 0.00 0.01

CTV CTV
Dmin 0.01 0.01 0.01 0.01 0.01 0.01 Dmin 0.00 0.01 0.01 0.02 0.01 0.01

Nodal CTV
Dmin 0.13 0.02 0.04 0.06 0.03 0.05

Rectum Rectum
D0.03cc 0.01 0.01 0.01 0.01 0.01 0.01 D0.03cc 0.00 0.00 0.00 0.01 0.02 0.01
V95% 0.05 0.05 0.13 0.17 0.06 0.09 V100% 0.53 0.53 0.72 0.37 0.91 0.61
V90% 0.03 0.04 0.09 0.16 0.05 0.07 V90% 0.11 0.23 0.11 0.19 0.25 0.18
V80% 0.02 0.03 0.05 0.12 0.04 0.05 V80% 0.06 0.18 0.07 0.13 0.21 0.13
V50% 0.02 0.03 0.03 0.10 0.03 0.04 V50% 0.01 0.18 0.07 0.18 0.10 0.11
Bladder Bladder
D0.03cc 0.01 0.01 0.01 0.01 0.01 0.01 D0.03cc 0.01 0.00 0.01 0.01 0.00 0.01
V95% 0.02 0.03 0.03 0.05 0.04 0.04 V100% 0.48 0.26 0.35 0.35 0.26 0.34
V90% 0.02 0.03 0.03 0.06 0.03 0.04 V90% 0.05 0.09 0.10 0.10 0.33 0.13
V80% 0.02 0.04 0.03 0.05 0.02 0.03 V80% 0.05 0.11 0.12 0.09 0.33 0.14
V50% 0.02 0.02 0.03 0.05 0.02 0.03 V50% 0.01 0.06 0.10 0.05 0.34 0.11

Bowels
D0.03cc 0.02 0.01 0.01 0.03 0.00 0.01
V45Gy 0.36 0.10 0.14 0.14 0.09 0.17

Rt. femoral head Rt. femoral head
Dmax 0.03 0.11 0.07 0.10 0.11 0.08 Dmax 0.03 0.05 0.04 0.04 0.05 0.04
V27.86Gy 2.02 3.00 1.60 1.19 2.49 2.06
Lt. femoral head Lt. femoral head
Dmax 0.10 0.14 0.10 0.04 0.07 0.09 Dmax 0.04 0.06 0.07 0.04 0.03 0.05
V27.86Gy 0.00 3.00 2.63 1.09 3.00 1.94

PTV: planning target volume, CTV: clinical target volume, CN: conformation number, HI: homogeneity index, HPO VMAT: hypofractionated prostate only VMAT, WP
VMAT: whole-pelvis VMAT.
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the HPO VMAT plans vs. 0.01, 0.34, 0.13, 0.14, and 0.11, respectively,
in the WP VMAT plans. The CVs of the OARs for the WP VMAT plans
were greater than those for the HPO VMAT plans. The DVHs of the HPO
VMAT (Case 1) and WP VMAT (Case 3) plans are shown in Fig. 2.

The comparison of PQM scores in each case are shown in Fig. 3.
Average scores for Cases 1–5 in the HPO and WP VMAT plans are
summarized in Table 5. Widely ranging scores were observed in the WP
VMAT plans relative to the HPO VMAT plans. The Senior group’s
average PQM scores were higher than those in the Beginner group in all
WP VMAT cases (p < 0.05), although similar scores were observed in
all groups in the HPO VMAT plans (p > 0.05). With RapidPlan-based
plans without modification, PQM scores were 46, 47, 43, 34, and 46,
respectively, in Cases 1–5 in the HPO VMAT plans and 53, 42, 50, 46,
and 47 in Cases 1–5 in the WP VMAT plans. The PQM scores of manual
plans without the RapidPlan were 41, 50, 38, 31, and 41 for the HPO
patients, and 46, 46, 55, 50, and 49 for the WP patients. The PQM
scores are also summarized in Table 5.

There were 34 and 23 clinically acceptable HPO VMAT and WP
VMAT plans (pass rates of 75.6% and 51.1%) in the RapidPlan-based
plans with modification, respectively. The clinically acceptable plans

were distributed among Cases 1–5, respectively, as follows: HPO VMAT:
13 (3, 3, 3, 1, 3) and WP VMAT: 11 (2, 1, 2, 3, 3), with pass rates of
86.7% and 73.3%, respectively, in the Senior planner group; 13 (2, 3, 3,
2, 3) and 10 (0, 2, 2, 3, 3), with pass rates of 86.7% and 66.7%, re-
spectively, in the Junior planner group; and 8 (1, 1, 2, 1, 3) and 2 (0, 1,
0, 0, 1), with pass rates of 53.3% and 13.3% in the Beginner planner
group. These results were achieved with the dose constraints for all
structures in the HPO and WP VMAT plans. In the RapidPlan-based
plans without modifications, the number of clinically acceptable plans
were 4 and 2 (pass rates 80.0% and 40.0%), respectively. Most of the
failed plans did not meet the dose constraints at D0.03cc in the rectal or
bladder doses in the HPO VMAT plans. The failed plans did not meet the
dose constraints at Dmean to the nodal PTV or the Dmax to the femoral
heads in the WP VMAT plans.

4. Discussion

To evaluate the variations in plan quality of the HPO and WP VMAT
plans generated using the RapidPlan by nine planners with different
levels of planning experience, the plan quality of 45 HPO and 45 WP

Fig. 2. Example comparison of dose–volume histograms (DVH) among planners. (a–d) Case 1 in the HPO VMAT plan. (e–h) Case 3 in the WP VMAT plan. The red,
yellow, cyan, brown, gray, magenta, and orange lines indicate the PTV, rectum, bladder, right femoral head, left femoral head, nodal PTV, and bowels, respectively.
The white lines are those of the RapidPlan-based plan without modifications. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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VMAT plans were analyzed using the PQM score and CVs. Small var-
iations in PQM scores were observed in the HPO VMAT plans, whereas
PQM scores were wide-ranging in the WP VMAT plans, even when
RapidPlan was used. Additionally, the PQM score was significantly
higher in the Senior group than in the Beginner group with the WP
VMAT plan, whereas there were no significant differences when using

the HPO VMAT plan (Table 5). Thus, the inter-planner variation in plan
quality due to the planner’s skill and experience was apparent with the
manual modification of priorities being performed to produce the best
plan to meet the dose constraints in the complicated VMAT plan.

Most HPO VMAT plans have been more clinically acceptable than
the WP VMAT plans (pass rates 75.6% vs. 51.1%) in RapidPlan-based

Fig. 3. Comparison of score variations in the plan quality metric (PQM) for (a) HPO VMAT plan cases and (b) WP VMAT plan cases. Comparison of score variations
among Senior, Junior, and Beginner planner groups in (c) the HPO VMAT plan and (d) WP VMAT plan cases. The central line in the box plot indicates the median
value, and lower and upper lines are the first and third quartiles, respectively. The data are plotted as individual filled circles, and the filled circles outside whisker
show outliers. Whisker values are not considered outliers. The cross shows the mean value. The blue and orange circles show PQM scores for the RapidPlan based
plan without modifications and the human-generated plan, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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plans with modification. On the other hand, the number of clinically
acceptable plans were 4 and 2 (pass rates 80.0% and 40.0%), for the
RapidPlan-based HPO and WP VMAT plans without modification, re-
spectively, which was comparable to that for human-generated plans
based on PQM scores. Although manual modification of priorities was
nearly unnecessary in the HPO VMAT plan, the Beginner planners
modified the priorities actively during optimization. Consequently,
there were fewer clinically acceptable plans generated by the Beginner
planners than by those using the RapidPlan-based plans without mod-
ification (53.3% vs. 80.0%), although the same model was used. In
contrast, Senior and Junior planners carried out priority modification
successfully in HPO VMAT plans (86.7% vs. 80.0%). Alternatively, WP
VMAT plans required modified priorities to meet dose constraints
during optimization. More correct modifications were performed by
Senior planners, and the clinically acceptable plans increased relative to
cases without modification (73.3% vs. 40.0%). Castriconi et al. also
showed that the plan quality of the RapidPlan generated plans with
planner interaction improved compared with those with the RapidPlan
without planner interaction [24]. In our study, the plan quality de-
pended on planner experience when manual modification of priority
was required for RapidPlan-based optimization of a complicated plan.
Scaggion et al. studied inter-planner variability using simple prostate
VMAT plans and concluded that the RapidPlan could reduce inter-
planner variability [18]. This result is consistent with the results using
the HPO VMAT plan. In addition, we found that more complex VMAT
plans (i.e., the WP VMAT plan) depended on the planner’s skill and
experience.

The PQM used in this study removes any ambiguity of the plan
objectives and provides a fair platform on which to compare plan re-
sults [1]. To assign scores to patients with clearly different achievable
OAR sparing, we used ranges estimated by the model to be applied to
the OARs in each patient, and our clinical dose constraints were used
for the targeted tissues in all patients. In this study, only modification of
priority was allowed during optimization because it is required to
create a plan achieving the dose constraints in RapidPlan-based opti-
mization [16,17,25,26].

Different variations of the CVs were observed between the HPO and
WP VMAT plans. Larger variations were seen at the rectal and bladder
doses than with the PTV and CTV doses in the WP VMAT plans, al-
though the line objectives were placed to the rectal and bladder
structures. This result may be due to the differences in the number of
OARs and targets because more structures increase the complexity of
the dose constraints for all structures. The largest variations were ob-
served at V27.86Gy of the femoral head in the HPO VMAT plans, but they
were caused by placed the upper objective at the maximum dose point
only. Other larger variations were observed at V95% to the rectum and
bladder. As the line objective is unable to function in the overlap region
with the target volume, the difference between priorities for the upper
objective at maximum dose affected the V95%.

The following methods may be useful for reducing inter-planner
variation for consistent plan quality. 1) An experienced planner defines

preset objectives at the model configuration to eliminate priority
modification [27]. 2) Beginner planners are required to train for opti-
mization without the RapidPlan. 3) Plans optimized with RapidPlan
should be checked by experienced planners. The RapidPlan has a
heuristic aspect, which leads to inter-planner variation during compli-
cated VMAT planning. Planners should unify on how to use the Ra-
pidPlan, such as defining a priority modification procedure and adding
an objective rule. The development of a fully automated treatment
planning system with a deep learning and neural network may improve
the inter-planner variation.

There are some limitations to this study. Only priority modification
was allowed, and objectives placed at fixed points were used. In clinical
practice, inter-planner variation may be increased by changing the
point of the objective. HPO and WP VMAT plans were created for five
patients each. More samples are required to perform statistical analyses.
Beginners should not generate plans to be delivered clinically. The KBP
should be useful only for training and for didactic reasons. All PQM
scores were low compared to the maximum in this study, although the
quality of plans was not absolutely low. It was caused by assigned
scores to the targets. Maximum scores for D98% and D95% of the PTV
were assigned to 52 Gy and maximum scores for D98% and D95% of the
nodal PTV were assigned to 46.8 Gy in WP VMAT plans. These doses are
the same to the prescription doses. The results may suffer of the limited
range of the PQM scores.

5. Conclusion

Inter-planner variation in the plan quality with RapidPlan remains,
especially for the complicated VMAT plans, due to planners’ heuristics.
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