
Abstract. Background/Aim: We evaluated the dosimetric
profiles of manually generated volumetric-modulated arc
therapy (VMAT) plans and performance of a commercial
knowledge-based planning system (KBP) in treating breast
cancer. Materials and Methods: We defined the manually
generated VMAT plan as the manual plan (MP). Twenty MPs
were generated for left-sided breast cancer patients who
underwent breast-conserving surgery and used to develop a
KBP training set. The other five patients were used for
validation. The dosimetric parameters among MPs,
tangential irradiation plans (TPs), and KBP-VMAT plans
(KBP-Ps) were compared. Results: D95 and homogeneity of
the planning target volume (PTV) were significantly higher
and greater in MPs and KBP-Ps than in TPs. Lung V20, V40.
The Dmean for the left anterior descending artery was lower
in MPs and KBP-Ps than in TPs. KBP could save time in
generating VMAT plans. Conclusion: MPs and KBP-Ps
could ensure higher dose uniformity of PTV than TPs. KBP
could faster generate comparable MPs for breast cancer.

Breast cancer is one of the most common malignancies in
women worldwide (1). Partial mastectomy followed by
postoperative radiotherapy is a well-established treatment for
early-stage breast cancer (2, 3). The tangential irradiation
technique has been used in postoperative radiotherapy for
breast cancer (4).

However, tangential irradiation for breast cancer presents
several issues. Anatomical features such as a pigeon breast
might facilitate the delivery of higher doses to the normal
lungs (5). It is challenging to generate a treatment plan that
facilitates both good conformity of radiation doses
administered to the target and reduction in radiation doses
administered to the normal organs. Therefore, intensity-
modulated radiation therapy (IMRT) has been discussed to
have a potential benefit in postoperative radiotherapy for
breast cancer (6-12). However, IMRT modalities including
volumetric-modulated arc therapy (VMAT) have been less
commonly used in clinical practice (9). One of the reasons
for this may be that generating IMRT or VMAT plans is
more complex and time-consuming than planning for
tangential irradiation.

A new commercial knowledge-based planning (KBP)
optimization engine, RapidPlan (VarianMedical Systems,
Palo Alto, CA, USA), was developed and released for
clinical use. RapidPlan predicts achievable dose-volume
histograms (DVHs) and automatically generates optimization
objectives to realize the prediction. Although the benefits of
RapidPlan are still being investigated, there have been many
reports of improvements in sparing organs at risk (OARs)
using KBP (13-18). The mechanical performance and
dosimetric accuracy of KBP have also been verified,
showing that KBP could be safely used in clinical practice
(17-19). However, to date there are only a few reports on the
application of KBP in breast cancer. Thus, this study sought
to evaluate the target coverage and normal tissue-sparing
profile of conventional tangential plans, manually generated
VMAT plans, and VMAT plans generated by KBP in breast
cancer.

Materials and Methods
This study was approved by our institutional review board (approval
no. 29-133).
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Manually generated VMAT planning and training of KBP. First, 20
VMAT plans were generated in 20 breast cancer patients as a
training set for generating KBP. These 20 patients were those who
received radiotherapy after breast-conserving surgery for left breast
cancer or bilateral breast cancer in 2018 at our hospital. They were
treated by tangential irradiation technique and prescribed 50 Gy in

25 fractions and 10 Gy in five fractions administered to the tumour
bed if positive margins were suspected. Regional lymph nodes were
not included in the target area. The characteristics of the included
patients are presented in Table I.

Clinical tumour volume (CTV) was defined as the whole breast.
For this study, we re-contoured CTV and OARs according to the
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Table I. Characteristics of the 20 patients used for a training set and the five patients used for a validation set.

Characteristics Training set (n=20) Validation set (n=5)

Gender All female All female
Age (year) mean (SD) 63.0 (9.7) 54.9 (11.4) 
Body mass index mean (SD) 24.1 (4.4) 19.9 (2.3)
Side of breast tumour Bilateral 4 Bilateral 1

Left 16 Left 4
Region of left breast cancer A 3 A 2

B 1 C 2
C 4 AC 1
D 2
E 1

AC 1
CD 5

ACE 1
Smoke (pack years) mean (SD) 3.9 (8.7) 2.0 (4.0)
ECOG-PS 0 20 0 20
Operation technique Bp 4 Bp 1

Bp+SNLB 14 Bp+SNLB 4
Bp+Ax(I) 2

Pathology of left breast cancer Invasive ductal carcinoma 14 Invasive ductal carcinoma 4
Scirrhous carcinoma 7 Scirrhous carcinoma 2

Papillotubular carcinoma 4 Papillotubular carcinoma 1
Solid-tubular carcinoma 2 Solid-tubular carcinoma 1

Mucinous carcinoma 1 Mucinous carcinoma 0
Ductal carcinoma in situ 6 Ductal carcinoma in situ 1

Preoperative therapy None 18 None 5
Weekly PTX+Tmab 1
Weekly PTX+AC 1

Postoperative Stage (UICC 8th ed.) 0 6 0 1
IA 12 IA 2
IIA 2 IB 1

IIA 1
Size of tumour (mm), mean (SD) 9.9 (5.7) 10.8 (6.9)
Postoperative treatment RT 7 RT 1

RT+endocrine therapy 10 RT+endocrine therapy 3
RT+AC+Tmab 2 RT+AC+weeklyPTX 1

RT+Tmab 1
Radiation therapy 50 Gy/25 Fr 17 50 Gy/25 Fr 4

60 Gy/30 Fr 3 60 Gy/30 Fr 1
Clinical acute events for radiation

Dermatitis Grade 1 18 Grade 1 4
Grade 2 2 Grade 2 1

Fatigue Grade 1 8
Clinical late events for radiation

Pneumonia Grade 1 1
Grade 2 1

Dry skin Grade 1 3
Hyperpigmentation Grade 1 1 Grade 1 1

Bp: Partial mastectomy; SNLB: sentinel lymph node biopsy; Ax (I): axillary lymph node (level I) dissection; PTX: paclitaxel; AC: Adriamycin plus
cyclophosphamide; Tmab: trastuzumab.



Inoue et al: Experimental Knowledge-based Planning in Breast Cancer

1097

Figure 1. Comparison of dosimetric parameters in each model. (A) Dose irradiated to 95% volume (D95) for PTV, (B) HI defined as (D2 −
D98)/D50×100, (C) The whole lung volume percentage receiving 5 Gy (V5), (D) V20 for the whole lung, (E) V40 for the whole lung, (F) Dmean
for the heart, and (G) Dmean for the LAD. TP: Tangent irradiation plan; MP: manually generated plan; KBP: knowledge-based planning PTV:
planning target volume; HI: homogeneity index.



Radiation Therapy Oncology Group (RTOG) contouring atlas (20).
A margin of 5 mm was added to the CTV to generate the planning
target volume (PTV). For optimization, PTV was limited to within
2 mm of the body structure. The prescription dose for KBP was a
total of 50 Gy in 25 fractions for each patient. Each VMAT plan
was designed to cover 95% of PTV by at least 95% of the
prescription dose (21). The dose constraints for OAR are shown in
Table II. We defined the manually generated VMAT plan as the
manual plan (MP). MPs included dose constraints to the PTV,
contralateral and ipsilateral lungs, heart, right breast, and stomach.
Then, the KBP was trained using the 20 MPs.

A commercial treatment planning system (TPS) (Eclipse version
15.6; Varian Medical Systems, Palo Alto, CA, USA), 6-MV photon
Flattening Filter Free beams, and four full arcs of VMAT were
applied (Gantry angle: 181˚-179˚ clockwise, and 179˚-181˚
counterclockwise) for treatment using Halcyon 1.0 (Varian Medical
Systems, Palo Alto, CA, USA). All VMAT plans were optimized
with the photon optimizer and calculated with the Varian Analytic
Anisotropic Algorithm. In this model, the geometric or dosimetric
outliers were not excluded since the removal of statistical outliers
had no significant impact on establishing the model (22).

Validation of KBP. The other five patients who received
postoperative radiotherapy for left breast cancer were selected for
validation sets. The characteristics of these patients are also
summarized in Table I. These five patients were also re-contoured
according to the RTOG atlas and then five MPs were generated.
Five KBP-VMAT plans (KBP-Ps) were generated using KBP. In the
optimization process by KBP, optimization objectives termed “line
objectives” were placed along the inferior DVH prediction boundary
for OARs and priority values were generated by the KBP
automatically. For the PTV, upper and lower objectives were used
at 50 Gy and 49.5 Gy, respectively.

Tangential irradiation plans (TPs) were re-planned for re-
contoured PTV. TPs were planned to be treated by TrueBeam
(Varian Medical Systems, Palo Alto, CA, USA) with 6-MV X-rays.
The optimal dose distribution was achieved by using a wedge or
field-in-field technique.

We compared the dose-volume parameters of each plan using
single optimized KBP-Ps, MPs, and TPs. The analysed dosimetric
parameters in OARs included the volume receiving 5 Gy or greater
(V5), V20, and V40 for lungs; the mean dose (Dmean) for the heart;
and the Dmean for the left anterior descending artery (LAD). The

dose received by 95% of the PTV (D95) and homogeneity index
(HI), defined as (D2 − D98)/D50, were also evaluated.

Statistical analysis. Study data are expressed as means with standard
deviations in parentheses unless otherwise indicated (Table III). The
data were analysed using a matched-paired t-test. All analyses were
performed using GraphPad Prism version 8.2.1 (GraphPad Software,
Inc., San Diego, CA, USA) and differences were considered
statistically significant at a p-value of less than 0.05.

Results

Table III and Figure 1 show the dosimetric results of the TPs,
MPs, and KBP-Ps. Figure 2 shows the dose distribution of the
TPs, MPs, and KBP-Ps and the DVHs of the MPs and KBP-Ps.

Comparison between MP and TP. The mean D95 values for
PTV were 47.5 Gy and 42.6 Gy for the MPs and TPs,
respectively; they were significantly different (p=0.01) (Figure
1A). The HI value of MPs was significantly lower than that of
TPs (p=0.011) (Figure 1B). Lung V5 values were 23.4% and
14.6% for MPs and TPs, respectively; they were significantly
different (p=0.008) (Figure 1C). Conversely, the lung V20 of
MPs was significantly lower than that of TPs (6.2% and 9.0%
for MPs and TPs, respectively; p=0.04) (Figure 1D). Similarly,
the lung V40 values were 0.9% and 6.8% for MPs and TPs,
respectively; they were significantly different (p=0.003) (Figure
1E). Separately, the heart Dmean value of MPs was 12.2 Gy,
while that of TPs was 3.3 Gy (p=0.0008) (Figure 1F).The
Dmean for the LAD was significantly lower in MPs than in TPs
(27.7 Gy vs. 18.5 Gy; p=0.024) (Figure 1G).

Comparison between KBP-P and MP. No significant
differences in lung V5, heart Dmean, and PTV D95 were
observed between KBP-Ps and MPs. However, KBP-P
achieved slightly but significantly lower lung V20 and V40
in comparison with MPs (p=0.0073 and 0.010, respectively)
(Figure 1D and E). In terms of planning time, it took roughly
two hours to generate one MP, while one KBP-P was
generated almost within 15 min.

Discussion

Here, dosimetric parameters of TPs, MPs, and KBP-Ps were
compared. MPs and KBP-Ps improved the homogeneity for PTV
relative to TPs. However, lung V5 and heart Dmean were
increased in VMAT plans, although lung V20 and V40 and LAD
Dmean of VMAT plans were significantly lower than those of
TPs. These results were similar to those of previous reports
comparing dose parameters between TPs and IMRT/VMAT plans
(10-12). Increased lung V5 and heart Dmean may constitute
disadvantages of VMAT plans in comparison with TPs.

In terms of lung V5, a large-sized clinical trial for locally
advanced non-small-cell lung cancer has recently shown that
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Table II. Dose constraints in OARs for VMAT planning.

PTV D95 ≥95%
PTV D05 ≤110%
Ipsilateral lung V20 Gy ≤33%
Ipsilateral lung V10 Gy ≤68%
Ipsilateral lung mean dose ≤20%
Contralateral lung V20 Gy ≤8%
Heart V25 Gy ≤25%
Heart maximum point dose ≤50 Gy
Contralateral intact breast mean dose ≤5 Gy
Stomach mean dose ≤5 Gy
Cord maximum point dose ≤20 Gy

OARs: Organs at risk; PTV: planning target volume.



lung V5 was not associated with grade 3 radiation pneumonitis
(23). In the RTOG0617 trial, lung V5 was 61.6%. Even though
lung V5 was increased relative with TPs in this study, its values
were only 23.4% and 25.7% in MPs and KBP-Ps, respectively.
Lung V20 and V40 were significantly lower in VMAT plans
than in TPs. These results indicate that VMAT plans were safer
for radiation pneumonitis than tangential irradiation.

Radiation delivery to the heart in this context is
unavoidable. In the MPs and KBP-Ps, heart Dmean was
approximately four times larger than that in TPs. The heart
dose is increased in this way because of the optimization
method. Here, we constrained the contralateral and ipsilateral
lungs’ doses strongly, and the beam angles were designed to
avoid both lungs. However, those constraints could increase
the radiation doses to the mediastinum area including the
heart (Figure 2A). Darby et al. have shown that the rate of
major coronary events for breast cancer increased linearly by
7.4% per Gy of mean heart dose (24). However, Abouegylah
et al. have revealed that the dose to the LAD was a
significant parameter to use to predict the risk of radiation-
induced cardiotoxicity (25). In the case of left-sided
tangential irradiation, The LAD is close to the PTV and
tended to receive a higher dose. Here, the LAD Dmean was
significantly lower in VMAT plans than in TPs. The heart
Dmean is calculated from the heterogeneous dose
distribution including both high- and low-dose radiation
areas. Therefore, we considered the LAD Dmean as more
important than heart Dmean for discerning late complications
of cardiac events, so the MPs and KBP-Ps were acceptable.

Both KBP-P and MP generated similar VMAT plans
with no significant differences in HI, lung V5, heart and
LAD. Therefore, it can be argued that we could create
VMAT plans with almost the same quality using KBP.
KBP tended to suppress lung V20 and V40 doses more
significantly than those seen in MPs. Only few studies

have described the use of KBP in breast cancer. Some
reports have suggested that KBP was useful even if the
planner is a beginner (14, 26, 27). Overall, this study
suggests that MPs and KBP-Ps were acceptable
developments following breast-conserving surgery, and
KBP could generate almost the same VMAT plans as MPs
within a short time. Further validation studies should focus
on the feasibility of KBPs for breast cancer.

Conclusion
After breast-conserving surgery, a single optimized KBP
could generate VMAT plans comparable to MPs while also
saving time.

Conflicts of Interest
The Authors declare that no conflicts of interest exist regarding this
study.

Authors’ Contributions
Concept and design: EI, HD, HM, MT. Treatment planning: EI, HD,
MI, KI, KN. Clinical evaluation: EI, HD. Data analysis: EI, HD,
HM, MT. Manuscript preparation: EI, HD, HM, MT, YN.
All Authors read and approved the final manuscript.

Acknowledgements
Authors would like to thank Enago (www.enago.jp) for the English
language review. 

Funding
The study was partially supported by the National Cancer Center
Research and Development Funds (29-A-3), and a Grant JSPS
KAKENHI Grant Number JP17K16493, JP19K08135.

Inoue et al: Experimental Knowledge-based Planning in Breast Cancer

1099

Table III. Results of dosimetric parameters for TPs, MPs, and KBP.

TP p-Value p-Value MP p-Value KBP
(TP vs. MP) (TP vs. KBP) (MP vs. KBP)

Whole lung
V5 (%) 14.6 (2.8) 0.0087 <0.0001 23.4 (2.0) 0.28 25.7 (2.7)
V20 (%) 9.0 (2.5) 0.040 0.0025 6.2 (0.6) 0.0073 5.5 (0.5)
V40 (%) 6.8 (2.5) 0.0030 0.0021 0.9 (0.3) 0.010 0.3 (0.2)
Heart
Dmean 3.3 (1.6) 0.0008 0.0009 12.2 (1.3) 0.34 13.0 (1.7)
V25 (%) 3.6 (3.1) 0.96 0.40 3.8 (4.2) 0.12 6.1 (4.9)
LAD
Dmean (Gy) 27.7 (4.6) 0.024 0.033 18.5 (5.1) 0.43 18.9 (5.7)
PTV
D95 (Gy) 42.5 (2.4) 0.010 0.010 47.5 (0.0) Not applicable 47.5 (0.0)
HI 0.5 (0.3) 0.011 0.011 0.1 (0.0) 0.51 0.1 (0.0)

TP: Tangential irradiation plan; MP: manually generated plan; KBP: knowledge-based planning; PTV: planning target volume; HI: homogeneity index.
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