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This study aimed to evaluate the robustness against geometric uncertainties in the hybrid intensity-
modulated radiation therapy (IMRT) plans generated by commercially available software for 
automated breast planning (ABP). The ABP plans were compared with commonly used forward-
planned field-in-field (FIF) technique plans. The planning computed tomography datasets of 20 
patients who received left-sided breast-conserving surgery were used for both the ABP and FIF plans. 
Geometric uncertainties were simulated by shifting beam isocenters by 2, 3, 5, and 10 mm in the 
six directions: anterior/posterior, left/right, and superior/inferior. A total of 500 plans (20 patients 
and 25 scenarios, including the original plan) were created for each of the ABP and FIF plans. The 
homogeneity index of the target volume in the ABP plans was significantly better (p < 0.001) than the 
value in the FIF plans in the scenarios of shifting beam isocenters by 2, 3, and 5 mm. Mean heart dose 
and percentage volume of lungs receiving a dose more than 20 Gy were clinically acceptable in all 
scenarios. The hybrid IMRT plans generated by commercially available ABP software provided better 
robustness against geometric uncertainties than forward-planned FIF plans.

Breast cancer is the most common cancer affecting women in many countries, with more than 2 million breast 
cancer patients per year worldwide1. Breast conservation therapy is the standardized treatment for early-stage 
breast cancer, and whole breast irradiation after breast-conserving surgery has been established for reducing 
local recurrence and breast cancer mortality2–5. Several advanced techniques such as intensity-modulated radia-
tion therapy (IMRT) have been developed in the past 20 years. The tangential breast IMRT technique has been 
applied to improve target dose homogeneity and reduce excessive high-dose regions (called “hot spots”) for 
whole breast irradiation. Several randomized controlled trials indicated that breast IMRT reduces acute toxici-
ties, such as edema, erythema, moist desquamation, and breast pain, compared with the conventional physical 
wedge technique6–9. Generally, more expertise and planning time are required to generate a breast IMRT plan 
than to create a plan with the conventional physical wedge technique. Therefore, automated breast planning 
(ABP) software has been developed to decrease the cost of planning time in several institutions using in-house 
programs or commercially available software10–13.

One of the disadvantages of the breast IMRT technique is unexpected dose deviations caused by geometric 
uncertainties in the patient setup and/or respiratory motion14–17. One approach to mitigate the effect of geometric 
uncertainties is the use of a hybrid technique. A hybrid IMRT plan includes not only inverse-planned IMRT fields 
but also glancing open fields for breast flash. Several previous studies mentioned that the hybrid IMRT plan may 
have more robustness against geometric uncertainties than a full IMRT plan. However, these investigations were 
performed in a limited number of scenarios14,17. Moreover, hybrid IMRT planning generated by commercially 
available software for ABP has not yet been investigated.
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This study aimed to evaluate the robustness against geometric uncertainties in the hybrid IMRT plans gener-
ated by commercially available ABP software. The ABP approach was compared with clinical treatment plans 
that comprised forward-planned field-in-field (FIF) technique in terms of the target dose and the dose for the 
organ at risk.

Methods
Ethical approval and informed consent.  All procedures in studies involving human participants were 
performed in accordance with the ethical standards of the institutional review board of the St. Luke’s Interna-
tional Hospital and with the 1964 Helsinki Declaration and its later amendments or comparable ethical stand-
ards. The study protocol was approved by the institutional review board of the St. Luke’s International Hospital 
(approval number: 16-R070). Informed consent was obtained from all the patients before the computed tomog-
raphy (CT) simulation.

Patient population and CT simulation.  A total of 20 patients who received left-sided breast conserva-
tion therapy at our institution from September 2016 to August 2017 were prospectively enrolled. The patients 
received whole breast irradiation after breast-conserving surgery with no regional lymph node irradiation. The 
CT simulation was performed with a patient lying supine with wing support immobilization (Engineering Sys-
tem Co., Matsumoto, Nagano, Japan), with both arms raised above the head. A LightSpeed RT16 helical CT 
scanner (GE Healthcare, Waukesha, WI, USA) was used to acquire images at a slice thickness of 2.5 mm without 
breath holding.

Treatment instrument and prescribed dose.  A Clinac 21EX linear accelerator (Varian Medical Sys-
tems, Palo Alto, CA, USA) with an 80-leaf Millennium multileaf collimator was used as the treatment machine. 
A total dose of 42.56 Gy in 16 fractions was used for the prescribed dose. All treatment plans were composed 
with 4-MV photon beams, and collapsed cone convolution superposition was selected for the dose calculation 
algorithm. The grid size for dose calculation was set to a constant value of 2 mm.

FIF plans.  The Pinnacle3 radiation treatment system (version 9.10, Philips Radiation Oncology Systems, 
Fitchburg, WI, USA) was used for clinical treatment planning. Forward-planned FIF plans that comprised two 
tangential open beams and 1–3 subfields at the same gantry angles were generated. The mammary gland as the 
clinical target volume (CTV), heart, and lungs were defined in accordance with the European Society for Radio-
therapy and Oncology (ESTRO) consensus guidelines. The planning target volume was defined as the CTV plus 
a three-dimensional 10-mm margin (posterior side: 5 mm). The heart and lungs were shielded by a multileaf col-
limator for the dose reduction. A point-dose prescription for the reference point within the CTV was performed. 
The details of the FIF plans in our institution have been described in previous studies13,18.

ABP plans.  The ABP plans were generated by RayStation software (version 4.7.4.4; RaySearch Laboratories, 
Stockholm, Sweden, the algorithm of ABP has been confirmed to be the same from version 4 to 10)10,11,19. Whole 
breast site and breast coverage modes from the default planning parameters in the ABP software settings were 
applied. The tangential breast plan in this ABP software is hybrid IMRT, comprising two opposed open fields 
and the inversely optimized IMRT fields set at the same gantry angles. The open fields were weighted to approxi-
mately 80% of the total monitor units (MUs)10,13. The average dose prescription was performed for an automati-
cally defined CTV as a normal setting of the ABP software. Our previous study detailed the characteristics of the 
ABP plan and the clinical acceptability13.

Simulations of setup errors and dose‑volume data comparison.  Setup errors were simulated by 
shifting beam isocenters by 2, 3, 5 and 10 mm in the six directions: anterior/posterior, left/right, and superior/
inferior. A total of 500 plans (20 patients and 25 scenarios, including the original isocenters plan) were created 
for each of FIF plans and ABP plans. The influence of the shift of isocenters was assessed by the target dose 
region of original isocenters plans, heart, and lungs. The prescribed 90% dose volume was created as the target 
dose region from the isodose line in each of the FIF and ABP original isocenters plans. Manually defined heart 
and lungs were used in this evaluation as the gold standard, although ABP software automatically generates the 
structures. Dose-volume data regarding the homogeneity index (HI) of 90% dose volume, mean dose (Dmean) 
of the heart, and percentage volume of bilateral lungs receiving dose greater than 20 Gy (V20 Gy) were recorded. 
HI was defined from the International Commission on Radiation Units and Measurements (ICRU) Report 83 
as follows20:

where Dx% is the absorbed dose received by x% of the volume.

Statistical analysis.  We used R software (version 3.4.1, R Foundation for Statistical Computing, Vienna, 
Austria) for statistical analysis21. A paired t-test was used for comparisons between FIF plans and ABP plans, 
with p < 0.05 considered significant.

(1)HI = (D2%−D98%)/D50%
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Results
Target dose and homogeneity.  Table 1 presents the analysis of dose-volume data for the target dose and 
homogeneity using 90% dose volume of original isocenters plans as the target dose region. The mean D98% values 
of FIF and ABP plans at the original isocenters were 3843 ± 18 cGy and 3843 ± 12 cGy, respectively (p = 0.958). 
The D2% and HI values of the original ABP plans (4428 ± 48  cGy and 0.138 ± 0.011) were significantly lower 
(p < 0.001) than the value in the original FIF plans (4526 ± 14 cGy and 0.160 ± 0.005). In the scenarios of shifting 
beam isocenters by 2, 3, 5, and 10 mm, the D2% and HI values of ABP plans (D2%: 4435 ± 46 cGy, 4441 ± 47 cGy, 
4461 ± 51  cGy, 4523 ± 74  cGy; HI: 0.151 ± 0.023, 0.173 ± 0.052, 0.282 ± 0.185, 0.549 ± 0.351) were significantly 
lower (p < 0.001) than the value in FIF plans (D2%: 4530 ± 21 cGy, 4534 ± 27 cGy, 4545 ± 39 cGy, 4581 ± 65 cGy; 
HI: 0.174 ± 0.028, 0.197 ± 0.063, 0.297 ± 0.178, 0.565 ± 0.330), except for HI of 10-mm shifted plans (p = 0.086). 
Figure 1 shows the dose-volume histograms of 90% dose volume among FIF plans and ABP plans. The ABP 
plans exhibited better target dose coverage and homogeneity than the FIF plans in the scenarios of shifting beam 
isocenters by 2, 3 and 5 mm.

Table 1.   Analysis of dose-volume data of 90% dose volume. Dx%, absorbed dose received by x% of the volume; 
HI, homogeneity index; FIF, field-in-field technique; ABP, automated breast planning. The prescribed 90% 
dose volume was created from isodose line in each FIF and ABP original isocenter plans. Data are presented as 
the mean ± standard deviation [range]. The p values are from the paired t test.

Isocenter shift 
(mm)

D98% (cGy)

p

D2% (cGy)

p

HI

pFIF plans ABP plans FIF plans ABP plans FIF plans ABP plans

0

3843 ± 18 
[3809–3890]

3843 ± 12 
[3816–3866]

0.958

4526 ± 14 
[4503–4543]

4428 ± 48 
[4372–4553]

< 0.001 0.160 ± 0.005 
[0.152–0.172]

0.138 ± 0.011 
[0.121–0.167] < 0.001

(90.3 ± 0.4% 
[89.5–91.4])

(90.3 ± 0.3% 
[89.7–90.8])

(106.4 ± 0.3% 
[105.8–106.8])

(104.0 ± 1.1% 
[102.7–107.0])

2

3792 ± 102 
[3324–3923]

3797 ± 93 
[3508–3917]

0.161

4530 ± 21 
[4485–4576]

4435 ± 46 
[4365–4573]

< 0.001 0.174 ± 0.028 
[0.134–0.287]

0.151 ± 0.023 
[0.114–0.214] < 0.001

(89.1 ± 2.4% 
[78.1–92.2])

(89.2 ± 2.2% 
[82.4–92.0])

(106.4 ± 0.5% 
[105.4–107.5])

(104.2 ± 1.1% 
[102.6–107.4])

3

3695 ± 245 
[2570–3931]

3710 ± 217 
[2918–3924]

0.083

4534 ± 27 
[4475–4599]

4441 ± 47 
[4363–4585]

< 0.001 0.197 ± 0.063 
[0.132–0.471]

0.173 ± 0.052 
[0.114–0.365] < 0.001

(86.8 ± 5.8% 
[60.4–92.4])

(87.2 ± 5.1% 
[68.6–92.2])

(106.5 ± 0.6% 
[105.1–108.1])

(104.3 ± 1.1% 
[102.5–107.7])

5

3286 ± 717 
[1167–3941]

3277 ± 773 
[1191–3933]

0.711

4545 ± 39 
[4454–4644]

4461 ± 51 
[4362–4615]

< 0.001 0.297 ± 0.178 
[0.130–0.817]

0.282 ± 0.185 
[0.119–0.810] < 0.001

(77.2 ± 16.8% 
[27.4–92.6])

(77.0 ± 18.2% 
[28.0–92.4])

(106.8 ± 0.9% 
[104.7–109.1])

(104.8 ± 1.2% 
[102.5–108.4])

10

2201 ± 1333 
[354–3932]

2229 ± 1448 
[271–3928]

0.446

4581 ± 65 
[4458–4735]

4523 ± 74 
[4373–4715]

< 0.001 0.565 ± 0.330 
[0.128–1.049]

0.549 ± 0.351 
[0.139–1.116] 0.086

(51.7 ± 31.3% 
[8.3–92.4])

(52.4 ± 34.0% 
[6.4–92.3])

(107.6 ± 1.5% 
[104.7–111.3])

(106.3 ± 1.7% 
[102.7–110.8])

Figure 1.   Comparison of dose-volume histograms of 90% dose-volume among FIF plans and ABP plans. FIF, 
field-in-field technique; ABP, automated breast planning. The prescribed 90% dose volume was created from 
isodose line in each FIF and ABP original isocenters plans.
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Dose for organ at risk.  Table 2 presents the analysis of dose-volume data of the heart and bilateral lungs. The 
Dmean value for the heart of the original ABP plans (128.7 ± 53.9 cGy) was significantly higher (p = 0.006) than the 
value in the original FIF plans (103.0 ± 26.9 cGy). In all isocenter-shifted scenarios (2, 3, 5, and 10 mm), the Dmean 
values for the heart of ABP plans (129.7 ± 55.6 cGy, 130.9 ± 59.1 cGy, 134.9 ± 69.2 cGy, 152.2 ± 106.8 cGy) were 
significantly higher (p < 0.001) than the values in FIF plans (103.8 ± 28.8 cGy, 104.8 ± 31.8 cGy, 108.0 ± 40.2 cGy, 
123.3 ± 71.9 cGy). The differences between FIF plans and ABP plans for the V20 Gy value of bilateral lungs were 
not significant in the original isocenters (FIF: 4.2 ± 1.3%; ABP: 4.2 ± 1.0%; p = 0.989). In all isocenter-shifted sce-
narios (2, 3, 5, and 10 mm), the V20 Gy values for bilateral lungs of ABP plans (4.2 ± 1.1%, 4.2 ± 1.2%, 4.2 ± 1.5%, 
4.2 ± 2.5%) showed no significant differences (p = 0.966, 0.959, 0.948, 0.984) compared with FIF plans (4.2 ± 1.4%, 
4.2 ± 1.5%, 4.2 ± 1.8%, 4.2 ± 2.7%). Figures 2 and 3 show the dose-volume histograms of heart and bilateral lungs 
among FIF and ABP plans. In the 10-mm shifted scenario, several ABP plans had a larger high dose volume of 
the heart (e.g., > 25 Gy) than FIF plans. No differences were observed for the bilateral lungs dose between FIF 
and ABP plans in all situations.

Discussion
This study confirmed that ABP plans were more homogeneous for the target dose than FIF plans in the situations 
of shifting the beam isocenters within 5 mm. The finding of superiority of ABP plans as hybrid IMRT was similar 
to previous study findings, although the hybrid plan was generated fully automatically16,17. In all situations, the 
minimum dose represented by D98% values of the target region was equal between FIF and ABP plans, and the 
maximum dose represented by D2% values of ABP plans was lower compared with FIF plans. Accordingly, ABP 
plans had fewer hot spots than FIF plans, although the prescribed dose for the target was ensured. Even if the 
isocenter shifting was performed with 10 mm, the HI value of ABP plans was not significantly poorer compared 
with FIF plans. Although previous studies investigated the effect of setup uncertainties for the breast IMRT 
technique, the simulations for setup errors were performed with limited directions and amplitudes14,17. The 
results of this study indicated that ABP plans are not inferior to FIF plans in general clinical situations and that 
APB plans are superior to FIF plans in most cases for target coverage and homogeneity.

The robustness of ABP plans was caused by the clinically efficient setting of the automated planning algo-
rithms for generating the beams. Table 3 presents the comparison of beam parameters for FIF and ABP plans. 
The ABP plans had a significantly larger (p < 0.001) number of segments for providing a homogeneous target 

Table 2.   Analysis of dose-volume data of the heart and bilateral lungs. Dmean, mean dose; Vx Gy, percentage 
volume receiving dose greater than x Gy; FIF, field-in-field technique; ABP, automated breast planning. Data 
are presented as the mean ± standard deviation [range]. The p values are from the paired t test.

Isocenter shift (mm)

Heart/Dmean (cGy)

p

Bilateral lungs/V20 Gy (%)

pFIF plans ABP plans FIF plans ABP plans

0 103.0 ± 26.9 [68.0–155.1] 128.7 ± 53.9 [64.5–228.9] 0.006 4.2 ± 1.3 [2.3–7.1] 4.2 ± 1.0 [2.6–6.9] 0.989

2 103.8 ± 28.8 [62.6–187.1] 129.7 ± 55.6 [58.4–281.4] < 0.001 4.2 ± 1.4 [1.8–7.8] 4.2 ± 1.1 [2.1–7.6] 0.966

3 104.8 ± 31.8 [60.1–209.0] 130.9 ± 59.1 [55.9–310.3] < 0.001 4.2 ± 1.5 [1.5–8.1] 4.2 ± 1.2 [1.8–7.9] 0.959

5 108.0 ± 40.2 [54.4–259.0] 134.9 ± 69.2 [51.2–372.6] < 0.001 4.2 ± 1.8 [1.0–8.9] 4.2 ± 1.5 [1.4–8.6] 0.948

10 123.3 ± 71.9 [41.3–415.6] 152.2 ± 106.8 
[40.9–549.9] < 0.001 4.3 ± 2.7 [0.3–10.7] 4.3 ± 2.5 [0.4–10.4] 0.984

Figure 2.   Comparison of dose-volume histograms of the heart among FIF plans and ABP plans. FIF, field-in-
field technique; ABP, automated breast planning.
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dose by intensity modulation of the beams. However, the differences between FIF and ABP plans for MUs of 
open segments were not significant (FIF: 143.9 ± 7.9 MU, ABP: 142.3 ± 5.1 MU; p = 0.324). The balanced setting of 
ABP algorithms between the intensity-modulated fields and open fields led to superiority in terms of robustness 
against geometric uncertainties compared with FIF plans. All ABP plans were automatically generated as hybrid 
IMRT plans with open fields for the breast flash. Generally, the open fields for the breast flash were not considered 
in optimization modules for inverse planning or required some cumbersome procedures for the planning. The 
ABP software can generate a plan in approximately 5 min; therefore, it may be a suitable tool for several institu-
tions where hybrid IMRT plans cannot be used for their patients due to the cost of planning time11,13.

The dose for the organ at risk was evaluated for the heart and bilateral lungs. The heart dose in the original 
ABP plans was significantly higher compared with that for the original FIF plans. This result was the same 
as in the previous study, and we consider that the difference of the heart dose was caused by aggressive heart 
shielding for FIF plans in our institution13. The tendencies for the heart dose between FIF and ABP plans were 
observed in all scenarios of shifting beam isocenters. The average of Dmean value for the heart in FIF and ABP 
plans was clinically acceptable in all scenarios. However, high dose volume of the heart was increased in several 
10-mm shifted ABP plans. Although the 10-mm systematically shifted scenario for all fractionations is unlikely 
in common clinical situations, in the case of trade-off between the target coverage and the risk of cardiac dose 
escalation, the combination of hybrid IMRT and the deep inspiration breath-hold technique is considered the 
optimal setting for patients22–24.

This study has several limitations. First, this study demonstrated geometric uncertainties using beam isocenter 
shifting, for which it was hypothesized that the same setup errors occur systematically across all fractions in a 
treatment course. The effects of random shift changes during a treatment course with different numbers of frac-
tion were not simulated. Additionally, the dosimetric impact of the interplay effect and organ deformation due 
to respiratory motion was not validated25,26. A previous study reported that no special consideration is required 
for breast IMRT with typical fractionation27. However, it may be safe to consider using breath-hold and/or the 
image-guided technique for the treatment of a small number of fractions such as an ultra-hypofractionations28.

In conclusion, the hybrid IMRT plans generated by commercially available ABP software were superior to 
forward-planned FIF plans in terms of robustness against geometric uncertainties. The ABP software has the 
potential to provide high-quality and robust treatment for a large number of breast cancer patients without 
increasing planning time.

Figure 3.   Comparison of dose-volume histograms of bilateral lungs among FIF plans and ABP plans. FIF, field-
in-field technique; ABP, automated breast planning.

Table 3.   Comparison of beam parameter. FIF, Field-in-field technique; ABP, automated breast planning; MUs, 
monitor units. Data are presented as the mean ± standard deviation [range]. The p values are from the paired t 
test.

Parameter n FIF plans ABP plans p

Number of segments/plan 20 4.5 ± 1.2 [3.0–9.0] 9.9 ± 1.4 [7.0–13.0] < 0.001

Total MUs/plan 20 325.0 ± 14.6 [303.0–357.0] 361.4 ± 12.6 [334.5–381.9] < 0.001

MUs of open segment/beam 40 143.9 ± 7.9 [126.7–158.4] 142.3 ± 5.1 [132.9–153.8] 0.324

Weight of open segment/beam (%) 40 88.8 ± 5.8 [73.8–100.0] 78.8 ± 3.6 [71.5–85.8] < 0.001
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Data availability
The datasets used and analyzed during the current study are available upon reasonable request. Please contact 
the corresponding author for data requests.

Received: 21 July 2021; Accepted: 13 January 2022

References
	 1.	 Bray, F. et al. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 

countries. CA Cancer J. Clin. 68, 394–424. https://​doi.​org/​10.​3322/​caac.​21492 (2018).
	 2.	 Clark, R. M. et al. Randomized clinical trial of breast irradiation following lumpectomy and axillary dissection for node-negative 

breast cancer: An update. Ontario Clinical Oncology Group. J. Natl. Cancer Inst. 88, 1659–1664. https://​doi.​org/​10.​1093/​jnci/​88.​
22.​1659 (1996).

	 3.	 Veronesi, U. et al. Twenty-year follow-up of a randomized study comparing breast-conserving surgery with radical mastectomy 
for early breast cancer. N. Engl. J. Med. 347, 1227–1232. https://​doi.​org/​10.​1056/​NEJMo​a0209​89 (2002).

	 4.	 Clarke, M. et al. Effects of radiotherapy and of differences in the extent of surgery for early breast cancer on local recurrence and 
15-year survival: An overview of the randomised trials. Lancet 366, 2087–2106. https://​doi.​org/​10.​1016/​S0140-​6736(05)​67887-7 
(2005).

	 5.	 Early Breast Cancer Trialists’ Collaborative, G. et al. Effect of radiotherapy after breast-conserving surgery on 10-year recurrence 
and 15-year breast cancer death: meta-analysis of individual patient data for 10,801 women in 17 randomised trials. Lancet 378, 
1707–1716, https://​doi.​org/​10.​1016/​S0140-​6736(11)​61629-2 (2011).

	 6.	 Pignol, J. P. et al. A multicenter randomized trial of breast intensity-modulated radiation therapy to reduce acute radiation der-
matitis. J. Clin. Oncol. 26, 2085–2092. https://​doi.​org/​10.​1200/​JCO.​2007.​15.​2488 (2008).

	 7.	 Mukesh, M. B. et al. Randomized controlled trial of intensity-modulated radiotherapy for early breast cancer: 5-year results confirm 
superior overall cosmesis. J. Clin. Oncol. 31, 4488–4495. https://​doi.​org/​10.​1200/​JCO.​2013.​49.​7842 (2013).

	 8.	 Mukesh, M. B. et al. The Cambridge breast intensity-modulated radiotherapy trial: Comparison of clinician- versus patient-reported 
outcomes. Clin. Oncol. (R. Coll. Radiol.) 28, 354–364. https://​doi.​org/​10.​1016/j.​clon.​2016.​02.​011 (2016).

	 9.	 Pignol, J. P. et al. Ten years results of the Canadian breast intensity modulated radiation therapy (IMRT) randomized controlled 
trial. Radiother. Oncol. 121, 414–419. https://​doi.​org/​10.​1016/j.​radonc.​2016.​08.​021 (2016).

	10.	 Purdie, T. G., Dinniwell, R. E., Letourneau, D., Hill, C. & Sharpe, M. B. Automated planning of tangential breast intensity-modulated 
radiotherapy using heuristic optimization. Int. J. Radiat. Oncol. Biol. Phys. 81, 575–583. https://​doi.​org/​10.​1016/j.​ijrobp.​2010.​11.​
016 (2011).

	11.	 Purdie, T. G., Dinniwell, R. E., Fyles, A. & Sharpe, M. B. Automation and intensity modulated radiation therapy for individualized 
high-quality tangent breast treatment plans. Int. J. Radiat. Oncol. Biol. Phys. 90, 688–695. https://​doi.​org/​10.​1016/j.​ijrobp.​2014.​06.​
056 (2014).

	12.	 Penninkhof, J. et al. Individualized selection of beam angles and treatment isocenter in tangential breast intensity modulated 
radiation therapy. Int. J. Radiat. Oncol. Biol. Phys. 98, 447–453. https://​doi.​org/​10.​1016/j.​ijrobp.​2017.​02.​008 (2017).

	13.	 Mizuno, N. et al. Evaluation of a new commercial automated planning software for tangential breast intensity-modulated radiation 
therapy. Radiol. Phys. Technol. 12, 249–259. https://​doi.​org/​10.​1007/​s12194-​019-​00515-9 (2019).

	14.	 Jain, P. et al. Inter-fraction motion and dosimetric consequences during breast intensity-modulated radiotherapy (IMRT). Radio-
ther. Oncol. 90, 93–98. https://​doi.​org/​10.​1016/j.​radonc.​2008.​10.​010 (2009).

	15.	 Fan, Y. & Nath, R. Intensity modulation under geometrical uncertainty: A deconvolution approach to robust fluence. Phys. Med. 
Biol. 55, 4029–4045. https://​doi.​org/​10.​1088/​0031-​9155/​55/​14/​006 (2010).

	16.	 van Mourik, A. et al. Effects of setup errors and shape changes on breast radiotherapy. Int. J. Radiat. Oncol. Biol. Phys. 79, 1557–
1564. https://​doi.​org/​10.​1016/j.​ijrobp.​2010.​07.​032 (2011).

	17.	 Nakamura, N. et al. Effects of geometrical uncertainties on whole breast radiotherapy: A comparison of four different techniques. 
J. Breast Cancer 17, 157–160. https://​doi.​org/​10.​4048/​jbc.​2014.​17.2.​157 (2014).

	18.	 Nakamura, N., Hatanaka, S., Shikama, N., Akahane, K. & Sekiguchi, K. Quantification of cold spots caused by geometrical uncer-
tainty in field-in-field techniques for whole breast radiotherapy. Jpn. J. Clin. Oncol. 41, 1127–1131. https://​doi.​org/​10.​1093/​jjco/​
hyr112 (2011).

	19.	 Adachi, H., Hitachi, Ltd., Japanese distributor (private communications, November 11, 2021).
	20.	 Report 83: Prescribing, recording, and reporting photon-beam intensity-modulated radiation therapy (IMRT). (International 

Commission on Radiation Units and Measurements (ICRU) Bethesda, MD, 2010).
	21.	 Ihaka, R. & Gentleman, R. R: A language for data analysis and graphics. J. Comput. Graph. Stat. 5, 299–314. https://​doi.​org/​10.​

1080/​10618​600.​1996.​10474​713 (1996).
	22.	 Bartlett, F. R. et al. The UK HeartSpare Study: Randomised evaluation of voluntary deep-inspiratory breath-hold in women 

undergoing breast radiotherapy. Radiother. Oncol. 108, 242–247. https://​doi.​org/​10.​1016/j.​radonc.​2013.​04.​021 (2013).
	23.	 Bartlett, F. R. et al. The UK HeartSpare Study (Stage IB): Randomised comparison of a voluntary breath-hold technique and prone 

radiotherapy after breast conserving surgery. Radiother. Oncol. 114, 66–72. https://​doi.​org/​10.​1016/j.​radonc.​2014.​11.​018 (2015).
	24.	 Yamauchi, R., Mizuno, N., Itazawa, T., Saitoh, H. & Kawamori, J. Dosimetric evaluation of deep inspiration breath hold for left-

sided breast cancer: Analysis of patient-specific parameters related to heart dose reduction. J. Radiat. Res. https://​doi.​org/​10.​1093/​
jrr/​rraa0​06 (2020).

	25.	 Bortfeld, T., Jokivarsi, K., Goitein, M., Kung, J. & Jiang, S. B. Effects of intra-fraction motion on IMRT dose delivery: Statistical 
analysis and simulation. Phys. Med. Biol. 47, 2203–2220. https://​doi.​org/​10.​1088/​0031-​9155/​47/​13/​302 (2002).

	26.	 Wang, W. et al. Correlation between target motion and the dosimetric variance of breast and organ at risk during whole breast 
radiotherapy using 4DCT. Radiat. Oncol. 8, 111. https://​doi.​org/​10.​1186/​1748-​717X-8-​111 (2013).

	27.	 Chui, C. S., Yorke, E. & Hong, L. The effects of intra-fraction organ motion on the delivery of intensity-modulated field with a 
multileaf collimator. Med. Phys. 30, 1736–1746. https://​doi.​org/​10.​1118/1.​15787​71 (2003).

	28.	 Murray Brunt, A. et al. Hypofractionated breast radiotherapy for 1 week versus 3 weeks (FAST-Forward): 5-year efficacy and late 
normal tissue effects results from a multicentre, non-inferiority, randomised, phase 3 trial. Lancet 395, 1613–1626. https://​doi.​
org/​10.​1016/​s0140-​6736(20)​30932-6 (2020).

Acknowledgements
Some of the findings reported here were presented at The 32th Annual Meeting of the Japanese Society for Radia-
tion Oncology in Nagoya, Japan, held on November 21–23, 2019.

https://doi.org/10.3322/caac.21492
https://doi.org/10.1093/jnci/88.22.1659
https://doi.org/10.1093/jnci/88.22.1659
https://doi.org/10.1056/NEJMoa020989
https://doi.org/10.1016/S0140-6736(05)67887-7
https://doi.org/10.1016/S0140-6736(11)61629-2
https://doi.org/10.1200/JCO.2007.15.2488
https://doi.org/10.1200/JCO.2013.49.7842
https://doi.org/10.1016/j.clon.2016.02.011
https://doi.org/10.1016/j.radonc.2016.08.021
https://doi.org/10.1016/j.ijrobp.2010.11.016
https://doi.org/10.1016/j.ijrobp.2010.11.016
https://doi.org/10.1016/j.ijrobp.2014.06.056
https://doi.org/10.1016/j.ijrobp.2014.06.056
https://doi.org/10.1016/j.ijrobp.2017.02.008
https://doi.org/10.1007/s12194-019-00515-9
https://doi.org/10.1016/j.radonc.2008.10.010
https://doi.org/10.1088/0031-9155/55/14/006
https://doi.org/10.1016/j.ijrobp.2010.07.032
https://doi.org/10.4048/jbc.2014.17.2.157
https://doi.org/10.1093/jjco/hyr112
https://doi.org/10.1093/jjco/hyr112
https://doi.org/10.1080/10618600.1996.10474713
https://doi.org/10.1080/10618600.1996.10474713
https://doi.org/10.1016/j.radonc.2013.04.021
https://doi.org/10.1016/j.radonc.2014.11.018
https://doi.org/10.1093/jrr/rraa006
https://doi.org/10.1093/jrr/rraa006
https://doi.org/10.1088/0031-9155/47/13/302
https://doi.org/10.1186/1748-717X-8-111
https://doi.org/10.1118/1.1578771
https://doi.org/10.1016/s0140-6736(20)30932-6
https://doi.org/10.1016/s0140-6736(20)30932-6


7

Vol.:(0123456789)

Scientific Reports |         (2022) 12:1418  | https://doi.org/10.1038/s41598-022-05538-8

www.nature.com/scientificreports/

Author contributions
N.M. conceived the experiments. N.M., R.Y., J.K., and T.I. conducted the experiments. N.M. analyzed the data. 
T.T. revised the draft manuscript. All authors reviewed the final version of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to N.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Evaluation of robustness in hybrid intensity-modulated radiation therapy plans generated by commercial software for automated breast planning
	Methods
	Ethical approval and informed consent. 
	Patient population and CT simulation. 
	Treatment instrument and prescribed dose. 
	FIF plans. 
	ABP plans. 
	Simulations of setup errors and dose-volume data comparison. 
	Statistical analysis. 

	Results
	Target dose and homogeneity. 
	Dose for organ at risk. 

	Discussion
	References
	Acknowledgements


