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ABSTRACT
Accelerated partial breast irradiation (APBI) is an alternative treatment for early-stage breast cancer. This study aimed
to evaluate the effectiveness of the virtual bolus (VB) method and robust planning against respiratory motion in
volumetric modulated arc therapy (VMAT)-APBI. VMAT plans were generated with 30 Gy in 5 fractions for 16
patients. Four treatment plans were developed and compared: a standard optimization (SO) plan without robust
methods, a pseudo-skin flash strategy using a 5 mm VB (with densities of 0.4 and 1.0 g/cm3, VB04 and VB10), and
a robust optimization (RO) plan to minimize penalties in worst-case scenarios. The isocenter was shifted 1–5 mm in
each translational direction in robust analysis, and perturbed dose calculations were performed. All dose constraints
for the target in SO and VB plans were within acceptable limits, but the dose evaluation volume V95% in the RO plan
was lower than in other plans (P < 0.05). The clinical target volume V95% of the RO plan was significantly higher
than in VB04 and VB10 (P < 0.05). The RO plan showed the best performance for organs at risk, followed by SO
and VB plans, which resulted in higher doses. The RO plan exhibited the smallest change (±2%) in dose distribution
due to respiratory motion. By contrast, the SO plan lacked robustness owing to absence of sufficient fluence in the
air surrounding the planning target volume outside of the skin surface. The RO plan offers superior target coverage,
maximum dose, and robustness compared to SO and VB methods.

Keywords: breast cancer; accelerated partial breast irradiation; intensity modulated radiation therapy; respiratory
motion

INTRODUCTION
Breast cancer is one of the most prevalent malignancies affect-
ing women worldwide, necessitating continuous advancements in
treatment modalities to improve patient outcomes and quality of
life. Accelerated partial breast irradiation (APBI) has emerged as a
promising alternative to traditional whole breast irradiation (WBI)
for selected patients with early-stage breast cancer. APBI focuses on
radiation on the lumpectomy cavity or tumor bed over a shorter period,
thereby reducing treatment duration and potentially minimizing
radiation exposure to surrounding healthy tissues. Several trials are
currently investigating the potential of external beam APBI to reduce
the dose to normal tissues and improve cosmesis due to the decreased
volume of treated breast tissue [1–5]. Recent trials have demonstrated
the dosimetric advantages of APBI combined with intensity modulated
radiation therapy (IMRT) or volumetric modulated arc therapy
(VMAT) [6–10]. VMAT provides comparable dose distribution for
Asian women of small physique and breast size [11]. However, studies

have reported that when the surgical cavity is large relative to the breast
size, radiation dose to the normal mammary glands may be excessive
[12, 13].

When VMAT is applied to patients with breast cancer, factors such
as respiratory motion, tissue swelling, and deformity should be con-
sidered. As a countermeasure against these uncertainties, the ‘pseudo-
skin flash’ strategy using a virtual bolus (VB) proposed by Nicolini et al.
is widely used for breast IMRT [14]. However, most previous reports
have focused on WBI and postmastectomy radiation therapy (PMRT),
and few reports have focused on APBI [15–17]. Lizondo et al. reported
that a VB thickness of +5 mm planning target volume (PTV) margin
and a VB HU value of −500 are appropriate settings for breast IMRT
to minimize dose normalization and ensure robustness rather than the
previously used VB with a density equivalent to water (1.0 g/cm3)
[18]. However, the usefulness of using the VB method in APBI is
unclear, and the effect of VB density has not been reported. The advan-
tage of the VB method is that it can be used at any facility. Conversely,
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it is complicated by the need to utilize multiple computed tomography
(CT) data sets in the treatment planning process. Furthermore, it is
commonly reported that the dose distribution is degraded when final
calculations are performed on CT data sets with VB removed [18–20].

Robust planning or robust optimization (RO), an optimization
method that considers setup errors, has received much attention and is
robust against uncertainty [21]. Miyasaka et al. found that robust plan-
ning is robust to respiratory motion in patients with PMRT compared
to the VB method [20]. However, the effectiveness of robust planning
for respiratory motion in APBI remains unclear.

Asian women are generally smaller in stature and breast size, and
APBI for such patients results in partial PTV spread outside the breast
when PTV is extended. It is unclear how best to account for and
optimize PTV extension outside the breast in treatment planning and
robustness to respiratory motion. This study aimed to evaluate the
effectiveness of the VB method and robust planning for respiratory
motion in APBI with VMAT.

METHODS AND MATERIALS
Planning study for volumetric modulated arc

therapy-accelerated partial breast irradiation planning
Study population
This study pooled data from 16 patients of Japanese ethnicity with
early-stage breast cancer (8 with right breast cancer and 8 with left
breast cancer) who were treated at our institution. The tumor sites
of the patients with breast cancer were evenly distributed, with two
patients in each quadrant. The study protocol was approved by our
institutional review board (22-R009). This was a simulated treatment
planning study solely conducted for research purposes and did not
influence the clinical care of any patient.

Delineation for target and organs at risk
CT simulation was performed with the patient in the supine position,
with both arms raised above the head via wing-board immobilization
(CIVCO Radiotherapy, Orange City, IA, USA). CT images (2.0 mm
slice thickness) were obtained using the SOMATOM Confidence RT
Pro (Siemens Healthcare, Erlangen, Germany).

An experienced radiation oncologist delineated the clinical target
volume (CTV) for this study using a surgical titanium clip as a ref-
erence. PTV was defined by adding 5 mm margins to CTV. A dose
evaluation volume (PTV_Eval) was created to evaluate dose coverage
at PTV, which excluded 3 mm cropped from the skin surface. The
organs at risk (OARs), including the heart, bilateral breasts, bilateral
lungs, and thyroid, were delineated by radiation oncologists or medical
physicists. Body_outside_PTV was defined by subtracting PTV from
the body structure. These structure definitions agreed with the RTOG
Breast Cancer Atlas and an ASTRO clinical practice guideline [22, 23].

Volumetric modulated arc therapy-accelerated partial breast
irradiation planning
Four plans with different planning approaches were generated
using a radiation treatment planning system (RayStation version
10ASP1; RaySearch Laboratories, Stockholm, Sweden). All plans were

generated by two partial arc VMAT plans. For left-sided plans, the
starting and ending gantry angles were set between 155◦ and 285◦,
and the arc angle was within 210◦. The angles were set between 70◦

and 210◦ for right-sided plans, and the arc angle was within 210◦.
Dose calculation was performed using a collapsed-cone convolution
algorithm with heterogeneity correction and a constant 2 mm
calculation grid size. The prescribed dose was 30 Gy in five fractions.
The dose received by at least 50% of PTV_Eval volume (D50%) was
set to 30 Gy. A 6 MV flattening-filter-free beam (TrueBeam; Varian
Medical Systems, Palo Alto, CA, USA) was employed for all plans,
with the couch angle held static at 0◦ and the control point spacing set
to 2◦.

First, a standard optimization (SO) plan without a robust approach
for evaluation was designed to prescribe doses for PTV_Eval. Opti-
mization was performed on the target, excluding the outer 3 mm from
the skin surface to avoid absorbed dose compensation in the build-
up region by the optimizer. Second, the pseudo-skin flash strategy
using a VB was applied to create robust radiotherapy planning by
reducing positioning and tissue deformation uncertainties. A VB of
5 mm thickness with a mass density of 1.0 g/cm3 was created by adding
5 mm to PTV. The plan was designed to cover the prescribed dose
for the whole PTV, including the VB area outside the body contour.
Dose distribution was recalculated without the VB, whereas all other
settings (such as MUs and MLC segments) were identical. Third,
using a similar VB10 plan method, a VB of 5 mm thickness with a
mass density of 0.4 g/cm3 was created. This VB setting condition was
established based on the report of Lizondo et al. [18]. The treatment
planning method was the same as VB10, except for VB density. Fourth,
the integrated RO tool was employed in RayStation. The RO tool
employs a minimax optimization method that optimizes to minimize
the penalty in worst-case scenarios. The minimax approach avoids this
excessive conservatism by considering only physically feasible scenar-
ios, evaluating the overall objective function across multiple scenarios,
and selecting the least favorable of these [21]. Herein, a value of 5 mm
in each direction was entered as the uncertainty set in the optimization
settings and applied to CTV. Therefore, seven scenarios were consid-
ered, including no shift and patient position uncertainty in six direc-
tions for one plan. The plan was designed to cover the prescribed dose
for PTV_Eval. These plans were named SO, VB10, VB04, and RO,
respectively.

The plan optimization for all planning approaches was conducted
using target and OAR dose constraints based on an ASTRO clini-
cal practice guideline [23]. However, because it sets an optimization
function for CTV in the RO method, the V95% PTV_Eval constraint
could not be satisfied; therefore, it was excluded from the dose con-
straints to be achieved. No restrictions were imposed on planning
parameters, such as optimization settings (e.g. objectives, constraints,
and the number of iterations) or monitor units (MUs), across dif-
ferent planning approaches. Regardless of the planning method, dose
normalization was in principle set to achieve a prescribed PTV_Eval
dose of 30 Gy. However, in RayStation, dose normalization was not
feasible when dynamic mechanical constraints, such as exceeding the
maximum gantry speed, were encountered. This issue occurred when
normalization was attempted in the dose reduction direction. There-
fore, no plan failed to satisfy the minimum dose constraint of 30 Gy.
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Plan evaluation
The treatment plans created by the four optimization methods pre-
sented in the previous subsection were compared. The evaluated dose–
volume histogram (DVH) parameters were the following ASTRO clin-
ical practice guideline dose constraints: PTV_Eval V95%, V105%, D50%,
Dmax; heart Dmean, V5%, V15%; ipsilateral breast V95%, V50%; and ipsilat-
eral lung V30%. CTV V95%, V105%, D50%, and ipsilateral lung V10%, V50%

were collected for dose distribution evaluation.
To evaluate the complexity of the plans among the planning

approaches, the MUs, estimated beam-on time, average beam’s eye
view area, aperture area variability, leaf sequence variability, and
modulation complexity score for VMAT (MCSv) were calculated.
These calculations were performed using a free software package
(Universal Complexity Metrics Extractor) with MATLAB [24].
Complexity metrics were also compared between left- and right-sided
breast cancer cases to evaluate the impact of heart dose constraints on
the optimization process.

Perturbed dose analysis
The perturbed dose calculation tool integrated into RayStation was
employed to assess the robustness of the four planning approaches
for each SO, VB04, VB10, and RO plan. This tool generated per-
turbed dose distributions by shifting the isocenter along the transla-
tional three-axis. Isocenter shifts of 1, 2, 3, 4, and 5 mm were applied,
corresponding to the CTV-PTV margin or RO position uncertainty.
These specific isocenter shifts were selected to evaluate whether the VB
or RO method effectively accounts for interfraction and intrafraction
uncertainties. The dosimetric parameters in CTV V95%, V105%, D50%,
heart Dmean, and ipsilateral lung V30% were compared between the
original and perturbed dose plans.

The relationship between patient-specific radiation conditions,
including tumor site and CTV shape (sphericity), and the perturbed
dose when shifted 5 mm in each direction was evaluated. Sphericity, a
shape index, was calculated in MATLAB as follows:

Sphericity = π 1/3 (6V)2/3

A
, (1)

where A and V are the surface area and volume, respectively. These val-
ues were calculated using triangle mesh analysis, with the surface area
and volume derived from summing and integrating over the triangle
mesh generated from the vertex coordinates of the contour.

Statistical analysis
For statistical analysis, EZR version 1.37 (Saitama Medical Center,
Jichi Medical University, Saitama, Japan), a graphical user interface
for R (R Foundation for Statistical Computing, Vienna, Austria), was
employed [25]. A Friedman test with Bonferroni’s correction and
Mann–Whitney U test was conducted, and P < 0.05 was considered
statistically significant.

RESULTS
Evaluation of the treatment plan

The mean ± standard deviation (SD) age of all patients was 54.4 ±
9.9 years, and the mean ± SD body mass index was 25.3 ± 6.0 kg/m2.

The mean ± SD volume of CTV, PTV, PTV_Eval, and ipsilateral
breast for all patients were 68.0 ± 21.9, 124.2 ± 27.6, 94.3 ± 32.8, and
632.4 ± 292.7 cm3, respectively.

Figure 1 shows an example of DVH for each VMAT-APBI plan.
Table 1 summarizes the dosimetric parameters of target and normal
tissues. The mean ± SD of PTV_Eval V95% for SO, VB04, VB10,
and RO plans was 98.1% ± 1.3%, 97.7% ± 0.8%, 95.7% ± 2.0%,
and 92.4% ± 2.0%, respectively. The mean ± SD of CTV V95% for
SO, VB04, VB10, and RO plans was 99.3% ± 0.7%, 98.6% ± 0.9%,
96.6% ± 2.3%, and 99.5% ± 0.5%, respectively. Although all dose
constraints for the target in SO and VB plans (VB04 and VB10)
were within acceptable limits, PTV_Eval V95% in the RO plan was
lower than the others (P < 0.05) and did not satisfy the ideal values
suggested in the guidelines. In contrast, the CTV V95% of the RO
plan was significantly higher than VB04 and VB10 (P < 0.05). The
mean ± SD of PTV_Eval V105% for SO, VB04, VB10, and RO plans
was 0.1% ± 0.2%, 0.1% ± 0.1%, 1.1% ± 1.3%, and 0.2% ± 0.2%,
respectively. The V105% for VB10 was the largest, with a difference
of ∼1.0%. Overall, the SO plan had better V95% and V105% of CTV and
PTV_Eval than the others, and the VB10 plan had worse V95% and
V105% than the others.

Regarding DVH parameters for OAR, the RO plan showed the best
performance, followed by the SO plan and VB methods with higher
doses. The RO plan had significantly lower doses than VB04 and VB10
plans in heart Dmean, contralateral breast Dmax (VB04 only), ipsilateral
breast V50%, V95%, ipsilateral lung V10%, V30%, V50%, and thyroid Dmax

(P < 0.05). For contralateral breast Dmax, ipsilateral breast V50%, V95%,
and ipsilateral lung V30%, the RO plan had significantly lower doses
than the SO plan (P < 0.05). The SO plan had significantly lower
doses than the VB method for heart Dmean, ipsilateral lung V10%, V30%,
and thyroid Dmax (P < 0.05). The contralateral breast Dmax did not
satisfy the constraints in the medial tumor case, regardless of the plan
approach.

Regarding VB density differences, the VB04 plan significantly
exceeded V95% and V105% targets; however, the VB10 plan was
comparable to or better than the VB04 plan for the OAR dose.

Table 2 and Fig. 2 show the plan complexities of each planning
approach. The mean ± SD MUs of SO, VB04, VB10, and RO were
1576.1 ± 140.3, 1682.5 ± 146.3, 1569.4 ± 147, and 1490.2 ± 161.7
MUs, respectively. The MUs of the RO plan were significantly lower
than those of the other plans (P < 0.05). The beam-on times were
90.1 ± 4.4, 90.5 ± 6.8, 88.6 ± 5.2, and 87.1 ± 5.5 s, respectively, with
a significant difference between SO and RO plans. The mean ± SD
MCSv of SO, VB04, VB10, and RO were 0.308 ± 0.034, 0.287 ± 0.03,
0.307 ± 0.035, and 0.316 ± 0.036, respectively. The MCSv of the RO
plan was significantly higher than that of the VB04 plan (P < 0.05). No
significant differences in complexity metrics were observed between
left- and right-sided breast cancer cases regardless of the planning
approach (data not shown).

Evaluation of the effects of respiratory motion
Figure 3 shows a comparison of the perturbed dose of CTV V95% (a:
anterior–posterior, b: inferior–superior, c: right–left) and CTV V105%

(d: anterior–posterior, e: inferior–superior, f: right–left) among plans
due to differences in optimization methods. Figure 4 shows an example
of the dose distribution when the isocenter is shifted 5 mm in each



188 • R. Yamauchi et al.

Fig. 1. An example of DVH of a patient for four different optimization methods. Targets and organs in plans developed with
different optimization methods (solid, dashed, dotted, and small dashed lines are SO, VB04, VB10, and RO) are paired in the
same color. Abbreviations: SO, standard optimization plan; VB04, virtual bolus plan (d = 0.4 g/cm 3); VB10, virtual bolus plan
(d = 1.0 g/cm 3); RO, robust optimization plan.

Fig. 2. Plan complexities of each planning approach. Abbreviations: SO, standard optimization plan; VB04, virtual bolus plan
(d = 0.4 g/cm 3); VB10, virtual bolus plan (d = 1.0 g/cm 3); RO, robust optimization plan; BEV, beam’s eye view; VMAT,
volumetric modulated arc therapy. ∗ P < 0.05.

translational direction, and Table 3 presents the difference in DVH
parameters of CTV, heart, and ipsilateral lung between the original and
a 5 mm isocenter shift in each translational direction.

The lowest CTV V95% (95.3% ± 3.6%) was observed for the SO
plan with the isocenter shifted posterior 5 mm, with an average abso-
lute difference of about −4% from the original (no shift) plan. Dose
reductions of at least 0.8% were also observed for anterior and lateral
shifts. For VB04, CTV V95% coverage increased as the isocenter shifted
posteriorly, whereas coverage decreased as the isocenter shifted anteri-
orly. Changes were small for shifts in other directions. The VB10 plan
showed little changes, with a mean change of 0.3% at most, with shifts in

any direction. For the RO plan, CTV V95% decreased by approximately
1.0%–2.0% despite the shift direction, but V95% was at least 97% on
average.

In the VB10 plan, CTV V105% increased greatly when the isocenter
shifted anteriorly, with an average absolute difference of about 10.2%.
V105% > 5% was also observed for shifts to the left, right, and inferior
directions. For the SO plan, dose increases of ∼2% were also observed
for anterior and posterior shifts. The V105% increase for the VB04
plan was 3.3% ± 2.9% and 2.9% ± 2.5% for anterior and posterior
shifts, respectively, the second largest values after VB10. An increase
of ∼1% was also observed for shifts to the left or right. The V105%
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Table 1. Dose constraints for target and normal tissues and dosimetric parameters for the 16 plans

Variables Objectives Planning approaches (Mean ± SD) P value

SO VB04 VB10 RO

CTV
V95% (%) �95% 99.3 ± 0.7 98.6 ± 0.9 96.6 ± 2.3 99.5 ± 0.5 b,d,e,f
V105% (%) �5% 0.1 ± 0.2 0.1 ± 0.1 1.1 ± 1.5 0.2 ± 0.3 b,d
D50% (cGy) �3000 cGy 3006.4 ± 5.0 3005.6 ± 4.2 3025.8 ± 14.3 3014.6 ± 5.4 b,c,d,e,f
PTV_Eval
V95% (%) �95% 98.1 ± 1.3 97.7 ± 0.8 95.7 ± 2.0 92.4 ± 2.0 b,c,d,e,f
V105% (%) �5% 0.1 ± 0.2 0.1 ± 0.1 1.1 ± 1.3 0.2 ± 0.2 b,d
D50% (cGy) �3000 cGy 3003.9 ± 3.9 3002.3 ± 3.8 3020.2 ± 13.9 3002.2 ± 3.2 b,d,f
Dmax (cGy) �3300 cGy 3158.6 ± 19.4 3154.8 ± 20.1 3180.5 ± 25.3 3156.2 ± 28.5 b,d
Heart (right)
DMean (cGy) <70 cGy 30.8 ± 8.9 41.7 ± 9.9 40.5 ± 13.8 31.4 ± 9.6
V1.5 Gy (%) �5% 0.7 ± 1.5 1.8 ± 2.4 1.6 ± 2.5 0.7 ± 1.4
Heart (left)
DMean (cGy) <150 cGy 43.2 ± 28.9 47.9 ± 22.1 45.0 ± 23.6 41.7 ± 23.4 a,b,e,f
V4.5 Gy (%) �5% 0.5 ± 1.1 0.5 ± 0.9 0.5 ± 1.1 0.5 ± 0.9
Contralateral breast
Dmax (cGy) �90 cGy 106.4 ± 57.0 118.8 ± 70.7 109.2 ± 61.6 101.6 ± 53.3 a,c,e
Ipsilateral breast
V50% (%) �50% 34.9 ± 9.5 34.4 ± 9.5 35.3 ± 10.4 33.2 ± 9.1 c,e,f
V95% (%) �25% 17.6 ± 4.9 17.4 ± 5.0 16.8 ± 4.5 16.0 ± 4.5 b,c,d,e,f
Contralateral lung
V10% (%) �5% 0.0 ± 0.0 0.0 ± 0.1 0.0 ± 0.1 0.0 ± 0.0
Ipsilateral lung
V10% (%) �30% 21.6 ± 5.1 24.9 ± 5.2 23.9 ± 5.2 21.9 ± 4.8 a,b,e,f
V30% (%) �10% 5.3 ± 2.3 5.8 ± 2.3 5.8 ± 2.3 5.0 ± 2.1 a,b,c,e,f
V50% (%) �3% 1.6 ± 1.1 1.7 ± 1.2 1.7 ± 1.2 1.4 ± 1.0 c,e,f
Thyroid
Dmax (cGy) �90 cGy 8.5 ± 18.3 9.7 ± 20.7 9.5 ± 20.2 8.4 ± 17.7 a,b,e,f
Body outside PTV
V107% (cc) �2 cc 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
Dmax (cGy) �3300 cGy 3099.9 ± 29.6 3075.7 ± 19.9 3085.5 ± 22.2 3058.2 ± 55.5 a,c

Abbreviations: CTV, clinical target volume; PTV, planning target volume; SD, standard deviation; SO, standard optimization plan; VB04, virtual bolus plan (d = 0.4 g/cm3);
VB10, virtual bolus plan (d = 1.0 g/cm3); RO, robust optimization plan.
Notes: A Friedman test with Bonferroni’s correction was performed, and statistically significant pairs (P < 0.05) were indicated by symbols as follows: aSO vs. VB04; bSO vs.
VB10; cSO vs. RO; dVB04 vs. VB10; eVB04 vs. RO; fVB10 vs. RO.

Table 2. Summary of plan complexities for the 16 plans

Variables Planning approaches (Mean ± SD) P value

SO VB04 VB10 RO

Monitor units 1576.1 ± 140.3 1682.5 ± 146.3 1569.4 ± 147 1490.2 ± 161.7 c,d,e
Beam-on time (s) 90.1 ± 4.4 90.5 ± 6.8 88.6 ± 5.2 87.1 ± 5.5 c
Average BEV area (mm2) 1551.1 ± 231.1 1600.5 ± 269.2 1675.7 ± 251.2 1676 ± 267.4 b, c
Aperture area variability 0.41 ± 0.04 0.39 ± 0.04 0.41 ± 0.04 0.42 ± 0.04 d, e
Leaf sequence variability 0.73 ± 0.01 0.73 ± 0.01 0.73 ± 0.01 0.74 ± 0.01 e
Modulation complexity score for VMAT 0.308 ± 0.034 0.287 ± 0.030 0.307 ± 0.035 0.316 ± 0.036 e

Abbreviations: SD, standard deviation; SO, standard optimization plan; VB04, virtual bolus plan (d = 0.4 g/cm3); VB10, virtual bolus plan (d = 1.0 g/cm3); RO,
robust optimization plan; BEV, beam’s eye view; VMAT, volumetric arc modulation therapy.
Notes: A Friedman test with Bonferroni’s correction was performed, and statistically significant pairs (P < 0.05) were indicated by symbols as follows: aSO vs. VB04; bSO vs.
VB10; cSO vs. RO; dVB04 vs. VB10; eVB04 vs. RO; fVB10 vs. RO.
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Fig. 3. Comparison of box plots of CTV V95% (a: anterior–posterior, b: inferior–superior, c: right–left) and V105% (d:
anterior–posterior, e: inferior–superior, f: right–left) for four different optimization methods in each isocenter shift direction.
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Fig. 4. An example of (top) axial and (bottom) sagittal dose distribution when the isocenter is shifted 5 mm in each translational
direction. This patient was selected as a representative case, with physique and dose evaluation results that were neither extreme
nor atypical in the cohort.
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Table 3. Absolute difference in dose-volume parameters for the CTV, heart, and ipsilateral lung between the original and a 5 mm
isocenter shift in each translational direction (mean and standard deviation)

Variables Plan Isocenter shift direction (Mean ± SD)

Anterior Posterior Superior Inferior Left Right

CTV
V95% (%) SO −1.4 ± 1.3 −4.0 ± 3.1 −0.2 ± 0.5 −0.5 ± 0.4 −1.8 ± 2.6 −0.8 ± 1.3

VB04 −2.3 ± 1.7 1.2 ± 0.9 0.5 ± 0.5 −0.6 ± 0.7 0.0 ± 1.4 −0.3 ± 1.7
VB10 0.1 ± 0.8 0.3 ± 1.4 0.2 ± 0.4 0.0 ± 0.3 −0.1 ± 1.0 0.3 ± 0.6
RO −2.2 ± 1.2 −1.2 ± 0.9 −1.6 ± 0.7 −1.8 ± 0.7 −1.8 ± 1.0 −1.6 ± 1.0

V105% (%) SO 1.8 ± 1.9 2.7 ± 2.4 0.3 ± 0.3 0.0 ± 0.1 0.6 ± 0.9 0.9 ± 1.4
VB04 3.3 ± 2.9 2.9 ± 2.5 0.0 ± 0.1 0.1 ± 0.1 1.0 ± 1.5 0.8 ± 1.4
VB10 10.2 ± 7.3 −1.1 ± 1.5 −0.3 ± 0.9 0.8 ± 1.3 1.4 ± 5.2 1.4 ± 3.2
RO 0.8 ± 1.2 2.1 ± 1.9 0.3 ± 0.5 0.0 ± 0.1 0.4 ± 0.5 0.6 ± 0.8

D50% (cGy) SO 35.9 ± 11.5 −38.2±10.9 −5.2 ± 6.7 3.6 ± 6.8 −3.8 ± 32.1 0.9 ± 30.0
VB04 46.7 ± 9.2 −22.4±18.4 −4.6 ± 5.5 5.5 ± 6.1 5.8 ± 29.6 2.2 ± 30.3
VB10 50.7 ± 8.6 −45.8 ± 8.2 −8.2 ± 6.0 5.0 ± 5.7 −2.4 ± 32.3 0.5 ± 32.1
RO 19.6 ± 19.1 −24.4±17.6 −8.4 ± 6.7 0.3 ± 6.0 −3.3 ± 22.9 −4.3 ± 22.5

Heart
DMean (cGy) SO −4.0 ± 6.1 7.2 ± 9.7 4.2 ± 2.4 −3.4 ± 2.1 3.3 ± 8.2 −0.9 ± 5.9

VB04 −4.2 ± 5.4 8.1 ± 9.5 5.4 ± 2.6 −4.4 ± 2.2 4.0 ± 9.2 −1.0 ± 6.3
VB10 −3.9 ± 5.6 7.4 ± 9.3 5.0 ± 2.6 −4.0 ± 2.3 3.6 ± 8.4 −1.0 ± 6.1
RO −3.7 ± 5.5 6.7 ± 8.7 4.1 ± 2.2 −3.3 ± 2.0 3.4 ± 8.1 −1.0 ± 5.9

Ipsilateral lung
V30% (%) SO −1.2 ± 0.5 1.4 ± 0.5 0.4 ± 0.6 −0.4 ± 0.5 0.0 ± 1.6 0.2 ± 1.6

VB04 −1.3 ± 0.5 1.4 ± 0.5 0.4 ± 0.6 −0.4 ± 0.5 0.0 ± 1.5 0.1 ± 1.5
VB10 −1.3 ± 0.5 1.4 ± 0.5 0.4 ± 0.6 −0.4 ± 0.5 0.0 ± 1.6 0.2 ± 1.6
RO −1.2 ± 0.5 1.3 ± 0.5 0.4 ± 0.5 −0.4 ± 0.5 0.1 ± 1.5 0.1 ± 1.5

Abbreviations: CTV, clinical target volume; SD, standard deviation; SO, standard optimization plan; VB04, virtual bolus plan (d = 0.4 g/cm3); VB10, virtual bolus plan
(d = 1.0 g/cm3); RO, robust optimization plan.

difference of the RO plan was the largest for the posterior shift
(2.1% ± 1.9%) but the smallest change compared to other optimiza-
tion methods.

A characteristic trend was observed between the tumor site (medial
or lateral) and isocenter shift in inward and outward directions
(Supplementary data). The SO plans showed a larger change in
V95% for the inward shift than the outward shift despite the tumor
site. In the VB04 plan, the V95% considerably changed in the
inward shift compared with the outward shift for a medial tumor.
The opposite was true for a lateral tumor. In the VB10 plan, the
V105% considerably changed in the outward shift compared with
the inward shift for a lateral tumor. No trend was observed for
the other directions of movement or the tumor site (upper or
lower).

For all optimization methods, heart Dmean and ipsilateral lung V30%

doses showed similar trends, with small differences due to isocenter
shift.

Figure 5 illustrates the relationship between CTV sphericity and
the perturbed dose when shifted 5 mm in each direction. Across all
planning approaches, higher sphericity values (closer to 1) were asso-
ciated with smaller differences in V95% and V105%. This trend was par-
ticularly pronounced in posterior–anterior shifts.

DISCUSSION
This study first evaluated DVH parameters of VMAT with different
optimization approaches for patients with small physiques and small
breasts and subsequently performed perturbed dose evaluation for
respiratory motion for those plans. The treatment planning approach
using RO resulted in lower OAR dose, better target coverage, and
maximum dose than other treatment planning methods. Furthermore,
it showed high robustness in isocenter shift simulating respiratory
motion and was the most RO method for APBI using VMAT.

With respect to treatment planning, the RO plan showed compara-
ble CTV coverage and maximum dose to the SO plan optimized with
the conventional optimization method but had lower PTV_Eval cover-
age because the RO approach is designed to satisfy the dose constraint
in worst-case scenarios and not necessarily to satisfy the coverage in
PTV or PTV_Eval regions. The RO plan also had significantly lower
OAR doses than the others, possibly due to the difference between
optimization methods. APBI-eligible patients are expected to have a
better long-term prognosis, and RO plans with reduced irradiation to
healthy organs will help mitigate the risk of toxicity and secondary
malignancies.

An interesting finding is that the lower PTV_Eval coverage of RO
plans, that is, the smaller spread of the high-dose region, was not

https://academic.oup.com/jrr/article-lookup/doi/10.1093/jrr/rraf011#supplementary-data
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Fig. 5. Relationship between the CTV sphericity and dose difference when shifted 5 mm in each direction. Abbreviations: SO,
standard optimization plan; VB04, virtual bolus plan (d = 0.4 g/cm 3); VB10, virtual bolus plan (d = 1.0 g/cm 3); RO, robust
optimization plan.

directly related to the robustness of the plan. Of the 96 perturbed plans
(16 patients × 6 direction shifts), the SO, VB04, VB10, and RO plans
failed to satisfy the dose constraints of V95% or V105% owing to the
isocenter shift in 15, 9, 20, and 3 plans, respectively. This indicates that
robust planning was the most robust treatment plan considered in this
study.

SO plans developed using conventional optimization methods per-
formed better than VB plans but not as well as RO plans. However, it
showed a significant coverage loss at the posterior shift, the condition
that reproduced inhalation. RO and VB plans did not cause a decrease
in V95%, which may be due to the absence of sufficient fluence in the
air surrounding the PTV outside the skin surface for the SO plan.
Respiratory motion in patients with breast cancer is mainly in anterior–
posterior and superior–inferior directions, with reported amplitudes of
3 to 9 mm [11, 26]. Therefore, plans must be robust to these move-
ments. This study revealed that SO plans lack robustness in patients
with small breast sizes whose PTVs extend outside the breast, under-
scoring the necessity of the VB method or RO optimization in such
cases. Although SO planning has a simple workflow, it is recommended
only for patients with large breasts or when the PTV is entirely within
the breast.

The VB04 plan showed favorable treatment planning parameters
and high robustness, whereas VB10 showed the worst treatment plan-
ning parameters and robustness among the optimization approaches
studied. Outlier data were observed in cases of medial tumors with
VB10 plans. These occurred because the optimization was performed
in CT with a VB, and the final dose calculation and evaluation were
performed in CT without a VB. Miyasaka et al. and Tang et al. reported a
similar degradation of dose distribution in PMRT using the VB method
[19, 20]. Even APBI with small irradiation and VB volumes caused
degradation of dose distribution during the final dose calculation with-
out VB. Lizondo et al. recommended low-density VB (−500 HU) to
minimize this effect [18], but in this study, high-density VB had a

significant impact, so low-density VB is also recommended for APBI.
The VB04 plan would be the first choice for APBI treatment planning
in institutions without robust planning. Furthermore, optimizing VB
thickness and PTV margins may improve robustness to respiratory
motion.

The RO plan had a low dependency on shift direction, whereas
the other optimization approaches had large variations in the V95% or
V105% change in a specific direction. These variations were influenced
by the presence of sufficient fluence in the air surrounding the PTV
outside the skin surface and optimization effects within the VB. For
lateral shifts, the impact of the shift differed based on the tumor site
(Supplementary data) probably because the effect of the beam path
under the shift changes depending on the tumor site, the dose con-
straint of the contralateral breast is strict in the case of a medial tumor,
and that sufficient fluence is necessary not only on the belly side but
also on the lateral side in a lateral tumor. This highlights the impor-
tance of tumor location in determining the effect of these fluence in
APBI.

The RO plan demonstrated a low MU and larger MCSv than the
other optimization methods, indicating a lower level of complexity. By
contrast, the VB04 plan exhibited a high MU and low MCSv, mak-
ing it the most complex plan. Previous studies have reported correla-
tions between complexity metrics and patient-specific quality assur-
ance results [27, 28]. Consequently, simpler plans with higher MCSv
values are preferable, as they may reduce uncertainty during beam
delivery. In addition, the RO plan had the shortest beam-on time,
offering higher throughput and clinical benefits.

This study found that higher CTV sphericity was associated with
smaller changes in DVH parameters, indicating greater robustness
under isocenter shifts. By contrast, more complex shapes localized
the impact of misalignment, reducing plan robustness. Previous
studies suggested that sphericity and target shape can serve as
quality assessment indices for treatment planning [29, 30]. However,

https://academic.oup.com/jrr/article-lookup/doi/10.1093/jrr/rraf011#supplementary-data
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the relationship between CTV sphericity and robustness remains
underexplored, warranting further investigation with larger datasets.

To the best of the authors’ knowledge, this is the first study to
evaluate the influence of respiratory motion among different opti-
mization approaches for VMAT-APBI. This study focused on patients
with small breasts; however, patients with larger breasts relative to
the target size may yield different results, and further validation in a
cohort including such patients is needed. The main limitation of this
study is that the data are based on 16 patients undergoing APBI at a
single institution. Although isocenter shifts can account for systematic
patient movement, they are inadequate for capturing breast motion,
respiratory motion, swelling, and deformity during treatment.

When the patient’s actual breathing is considered, the interplay
effects between periodic respiration and MLC motion may alter dose
distributions compared with those observed in this study [31]. Inter-
play effects, which have been extensively studied in lung radiotherapy
[32, 33], can average and blur dose distributions. For breast VMAT,
limited studies exist; Yamauchi et al. evaluated the interplay effect in
APBI with VMAT using the SO method, reporting a gamma pass rate
of only 84.8% for a 5-mm amplitude [11], which was likely influenced
by interplay effects and insufficient fluence outside the skin. This may
have resulted from the interplay effect and insufficient fluence out-
side the skin because of the lack of VB and RO methods. Although
this study validated shifts in three orthogonal directions, it did not
replicate specific respiratory patterns. However, our results provide
a preliminary framework for understanding the relationship between
respiratory motion and dose distribution. This framework serves as
a conceptual model for estimating dosimetric impacts by consider-
ing the amplitude and primary directional tendencies of individual
patients’ respiratory motion. Furthermore, the findings emphasize the
critical importance of selecting an appropriate optimization method
for VMAT-APBI as the choice of method can considerably influence
the robustness of the treatment plan against respiratory motion. Fur-
ther research, including patient-specific respiratory patterns and larger
patient cohorts, is required for refining and validating these findings in
clinical settings.

An evaluation of the VMAT-APBI optimization approach for
patients with a small physique, including breast size, showed that
the RO plan provided superior target coverage and maximum dose
compared to SO and VB methods. When examining the effects of
respiratory motion on the breast, the RO plan also showed the highest
robustness, with CTV V95% > 97% and V105% < 2.3% for a 5 mm
translational shift. The VB04 plan could be the first choice due to
its dosimetric advantages and robustness for institutions where RO is
unavailable. However, the VB10 plan had the worst DVH parameters
and robustness among the optimization methods. The SO plan had
low robustness for patients with PTVs that extend outside the breast
because no flush region exists on the outside of the target.
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