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A B S T R A C T

Purpose: To identify dosimetric advantages of the novel Dynamic WaveArc (DWA) technique for accelerated
partial breast irradiation (APBI), compared with non-coplanar three-dimensional conformal radiotherapy (nc3D-
CRT) and coplanar tangential volumetric modulated arc therapy (tVMAT) with dual arcs of 45–65°.
Methods: Vero4DRT enables DWA by continuous gantry rotation and O-ring skewing with movement of the
multi-leaf collimator. We compared the dose distributions of DWA, nc3D-CRT and tVMAT in 24 consecutive left-
sided breast cancer patients treated with APBI (38.5 Gy in 10 fractions). The average doses and volumes to the
planning target volume (PTV) and organs at risk, especially heart and left anterior descending artery (LAD) were
compared among DWA, nc3D-CRT and tVMAT.
Results: The doses and volumes to the PTVs did not differ significantly among the three plans. For the DWA
plans, the mean dose to the heart was 0.2 ± 0.1 Gy, less than those of the nc3D-CRT and tVMAT plans. The D2%

values of the planning organ at risk volume of the LAD were 9.3 ± 10.9%, 28.2 ± 31.9% and 20.3 ± 25.7%
for DWA, nc3D-CRT and tVMAT, respectively. The V20Gy and V10Gy of the ipsilateral lung for the DWA plans were
also significantly lower.
Conclusions: DWA allowed to find a better compromise for OAR which overlapped with the PTV. Use of the DWA
for APBI improved the dose distributions compared with those of nc3D-CRT and tVMAT.

1. Introduction

Breast-conserving therapy is well-accepted for early-stage breast
cancer [1,2]. Accelerated partial breast irradiation (APBI) targets tis-
sues surrounding the lumpectomy cavity and reduces the doses to the
organs at risk (OARs); APBI is an option after breast-conserving surgery.
The National Surgical Adjuvant Breast and Bowel Project (NSABP) B-
39/Radiation Therapy Oncology Group (RTOG) 0413 performed a
phase III randomized trial to evaluate the effectiveness of APBI com-
pared with whole-breast irradiation (WBI) for early-stage breast cancer
patients [3]. APBI can be delivered via several techniques, including
brachytherapy [4–7], intraoperative radiotherapy [8–10] and external
radiotherapy [11,12] using three-dimensional conformal radiotherapy
(3D-CRT), intensity-modulated radiotherapy (IMRT) and volumetric-
modulated arc therapy (VMAT). In addition, it was proposed to use

dedicated devices such as the Cyberknife (Accuray, Incorporated,
Sunnyvale, CA) or the Vero4DRT (Mitsubishi Heavy Industries, Ltd.,
Japan and BrainLAB AG, Feldkirchen, Germany) [13–15].

Although the toxicities associated with breast irradiation are rather
infrequent today, breast irradiation has been associated with cardiac
toxicity [16–18], radiation pneumonitis [19,20] and poor cosmesis
[21]. APBI planning studies have been conducted using several delivery
techniques [22,23]. Among them, IMRT and VMAT spread the low-dose
regions toward the heart, lungs and contralateral breast. Even low-dose
irradiation can trigger secondary cancers in early-stage breast cancer
patients [24,25]. To resolve this problem, Shaitelman et al. and Popescu
et al. suggested a new irradiation technique: continuous arc rotation of
the couch (C-ARC) or continuous couch and gantry dynamic arc therapy
[26,27]. This technique maintains the benefits of standard tangent
beam APBI performed using non-coplanar 3D-CRT (nc3D-CRT); the
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couch is rotated through one medial and one lateral arc. In addition, the
technique reduces radiation doses to the OARs without compromising
target coverage and is similar to VMAT. To put it simply, C-ARC ex-
hibits the best features of both nc3D-CRT and VMAT. Although C-ARC
is theoretically possible, C-ARC is seldom applied in practice, because
most linear accelerator units do not possess the necessary capabilities.
Moreover, C-ARC may be associated with setup errors caused by intra-
fraction motion when dynamically rotating the couch.

Dynamic WaveArc (DWA) therapy is a new irradiation technique
implemented in Vero4DRT [28]. The Vero4DRT has a unique feature of
the O-ring gantry (Fig. 1). The gantry head can be rotated ± 180°
around the inner circumference. The O-ring can be rotated 360° around
the isocenter and can be skewed ± 60° around its vertical axis [29].
DWA therapy is a novel irradiation approach that represents the con-
tinuous and simultaneous rotation of both the gantry head and O-ring.
The O-ring skewing replaces couch rotation; non-coplanar irradiation is
performed effectively and safely. Our group developed a commissioning
and quality assurance procedure for DWA [30,31]. The clinical appli-
cation of DWA has been realized using RayStation for Vero4DRT [32].
We hypothesized that we could use Vero4DRT to create ideal irradia-
tion for APBI.

In the present study, we adapted the novel DWA technique for APBI
and generated two arcs of DWA trajectory to avoid direct beam entry
into OARs, especially the heart. To explore dosimetric advantages af-
forded by DWA treatment, we compared the dose distributions of DWA,
nc3D-CRT and coplanar tangential VMAT (tVMAT) with dual arcs of
45–65°. Furthermore, to verify that DWA could be delivered, we em-
ployed a three-dimensional diode array and measured the delivery
time. To the best of our knowledge, this is the first attempt to perform
APBI using DWA.

2. Materials and Methods

2.1. Patient population

From November 2011 to April 2016, 48 breast cancer patients were
treated with APBI using nc3D-CRT in a single-institution clinical trial
approved by our institutional review board. The eligible patients were
women>40 years with early-stage breast cancer (maximum diameter

3-cm) eligible for breast-conserving surgery; clipping of the surgical
margin was required. In the present study, we examined the data from
24 consecutive left-sided breast cancer patients in terms of the irra-
diated volumes in the heart and coronary artery. The distances from the
surface of the heart to the cavity were measured three dimensionally,
and the closest distance was defined as the distance from the heart to
the cavity. Table 1 lists the tumor locations and heart-to-cavity dis-
tances.

2.2. Contouring of target volumes and OARs

CT images (2.5-mm thick) were obtained from the mandible to the
upper abdomen and transferred to the treatment planning system. The
lumpectomy cavity was outlined, and the clinical target volume (CTV)
was expanded by adding 1-cm margins. The planning target volume
(PTV) was defined by adding 1-cm margins to the CTV. To evaluate
dose coverage, PTV evaluation (PTV_EVAL) was performed, excluding
2-mm beneath the body surface.

The heart was contoured from the level at which the pulmonary
trunk branched into the left and right pulmonary arteries [3]. The left
anterior descending artery (LAD) was contoured using the University of

Fig. 1. The Vero4DRT has an X-ray head (arrow) that can rotate around the inner surface of the O-ring. The O-ring gantry can also skew around the vertical axis,
enabling delivery of DWA therapy.

Table 1
Location of the tumors and distance from the heart to the cavity.

Patient Quadrant of
the breast

Distance from
the heart
(cm)

Patient Quadrant of
the breast

Distance from
the heart (cm)

1 A 3.7 13 B 1.1
2 C 7 14 B 1.2
3 D 1.5 15 CD 2
4 A 4.6 16 B 1.5
5 A 4.5 17 A 4
6 A 6 18 A 5.1
7 C 4.3 19 BD 1.2
8 CD 1.2 20 AB 3.5
9 C 4 21 AC 4.8
10 CD 3 22 AC 5.5
11 C 5.6 23 C 6.4
12 CD 4.7 24 B 1

A: upper inner; B: lower inner; C: upper outer; D: lower outer.
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Michigan cardiac atlas, beginning from where the left coronary artery
ran into the interventricular groove between the left and right ven-
tricles [33]. The planning OAR volume of the LAD (PRV_LAD) included
5-mm margins. The other OARs, including the bilateral breasts, lungs,
thyroid and skin were also contoured. The skin contour was created as a
2-mm layer within the body surface on the ipsilateral breast.

2.3. Treatment planning

The DWA, nc3D-CRT and tVMAT treatment plans were created by

RayStation version 4.7 (RaySearch Medical Laboratories AB,
Stockholm, Sweden) running a collapsed-cone dose-calculation algo-
rithm. Fig. 2 shows an example of the beam arrangements created. All
plans used 6-MV photon beams from the Vero4DRT system. The pre-
scribed dose was 38.5 Gy/10 fractions. In all plans, the lowest dose
received by at least 50% of the PTV_EVAL volume (D50%) was set to
38.5 Gy. In the DWA and tVMAT plans, the D90% and D10% of the
PTV_EVAL were restricted to within 2% of those of the 3D-CRT plans.
The PTV definition resulted in an overlap of heart and PTV in several
cases, however, the overlap volumes were very small. Optimization was

Fig. 2. Representative beam arrangements and an example of a dose distribution for the DWA, nc3D-CRT and tVMAT plans using a 3D patient model.
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performed for the PTV_EVAL to ensure that the OAR dose constraints
were the same as those of the NSABP B-39/RTOG 0413 protocol
(Table 2) [3]. A skin flash was not used during VMAT or DWA in the
present study.

2.4. Non-coplanar 3D-CRT planning

The clinically applied nc3D-CRT plans comprised 4–6 non-coplanar
beams using Vero4DRT. Basically, four beam angles were selected to
avoid irradiating directly through the OARs. For all cases, the gantry
angle was set within 110–155° and 290–355°, while the O-ring was set
within 320–35°. Fields 5 and 6 were added using a field-in-field tech-
nique when it was necessary to reduce the high-dose area.

2.5. Coplanar tangential VMAT planning

The tVMAT treatment plans featured two arcs with Vero4DRT. The
start and end beam angles were referred from those of the nc3D-CRT
planning orientations. Thus, the beam angles were set within 110–155°
and 290–355° for all cases. To deliver a coplanar beam, the O-ring was
held static at 0°. The Vero4DRT multi-leaf collimator (MLC) and gantry
speeds were optimized using RayStation for the Vero4DRT. The control
point spacing was set as 4°.

2.6. DWA planning

DWA treatment plans were created by synchronizing the gantry ring
rotation with that of the MLC [31]. The speeds of the gantry and O-ring
can be controlled accurately; the gear transmission system is rigid,

maintaining system performance even during complex gantry ring
movements. By effectively controlling gantry, O-ring and MLC motions,
it is possible to create an intensity-modulated beam.

However, in the current version of RayStation, the available DWA
trajectories are limited, because the treatment planning system supports
only established templates that irradiate around the target. In the case
of breast cancer, the beam irradiates the OARs directly. Consequently,
the doses to adjacent OARs are rather high. To avoid direct beam entry
into the OARs, we generated two arc trajectories by interpolating four
nc3D-CRT beams.

Again, the current version of RayStation does not support optimi-
zation of flexible DWA trajectories. We thus simulated DWA plans based
on static multi-fields; the actual deliveries were chosen via optimal
interpolation of the original plans. First, we created two sets of 11
control points (at angles 315–35° to the ring angle and 110–155° and
290–355° to the gantry angle) for two non-coplanar DWA trajectories.
Optimization was performed using the 22 control points as 22 multiple-
field IMRT plans; that is, each IMRT beam had a single segment in-
cluding the single monitor unit (MU) and MLC aperture information.
The 22 multiple IMRT beams were optimized with a control spacing of
0–2° for the gantry angle and 3–8° for the ring angle. The beam weights
of all fields were manually adjusted (without any significant effects on
the dose distributions) to accommodate the mechanical limitations of
the Vero4DRT system. Dose distribution of the 22 multiple IMRT beams
was simulated in RayStation with a collapsed cone, and we assumed
that the simulated dose distribution was comparable with that of DWA.
Second, the DICOM-RT data of the original plans were converted to
beam-delivery files using in-house software written in MATLAB
(MathWorks Inc., Natick, MA, USA). MLC motions between control
points were linearly interpolated using the VMAT algorithm [34]. MLC
movements were limited by the machine constraints: gantry speed
(0.1–6°/s), ring speed (0.1–2.5°/s), dose rate (150–400 MU/m) and
MLC leaf speed (0.1–4 cm/s) [31]. It is possible to modify the dose rate
with a general VMAT delivery; on the Vero4DRT, gantry speed and dose
rate were constant per manipulation points where the direction of the
ring rotation could change. All plans, thus created as beam-delivery
files, were delivered using the maintenance mode of Vero4DRT.

By using our collision map software for Vero4DRT, we confirmed
that no DWA or tVMAT plan had a collision risk (Fig. 3). When the
positions of the isocenter and control points are entered, the corre-
sponding collision map and control points are displayed on the map. If
some control points were within the red or yellow zones, we confirmed
that the nc3D-CRT plans were clinically irradiated without collision.

Table 2
Normal tissue dose constraints for APBI.

Structure Index Dose constraint

Ipsilateral Breast Dmax < 120%
V50% <60%
V100% <35%

Contralateral Breast Dmax < 3%
Ipsilateral Lung V30% <15%
Contralateral Lung V5% <15%
Heart (left breast cancer) V5% <40%
Thyroid Dmax < 3%

Abbreviations: Dmax=maximal dose; V*%=percentage of the volume re-
ceiving *% or more.

Fig. 3. A sample collision map for the Vero4DRT. When the position of the isocenter and those of the control points are entered, the collision map and the number of
control points are displayed. The red zone is the collision area and the yellow zone the dangerous area. (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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2.7. Patient-specific dosimetric quality assurance

The dosimetric characteristics of VMAT and DWA were evaluated
using the ArcCheck dosimeter (Sun Nuclear Corp., Melbourne, FL,
USA), a cylindrical diode array with 1386 detectors spaced 10-mm
apart. Gamma analysis was performed using SNC Patient software (Sun
Nuclear Corp.); we compared the measured and calculated dose dis-
tributions of the DWA plans. The gamma analysis criterion of 3%/3-mm
was used to assess patient-specific dosimetric quality assurance. The
passing rates in regions inside the 5% isodose level were calculated
using a global difference approach of the absolute dose.

2.8. Plan comparisons and statistical analysis

The average doses to specified volumes (e.g. D90%, D10% and D2%)
and volumes receiving a given dose (e.g. V20Gy, V10Gy and V5Gy) of the
PTV, bilateral breasts, lungs, heart, PRV_LAD, thyroid and skin were
evaluated by DWA, nc3D-CRT and tVMAT. In accordance with ICRU
Report 83, the maximum doses were replaced by the near-maximum
(D2%) values [35].

Furthermore, the total MUs and delivery times were evaluated by
DWA, nc3D-CRT and tVMAT. The machine treatment times were
measured from the beginning to the end of irradiation, including the
operator time. Differences in the dose distributions, MUs and delivery
times between DWA and nc3D-CRT and between DWA and tVMAT were
evaluated using the two-sided paired t-test. A p value<0.05 was con-
sidered to reflect a significant difference.

3. Results

3.1. Target volume coverage and OAR doses

Fig. 4 shows the average dose-volume histograms (DVHs) for all 24
patients in terms of their PTVs and OARs. Table 3 summarizes the
average dose volume indices for the targets and OARs and the MUs and
treatment times for each technique. The three plans did not differ sig-
nificantly in any PTV_EVAL parameter. The average mean doses
(± standard deviation [SD]) to the heart were 0.2 ± 0.1 Gy,
0.5 ± 0.5 Gy and 0.5 ± 0.7 Gy for DWA, nc3D-CRT and tVMAT. The
average D2% values to the PRV_LAD were 9.3 ± 10.9%, 28.2 ± 31.9%
and 20.3 ± 25.7%, respectively, thus significantly lower in the DWA
plans. Table 1 shows that the tumor cavity of patient No. 24 was the
closest to the heart. In that case, the mean doses to the heart were
0.4 Gy, 2.1 Gy and 1.2 Gy for DWA, nc3D-CRT and tVMAT, respectively.
The D2% values to the PRV_LAD were 20.7%, 97.6% and 47.2%, re-
spectively. For the DWA, nc3D-CRT and tVMAT plans, the average V50%

values of the ipsilateral breast were 47.4 ± 8.6%, 54.1 ± 6.4% and
50.9 ± 7.8%, respectively. In comparison with the nc3D-CRT plans,
the V50% values of the DWA plans were significantly lower, but the
V100% values did not differ among the techniques. The average V20Gy

values of the ipsilateral lung were 0.7 ± 1.2%, 3.5 ± 2.0% and
1.9 ± 2.4%, and the V10Gy values were 2.3 ± 2.9%, 7.2 ± 4.0% and
5.9 ± 5.0% for DWA, nc3D-CRT and tVMAT, respectively. The average
D2% to the ipsilateral breast was significantly lower during DWA than
during nc3D-CRT. The D2% and mean dose of the contralateral breast
and lung did not differ statistically among the three plans, except for
the D2% of the contralateral breast. The D2% values of the contralateral
breast were slightly lower for the DWA plans than the nc3D-CRT plans.

3.2. Total MUs and delivery times

The average (± SD) prescribed MUs were 486.2 ± 40.4,
442.7 ± 22.0 and 467.6 ± 35.7 MU for the DWA, nc3D-CRT and
tVMAT plans, respectively. The total MUs of the DWA plans were 9.8%
higher than those of the nc3D-CRT plans, but the DWA and tVMAT
plans did not differ significantly.

The mean (± SD) machine treatment times were 131.5 ± 10.5 s,
218.0 ± 23.7 s and 123.1 ± 8.6 s for the DWA, nc3D-CRT and tVMAT
plans, respectively. The DWA treatment time was slightly longer than
that of tVMAT but 40% less than that of nc3D-CRT.

3.3. Dose verification during DWA quality assurance

Using the gamma analysis criterion of 3%/3-mm, with a 5%
threshold, the means ± SD of the average passing rates were
94.8 ± 3.0% (range, 87.6–99.0%) and 94.8 ± 3.0% (range,
88.8–100%) for DWA and tVMAT, respectively.

4. Discussion

This novel DWA irradiation technique was proven to be effective
and safe [30,31]. Our group has reported several planning studies and
demonstrated dosimetric advantages afforded by DWA for pancreatic
cancer, pituitary adenomas and craniopharyngiomas [29,36]. In the
present study, we evaluated the dose distributions and treatment times
of DWA for APBI and compared them with those of nc3D-CRT and
tVMAT.

Qiu et al. reported an APBI planning study conducted using the
currently available irradiation techniques IMRT and VMAT [23]. The
VMAT plans reduce the doses to the OARs but increase the low-dose
areas in the ipsilateral lung. We showed that the DWA plans for the
Vero4DRT system significantly reduced the doses to the OARs without
compromising target coverage and reduced the treatment time.

One of the advantages of APBI compared with WBI is the reduced
dose to the heart, which is important for long-term breast cancer sur-
vivors [25,37]. Darby et al. reported that the rates of major coronary
events increased linearly with the mean dose to the heart, by 7.4% per
Gy [17]. Abdel-Qadir et al. suggested that the risks of death from breast
cancer and cardiovascular causes in women ≥66 years of age at
10 years after treatment were 11.9% and 7.6%, respectively [16]. In
those who survived for> 5 years after breast cancer diagnosis, cardi-
ovascular disease supplanted breast cancer as the leading cause of death
at 10 years after diagnosis. Moreover, among patients with prior car-
diovascular disease, the risks of death from breast cancer and cardio-
vascular death were the same during the first 5 years after treatment,
after which the risk of death from cardiovascular causes became more
significant. Notably, DWA reduced the mean dose to the heart by 55%.
Major et al. reported that the mean heart dose using multi-catheter
interstitial brachytherapy was higher than that using IMRT (4.5% vs.
2.0%) [13,22]. Xu et al. reported that the V5% of the heart volume using
Cyberknife was higher than that using IMRT, as reported by Leonard
et al. (range: 0–27.9% vs. 0–22%) [13,38]. In the present study, we
observed that DWA, compared with IMRT and 3D-CRT, reduced the
mean dose and V5% to the heart, because the trajectory of DWA can
avoid direct beam entry into the heart, thus reducing the risk of cardiac
toxicity.

We also focused on the LAD. Feng et al. proposed that use of a
cardiac atlas significantly improved contour accuracy [33]. Nilsson
et al. reported that, in patients with irradiated left- versus right-sided
breast cancer, the odds ratios for grades ≥3 stenosis in the LAD and
distal diagonal branch were 4.38 and 7.22, respectively [18]. The LAD
is a serial organ, and confining a high radiation dose to a small volume
increases the risk of coronary stenosis. DWA afforded marked reduc-
tions in the D2% and mean dose to the PRV_LAD compared with nc3D-
CRT and tVMAT. Even if the mean doses to the heart differ only trivi-
ally, a lower dose to the LAD would be clinically meaningful, pre-
venting cardiovascular disease in long-term breast cancer survivors.

Here, it should be noted that the positions of the heart and LAD
relative to the PTV were an important factor for the treatment planning
outcome. A large distance between the heart and PTV would result in a
very low dose regardless of the technique. On the other hand, when the
heart is close to the PTV, DWA can exert its potential because of the
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trajectories to avoid direct beam entry into OARs.
During DWA optimization, a reduction in the cardiac dose also re-

duced the dose to the ipsilateral lung. Recht et al. recommended that
the ipsilateral lung V20Gy should be<3%, the V10Gy< 10% and the
V5Gy< 20%, when pure coplanar techniques are used for APBI [19].
Similarly, Shikama et al. reported that an ipsilateral lung V10Gy

of> 10% might be associated with symptomatic radiation pneumonitis
[20]. In our study, we found that DWA reduced the V20Gy and V10Gy of
the ipsilateral lung by 2.8% and 4.9%, respectively, compared with
nc3D-CRT. Thus, DWA may reduce the risk of radiation pneumonitis.

Jagsi et al. reported that the V50% of the ipsilateral breast was lower
in patients with acceptable cosmesis than in those with unacceptable
cosmesis (34.6% vs. 46.1%); the V100% was also lower in the former
patients (15.5% vs. 23%) [21]. In our present study, the PTV_EVAL
D90% and D10% were restricted much more severely than were the
clinical doses. As a result, no plan met the dose limitation goals for
acceptable cosmesis. If it were possible to limit the PTV_EVAL coverage
to a clinically acceptable level, this would reduce the doses to the OARs
including the ipsilateral breast.

Importantly, a skin flash was not used to account for movement of
the breast during VMAT and DWA in this planning study. Considering
the potential movement of the breast during treatment, an artificial
bolus should be added to the skin surface clinically. Nicolini et al. im-
plemented this skin flash method and achieved target coverage without
under-dosing during treatment [27,39].

The Vero4DRT system has the potential to reduce the PTV margins
because of improved registration accuracy using implanted surgical
clips [14]. In addition, our group assessed the intrafractional internal

target motions in APBI [15]. From these findings, we were able to de-
fine appropriate margins to the target and reduce complications in
normal tissue. Moreover, the dynamic tumor-tracking technique, which
is a feature of the Vero4DRT or Cyberknife, may result in a smaller PTV
margin [13]. DWA reduced the treatment time, which could offer the
possibility to track the tumor without increasing the treatment time
much higher than for conventional treatments.

We acknowledge that several limitations are apparent when ap-
plying the technique clinically. First, the current version of RayStation
does not allow trajectories to be generated freely; only template tra-
jectories can be used for DWA plans [32]. The existing DWA trajectory
template for breast cancer cannot eliminate direct beam entry into the
lungs and heart. We had to create new trajectories to reduce the dose to
the OARs effectively. Second, the control point resolution of the ring
angle was not integrated in the optimization process but was dependent
on the ring rotation and control points of the gantry angle. Burghelea
et al. also mentioned control point variation in the ring angle for DWA
[31]. However, we confirmed that the delivered dose distribution
showed good agreement with the simulated dose distribution for DWA.
Thus, the dose approximation method for DWA in this study was suf-
ficient to compare VMAT and 3D-CRT planning. Finally, our DWA plans
were optimized as multi-field IMRT without reference to any limitation
in MLC movement. If the RayStation could generate trajectories freely,
the MLC movements would differ from those of our current plans,
further optimizing the results. Once the software is modified to solve
these problems, DWA plans may be made more easily and flexibly.

Fig. 4. Averaged dose-volume histograms for 24 patients treated using each technique for PTV_EVAL, ipsilateral breast, ipsilateral lung and PRV_LAD.
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5. Conclusions

The use of DWA for APBI reduced irradiation to the OARs, especially
the heart and LAD, without compromising target coverage, compared
with nc3D-CRT and tVMAT.
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(vs.
DWA)

*PTV_EVAL
D90% [%] 94.2 ± 1.3 94.6 ± 0.9 0.2 94.0 ± 1.1 0.5
D10% [%] 104.2 ± 0.9 104.0 ± 1.1 0.3 104.6 ± 0.7 0.08
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