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Abstract

Purpose
To improve the hybrid VMAT treatment plan robustness for postoperative breast cancer patients
considering small patient motion shifts during treatment using a 3D-CRT with a dose gradient in the
junction region.

Methods
Locoregional supraclavicular nodes of breast cancer patients were planned using 3D-CRT and VMAT. A
3D-CRT plan with a dose gradient on the cranial side was applied by shifting the jaw to reduce hot or cold
spots. The VMAT plan was optimized based on the results of the 3D-CRT plan calculation. Hybrid plans
were created by the sum of the 3D-CRT and VMAT plans. To simulate patient motion, the plans were
recalculated with the VMAT plan simulating isocenter superiorly (separation) or inferiorly (overlap) shifted
by 1, 2, and 3 mm. The shifted plans were compared with the non-shifted plans considering the clinical
target volume (CTV) (D98% or D2%).

Results
The D2% value of the CTV with perfectly aligned �elds for the hybrid VMAT plan with high- or low-dose
gradients on the 3D-CRT plan increased from 102.8%/102.9–107.2%/105.7%, 114.9%/110.9%, and
122.2%/115.5% for each 1 mm, 2 mm, and 3 mm overlapped shift, respectively. The value of D98% to the
CTV with perfectly aligned �elds decreased from 95.7%/95.6–90.0%/93.1%, 81.2%/88.4%, and
72.8%/83.5% for each 1 mm, 2 mm, and 3 mm separated shift, respectively.

Conclusions
By employing a 3D-CRT plan with a low dose gradient on the cranial side, the dose differences can be
decreased. A more robust treatment delivery option can be achieved for breast cancer treatment using our
proposed hybrid VMAT.

1. Introduction
Breast cancer accounts for a signi�cant proportion of female patients who are treated with radiation
therapy (RT). Surgery, systemic therapy, and RT are used for breast cancer treatment. Adjuvant RT
following lumpectomy or mastectomy is performed to reduce locoregional recurrence and improve
survival [1–3]. Traditionally, two opposing tangential and anterior �elds are mainly used for the chest wall
area and supraclavicular nodes, respectively [4–7]. The anterior �eld should be precisely matched with
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the two tangential �elds to avoid hot and cold spots in the junction region. Several approaches have been
proposed to improve inhomogeneities in the junction region [7–18]. Intensity-modulated radiation therapy
(IMRT) or volumetric-modulated arc therapy (VMAT) for breast cancer treatment have been proposed to
provide better dosimetric results and to improve dose conformity to the target [9–18]. Most hybrid VMAT
planning studies for breast treatment have used either IMRT or VMAT, which uses open tangential three-
dimensional conformal radiotherapy (3D-CRT) �elds with main dose weighting as a base dose plan [9–
14]. We used a combination of two tangential �elds with unequal cranial �eld edges above the breast and
VMAT �elds to obtain a signi�cant improvement in homogeneity and conformity for the targets, which is
called “Hybrid VMAT” [18]. Our method differs from the one commonly referred to as the hybrid VMAT
technique. There is no irradiation to the contralateral chest wall area and a low dose is given to the lung
because our hybrid VMAT method uses only the conventional tangential �eld for the chest wall area. This
method is less susceptible to respiratory motion and breast deformation [19]. Studies analyzing IMRT or
VMAT have used a virtual bolus outside the breast contour to ensure target dosage due to the lack of
buildup and lateral scatter [20–21]. Our proposed hybrid VMAT plans provide better target coverage and
dose homogeneity than that of the 3D-CRT plans, and proved to be a safe technique upon evaluating the
toxicity [18]. However, in our method, the dose distribution in the junction region may be affected by
patient motion.

Patient motion can affect the accuracy of dose delivery and is signi�cant for achieving a successful
treatment. Field edges with a steep dose gradient may have a signi�cant impact on the dose distribution
in the junction region [6–8]. A perfect alignment in the junction region between adjacent �elds is di�cult
to accomplish even when a phantom is used. A robust technique in the junction of adjacent treatment
�elds should therefore be considered to avoid the emergence of hot and cold spots. The largest concern
is the emergence of possible hot and cold spots in the junction region in case of patient motion between
the 3D-CRT and VMAT plans. In our hybrid VMAT technique, the cranial side of the tangential �eld creates
a dose gradient by closing the jaw which gradually decreases the delivered dose and results in
minimizing hot and cold spots in the junction region. We therefore believe that our hybrid-VMAT
technique is highly insensitive to patient motion.

The purpose of this study was to investigate the impact of patient motion between the 3D-CRT and VMAT
plans on dose distribution for locoregional breast cancer patients undergoing supraclavicular node
treatment. We created the dose gradient using different jaw settings for the 3D-CRT �eld on the cranial
side. The robustness in the junction region was evaluated by simulating the isocenter shift.

2. Material And Methods

2.1 Patient
This study was approved by the Institutional Review Board of Hiroshima University (E-947). Ten post-
mastectomy breast cancer patients with supraclavicular nodes who received adjuvant loco-regional RT at
our institution between August 2020 and September 2020 were selected for this dosimetric comparison
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study. Patients were immobilized in customized vacuum bags in the supine position with arms raised
above their head for the ease of treatment position reproducibility. A radiopaque wire was placed on the
patient midline and mid-axillary line by a radiation oncologist during simulation to better de�ne the
clinical target volume (CTV) extension. Computed tomography (CT) images for treatment planning were
acquired with a 2.5 mm slice thickness (580W, GE Healthcare, Milwaukee, WI, USA) under free breathing.
All CT data were exported to the Eclipse (version 13.5, Varian Medical Systems, Palo Alto, CA, USA)
treatment planning system (TPS) for target and organs at risk (OAR) delineation and treatment planning.

2.2 Target and OARs delineations
The CTV contoured the entire ipsilateral chest wall area with supraclavicular nodes based on the
Radiation Therapy Oncology Group (RTOG) Breast Cancer Atlas and clinical data for each patient. The
planning target volume (PTV) was created by adding a uniform margin of 5 mm around the CTV. The
evaluation structure of the "PTV-modi�ed" region was created by subtracting the PTV with a 2 mm
margin on the skin surface and lung around the PTV. The bilateral lungs, heart, contralateral breast,
ipsilateral humeral head, spinal cord, and esophagus were contoured as OARs. All delineation processes
were checked by radiation oncologists.

The prescription dose was 50 Gy given in 25 fractions to the conserved breast or chest wall and regional
lymph nodes using 6-MV photons with a maximum available dose rate of 600 MU/min. Figures 1 and 2
present the procedure beam arrangement, and an example of the coronal view of the dose distribution on
the “3D-CRT plan on chest wall area”, “VMAT plan on supraclavicular nodes”, and plan sum. First, the
isocenter was placed 2 cm caudal to the upper sternum. The gantry angles and �eld settings of the
mediolateral (ML) �eld were determined while considering the dose to the lung and heart. The opposing
lateromedial (LM) �eld was created to have the beam divergence match the ML �eld. The multileaf
collimator (MLC) leaves were opened anteriorly at least 2 cm to ensure coverage of the breast in case of
breathing and swelling. The MLCs were adjusted to maximize shielding of the heart and lungs. The �eld-
in-�eld technique used three individual �elds with the jaw shifts to create the dose gradient (Fig. 1-a), and
the tangential �elds for the chest wall area were calculated. The weight of these segments was adjusted
to be approximately equal. The tangential �eld was normalized at the maximum dose (Dmax) in the chest
wall area. A marginal zone with an insu�cient dose (≤ 95% of prescription dose) on the tangential
irradiation was extracted and was used for the VMAT optimized structure to cover the PTV dose. In this
study, two plans were created for each patient, with or without the jaw shifted on the cranial side of the
3D-CRT plan, which were de�ned as “low dose gradient” and “high dose gradient”. 

Second, the VMAT plan created two coplanar arcs (one counterclockwise and another clockwise) with
gantry rotation angles of 240 ° (ranging from 60 ° to 181 ° and 181 ° to 60 ° for the right side and from
179 ° to 300 ° and 300 ° to 179 ° for the left side), with the collimator angle of each arc set to 10 ° or 80 °
to avoid a tongue-and-groove effect at the same isocenter (Fig. 1-b). One arc with collimator angle of 80
only covered for the supraclavicular area due to max leaf travel. The VMAT plan for the supraclavicular
area and marginal zone were optimized to the whole PTV the based on the results of the calculation of
the tangential �elds for the chest wall area. A ring structure was used to control high-dose areas
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surrounding the PTV by assigning maximum dose objectives. Additional avoidance structures were used
to reduce dose to the lung, in particularly, for low dose. The planning objectives for the VMAT plan were
the same for the comparison plans.

Finally, hybrid plans were created by the sum of the 3D-CRT and VMAT plans (Fig. 2). Cumulative dose
volume histograms (DVHs) were evaluated to assess target volumes and OARs. The details of the PTV
and OAR dose constraints are shown in Table 1. Figure 3 presents the dose pro�le in the junction region,
where each plan indicates the slope shape, while the summation of the two plans is approximately
homogeneous. In this study, we de�ned the treatment plan as a “nominal plan” The dose distributions
and DVHs of the hybrid VMAT plans with high or low dose gradients in the 3D-CRT plan were evaluated
and compared. A �nal dose calculation was performed using the Acuros XB (AXB) with a dose grid matrix
of 2.5 mm.

Table 1
Dose constraints for Hybrid VMAT optimization

  Index Constraint Preferable

PTV-modi�ed D95% (%) 92%-96%  

  Max (Gy) ≦ 115% ≦ 120%

  D50% (%) 97–103%  

Esophagus D1cc (Gy) ≦ 25 Gy ≦ 20 Gy

  D5cc (Gy) ≦ 20 Gy ≦ 15 Gy

Lungs V5Gy (%) 35% 30%

  Mean (Gy) ≦ 10 Gy ≦ 8 Gy

 

2.3 Perturbed dose evaluation
To investigate the impact of patient motion errors between the 3D-CRT and VMAT plans on the dose
distribution, we simulated the robustness of the hybrid VMAT plan. To assess the potential risk
associated with patient motion in the superior-inferior (SI) direction, the dose distribution of the VMAT
plan was shifted by 1, 2, and 3 mm to the superior (separation) and inferior (overlap) directions. The
summed dose distributions with all simulated patient motions were compared with the nominal dose
distribution (no simulated patient motion errors). The shifted plans were recalculated with the same
monitor units (MUs), gantry/collimator angles, and the MLC shape of the nominal plan. The D2% and D98%

values were assessed as indicators of hot and cold spots, which are relevant for the overlap- and
separation-simulated plans, respectively.
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3. Results
Comparison of treatment planning

The DVH statistics of the treatment plans of the examined patients are shown in Table 2. All hybrid VMAT
plans resulted in a similar dose coverage to the PTV and OARs. All plans were clinically acceptable.

Table 2
Doses to the target and OARs using Hybrid VMAT with 3D-CRT on high or low dose gradient.

  Index Hybrid VMAT plan with high dose
gradient on 3D-CRT plan

Hybrid VMAT plan with low dose
gradient on 3D-CRT plan

PTV-
modi�ed

D95%
(%)

95.8 ± 1.0 (94.3–97.9) 95.7 ± 0.9 (94.4–97.1)

  Max
(Gy)

109.0 ± 1.7 (106.7–112.1) 108.0 ± 1.2 (106.6–109.8)

  D50%
(%)

99.7 ± 0.7 (98.7–101.5) 99.6 ± 0.7 (98.8–101.5)

Esophagus D1cc
(Gy)

16.8 ± 2.0 (13.4–20.4) 16.4 ± 1.8 (12.8–19.1)

  D5cc
(Gy)

11.4 ± 1.8 (8.6–13.9) 11.5 ± 2.1 (8.2–14.0)

Lungs V5Gy
(%)

27.0 ± 4.1 (19.3–34.9) 27.1 ± 4.3 (19.5–34.9)

  Mean
(Gy)

7.7 ± 1.4 (5.7–10.0) 7.7 ± 1.5 (5.7–10.0)

Group averages with ranges shown in parentheses (n = 10).

Robustness evaluation

Figure 4 presents an example of the dose distribution generated with the hybrid VMAT plan with high - or
low-dose gradients on the 3D-CRT plan. Compared to the hybrid VMAT plan with a high dose gradient in
the 3D-CRT plan (Fig. 4-a), the hybrid VMAT plan with a low dose gradient on the 3D-CRT plan resulted in
fewer hot and cold spots (Fig. 4-b). Figure 5 presents the dose pro�les acquired in the junction region.
Compared to the nominal plan, the simulation of the ± 3 mm SI direction in the hybrid VMAT plan with a
high dose gradient in the 3D-CRT plan resulted in an over (132.0%) and under dose (72.0%) in the junction
region, as depicted in Fig. 5-a. For the hybrid VMAT plan with a low dose gradient on the 3D-CRT plan, the
introduced shift resulted in a dose only slightly over (115.0 %) and under (85.0%) in the junction region, as
shown in Fig. 5-b. Figure 6 presents the DVH of the CTV for a patient with overlapped or separated shifted
evaluations. The maximum or minimum dose to the CTV for the hybrid VMAT plan with a high dose
gradient on the 3D-CRT plan apparently worsened, whereas the hybrid VMAT plan with a low dose
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gradient on the 3D-CRT plan appeared to be robust against patient motion. Figure 7 presents the CTV D2%

and D98% calculated to compare each of the six shifted plans to the nominal plan. The D2% to the CTV
with perfectly aligned �elds for the hybrid VMAT plan with high- or low-dose gradients on the 3D-CRT plan
increased from 102.8%/102.9–107.2%/105.7%, 114.9%/110.9%, and 122.2%/115.5% for each 1 mm, 2
mm, and 3 mm overlapped shift, respectively (Fig. 7-a). The D98% to the CTV with perfectly aligned �elds
for the hybrid VMAT plan with high - or low-dose gradients on the 3D-CRT plan decreased from 95.7–
95.6% to 90.0%/93.1%, 81.2%/88.4%, and 72.8%/83.5% for each 1 mm, 2 mm, and 3 mm separated shift,
respectively (Fig. 7-b). Dose differences due to patient motion can be decreased using our hybrid VMAT
technique that utilizes a low dose gradient on the 3D-CRT plan.

4. Discussion
The hot and cold spots in the junction region are one of the concerns for breast cancer RT with
supraclavicular nodes. With conventional radiotherapy techniques using two opposing tangential and
anterior �elds, it is extremely di�cult to deliver a homogeneous dose to the PTV in the junction region. In
addition, this conventional radiotherapy technique is sensitive to possible misalignment errors and
causes the emergence of hot and cold spots in the junction region [6]. The effect of the matching
techniques on the dose variations in the junction region was investigated using a breast phantom [6].
Two different treatment techniques were compared under an overlap of 5 mm, a separation of 5 mm, and
it was concluded that set-up di�culties in�uence the dose distribution. The conventional 3D-CRT
treatment plan has a high dose gradient and the junction region is easily over or underdosed with the
introduction of mechanical inaccuracies or possible patient movement during the treatment. The effect of
uncertainty in the jaw positioning on dose distribution in the junction region was investigated [7]. The jaw
positional errors should be managed to be less than 1 mm according to the American Association of
Physicists in MedicineTask Group 40 [22].

A combination of two tangential �elds and VMAT for breast cancer has already been reported [15]. Their
strategy includes 2 tangential open �elds with a 2 cm cranial slip zone delivering 85% of the chest wall
area. In this study, we investigated the robustness of our proposed hybrid VMAT in breast cancer to
achieve dose homogeneity in the junction region. Our proposed hybrid VMAT technique with a low dose
gradient on the 3D-CRT plan could reduce the over and under dosage in the junction region. As shown in
the dose pro�le, extreme patient motion (± 3 mm) can potentially lead to areas of high and low doses that
can be up to approximately 30% different from the nominal plan. On average, the D2% to the CTV of 1.5%,
3.5%, 5.5%, and D98% to the CTV of 3.3%, 8.2%, and 12.8% for the 1 mm, 2 mm, and 3 mm,
overlapped/separated shifted evaluations were improved, respectively. This is because a shifting jaw on
the 3D-CRT plan will result in a low dose gradient from the VMAT also being smooth in the junction
region.

Patient setup and motion errors during treatment can result in small shifts in treatment �elds; typical
misalignment errors may vary between 0 mm and 3 mm [23, 24]. As shown in the dose pro�le, our study
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demonstrated that a 3 mm patient motion in the SI direction resulted in a dose difference of
approximately 15% in the junction region, using an even hybrid VMAT plan with a low dose gradient in the
3D-CRT plan. Daily patient setup and patient motion are random sources of errors throughout the entire
treatment. Intrafraction motion is signi�cantly limited with a translational median of 1.1 mm from the
isocenter [24]. Patients are not likely to move in the SI direction (mean = 0.09 ± 0.81 mm, median = 0.04
mm) [23]. Patient monitoring with a surface scanning system is expected to decrease patient motion
during treatment and decrease the effect of �eld separation or overlap. The immobilization positioning
system is also essential to minimize patient motion during the time of treatment. Studies have reported
signi�cantly improved reproducibility and decreased random and systematic inter-fraction errors, with the
use of an immobilization device [25, 26]. Some patients feel comfortable positioning themselves during
treatment, as indicated with a simulation using an immobilization device [27]. The beam-on-time of our
hybrid VMAT approach for breast cancer patients is required for only approximately 2–3 min after image
guidance. Therefore, we believe that the patient motion with the immobilization device and our proposed
hybrid VMAT is minimal during treatment.

A limitation of this study was that we only examined one dose gradient with a jaw shift. A large jaw shift
contributes to a shallow dose gradient and a more robust plan for patient motion. The low-dose gradient
plan was able to decrease the dose differences when patient shift errors were introduced, as was also
found for the dose pro�les, by a maximum of 12.8% for the 3 mm shift. However, a greater dose
contribution to the lung on VMAT should be considered for respiratory motion and organ deformation
[19]. A balance between the junction dose step size length and dose step size should be considered based
on plan quality. The issue of dose junction associated with large treatment volumes presents problems
with other sites, such as craniospinal irradiation and total marrow irradiation [28–30]. In these treatments,
the couch is moved next to the treatment plan position because of the restricted �eld size. Therefore, a
shallow dose gradient is used for plan robustness due to set-up error and patient motion at these
treatment sites. It should be stressed that this study considered a maximum dose variation in the worst
scenario. Intrafraction respiratory chest wall motion and the daily set-up errors have blurred the cold
spots or hot spots in the junction region. Mathematical calculations of the probability distribution should
be considered for the number of fractions because day-to-day setup variations were random.

5. Conclusions
Our study demonstrated that patient motion in the SI direction signi�cantly affects the accuracy of breast
cancer treatment in the junction region using hybrid VMAT. Hybrid VMAT with a low-dose gradient on the
3D-CRT plan can produce a comparable patient plan while signi�cantly reducing the magnitude of any
over- or under-dosing that may occur from patient motion. A more robust and accurate treatment delivery
could be achieved without considering the breathing motion for breast cancer treatment using our
proposed hybrid VMAT technique.
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Figures

Figure 1

Typical �eld setup for the (a) 3D-CRT plan on chest wall area and (b) VMAT plan on supraclavicular area
for a single right-sided patient. Dose gradient in the junction region was created by shifting the tangential
�eld. The jaw is indicated by yellow. In segment 1, the tangential �eld on the cranial side was fully open
until the isocenter level. In segment 2, the jaw moved 5 mm toward closure. In segment 3, the jaw moved
an additional 5 mm towards closure. The shifted jaw is indicated by the red arrow. For a better
modulation, the jaw �eld size of the second arc was restricted in only the supraclavicular area.
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Figure 2

Procedure treatment planning (a) 3D-CRT plan on chest wall area, (b) “VMAT plan on supraclavicular
nodes, and (c) Hybrid VMAT plan, which combined 3D-CRT and VMAT plans.

Figure 3

Dose pro�le for hybrid VMAT plan with (a) high or (b) low dose gradients on 3D-CRT plan along (c) yellow
line between the same two points in the junction region. Contributions of the 3D-CRT plan, VMAT plan,
and the total sum dose, are indicated by the blue, red and black, respectively. Dose gradient of 3D-CRT
plan without and with jaw shifted plans have a slope of (a) 11.0 %/mm or (b) 5.8 % /mm, respectively.
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Figure 4

An example of the dose distribution for (a) the hybrid VMAT plan with high dose gradient on 3D-CRT plan
compared with (b) the hybrid VMAT plan with low dose gradient on 3D-CRT plan. Dose distribution in the
coronal area illustrates the nominal (left panel), overlapped (center panel), and separated (right panel)
evaluation plans.
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Figure 5

The dose pro�le of hybrid VMAT plan with (a) high or (b) low dose gradients on 3D-CRT plan for 1 mm, 2
mm, and 3 mm separated and overlapped shift along (c) yellow line in the junction region.

Figure 6

Dose volume histograms (DVHs) of the clinical target volume (CTV) for hybrid VMAT plan with (a) high or
(b) low dose gradients on 3D-CRT plan with 1 mm, 2 mm, and 3 mm separated and overlapped shifts,
respectively. Horizontal dash lines indicate D98% and D2%, respectively.
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Figure 7

Plot of average (a) D2% and (b) D98% dose to the CTV as a function of the simulated patient motion
using the hybrid VMAT plan with high or low dose gradients on the 3D-CRT plan in ten patients.


