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Abstract
Purpose To develop an automated treatment planning approach for whole breast irradiation with simultaneous integrated
boost using an automated hybrid VMAT class solution (HVMAT).
Materials andmethods Twenty-five consecutive patients with left breast cancer received 50Gy (2Gy/fraction) to the whole
breast and an additional simultaneous 10Gy (2.4Gy/fraction) to the tumor cavity. Ipsilateral lung, heart, and contralateral
breast were contoured as main organs-at-risk. HVMAT plans were inversely optimized by combining two open fields with
a VMAT semi-arc beam. Open fields were setup to include the whole breast with a 2cm flash region and to carry 80% of
beams weight. HVMAT plans were compared with three tangential techniques: conventional wedged-field tangential plans
(SWF), field-in-field forward planned tangential plans (FiF), and hybrid-IMRT plans (HMRT). Dosimetric differences
among the plans were evaluated using Kruskal–Wallis one-way analysis of variance. Dose accuracy was validated using
the PTW Octavius-4D phantom together with the 1500 2D-array.
Results No significant differences were found among the four techniques for both targets coverage. HVMAT plans showed
consistently better PTVs dose contrast, conformity, and homogeneity (p< 0.001 for all metrics) and statistically significant
reduction of high-dose breast irradiation. V55 and V60 decreased by 30.4, 26.1, and 20.8% (p< 0.05) and 12.3, 9.9, and
6.0% (p< 0.05) for SWF, FIF, and HMRT, respectively. Pretreatment dose verification reported a gamma pass-rate greater
than the acceptance threshold of 95% for all HVMAT plans. In addition, HVMAT reduced the time for full planning
optimization to about 20min.
Conclusions HVMAT plans resulted in superior target dose conformity and homogeneity compared to other tangential
techniques. Due to fast planning time HVMAT can be applied for all patients, minimizing the impact on human or
departmental resources.
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Introduction

Adjuvant whole-breast radiotherapy after breast-conserving
surgery is today the standard of care for early breast cancer
patients [1]. Local control can be improved by an additional
dose boost to the lumpectomy cavity after whole breast ir-
radiation, providing significantly higher local control rates
than whole breast irradiation alone in selected patients [2].
However, long-term follow-up studies reported radiation-re-
lated complications, such as breast fibrosis and pulmonary
and/or cardiovascular toxicities, mainly due to inhomoge-
neous dose distributions [3, 4]. Also, the risk of developing
contralateral breast cancer increases with the applied ra-
diation dose, especially among younger patients, and also
represents a serious concern to be considered when choos-
ing an adequate treatment technique.

In the past few decades, a series of new techniques have
been proposed aiming to achieve homogeneous dose dis-
tributions in order to decrease the rate of toxicity and im-
prove cosmetic outcomes. Conventional tangential fields,
usually consisting of two opposing wedged fields, are un-
suitable for dose intensity modulation and dose inhomo-
geneities are usually unavoidable. Also, the use of wedges
mainly contributes to dose scattering to the contralateral
breast, increasing the risk of contralateral breast cancer.
Thus, this technique has been mostly abandoned in modern
radiotherapy. The so-called field-in-field technique has be-
come a widely preferred method for tangential whole-breast
radiotherapy, with several studies reporting better control
of dose homogeneity [5]. This technique uses two open
tangential photon beams and a small number of subfields,
whose shapes and weights are manually determined to de-
crease hot-spot regions within the breast volume. However,
this technique is very time-consuming and the results are
to a high degree operator-dependent. The implementation
of intensity-modulated techniques (IMRT), including the
more recent volumetric modulated arc therapy (VMAT),
translated in more homogeneous distribution and further
reduction of lung and heart irradiation [6]. These new tech-
niques also allowed for the simultaneous integrated boost
(SIB), in which the dose boost is delivered to the tumor
bed concurrently with whole breast irradiation, thus, avoid-
ing overall treatment time prolongation, while exploiting
the higher sensitivity of breast tumor cells to larger single
doses [7]. This strategy demonstrated an improvement of
tumor bed dose homogeneity and a decrease of normal tis-
sue dose when compared to sequential boost [8, 9]. All the
aforementioned advantages of IMRT techniques in terms
of dose homogeneity and conformity are obtained at the

cost of an increased low-dose bath to normal tissues, thus,
representing a concern for the risk of developing second
malignancies [10]. In particular, the use of VMAT for the
irradiation of the left breast or chest wall is not yet widely
accepted and the results of some dosimetric studies are very
conflicting [11, 12]. Although controversial, the concerns
related to the risk of an increase of radiation-induced sec-
ondary malignancies is still perceived as the major reason
for limiting the widespread implementation of VMAT for
whole breast irradiation [10].

A method to overcome these shortcomings is the use
of a hybrid approach, in which the conventional 3D-CRT
and IMRT/VMAT treatments are combined together, aim-
ing to generate a good balance between homogenous dose
distributions and robustness. In this technique, the higher
percentage of the prescription dose (e.g., 70–80%) is deliv-
ered via tangential open beams without any modifiers, while
the remaining dose (e.g., 20–30% of prescription dose) is
delivered through a few IMRT fields or one or two partial
VMAT arcs. IMRT fields or partial arcs are then optimized
by the inverse planning engine in order to increase target
dose homogeneity and coverage. The effectiveness of this
technique has been investigated in a few studies, all report-
ing that the hybrid technique allows for higher dose unifor-
mity across the breast, lower lung irradiation, and an easier
and less complex planning procedure [13–15].

Despite the developments in radiation therapy planning
over the past few years, the planning for left-sided whole
breast irradiation may present several challenges to achieve
clinically acceptable plans. Manually generated plans are
usually obtained by an iterative procedure in which the
planner continuously tunes the planning objectives in a trial-
and-error procedure, until satisfactory dose distributions are
achieved. This process is time-consuming and the final plan
quality highly depends on the planner’s experience [16].
Harmonization in radiotherapy treatment planning is there-
fore advisable for all patients to benefit from the high qual-
ity treatment independently of the planner skills or available
time. Therefore, a well-designed automated planning strat-
egy has the potential to improve current radiation oncology
clinical workflow by standardizing plan quality and accel-
erating the treatment planning process.

Several semi-automated planning procedures were de-
veloped in order to improve the efficiency in breast radio-
therapy, including the automatic selection of beam angles
[17], the optimization of segment shapes and weights [18],
and the use of scripting application programming interfaces
to promote automation [19]. Recently, the Pinnacle treat-
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ment planning system (Philips Medical Systems®, Fitch-
burg, WI, USA) introduced a new engine for fully auto-
mated optimization of the planning procedure. This engine,
called Pinnacle Autoplanning, is a template-based planning
optimization process engine using an iterative approach of
progressive optimization that mimics all the steps of ex-
perienced and skilled planners without requiring any prior
database of successful plans or model training [20]. With
respect to breast treatments, Autoplanning has been recently
tested for patients treated for accelerated partial breast ir-
radiation [21], postmastectomy chest wall, [22], and whole
breast cancer after breast-conserving surgery [23], in all
cases reporting an improvement in target coverage and or-
gans-at-risk dose sparing compared to manual treatment
planning.

In the present paper, we described the implementation
of the Autoplanning engine for breast cancer in a hybrid-
VMAT strategy and compare plan quality with respect to
several tangential techniques gradually implemented over
time in our clinical practice. In particular, the hybrid-VMAT
technique was optimized aiming to avoid the low dose-
spread, typical of rotational techniques, partially mimick-
ing tangential field irradiation. Then, we aimed to provide
a practical protocol for the medical physicist and radiation
oncologist community for the implementation of breast au-
tomated planning in clinical routine.

Materials andmethods

Patient selection

Twenty-five consecutive patients with left-sided breast can-
cer (stage I/II, node negative) who underwent adjuvant ra-
diotherapy after breast-conserving surgery were selected.

Simulation and volume definition

All patients were immobilized in supine position with the
C-Qual TM Breastboard system (Civco Medical Solutions,
Kalona, IA, USA), suitably designed for breast treatments.
Computed tomography (CT) scans (Brilliance Big Bore,
Philips, UK) was performed with slice thickness acquisi-
tion of 3mm. The two clinical volumes (CTVs) include
the breast (CTVB) and the tumor bed (CTVTB), the latter
delineated on the basis of preoperative and operative re-
ports and including the surgical clips and/or any surgery-
induced changes considered to be a part of the lumpectomy
cavity (hematoma or seroma). The corresponding PTVs,
PTVB and PTVTB, were generated by expanding the CTVs
by 5mm, restricted 3mm from external body. The normal
organs included heart, ipsilateral lung, contralateral lung,
and contralateral breast.

Treatment planning

All plans were created by two experienced medical physi-
cists. For each patient four treatment plans were generated.
The standard tangential wedged-fields (SWF), the field-
in-field (FiF), and the hybrid-IMRT (HMRT) plans were
generated using the Oncentra Masterplan treatment plan-
ning system (Elekta, Crawley, UK); the automated hybrid-
VMAT (HVMAT) plans were generated using the Pinnacle
TPS v.16.2 (Philips Healthcare, Fitchburg, WI, USA). In
all cases, the collapsed cone algorithm was used for dose
calculations with a dose calculation grid of 2mm [24]. All
plans were generated with a single isocenter placed at the
center of the breast volume.

Prescribed doses were 50Gy to the breast (PTVB) in 2Gy
per fraction and a simultaneous integrated boost of 2.4Gy
per fraction to the tumor bed (PTVTB). The dose require-
ments for both PTVs were based on the recommendations
of ICRU Report 83 [25]. Objectives for target coverage of
both PTVs were to treat 98% of the PTVs with an ideal of
95% of each prescription dose (i.e., 57.0Gy for PTVTB and
47.5Gy for PTVB). In addition, no more than 2% of the
PTVs should exceed 107% of prescription doses.

For the heart, according to a recent international breast
cancer randomized trial (NSABP B-51/RTOG1304), the
main objective was to keep the mean dose below 4Gy
[26]. In addition, the objective V25Gy< 10% was also at-
tempted since it has been associated with a< 1% probability
of cardiac mortality 15 years after radiation therapy [27].
Following recent suggestions for the evaluation of radia-
tion-induced lung toxicity [28], the objective for the ip-
silateral lung were as follows: V5< 50%, V20< 20%, and
V30< 10% (VX defined as the percentage of the total vol-
ume exceeding X Gy). The mean dose and D1cc (dose to
1cc volume) to the contralateral breast was restricted to
less than 2 and 5Gy, respectively.

Details of the various techniques are described below.

Manual planning techniques

� Standard tangential wedged technique (SWF)

In this conventional planning technique, two parallel op-
posing tangential beams are used to ensure the best possible
coverage of the breast target, minimizing the dose to the ad-
jacent critical structures. Another similar couple of tangen-
tial beams are directed to the tumor bed. The “isocenter”
of the treatment machine was positioned in the centroid of
the breast. Dynamic wedges are added to tangential beams
in order to improve the dose uniformity to the breast and
tumor bed. Whenever possible, the central lung and heart
distances were kept below 2.5 and 1cm, respectively.
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� Tangential field-in-field technique (FIF)

Forward-planned IMRT, also called field-in-field (FIF)
is a practical technique in which one or more conformal
segments are added to the tangential field [29, 30]. Two
open tangential fields are created as for 3D-CRT technique,
but without any beammodifiers, to include the whole breast.
Equal weights are then assigned to these two open fields
and the corresponding dose distribution is calculated. Since
this configuration results in a large volume of underdosage
in the thickest region of the breast, a second segment is
defined to increase the dose to the deepest part of the breast
while sparing the most superficial part. The MLC shape
of this segment is defined on the basis of the dose cloud
visualization from the previous large open fields, in order
to cover with MLC dose level higher than 107%. In our
experience, approximately 10% of the prescription dose was
delivered with these reduced fields, while 90% of the dose
is delivered by the primary tangents. A concomitant boost is
subsequently generated for the tumor bed. Energy of beams
was 6 MV for the primary open fields and 10 or 15 MV
to the smaller segments, depending on maximum tangent
separation.

� Tangential hybrid IMRT technique (HMRT)

The HMRT technique consisted of a conventional tan-
gential-field plan and an inverse-planned IMRT plan. The
3D-CRT prescription (80% of total dose) was associated
with a pair of open medial and lateral beams (with heart
and lung MLC blocks), as for the FIF technique. The IMRT
prescription (20% of total dose) was associated with two
step-and-shoot beams using the same beam geometry as
the 3D-CRT tangential beams. The energy of the beams
was defined as explained for the FIF technique. Again, the
medial and lateral open beams were set to be equal. The
IMRT plan contribution was optimized by the Masterplan

Fig. 1 Schematic diagram of HVMAT workflow. Detailed description is in the “Materials and methods” section

inverse-planning engine to supply the lacking dose, based
on the following objectives: PTV1 uniform dose of 60Gy,
PTV1 V57.0 Gy≥ 98%, PTV2 uniform dose of 50Gy, PTV2
V47.5 Gy≥ 98%, bodymaximal dose< 64.2Gy, ipsilateral lung
dose V20Gy< 10%, and mean heart dose< 4Gy. A maximum
total number of 10 segments was allowed (about 5 segments
per beam) in order to reduce treatment time. The minimum
segment area was set to 10cm2 to avoid the generation of
segments that were too small. During this process, the opti-
mization of 3D-CRT beams was set to “none” in the IMRT
template.

� Automated hybrid-VMAT technique (HVMAT)

In this technique, two tangential fields plus a partial arc
were integrated into a single treatment plan using the Au-
toplanning engine. Again, the actual dose weighting for
the 3D-CRTcontribution was 80% of the prescribed dose
and was used as the base plan. The Autoplanning module
has been previously deeply described [20]. Briefly, it uses
a user-defined template to automate a multiple sequence
optimization process using a progressive optimization al-
gorithm. The template contains all the beam parameters
and dose and dose–volume goals for targets and organs at
risk (OARs), including a tuning balance parameter which
enables the user to tune the weighting between target cov-
erage and OARs sparing and a dose fall-off margin param-
eter to improve the dose gradient around the PTVs. An
example of technique used for breast cases optimization is
presented in Fig. 1. The Autoplanning module is currently
unable to manage a simultaneous optimization of mixed
3D-CRT/VMAT plans. In particular, the definition of beam
set-up parameters for the 3D-CRT plan cannot be fully au-
tomatized in the technique and must be manually performed
before the start of Autoplanning. The schematic diagram for
HVMAT plan generation is shown in Fig. 2. The detailed
process is described as follows. (1) A new case is presented
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Fig. 2 a Autoplanning setup
template for HVMAT tech-
niquel, b advanced settings
template

with completed contouring of targets and OARs. (2) Upload
the HVMAT technique template. This automatically creates
a new plan for a selected patient, sets the treatment isocen-
ter in the centroid of the breast, creates a dummy volume
for the whole breast to manage skin flash for the partial
arc and presents to the planner the Autoplanning template
(including all the preset definitions for arc length, energy,
control point spacing, and dosimetric objectives). (3) In this
template, add the two 3D-CRT tangential beams. This task
is manually performed by identifying the optimal opposed
tangential gantry angles and collimator angles for the se-
lected patients, by fitting the MLC to the breast (including
skin-flash) and prescribing the partial dose for the 3D-CRT
contribution. Last, select the “none” option for the 3D-CRT
beams in the optimization template, so the next optimiza-
tion step will not involve the 3D-CRT beams. This manual
task will take about 5min. (4) Start Autoplanning. After the
start of the optimization process, the Autoplanning engine
automatically generates several dummy structures includ-
ing: (a) rings around the PTVs to manage the dose fall-off,
(b) residual targets structures where overlaps between no-
compromised OARs are removed, (c) residual OARs struc-
tures where overlaps between targets are removed, (d) body
structures used to control body dose and (e) hot-spot and
cold-spot structures to manage target dose uniformity. New
objectives are then automatically added to the aforemen-
tioned structures in order to achieve better OARs sparing
and target uniformity and conformity for both PTVs. This
process is iteratively performed during multiple optimiza-

tion loops by adjusting the optimization parameters in order
to continuously spare the OARs without compromising the
target coverage, i.e., mimicking what a manual experienced
planner would usually do. (5) The HVMAT plan is com-
pleted.

Five previous patients, not included in the present series,
were used to tweak the initial technique in order to generate
plans fulfilling the clinical objectives.

The optimization objectives for the OARs used in the
treatment technique are reported in Fig. 2. All HVMAT
were optimized using the following settings: tuning balance
equal to 12%, dose fall-off margin equal to 1.8cm, the hot-
spot maximum goal equal to 105%, and the “Use Cold-Spot
ROIs” option checked. The maximum number of iterations
was set to 60.

Plan evaluation

Dose–volume histogram (DVH) analysis was used for plan
comparison. The target volumes coverage were compared
in terms of D98%, D95%, D50% and D2% (i.e., the doses
to 98%, 95%, 50% and 2% of target volumes, respectively).

The dose conformity number (CN) was calculated for
both PTVs, using the Van’t Riet formula [31]:

CN =
T VRI

T V
� T VRI

VRI

Where TVRI is the target volume covered by the refer-
ence isodose, TV is the target volume and VRI is the volume
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of the reference isodose. The two ratios define the quality
of target coverage and the irradiation of healthy tissues at
the prescription dose level. CN values range from 0 (com-
plete PTV geographic miss) to 1 (perfect conformity of the
reference isodose).

For each PTV, the homogeneity index (HI) was calcu-
lated as:

HI =
.D2% −D98%/

Dp

where Dp is the prescription dose. The HI ideal value is 0.
As the delivery of simultaneous higher doses to the tumor

bed increases the dose to the surrounding breast tissue, we
analyzed the excess irradiation to the whole breast by dif-
ferent techniques by creating a new structure as the whole
breast excluding the tumor bed, called PTVM. Excess irra-
diation and overdosage of the whole breast was defined by
the volume of PTVM receiving more than 50, 55, and 60Gy.
The mean dose of PTVM was also calculated for comparison
purposes and for the definition of a new metric called dose
contrast index (DCI) [32]. The ideal DCI (iDCI) is defined
as the ratio between the prescription doses to the tumor bed
and breast (i.e., in the present study by 60/50= 1.2). The
actual DCI is defined as the mean dose to the PTVTB di-
vided by the mean dose to the PTVM. The ratio of DCI and
iDCI will define the percentage DCI (%DCI) providing the
deviation of the actual DCI from the ideal iDCI. A DCI
value closer to 1 indicates a better dose contrast.

Dosimetric verification

A dosimetric verification was performed to assess the reli-
able deliverability of HVMAT plans. Plans were transferred

Fig. 3 Average cumulative
dose–volume histograms for
the tumor bed and the whole
breast (excluding the tumor
bed) comparing the 3D-CRT
(blue), FIF (green), HMRT (red),
and HVMAT (black) treatment
techniques. 3D-CRT Standard
tangential wedged technique,
FIF Tangential field-in-field
technique, HMRT Tangential
hybrid IMRT technique, HV-
MAT Automated hybrid-VMAT
technique

to the Octavius-4D motorized cylindrical phantom, able to
rotate synchronously with the gantry. Dose distributions
were measured utilizing the 1500 2D ion-chamber array
(PTW, Freiburg, Germany), a matrix of 1405 ion cham-
bers inserted in the Octavius phantom, providing a three-
dimensional dose reconstruction. The agreement between
measured and calculated doses was defined by the γ index
(global 3%/2mm criterion). Dose verification was consid-
ered optimal if the percentage of points fulfilling γ index
criteria exceeded 95%.

Statistical analysis

Statistical comparisons of data were performed by a Krus-
kal–Wallis analysis of variance followed by a Bonfer-
roni–Dunn post hoc non-parametric test in order to correct
for multiple comparisons. A p-value at 0.05 indicated
statistical significance.

Results

Breast sizes varied from 191–1372cm3, with a median
value of 571cm3. Similarly, tumor bed volumes ranged
from 22–408cm3, with mean value of 99cm3.

PTVs coverage

Table 1 reports the dosimetric results for the PTVTB and
PTVM.

All required criteria for targets coverage were met in
all 100 generated plans. No significant differences were
found in near-minimal doses (D98%) for both tumor bed
and breast coverage between any techniques. On average
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Table 1 Comparison of target coverage metrics and dose conformity for the PTVs as a function of plan technique.

Structure Metric Objective 3D-CRT FIF HMRT HVMAT p p

Kruskal–
Wallis

3D-CRT
vs. HV-
MAT

FIF vs.
HVMAT

HMRT
vs. HV-
MAT

PTVTB D98
(Gy)

≥57.0 58.0± 1.1 58.2± 0.8 58.2± 0.7 58.2± 0.7 0.951 0.633 0.957 0.926

D50
(Gy)

60.0 60.2± 0.8 60.5± 0.6 60.6± 0.6 60.3± 0.2 0.088 0.672 0.142 0.088

D2
(Gy)

≤64.1 63.0± 0.9 62.6± 0.7 62.5± 0.6 61.6± 0.3 <0.001 <0.001 <0.001 <0.001

HI Minimize 8.3± 2.0 7.3± 2.0 7.2± 1.8 5.7± 1.2 <0.001 <0.001 <0.001 <0.005
PTVM D98

(Gy)
≥47.5 48.0± 1.0 48.1± 0.8 48.1± 0.7 48.1± 0.7 0.955 0.755 0.777 0.861

D50
(Gy)

50.0 54.5± 1.2 53.6± 1.2 53.3± 0.9 51.1± 0.4 <0.001 <0.001 <0.001 <0.001

D2
(Gy)

≤53.5 62.8± 0.7 62.3± 0.6 61.6± 0.6 58.5± 0.5 <0.001 <0.001 <0.001 <0.001

V55
(%)

Minimize 39.5± 13.8 35.2± 13.0 29.9± 9.6 9.1± 2.9 <0.001 <0.001 <0.001 <0.001

V60
(%)

Minimize 13.4± 9.3 11.0± 6.8 7.1± 6.9 1.1± 0.1 <0.001 <0.001 <0.001 <0.001

HI Minimize 29.2± 4.1 28.2± 2.8 26.6± 1.8 22.0± 1.7 <0.001 <0.001 <0.001 <0.001
Dose
conformity

CNTB 1.0 0.23± 0.07 0.25± 0.07 0.34± 0.10 0.74± 0.06 <0.001 <0.001 <0.001 <0.001

CNM 1.0 0.46± 0.11 0.51± 0.11 0.51± 0.11 0.71± 0.08 <0.001 <0.001 <0.001 <0.001

Dose contrast
index

DCI 100.0 92.8± 2.5 93.1± 2.5 94.0± 1.3 97.9± 0.9 <0.001 <0.001 <0.001 <0.001

Vx (%) is the percentage volume receiving X Gy. D1cc is the dose to 1cc volume. Dx (Gy) is the dose to x% volume, HI is the homogeneity
index, CNs are the conformation numbers for the breast and tumor bed and DCI is the dose contrast index.

HVMAT plans decreased near-maximal doses (D2%) for
the breast excluding the tumor bed by 5.8, 5.2, and 3.9%
(p< 0.05) for the SWF, FIF, and HMRT techniques, respec-
tively.

The median dose and the volume of PTVM receiving
more than 55 and 60Gy were found to be significantly lower
for the HVMAT plans. In particular, mean V55 and V60 de-
creased by 30.4, 26.1, and 20.8% (p< 0.05) and 12.3, 9.9,
and 6.0% (p< 0.05) for the SWF, FIF, and HMRT tech-
niques, respectively. These findings translated in a more
homogenous dose distribution for HVMAT plans. This be-
havior is well highlighted in Fig. 3, reporting the average
cumulative dose–volume histograms of all techniques for
all patients for the tumor bed PTVTB and the whole breast
excluding the tumor bed PTVM.

The isodoses distribution of all four treatment modalities
for a representative patient is shown in Fig. 4.

Dose conformity

Dosimetric results for dose conformity are summarized in
Table 1, and Fig. 5 shows the boxplots for the dose con-
formity indexes. HVMAT plans significantly improves the
conformation numbers from 0.23 to 0.74 for the tumor bed
and from 0.46 to 0.71 for the breast (p< 0.05). Similarly, the

dose contrast index was strongly improved by 5.5, 5.2, and
4.1% (p< 0.001) for the SWF, FIF and HMRT techniques,
respectively.

OARs sparing

The dosimetric findings for heart, left and right lungs and
contralateral breast are reported in Table 2 and Fig. 6.

For ipsilateral lung and heart, no statistically significant
differences were found for all reported dosimetric metrics
(Table 2). With respect to contralateral lung, mean doses
were found <2Gy for all techniques. For the contralateral
breast, the mean doses were <1Gy for all techniques, with
no significant differences. HVMAT provided the lower val-
ues for the near-maximal dose D1cc, with a mean signifi-
cant decrease of approximately 1Gy (p< 0.05).

Dosimetric verification

Pretreatment verification was performed for all HVMAT
plans. With criteria equal to 3% (global)/2mm for γ index,
the average pass-rate was found 97.9% (range 95.8–100%)
for all plans.
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Fig. 4 Representative two-di-
mensional dose distributions
in axial, sagittal and coronal
planes for a representative pa-
tient. SWF conformal tangential
wedged technique, FIF tan-
gential field-in-field technique,
HMRT hybrid-IMRT technique,
HVMAT automated hybrid-
VMAT technique

Fig. 5 Boxplots of dose confor-
mity and dose contrast indexes
for all techniques. a Dose con-
formity for both PTVs defined
by Van’t Riet formula, b dose
contrast index (DCI)
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Table 2 Comparison of normal tissue dose–volume metrics as a function of plan technique.

Structure Metric Objective 3D-
CRT

FIF HMRT HVMAT p p

Kruskal–
Wallis

3D-CRT
vs. HV-
MAT

FIF vs.
HVMAT

HMRT vs.
HVMAT

Heart Dmean
(Gy)

<4 2.4± 0.8 2.4± 0.7 2.6± 1.0 2.6± 1.0 0.883 0.498 0.727 0.982

V25
(%)

<10 1.5± 1.4 1.3± 1.2 1.7± 1.6 1.6± 1.4 0.883 0.706 0.423 0.762

Left
lung

Dmean
(Gy)

– 8.1± 2.1 7.4± 1.9 7.6± 1.8 7.1± 2.0 0.229 0.051 0.514 0.174

V5 (%) <50 26.1± 5.3 24.9± 4.7 25.8± 4.6 25.9± 6.4 0.566 0.738 0.304 0.893

V20
(%)

<20 14.7± 4.3 13.1± 3.9 13.9± 3.8 13.8± 5.6 0.492 0.324 0.621 0.643

V30
(%)

<10 12.7± 4.0 11.0± 3.5 11.6± 3.5 10.0± 4.8 0.099 0.018 0.425 0.103

Right lung Dmean
(Gy)

<2 1.7± 0.6 1.7± 0.5 1.7± 0.5 1.5± 0.5 0.199 0.203 0.073 0.053

Right
breast

Dmean
(Gy)

<2 0.6± 0.2 0.7± 0.2 0.7± 0.1 0.7± 0.2 0.057 0.144 0.203 0.450

D1cc
(Gy)

<5 5.0± 1.4 5.2± 1.3 5.3± 1.6 4.0± 1.7 0.008 0.019 0.002 0.005

Vx (%) is the percentage volume receiving X Gy. D1cc is the dose to 1cc volume

Discussion

Several investigations on the role of VMAT for breast ra-
diotherapy has proven that, as a trade-off of more homoge-
neous and conformal dose distributions, a large volume of
surrounding tissues would receive a low-dose bath [11, 12].
Although this was an expected feature of VMAT technique,
the low-dose bath is still a concern for the increased risk of
developing secondary malignancies, and many institutions
are reluctant to implement a clinical widespread use of this
technique for breast irradiation. Abo-Madyan et al. [33] cal-
culated the excess absolute risk of a second cancer occur-
ring after breast radiotherapy for different treatment tech-
niques, reporting that second cancer risk after VMAT was
found higher than for 3D conformal therapy by about 34%
for the linear model and 50% for the linear–exponential and
plateau models, respectively. This issue stimulated the ex-
ploration of alternative planning techniques to improve the
disadvantages of pure-VMAT. In order to balance the re-
spective advantages of 3D-CRT conformal and volumetric
techniques, a so-called hybrid VMAT technique has been
developed combining the two aforementioned techniques in
a composite approach [14, 15]. On the other hand, efforts to
streamline and standardize planning procedures using au-
tomated algorithms have been also pursued in the last few
years.

Based on the aforementioned considerations, we hereby
described the implementation of a hybrid VMAT technique
with the added value of the automation of treatment plan-
ning, as an optimal class solution for left breast cancer

irradiation in clinical routine. Then we retrospectively an-
alyzed and compared the new automated HVMAT plans
with three manually generated different techniques, which
demonstrated that HVMAT improved the treatment plan-
ning workflow in terms of quality and efficiency. This tech-
nique has been recently implemented in our clinical practice
for all breast treatments as the last step of our continuing
efforts to improve plan quality and decrease potential toxi-
cities in this clinical setting [34].

One of the main results of the present study is a ma-
jor decrease of breast tissue receiving high doses. HVMAT
reported significantly lower mean dose and volumes of
the whole breast excluding tumor bed receiving more than
55Gy, reporting a 30.8, 21.6, and 21.3% reduction in ex-
cess irradiation at the 110% dose level (55Gy) for the 3D-
CRT, FIF, and HMRT techniques, respectively. This is a rel-
evant result with potential clinical significance because the
risk of breast fibrosis has been reported to be influenced by
the use of a boost dose to the tumor bed [2]. The EORTC
22881-10882 trial [2] investigated the long-term impact of
a boost radiation dose of 16Gy on local control, fibrosis,
and overall survival for patients with stage I and II breast
cancer who underwent breast-conserving therapy. Among
the results, it was reported that severe fibrosis was signifi-
cantly increased in the boost group, with a 10-year rate of
4.4% versus 1.6% in the no boost group (P< 0.0001). The
significant reduction of excess irradiation to breast reported
by HVMAT might also have relevant clinical implications
in terms of better cosmetic outcome [35] and reduction of
acute complication rate [36].
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Fig. 6 Boxplots of main dosimetric metrics for organs at risk (OARs) for all techniques. a Left lung, b right lung, c heart, d right breast. V5, V20
and V25 are the volumes percentage receiving 5, 20 and 25 Gy, respectively. D1cc is the dose to 1cc volume.

With regard to normal tissue sparing, increasing atten-
tion has been focused in the last decade on the development
of radiation-induced secondary cancer in the contralateral
breast and lung. The WECARE study [37] aimed to quan-
tify the risk of second primary breast cancer in the contralat-
eral breast following radiotherapy for first breast cancer.
The results highlighted that women <40 years of age who
received >1Gy to the contralateral breast had a 2.5-fold
greater risk of developing a second primary cancer than un-
exposed women (95% confidence interval 1.4–4.5) and that

the dose response was significant. In our study, a mean dose
of 0.65Gy was observed with HVMAT for contralateral
breast, a value not significantly different with respect to the
other techniques. In addition, HVMAT reported the lower
mean value for near-maximal dose (D1cc), although not
statistically significant. This findings suggest that HVMAT
does not increases the contralateral breast cancer occurrence
with respect to the other tangential techniques.

Grantzau et al. [38] reported a linear increased risk of
second primary lung cancer 5 or more years after breast

K



264 Strahlenther Onkol (2022) 198:254–267

irradiation by 8.5% per Gy. In particular, the adjusted risk
of lung cancer was found greater than threefold for doses
of 15Gy. We reported a mean dose to ipsilateral lung with
HVMAT of 7.7± 1.8Gy, not significantly different with re-
spect to the other three techniques. Unexpectedly, HVMAT
was not associated with a low-dose bath to a large volume
of ipsilateral lungs. This low-dose bath, here quantified by
the V5Gy metric, was not found to be significantly differ-
ent compared to other techniques. This is an encouraging
achievement in the light of emerging evidence of lung V5
Gy as a predictor for pneumonitis [39]. In addition, we also
reported the feasibility of HVMAT to keep the mean dose
to the contralateral lung below 2Gy for all patients, as for
the other tangential techniques.

The increased risk of cardiac toxicity after breast radio-
therapy has been investigated in depth in the last 2 decades.
In particular, Darby et al. [40] reported a linear increase in
risk of major coronary events by 7.4% per Gy in heart mean
dose, using a model for increased risk with a threshold on
mean heart dose of 3Gy. Our results, as reported in Table 2
indicated HVMAT supplied a heart mean dose below 3Gy
and that the differences among the four techniques were
within 0.3Gy on average, so that the differences in cardiac
risks of all four techniques would be considered negligi-
ble. In addition, the heart V25% was found to be around
2%, well below the Quantec guidelines [27] reporting that
V25% <10% is associated with a< 1% probability of car-
diac mortality 15 years after radiation therapy. These results
are consistent with the awareness that no known “safe” lev-
els of dose to the heart have been proposed; therefore, the
aim is to spare the heart as much as possible.

All HVMAT plans in this study were optimized with
a technique delivering 80% of the dose with the open
tangential fields to the breast and the remaining 20% with
a VMAT half-arc. This choice is based on our previous
experience with FIF and hybrid IMRT techniques [29]
and was confirmed during the implementation process of
HVMAT, when several mixtures of dose weights were
tested. A recent study [15] aiming to find the optimal dose
weighting for hybrid volumetric modulated arc therapy
for left-sided chest wall and breast cancer confirmed our
choice. In this study, a sequence of HVMAT plans were
generated for 20 left breast patients, respectively, by com-
bining different dose proportions of 3D-CRT and VMAT
plans (from 90–10% to 50–50%). Compared with other
proportions, 80% 3DCRT/20% VMAT weighted plans
achieved the better balanced results, effective in reduc-
ing the low-dose volume without compromising the PTVs
dosimetric parameters. This choice may limit the potential
for optimization and partially explains the lack of major
differences between the techniques, but our goals were
more focused on risk reduction than in maximizing dose
conformity to the boost region. In our opinion, this ap-

proach represents a good balance between homogeneity
and minimizing the exposure of the organs at risk. This
approach is nowadays supported by other authors [13–15,
41] and by the lack of clinical evidence for other techniques
than tangential. In particular, while the role of full VMAT is
now consolidated in in-silico studies, limited evidence has
been presented in the literature from a clinical perspective.

A notable advantage of HVMAT technique is its higher
robustness against geometrical uncertainties due to the high
weight of dose to be delivered by open fields [42]. In fact,
a challenging aspect of pure-VMAT delivery in breast can-
cer is the difficult management of plan robustness (in terms
of inter- and intrafraction motion), particularly when sig-
nificant breast swelling occurs during the treatment course.
In particular full intensity-modulated plans optimized with-
out a skin flash margin reported significant underdosage
of the breast surface [42]. A few attempts [43] have been
made to address the skin flash problem for the VMAT tech-
nique, including the use of a virtual bolus in the region of
the PTV outside the external contour during optimization.
However, plan degradation is inevitable upon removal of
these dummy volumes for final dose calculation and ad-
ditional manual optimization must be performed to regain
plan quality. Thus, in order to improve the robustness in
more complex techniques, it is necessary to increase the
immobilization and setup accuracy not only through the
use of image guidance but also with breath-hold or gat-
ing techniques [44]. Hybrid VMAT strongly mitigate this
issue by incorporating skin flash in the field apertures of
the 3D-CRT component, thus ensuring the irradiation of all
breast tissue also in cases of respiratory-related motion or
increased breast size compared to the planning CT. From
this point of view, it must be highlighted that all patients in
this study has been optimized without the use of breath-hold
techniques, so that our strategy can be also applied to all
centers lacking technology for breath control. An upcoming
study is in its planning stage for the quantitative assessment
of the robustness of HVMAT plans in this clinical setting.

Compared with other cancer sites, the planning proce-
dure for whole breast irradiation is usually less complex.
However, breast planning usually contributes to the larger
proportion of the workload for dosimetrists, medical physi-
cists, and radiation oncologists in most departments (about
25–30% of all patients). Breast cancer cases thus repre-
sent an ideal candidate to prioritize the implementation of
full treatment planning automation to efficiently handle the
most routine cases. In this study, automated HVMAT plans
were generated in about 20min. This result translated into
a huge impact in terms of reduction of planning times in
busy departments, so that a major improvement of planning
efficiency must be expected. For example, in our radiation
oncology department where about 250 breast patients are
treated per year, a saved time of ≥300h can be estimated per
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year. In addition, the automation of treatment planning have
also the potential to reduce interplanner variability (e.g., be-
tween experienced and non-experienced planners), as re-
cently demonstrated for complex head–neck and prostate
cancer cases [20].

A shortcoming of this hybrid approach for breast treat-
ments is that the workflow process for Autoplanning should
not be still considered a fully automated solution, contrary
to what was demonstrated for other anatomical sites [20].
As reported in Fig. 1, after the loading of the HVMAT
template, it is necessary to manually add the two 3D-CRT
tangential beam in this template, fine-tune the directions
of the fields according to the body habitus and the shape
of PTV, provide the partial dose proscription and disable
them from inverse-based optimization process. However,
this operation takes place very quickly (less than 5min)
and the resulting procedure continues to allow each plan-
ner not to waste time on the tedious and repetitive parts of
the planning process and commit more resources to more
complicated cases.

Another limitation of this study is the failure in eval-
uating the doses to the cardiac substructures such as the
left ventricle and the left descending artery, due to the use
of non-contrast enhanced CT images. Indeed, there is an
increasing evidence that the dose to these heart substruc-
tures needs to be considered in breast cancer planning in
order to further radiation-related cardiotoxicity [45]. How-
ever, the routine use of non-contrast enhanced CT images
prevents the accurate visualization and delineation of these
structures, in addition to the impact of breathing, swal-
lowing, cardiac motion, and set-up errors on the reliability
of the dose distribution for such OARs. Therefore, in the
present study the heart was considered a single organ and
we adopted reliable guidelines for dose comparison pur-
poses.

A final note of caution must be devoted to the use of dif-
ferent TPS in the present study. Despite the use of a different
optimization engine for the HVMAT plans, all dose calcu-
lations were performed with the same algorithm, i.e., the
collapsed cone convolution, and with the same dose calcula-
tion grid of 2mm. This algorithm was investigated in depth
on phantoms and clinical breast patients with different res-
piratory phases; the results were equivalent to MonteCarlo
simulations and also in the peripheral dose calculation ac-
curacy [46].

Conclusion

We developed an efficient automated procedure for HVMAT
planning that was readily integrated into clinical practice.
HVMAT technique produces high-quality plans using only
a template-based procedure, with minimal human inter-

vention. By retrospectively comparing the HVMAT plans
with different manually optimized tangential techniques,
we have shown that this strategy improves the treatment
planning workflow in quality standardization and efficiency
by eliminating the repetitive planning workload of medical
physicists or dosimetrists. We conclude that automated
HVMAT can improve the current clinical practice allowing
almost all breast cancer patients to have access to high-
quality and standardized treatment.
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