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Abstract
Purpose This study aims to evaluate the best possible practice using hybrid volumetric modulated arc therapy (H-VMAT)
for hypofractionated radiation therapy of breast cancer. Different combinations of H-VMAT—a combination of three-di-
mensional radiotherapy (3D-CRT) and VMAT—were analyzed regarding planning target volume (PTV), dose coverage,
and exposure to organs at risk (OAR).
Methods Planning computed tomography scans were acquired in deep-inspiration breath-hold. A total of 520 treatment
plans were calculated and evaluated for 40 patients, comprising six different H-VMAT plans and a 3D-CRT plan as
reference. H-VMAT plans consisted of two treatment plans including 3D-CRT and VMAT. During H-VMAT planning,
the use of hard wedge filters (HWF) and beam energies were varied. The reference plans were planned with mixed beam
energies and the inclusion/omission of HWF.
Results Compared to the reference treatment plans, all H-VMAT plans showed consistently better PTV dose coverage,
conformity, and homogeneity. Additionally, OAR protection was significantly improved with several H-VMAT combina-
tions (p< 0.05). The comparison of different H-VMAT combinations showed that inclusion of HWF in the base plan had
a negative impact on PTV dose coverage, conformity, and OAR exposure. It also increased the planned monitor units
and beam-on time. Advantages of using lower beam energies (6-MV photons) in both the base plan and in the VMAT
supplementary dose were observed.
Conclusion The H-VMAT technique is an effective possibility for generating homogenous and conformal dose distribu-
tions. With the right choice of H-VMAT combination, superior OAR protection is achieved compared to 3D-CRT.

Keywords Hybrid planning · Breast radiation therapy · Treatment planning challenge · Hypofractionation · Clinical
application
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Introduction

Radiotherapy (RT) is pivotal in the adjuvant treatment of
breast cancer, improving both local control and overall sur-
vival [1, 2]. Various radiation concepts and techniques have
been established over time. Static three-dimensional ra-
diotherapy (3D-CRT) represents the conventional radiation
technique, whereby tangential opposing fields with hard
wedge filters (HWF) are used. Modern dynamic irradiation
techniques, such as intensity-modulated radiation therapy
(IMRT) and volumetric modulated arc therapy (VMAT), at-
tempt to generate more homogeneous and conformal dose
distributions for the planning target volume (PTV). Fur-
thermore, better protection of organs at risk (OAR) may be
achieved [3, 4]. Nevertheless, dynamic radiation techniques
bear the risk of increased induction of secondary tumors at-
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tributed to larger areas of low-dose exposure and increased
monitor units (MU) [5]. To balance the respective advan-
tages of static and dynamic radiation techniques, Mayo et al.
[6] have developed a composite approach combining 3D-
CRT and IMRT named hybrid intensity-modulated radi-
ation therapy (H-IMRT). In our study, we examined the
impact of different variations with respect to HWF in the
3D-CRT base plan and beam energies for the application
of hybrid volumetric arc therapy (H-VMAT). Patients were
evaluated in terms of PTV dose coverage and OAR expo-
sure. Concerning OAR, dose comparisons were established
and differences between left- and right-sided breast therapy
were analyzed.

Materials andmethods

Patient selection, positioning, and computed
tomography

The patients included in this study were selected by defin-
ing a volume-based standardized breast size (n= 200),
whereby the PTV sizes were evaluated as a measure of
breast size. The computed tomography (CT) scans (Canon
Aquilion LB, Canon Medical Systems Europe B.V., Zoeter-
meer, the Netherlands) were acquired with a slice thickness
of 3.0mm. Patients were positioned in a headfirst supine
position. An arm board helped to immobilize the chest and
thorax with the arms positioned overhead. To minimize
intrafractional movement, the CT scans were carried out
in deep-inspiration breath-hold (DIBH). This method bears
dosimetric advantages, especially for cardiopulmonary
OAR exposure and secondary lung cancer risk [7–10]. Of
the 200 patients analyzed, 110 patients met the inclusion
criteria of the study regarding PTV size and no exclusion
criteria were included, such as funnel chests, pathologi-
cal enlarged hearts, or anatomic variations. Out of these
patients, 40 (20 per breast side) were selected randomly.

Table 1 Definition of irradia-
tion techniques using different
H-VMAT constellations and
conventional 3D-CRT as a refer-
ence treatment plan

IT/H-VMAT
constellation

3D-CRT base plan energy (MV) Individual hard wedge filters
(base plan)

VMAT en-
ergy (MV)

Ref 6/15 (mixed on both sides) Yes –

HV1 6/15 (mixed on both sides) No 6

HV2 6 No 6

HV3 6 No 15

HV4 6 Yes 6

HV5 6 Yes 15

HV6 6 (posterior lateral), 15 (anterior
medial)

No 6

IT irradiation techniques, H-VMAT hybrid volumetric modulated arc therapy, HV1–HV6 H-VMAT constel-
lations, 3D-CRT conventional three-dimensional radiotherapy, Ref reference treatment plan

Treatment planning and techniques

The Eclipse software (version 15.6, Varian Medical Sys-
tems, Palo Alto, CA, USA) was used for treatment plan-
ning. Treatment plans were created for a Varian TrueBeam
linear accelerator, the calculation model was based on the
anisotropic analytical algorithm (AAA, version 15.5.12)
and a calculation grid size of 2.5mm. Each PTV included
the whole breast and was cropped 5mm from the skin sur-
face, resulting in a VMAT optimization where the dose is
not forcibly modulated to the surface. The thoracic wall
was defined as part of the PTV. Individual treatment plans
were created using the H-VMAT technique and the 3D-
CRT technique as reference (Ref). The H-VMAT plans rep-
resented sum plans: each consisted of two treatment plans
including 3D-CRT and VMAT. The prescribed dose was
40.05Gy in 15 fractions (2.67Gy per fraction) based on
the START B trail, which demonstrated the non-inferior-
ity of this hypofractionated regime regarding locoregional
control and toxicity in comparison to normofractionated
treatment [11]. The reference treatment plans were planned
as tangential opposing fields with mixed beam energies
(6 MV and 15 MV) and HWF. All planning parameters
such as gantry and wedge filter angles, collimator position,
and field weightings were individually optimized. H-VMAT
plans were weighted 80/20 between 3D-CRT and VMAT,
which included 3D-CRT as a base plan for VMAT optimiza-
tion. The supplementary dose consisted of a single VMAT
field with an identical isocenter position. Its range of rota-
tion angle corresponded to the tangential angles from the
base plan. The collimator rotation angle was set to 5° and
the maximum dose rate to 600MU/min. A standard opti-
mization protocol was used for the inverse planning pro-
cess of VMAT, which was adapted individually. Flatten-
ing-filter beams were used in all treatment plans. Within
the hybrid approach, six different H-VMAT combinations
(HV1–HV6, Table 1) were used, varying beam energy and
the application or omission of HWF in the 3D-CRT plans.
The selection of these combinations was based on a pre-
vious evaluation by our group. This previous study was
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an initial assessment of 32 different combinations, 16 of
which were within the weightings 60/40 and 80/20, which
were evaluated based on a case number of 5 patients. To
assess the optimal hybrid combination, superior combina-
tions of this evaluation with respect to quality indices (PTV
coverage, conformity, homogeneity) and OAR doses were
analyzed in detail (Table 1).

PTV dose coverage had the first priority in treatment
planning. The PTV dose requirements in our study were
based on the recommendations of ICRU Report 83 [12]:

PTVDmean = 40.05Gy.100%/

38.05Gy.95%/ � PTV D95% � 38.85Gy.97%/

PTVD2% � 42.85Gy.107%/

In order to ensure an appropriate plan comparison with
regard to OAR doses, these PTV requirements should be
kept as consistent as possible. For this purpose, an upper
limit for PTV D95% was set. Minimizing OAR doses was
a secondary priority. The protection was implemented so
that the PTV dose requirements could be guaranteed. Each
of the prepared 520 treatment plans was separately opti-
mized for individual patients.

Dosimetric parameters

Four different indices were used to assess PTV dose con-
formity and homogeneity:

1. Coverage index [13]

COV =
PTVPI

PTV
.ideal value 1.000/

2. External index [14]

EI =
TVPI–PTVPI

PTV
.ideal value 0.000/

3. Conformation number [15]

CN =
PTVPI

PTV
�PTVPI

TVPI
.ideal value 1.000/

4. Homogeneity index [12]

HI =
D2–D98

Dmean
.ideal value 0.000/

PTV= planning target volume (cm3)
PTVPI= partial volume in the PTV with at least the pre-

scribed dose (cm3)

TVPI= partial volume in the whole body with at least
the prescribed dose (cm3)

D2= near maximum dose: dose in 2% of PTV (Gy)
D98= near minimum dose: dose in 98% of PTV (Gy)
Dmean = mean dose of the PTV (Gy) [16].

The Radiation Therapy Oncology Group (RTOG) Report
1005 [17] served as a guide for dosimetric evaluations of
the OAR doses (for detailed OAR constraints, see Table 2).
Our previous evaluation showed clinically negligible doses
to the contralateral lung and spinal cord, so that these OAR
were not considered in this study.

Further evaluation criteria were the planned monitor
units (MU) and beam-on time (BOT) that were observed
over the total number of patients.

SPSS software (for Windows, version 26, IBM, Armonk,
NY, USA) was used for the statistical analysis. A two-sided
Wilcoxon rank-sum test for paired samples was used to
evaluate dosimetric parameters. A p-value <0.05 was con-
sidered statistically significant.

Results

Planning target volume sizes

A volume-specific standard breast of 961± 346cm3 was de-
termined from the data of 200 patients. A Kolmogorov–
Smirnov test confirmed the presence of a normal sample
distribution. The analysis included only patients with a PTV
or breast size within the range of the standard deviation, in-
tegrating 68% of all women, whereas anatomical variations
such as funnel chests and pathological enlarged hearts were
not considered.

Planning target volume dose coverage

Compared to the reference treatment plan, all analyzed
H-VMAT combinations consistently delivered signifi-

Table 2 Dose constraints of OAR defined in RTOG Report 1005 [17]
for hypofractionated breast radiation therapy

OAR Dose specifications (per protocol, vari-
ation acceptable)

Ipsilateral lung V16= 15–20%

V8= 35–40%

V4= 50–55%

Heart Dmean= 320–400cGy

Contralateral breast D5= 144–240cGy

OAR organ at risk, RTOG Radiation Therapy Oncology Group, VX
volume (%) of the OAR exposed to at least X Gy, D5 minimal dose
(Gy) in 5% of the OAR volume with the highest exposure, Dmean mean
dose
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Fig. 1 Boxplots of indexes eval-
uating planning target volume
dose coverage (COV: a, b), ex-
posure of normal tissue (EI:
c, d), conformity (CN: e, f), and
homogeneity (HI: g, h) using
different hybrid volumetric mod-
ulated arc therapy (H-VMAT)
constellations (HV1–HV6) and
conventional three-dimensional
radiotherapy as a reference treat-
ment plan (Ref). Significant
differences of the respective
H-VMAT combination com-
pared to Ref are indicated by (+,
advantage). The colored mark-
ings (green) correspond to the
ideal values of the indices
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Table 3 Representation of the considered dosimetric parameters using H-VMAT combinations and the reference treatment plan
Breast
side

Dosimetric
parameter

Radiation technique/H-VMAT combinationa

Ref HV1 HV2 HV3 HV4 HV5 HV6

Left COV 0.523± 0.042 0.645± 0.029
(p< 0.0001)

0.647± 0.017
(p< 0.0001)

0.653± 0.019
(p< 0.0001)

0.622± 0.018
(p< 0.0001)

0.610± 0.028
(p< 0.0001)

0.639± 0.014
(p< 0.0001)

EI 0.181± 0.041 0.008± 0.003
(p< 0.0001)

0.011± 0.006
(p< 0.0001)

0.010± 0.007
(p< 0.0001)

0.012± 0.008
(p< 0.0001)

0.013± 0.009
(p< 0.0001)

0.009± 0.005
(p< 0.0001)

CN 0.391± 0.050 0.637± 0.029
(p< 0.0001)

0.637± 0.018
(p< 0.0001)

0.642± 0.020
(p< 0.0001)

0.611± 0.016
(p< 0.0001)

0.598± 0.025
(p< 0.0001)

0.630± 0.015
(p< 0.0001)

HI 0.143± 0.018 0.098± 0.005
(p< 0.0001)

0.095± 0.004
(p< 0.0001)

0.095± 0.004
(p< 0.0001)

0.095± 0.005
(p< 0.0001)

0.097± 0.005
(p< 0.00001)

0.100± 0.004
(p< 0.00001)

IL V16 (%) 14.9± 5.2 14.3± 5.0
(p< 0.0001)

13.9± 4.9
(p< 0.0001)

14.0± 4.9
(p< 0.0001)

14.2± 4.9
(p< 0.0001)

14.3± 4.9
(p< 0.0001)

14.4± 4.9
(p= 0.0005)

IL V8 (%) 22.7± 6.4 23.1± 6.8
(p= 0.5437)

21.7± 6.5
(p= 0.0249)

21.9± 6.6
(p= 0.0971)

23.0± 6.1
(p= 0.5913)

23.3± 6.5
(p= 0.2942)

22.9± 6.8
(p= 0.7953)

IL V4 (%) 44.4± 9.4 43.6± 10.8
(p= 0.5530)

41.1± 9.9
(p= 0.0028)

42.0± 10.3
(p= 0.0348)

46.4± 9.4
(p= 0.0259)

47.3± 10.4
(p= 0.0084)

43.0± 10.7
(p= 0.2730)

IL Dmean
(Gy)

8.5± 2.0 7.8± 1.9
(p< 0.0001)

7.4± 1.8
(p< 0.0001)

7.5± 1.8
(p< 0.0001)

8.1± 1.6
(p= 0.0023)

8.2± 1.7
(p= 0.0181)

7.7± 1.9
(p< 0.0001)

Heart Dmean

(cGy)
216± 42 128± 37

(p< 0.0001)
121± 34
(p< 0.0001)

123± 35
(p< 0.0001)

204± 33
(p= 0.0003)

205± 33
(p= 0.0005)

137± 39
(p< 0.0001)

CB D5 (cGy) 200± 33 88± 26
(p< 0.0001)

70± 23
(p< 0.0001)

84± 29
(p< 0.0001)

176± 29
(p< 0.0001)

183± 32
(p< 0.0001)

90± 36
(p< 0.0001)

Right COV 0.535± 0.028 0.644± 0.018
(p< 0.0001)

0.655± 0.019
(p< 0.0001)

0.655± 0.016
(p< 0.0001)

0.632± 0.022
(p< 0.0001)

0.627± 0.021
(p< 0.0001)

0.637± 0.015
(p< 0.0001)

EI 0.197± 0.072 0.008± 0.003
(p< 0.0001)

0.010± 0.004
(p< 0.0001)

0.010± 0.004
(p< 0.0001)

0.010± 0.005
(p< 0.0001)

0.010± 0.005
(p< 0.0001)

0.009± 0.004
(p< 0.0001)

CN 0.395± 0.046 0.636± 0.018
(p< 0.0001)

0.644± 0.019
(p< 0.0001)

0.645± 0.016
(p< 0.0001)

0.622± 0.021
(p< 0.0001)

0.617± 0.020
(p< 0.0001)

0.628± 0.015
(p< 0.0001)

HI 0.140± 0.014 0.097± 0.006
(p< 0.0001)

0.097± 0.004
(p< 0.0001)

0.096± 0.005
(p< 0.0001)

0.096± 0.006
(p< 0.0001)

0.097± 0.005
(p< 0.0001)

0.099± 0.004
(p< 0.0001)

IL V16 (%) 15.3± 3.7 15.3± 3.6
(p= 0.7427)

14.7± 3.6
(p< 0.0001)

14.8± 3.7
(p= 0.0001)

15.0± 3.6
(p= 0.0166)

15.0± 3.7
(p= 0.0129)

15.1± 3.6
(p= 0.1621)

IL V8 (%) 23.4± 4.1 26.1± 4.8
(p= 0.0033)

23.2± 4.6
(p= 0.7689)

23.6± 4.7
(p= 0.6489)

24.6± 4.0
(p= 0.0240)

24.9± 4.9
(p= 0.0191)

25.1± 4.5
(p= 0.0178)

IL V4 (%) 44.8± 5.6 49.0± 7.9
(p= 0.0107)

43.3± 7.8
(p= 0.2904)

44.4± 7.8
(p= 0.8226)

48.7± 7.8
(p= 0.0164)

49.3± 8.7
(p= 0.0180)

46.9± 7.4
(p= 0.1834)

IL Dmean
(Gy)

8.1± 1.2 8.2± 1.2
(p= 0.7931)

7.5± 1.2
(p= 0.0006)

7.6± 1.3
(p= 0.0059)

8.1± 1.1
(p= 0.8219)

8.1± 1.2
(p= 0.8098)

8.0± 1.1
(p= 0.4405)

Heart Dmean

(cGy)
132± 19 71± 26

(p< 0.0001)
63± 17
(p< 0.0001)

65± 20
(p< 0.0001)

133± 16
(p= 0.6923)

132± 20
(p= 0.8997)

78± 27
(p< 0.0001)

CB D5 (cGy) 233± 45 116± 42
(p< 0.0001)

96± 35
(p< 0.0001)

111± 40
(p< 0.0001)

205± 38
(p< 0.0001)

213± 39
(p< 0.0001)

121± 51
(p< 0.0001)

Planned monitor units
(MU)

490± 43 342± 27 365± 19 351± 40 540± 40 530± 40 342± 17

Planned beam-on time
(min)

0.82± 0.07 0.91± 0.03 0.95± 0.03 0.94± 0.03 1.26± 0.06 1.25± 0.06 0.91± 0.03

H-VMAT hybrid volumetric modulated arc therapy, HV1–HV6 H-VMAT constellations, Ref reference treatment plan, COV planning target volume dose coverage, EI external
index, CN conformation number, HI homogeneity index, IL ipsilateral, CB contralateral, VX volume (%) of the organ at risk (OAR) exposed to at least X Gy, D5 minimal dose
(Gy) in 5% of the OAR volume with the highest exposure, Dmean mean dose
aHV1–HV6 are presented with p-values to demonstrate significant differences to Ref, using a two-sided Wilcoxon rank sum test for paired samples for the statistical analysis

cantly better values for PTV dose coverage (Fig. 1, Ta-
ble 3). With the conventional radiation technique (Ref),
dose coverage was consistently less successful than with
H-VMAT. Compared to Ref, all H-VMAT combinations
achieved significantly better EI values. The use of HWF in
H-VMAT was disadvantageous for the EI in left-sided
breast therapy, whereby HV4 (EI= 0.012± 0.008) and

HV5 (EI= 0.013± 0.009) showed worse values compared
to other combinations without HWF use such as HV1
(EI= 0.008± 0.003). Compared to Ref (left CN= 0.391±
0.050, right CN= 0.395± 0.046), the evaluation of confor-
mity showed better values in all H-VMAT combinations.
HV4 (left CN= 0.611± 0.016, right CN= 0.622± 0.021)
and HV5 (left CN= 0.598± 0.025, right CN= 0.617± 0.020)
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Table 4 Representation of the considered dosimetric parameters using H-VMAT combinations

Breast
side

Dosimetric
parameter

Supplementary dose energy 6 MV/15 MVa Base plan without using HWF/using HWFa

HV2/HV3 HV4/HV5 HV2/HV4 HV3/HV5

Left COV 0.1675 0.0055 <0.0001 <0.0001

EI 0.8252 0.6079 0.3626 0.1987

CN 0.1686 0.0038 <0.0001 <0.0001

HI 0.4521 0.0319 0.7829 0.0196

IL V16 0.1274 0.1139 <0.0001 <0.0001

IL V8 0.3137 0.1323 0.0001 0.0005

IL V4 0.1085 0.0356 <0.0001 <0.0001

IL Dmean 0.0696 0.0436 <0.0001 <0.0001

Heart Dmean 0.4134 0.4445 <0.0001 <0.0001

CB D5 <0.0001 <0.0001 <0.0001 <0.0001
Right COV 0.9909 0.0556 0.0005 <0.0001

EI 0.5597 0.5217 0.8532 0.7558

CN 0.9339 0.0491 0.0005 <0.0001

HI 0.5291 0.4407 0.4650 0.8714

IL V16 0.1995 0.5058 <0.0001 <0.0001

IL V8 0.0646 0.5284 0.0007 0.0003

IL V4 0.0413 0.5445 <0.0001 <0.0001

IL Dmean 0.0006 0.9428 <0.0001 0.0001

Heart Dmean 0.1249 0.7775 <0.0001 <0.0001

CB D5 0.0001 0.0011 <0.0001 <0.0001

H-VMAT hybrid volumetric modulated arc therapy, HV5–HV5 H-VMAT constellations, COV planning target volume dose coverage, EI external
index, CN conformation number, HI homogeneity index, IL ipsilateral, CB contralateral, VX volume (%) of the organ at risk (OAR) exposed to at
least X Gy, D5 minimal dose (Gy) in 5% of the OAR volume with the highest exposure, Dmean mean dose
aP-values demonstrate the significant differences between the various H-VMAT combinations, using a two-sided Wilcoxon rank sum test for
paired samples for the statistical analysis. Values of the dosimetric parameters are listed in Table 3. HV2/HV3 and HV4/HV5 contain the same
base plan, the supplementary dose energy was varied. HV2/HV4 and HV3/HV5 contain the same supplementary dose energy, the base plan was
varied using HWF

revealed inferior results compared to other H-VMAT com-
binations for both breast sides. Better dose homogene-
ity within the PTV (HI) was generally achieved in the
H-VMAT plans.

The analysis within the hybrid combinations showed
potential for improvement with regard to the quality in-
dices (Table 4). The inclusion of HWF in the base plan
(HV2/HV4 and HV3/HV5) resulted in significant disad-
vantages regarding COV and CN. The omission of HWF
resulted in a significantly better homogeneity index in left-
sided, but not in right-sided breast therapy (HV3/HV5). By
using higher beam energies in the VMAT supplementary
dose (HV2/HV3 and HV4/HV5), better CN values could
be achieved. In addition, advantages in PTV dose coverage
and conformity only in left-sided therapy (HV4/HV5) were
observed.

Organs at risk dose exposure

Evaluation of the ipsilateral lung (IL) dose value V16 dis-
played significantly better values in almost all H-VMAT
combinations on both breast sides (Fig. 2, Table 3). Only

for HV1 (V16= 15.3± 3.6%) and HV6 (V16= 15.1± 3.6%)
in the case of right-sided breast irradiation was there
no significant difference to the reference treatment plan
(Ref V16= 15.3± 3.7%). The IL V8 doses in left-sided
breast irradiation were equivalent across all RT com-
binations, with only HV2 (V8= 21.7± 6.5%) showing
statistical benefit over Ref (V8= 22.7± 6.4%). In right-
sided breast irradiation, most hybrid combinations, HV1,
HV4, HV5, and HV6, provided disadvantages. Overall,
the tolerable dose values of the RTOG Report 1005
(V8= 35–40%) were met in most used techniques (ex-
cept for one patient HV1, HV5, and HV6 for the right
breast). When considering the IL dose V4, only HV2
(V4= 41.1± 9.9%) and HV3 (V4= 42.0± 10.3%) were su-
perior to Ref (V4= 44.4± 9.4%) in left-sided therapy. HV4
(V4= 46.4± 9.4%) and HV5 (V4= 47.3± 10.4%) delivered
significantly worse values as well as HV1, HV4, and HV5
on right-sided therapy. All other H-VMAT combinations
were equivalent to Ref regarding IL V4. The analysis of
the mean ipsilateral lung dose showed advantages of the
hybrid technique on left breast therapy, with significantly
better values for H-VMAT. In right-sided therapy, only
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Fig. 2 Boxplots of ipsilateral
lung doses V16 (a, b), V8 (c, d),
V4 (e, f), and Dmean (g, h) using
different hybrid volumetric mod-
ulated arc therapy (H-VMAT)
combinations (HV1–HV6) and
conventional three-dimensional
radiotherapy as the reference
treatment plan (Ref). VX denotes
the volume (%) of the organ at
risk exposed with X Gy. The
colored markings (orange: per
protocol, red: variation accept-
able) correspond to the dose
constraints defined in Radia-
tion Therapy Oncology Group
Report 1005 [17] for hypofrac-
tionated breast radiation therapy.
Significant differences of the re-
spective H-VMAT combination
compared to Ref are indicated
by (+, advantage) and (–, disad-
vantage)
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Fig. 3 Boxplots of mean heart
doses (a, b) and contralateral
breast D5 doses (c, d) using dif-
ferent hybrid volumetric mod-
ulated arc therapy (H-VMAT)
combinations (HV1–HV6) and
conventional three-dimensional
radiotherapy as the reference
treatment plan (Ref). DY denotes
the dose (Gy) of the organ at
risk of Y%. The colored mark-
ings (orange: per protocol, red:
variation acceptable) correspond
to the dose constraints defined
in Radiation Therapy Oncology
Group Report 1005 [17] for hy-
pofractionated breast radiation
therapy. Significant differences
of the respective H-VMAT com-
bination compared to Ref are
indicated by (+, advantage)

H-VMAT combinations HV2 (Dmean= 7.5± 1.2 Gy) and
HV3 (Dmean= 7.6± 1.3 Gy) offered statistically significant
advantages over the reference (Dmean= 8.1± 1.2 Gy).

All dose values of the heart complied with the dose
specification of RTOG Report 1005 regarding Dmean=
320–400cGy (Fig. 3, Table 3). Especially in left-sided
breast therapy, the heart was better protected with all
H-VMAT combinations considered. HV1 (Dmean= 128±
37cGy), HV2 (Dmean= 121± 34cGy), HV3 (Dmean= 123±
35cGy), and HV6 (Dmean= 137± 39cGy) showed the best
values and thus the most pronounced advantages over Ref
(Dmean= 216± 42cGy). In right-sided breast irradiation, the
same trend could be observed (HV1 Dmean= 71± 26cGy,
HV2 Dmean= 63± 17cGy, HV3 Dmean = 65± 20cGy, HV6
Dmean = 78± 27cGy, and Ref Dmean = 132± 19cGy). The
combinations HV4 and HV5 consistently achieved the
highest heart exposure in H-VMAT. In general, higher
heart dose values were evaluated in left-sided breast ther-
apy.

Some treatment techniques could not fulfill the dose con-
straints D5= 144–240cGy of the contralateral breast accord-
ing to the guidelines of RTOGReport 1005 (Fig. 3, Table 3).

All considered hybrid combinations showed advantages
over the 3D-CRT treatment plan (left D5= 200± 33cGy,
right D5= 233± 45cGy). The lowest dose values with
the greatest advantages were achieved with H-VMAT
combinations without the inclusion of HWF. HV2 (left
D5= 70± 23cGy, right D5= 96± 35cGy) and HV3 (left
D5= 84± 29 cGy, right D5= 111± 40cGy) provided the best
values on both breast sides.

The comparison of hybrid combinations showed a pos-
sibility to reduce the OAR doses (Table 4). Significant ad-
vantages of combinations without the use of HWF in the
base plan were found for all OAR. Regarding the VMAT
supplementary dose, there is a tendency that the choice of
higher beam energy (15 MV instead of 6 MV) is disadvan-
tageous for OAR exposure. For IL V4, IL Dmean, and CB
D5, significant advantages could be observed using a lower
VMAT energy.

Plannedmonitor units and beam-on times

Increased MU were required when using HWF (Table 3).
Therefore, Ref and the combinations HV4 and HV5 in
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Fig. 4 a Axial dose distribution of a conventional three-dimensional radiotherapy (3D-CRT) treatment plan. Tangential opposing fields with
mixed beam energies (6 MV and 15 MV) and hard wedge filters were used. b Axial dose distribution of a hybrid volumetric modulated arc therapy
(H-VMAT). Tangential opposing fields (6 MV) without hard wedge filters were used as base plan for VMAT optimization. VMAT photon energy
was set to 6 MV, which corresponds to the H-VMAT combination HV2 (Table 1). c Dose–volume histogram: 3D-CRT (■) versus H-VMAT
treatment plan (▲). Color selection: orange: PTV; light blue: ipsilateral lung; dark blue: heart; red: contralateral breast
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hybrid planning showed the highest values. Compared to
Ref, the H-VMAT plans showed consistently higher values
for beam-on times. The longest BOT were observed using
HWF (HV4 and HV5).

Discussion

To our knowledge, this is the first study to analyze differ-
ent base plan designs using 3D-CRT, in which the use of
HWF and beam energies were varied. Variations in beam
energy for the VMAT supplementary dose were also per-
formed. The H-VMAT combinations HV2 and HV3 (Ta-
ble 1) uniformly achieved the best values regarding all
dosimetric parameters in comparison to the reference treat-
ment plan (Fig. 4; Table 3). Both favored combinations
contained a 6-MV photon base plan without the use of
HWF, which are conventionally used for shape compensa-
tion and dose homogenization. The comparison of different
hybrid combinations showed significant disadvantages for
quality indices and OAR doses when using HWF in the
base plan (Table 4). In a tangential field arrangement using
wedge orientation for breast surface compensation, the total
body and OAR doses were increased. Advantages of virtual
wedges over hard wedge filters are reported in the litera-
ture [18–21]. Less scattering effects led to lower average
doses outside the irradiation field. Consequently, smaller
low-dose areas in the body and lower OAR exposure, e.g.,
of the contralateral breast in breast radiotherapy, were ob-
served. Furthermore, a reduction in MU was achieved. Nev-
ertheless, virtual wedges were omitted in our study because
the collimator would have to be rotated by 90 ° for techni-
cal realization (Varian TrueBeam linear accelerator). This
would have complicated the exact fitting of the MLC to the
PTV contour and would have increased the exposure of the
OAR, especially the ipsilateral lung. The use of HWF is not
necessary in H-VMAT for reasons of dynamic supplemen-
tary dose and may even be harmful due to the increased
MU and beam-on time. Furthermore, higher photon ener-
gies in VMAT showed an unfavorable tendency with regard
to OAR exposure (Table 3). The maximum of depth dose
curves shifts the maximum dose deeper into the tissue and
a longer dose extension is created, which also increases the
total body and OAR doses.

In the present study, the weighting between the radia-
tion techniques 3D-CRT and VMAT was uniform for all
combinations (80/20). Other studies confirmed the bene-
fit of this ratio when using the H-VMAT technique. Balaji
et al. [22, 23] analyzed different ratios of chest wall radi-
ation and identified 80/20 and 70/30 as optimal weighting
concerning dose coverage of the PTV and OAR exposure.
Nevertheless, the choice of weighting should be adapted in-
dividually, depending on the clinical scenario. Patient age

plays an important role, as late side effects are negligible
in older patients, but both acute and late effects should be
considered in younger patients. With the increase of the
VMAT component weighting, the low-dose area expands.
In younger patients, these areas can be minimized by choos-
ing 80/20.

The study of Lin et al. [24] showed benefits of the
H-VMAT technique over pure-VMAT and a fixed-field
IMRT technique in radiotherapy of left breast cancer. They
used a base plan consisting of tangential IMRT fields
(T-IMRT). In our study, 3D-CRT was used in the base
plan, which enables a reduction in MU and delivery time
compared to dynamic techniques like IMRT. Less MLC
radiation leakage and internal body scattering can be the
benefit of decreased MU, which leads to a reduction in
the total body dose [25]. With a reduction of the delivery
time, patients have to complete fewer breathing cycles per
fraction, which makes the treatment more feasible when
using DIBH.

For the supplementary dose, various concepts may be
used. Balaji et al. [26] reported clinically similar results
of H-IMRT and H-VMAT using 6-MV flattening filter-free
(FFF) photon beams. The researchers recommendH-VMAT
for hypofractionated breast RT in DIBH due to reduced
MU and treatment delivery time. Another study by Chen
et al. [27] consistently reported advantages of H-VMAT
over H-IMRT with regard to dose conformity, heart dose,
and delivery time. They compared H-VMAT with two dif-
ferent H-IMRT designs in the treatment of early-stage left-
sided breast cancer. Two tangential beams were used as
a base plan and two coplanar 90-degree arcs (H-VMAT)
or four IMRT fields (H-IMRT) for the supplementary dose.
Ramasubramanian et al. [28] analyzed the influence of dif-
ferent arc designs for left breast therapy, comparing two
partial arcs (2A), four partial arcs (4A), and four tangen-
tial arcs (TA). The dosimetric superiority of PTV and OAR
doses could be analyzed in 2A and 4A, with the 2A method
additionally allowing a reduction of MU and beam-on time.
We only used flattening-filter beams and a single VMAT
field over the entire tangential angular range for the sup-
plementary dose, such that our approach resembles the 2A
method. This approach may realize a further shortening of
treatment time due to the uninterrupted continuous arc.

The basis for proper dose application with H-VMAT to
the patient is the existence of good reproducibility of the
patient positioning. Dynamic techniques like H-VMATmay
be prone to intra- and interfractional positioning uncertain-
ties, which demand reproducibility of patient positioning
both in treatment planning and execution [27, 29–31]. In
order to minimize positioning uncertainties and deviations
between planned and delivered dose distributions, CT ac-
quisition and radiotherapy should be carried out in DIBH.
Besides, studies have shown benefits of DIBH concerning
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irradiated cardiac volume and secondary lung cancer risk
in left-sided breast radiotherapy [7–10, 32]. Efficient ther-
apy in DIBH, however, requires special measures and skills.
Employee training, patient selection criteria, patient coach-
ing, and protocols for verifying the treatment are essential
requirements for efficient therapy [33].

Another key limitation of our study is the restricted pa-
tient selection. We evaluated and analyzed standardized
breasts or PTV sizes only. Anatomical deviations in size
or non-conventional shapes may change the findings.

Conclusion

Our study showed the advantages of the H-VMAT tech-
nique with a weighting of 80% 3D-CRT/20% VMAT
compared to the conventional static tangential radiation
technique. The combination of static and dynamic radia-
tion techniques improved PTV dose coverage, conformity,
and homogeneity. The doses of the OAR ipsilateral lung,
heart, and contralateral breast were significantly reduced
(p< 0.05) by a suitable choice of the plan combination of
H-VMAT. In treatment planning, a photon energy of 6 MV
should be preferred for both the tangential radiation fields
of the base plan and the VMAT supplementary dose. The
use of radiation wedges in the base plan was found to be
disadvantageous for PTV dose coverage and conformity,
OAR doses, MU number, and delivery time.
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