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Purpose: To compare dosimetric trade-offs among two full-VMAT and two hybrid 3D-CRT/VMAT strategies for left-sided whole-
breast irradiation (WBI), and to evaluate the influence of planning strategy, introducing a novel tangential hybrid approach (H-tVMAT).
Patients and Methods: Twenty patients with left-sided breast cancer treated with WBI (40.05 Gy in 15 fractions) were retro-
spectively analyzed. For each patient, four plans were generated within a single treatment planning system under free-breathing
conditions: large-angle VMAT, tangential VMAT (tVMAT), Hybrid VMAT (H-VMAT), and the novel tangential Hybrid tVMAT
(H-tVMAT). Primary dosimetric endpoints included heart and pulmonary structures and the contralateral breast, with dedicated
evaluation of low-dose exposure. Target conformity, homogeneity index (HI), and monitor units (MUs) were also assessed.
Results: All strategies achieved clinically acceptable target coverage and homogeneity. Hybrid configurations consistently reduced
cardiac, pulmonary, and contralateral low-dose exposure compared with full-VMAT solutions. Among the evaluated strategies,
H-tVMAT provided the most favorable balance between heart/LAD sparing, low-dose containment, and target coverage.
Appropriately configured tangential VMAT achieved dosimetric results close to hybrid solutions, underscoring the importance of
arc geometry. No statistically significant differences in delivery complexity were observed across strategies.

Conclusion: Dosimetric performance in left-sided WBI is strongly influenced by planning implementation rather than nominal
technique category alone. Hybrid tangential VMAT achieved the most balanced dosimetric profile, while optimized tangential VMAT
provided comparable results. These findings support a strategy-specific approach to technique selection, emphasizing the central role
of implementation choices in breast radiotherapy planning.
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Introduction

Radiation therapy (RT) plays a central role in the management of breast cancer,' > with whole breast irradiation (WBI)
representing a standard adjuvant approach after breast-conserving surgery, particularly in early-stage disease.® The
widespread adoption of hypofractionated regimens has increased the need for rigorous dosimetric control, given the
complex breast anatomy and its proximity to critical organs at risk (OARs), especially the heart and lungs.” Conventional
three-dimensional conformal radiotherapy (3D-CRT) with tangential fields has long been the reference technique for
WBI® While this approach is characterized by limited low-dose exposure to surrounding healthy tissues,’ it is often
associated with suboptimal target homogeneity, especially in patients with larger breast volumes, potentially leading to
increased acute skin toxicity.'® The introduction of field-in-field techniques partially addressed these limitations by
improving dose uniformity through subfield modulation.'' More recently, advanced intensity-modulated techniques such
as volumetric modulated arc therapy (VMAT) have been increasingly adopted in breast RT due to their ability to enhance
target conformity and homogeneity.'*”'” However, the use of VMAT for WBI remains controversial. Gains in target dose
distribution are frequently accompanied by a substantial increase in low-dose exposure to large volumes of healthy
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tissues.'* This so-called “low-dose bath” has been associated with an increased risk of radiation-induced cardiac and
pulmonary toxicity, as well as a potential rise in secondary malignancy risk.'> These concerns are particularly relevant in
left-sided WBI, where cardiac exposure represents a key determinant of long-term treatment-related morbidity.'®'?
Current planning recommendations provide limited guidance on balancing target coverage, homogeneity, and OARs
sparing, leaving clinicians with uncertainty regarding optimal strategy selection for individual patients.

In this evolving clinical and technical landscape, optimization of breast radiotherapy can no longer rely solely on
maximizing target conformity. Instead, there is growing emphasis on planning strategies capable of balancing dosimetric
quality with long-term safety, minimizing unnecessary low-dose exposure while preserving adequate target coverage and
homogeneity. Hybrid approaches combining 3D-CRT and VMAT have therefore been proposed to exploit the robustness
and favourable low-dose characteristics of tangential fields while using a limited VMAT component to improve dose
homogeneity and conformity.”*® Despite the increasing adoption of hybrid approaches for left-sided WBI, current
evidence remains heterogeneous and challenging to translate into robust planning recommendations. Most published
studies rely on comparisons between a single hybrid implementation and a full-VMAT solution, offering limited insight
into how different planning configurations within the same technique category may influence target homogeneity, OARs
sparing, and low-dose exposure. Consequently, key controversies remain unresolved regarding which hybrid configura-
tions optimally balance these trade-offs, and whether reported advantages reflect intrinsic technique properties or are
implementation dependent. Understanding how implementation-dependent factors influence these trade-offs is therefore
essential to support informed technique selection beyond nominal technique classification.

The aim of the present study is to address these gaps by systematically comparing two full-VMAT and two hybrid 3D-
CRT/VMAT planning strategies for left-sided WBI. Unlike previous dosimetric investigations based on binary technique
comparisons, this multi-strategy design enables the assessment of intra-technique variability and provides a more
comprehensive characterization of clinically relevant dosimetric trade-offs. By explicitly analyzing the balance between
target dose conformity, OARs sparing, and low-dose exposure, this work seeks to provide clinically meaningful evidence
to support technique selection in routine practice, with particular attention to long-term treatment-related safety. Within
this framework, we evaluated the feasibility and effectiveness of the two distinct hybrid VMAT arrangements in
comparison with two pure VMAT solutions. To our knowledge, this is the first study to investigate the hybridization
of tangential VMAT (tVMAT) with 3D-CRT within the Monaco treatment planning system (TPS), a configuration
referred to as hybrid tVMAT (H-tVMAT), providing novel insight into how implementation choices shape the dosimetric
behavior of hybrid planning strategies and inform clinical decision-making in left-sided WBI.

Materials and Methods

Patient Data Set and Contouring

Twenty patients with left-sided breast cancer receiving adjuvant whole breast radiotherapy after conservative surgery
were retrospectively selected. All patients were immobilized supine with arms raised using a dedicated breast board to
ensure setup reproducibility throughout treatment. Free-breathing planning images were acquired with a 3-mm slice
thickness on a Toshiba Aquilion CT scanner (Toshiba Medical Systems, Tokyo, Japan) from the mandibular level to the
umbilicus. The clinical target volume (CTV) was delineated following institutional guidelines and international
recommendations.”’ ' To account for setup uncertainties and respiratory motion, the planning target volume (PTV)
was obtained by applying a 5 mm isotropic expansion to the CTV. PTV was then cropped 3 mm from patient surface. The
contoured OARs included the heart, left anterior descending coronary artery (LAD), ipsilateral and contralateral lungs,
and contralateral breast. A total dose of 40.05 Gy was prescribed in daily fractions of 2.67 Gy for all patients.

Treatment Planning

Each patient was planned with 6 MV photon beams using the Monaco v6.1 TPS employing the Monte Carlo (MC) and
collapsed cone convolution (CCC) algorithms for VMAT and 3D-CRT, respectively. For MC, a statistical uncertainty of
1% was applied, and the dose calculation grid resolution was set to 3 mm for both MC and CCC algorithms. All plans
were designed for a VersaHD linear accelerator (Elekta AB, Stockholm, Sweden) equipped with 5-mm Agility MLC.
Four treatment approaches were considered: VMAT, Hybrid VMAT (H-VMAT), tangential VMAT (tVMAT) and Hybrid
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tVMAT (H-tVMAT), the latter obtained by hybridizing tVMAT with 3D-CRT, as suggested by evidence of improved
OARs sparing using two narrow coplanar arcs over large VMAT arcs.?>?'*? For each patient, the same isocenter was
maintained to ensure a consistent comparison between the planning techniques. All plans were considered clinically
acceptable after review by two experienced medical physicists and approval by a radiation oncologist.

VMAT and tVMAT

The VMAT technique involves a maximum of two semi-arcs. According to the patient’s anatomy and PTV coverage, the
start angle was set to 316°+10° with an arc length of 220° and an arc segment step size of 20°. The collimator angle was
fixed to 10°. Optimization parameters included a maximum of 300 control points per arc, a minimum segment width of
1 cm, and high fluence smoothing. For tVMAT plans, two narrow coplanar arcs of 55° each were used, maintaining the
same angular orientation as the two tangential beams in the 3D-CRT approach. The arc segment step size was reduced to
11° to enhance modulation of the dose distribution as the gantry moved through the arc. A dedicated template for cost
functions was created within the Monaco IMRT Constraints module (Table 1). The optimization process was conducted
to satisfy the clinical constraints reported in Table 2.

H-VMAT and H-tVMAT

The H-VMAT and H-tVMAT plans were developed by integrating a 3D-CRT plan with a modulated arc-based
component. The 3D-CRT plan utilized two opposed tangential fields, with the gantry positioned at 316°£10° for the
internal beam and 136°+10° for the external beam. This initial 3D-CRT plan was normalized to 70% of the prescribed
dose, ensuring coverage of at least 95% of the PTV. The 3D-CRT plan represents a bias dose contribution for the VMAT/
tVMAT component. The bias-corrected VMAT/tVMAT plan was normalized to 30% of the prescribed dose, ensuring
optimized PTV coverage with the specific objectives Vogso, > 95% and Vig70, < 2%.

Plan Analysis and Dosimetric Evaluation

For quantitative analysis dose—volume histograms (DVHs) of the PTV and OARs were extracted. To assess PTV coverage,
for each plan Conformity Index (CI) and Homogeneity Index (HI) were calculated following the RTOG definitions:*

_ PIVys

o

CI

Table | List of the IMRT Constraints Used for the Inverse Planning Optimization of Both VMAT and tVMAT, for
the Planning Target Volume (PTV) and Organs at Risk (OARs): Ipsilateral Lung, Heart, Left Anterior Descending
Artery (LAD), Contralateral Breast, Contralateral Lung and External Patient Volume (Outside the PTV)

Structure Cost Function Reference Dose (Gy) | k* Isoconstraint
PTV Target Penalty 40.05 / 98% Minimum Relative Volume
Quadratic Overdose 42.05 / RMS Dgycess= 0.50 Gy
Ipsilateral Lung Parallel 4.00 3.50 47% Mean Organ Damage
Serial / 1.00 EUD = 5.00 Gy
Heart Serial / 1.00 EUD = 3.00 Gy
Parallel 18.00 4.00 5% Mean Organ Damage
Controlateral Lung Serial / 1.00 EUD = 3.00 Gy
Controlateral Breast Serial / 1.00 EUD = 1.00 Gy
Patient Conformality / / 0.50 (8 cm Margin Around Target)
Maximum Dose / / 43.00 Gy
Quadratic Overdose 41.25 / RMS D,ycess= 0.50 Gy, at 0-0.2 cm

Notes: *(range 1—4) determines the steepness of the radiation dose—response curve: specifically, ask increases, the tolerance for excessive
damage to small voxels of the assigned structure decreases, resulting in low-dose voxels receiving minimal weight relative to high-dose voxels.
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Table 2 List of Dosimetric Constraints Used in
Planning Optimization for Both Planning Target
Volume (PTV) and Organs at Risk (OARs):
Ipsilateral Lung, Heart, Left Anterior Descending
Artery (LAD), Contralateral Breast, and
Contralateral Lung

Structure Dosimetric Constraints

PTV Voss, > 90-95%
Viorx < 2%
Vios% < 5-7%

Ipsilateral Lung D5y < 31Gy

Daos < 26.4Gy

D35y < 17.6Gy
Dsox < 9Gy

Contralateral Lung Doy < 13Gy
D35% < |06G)’

Heart Ds% < 8-10Gy
Daox < 6-8Gy
Dmean < SGY

LAD Dinean < 9.7Gy
Dy < 16Gy

Contralateral Breast D5y < 17.6Gy
Daox < 9Gy
Dssy < 6Gy

Dsoy < 4.4Gy

where PIVys is the isodose volume corresponding to 95% of the prescribed dose (D) and TV is the target volume. This
value ranges from 0 to 1 with CI = 1 indicating an ideal conformation of the irradiated volume to the reference isodose;

(D29, — Dogy, )

D,

HI = x 100,
where Dy, and Dogo, are the near maximum and the near minimum of the PTV dose, respectively, and D, is the
prescription dose. An ideal HI of 0 indicates perfect dose homogeneity within the PTV. Minimizing the HI ensures that
the target volume receives the prescription dose as uniformly as possible, with fewer regions of underdose or overdose.
Furthermore, relevant PTV and OARs metrics were retrieved in terms of dose received by X percentage of volume
(Dx) and mean dose (Dpean). PTV coverage was evaluated in terms of Doso,, Doy, and Dipean. OARSs sparing was
assessed using the following criteria: D504, D2goy, D3s0s, and Dsge, for the ipsilateral lung; Dso,, Dyges, and Dyyean for the
heart; Do, and D ycan for the LAD; Dy 504, D2gos, and Dyyean for the contralateral lung; D5, Dagos, D350, D50os, ad Dipean
for the contralateral breast.
Low-dose spillage was evaluated by considering the spread of low doses in normal tissue through the percentage of
normal tissue (patient body minus PTV) receiving doses ranging from 1 to 25 Gy. In addition, the number of monitor
units (MU) used in each plan was recorded to assess delivery efficiency.

Statistical Analysis

For each dosimetric parameter, normality for each patient across the four techniques was assessed using the Shapiro—
Wilk test. Paired #-tests were applied for normally distributed pairs of techniques, and Wilcoxon signed-rank tests were
applied otherwise, to account for the repeated-measures design. Six pairwise comparisons were performed per parameter
(corresponding to all possible pairs among the four techniques), and p-values were adjusted using the Bonferroni
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correction to control for multiple testing (a/6 = 0.0083). P-values exceeding this threshold are indicated as NS (not
significant). Statistical significance was considered at p < 0.0083 after Bonferroni correction.

Results
The dose distributions for one representative patient with the four investigated field arrangements are illustrated in
Figure 1. Table 3 summarizes the dosimetric results as median values and ranges for each metric across all patients, along

with their statistical comparisons. The average DVHs are shown in Figures 2 and 3.

Target Coverage and Dose Homogeneity

No statistically significant differences were found among the investigated techniques in terms of CI and target coverage
(Dgse,), since the comparison was conducted under equivalent target volume coverage (Voso, > 95%). However, VMAT
showed a significant improvement in the HI, indicating a more uniform dose distribution compared with the hybrid plans
H-VMAT and H-tVMAT (p < 0.005 and p < 0.05, respectively). Similarly, tVMAT demonstrated a significantly lower HI than
H-VMAT (p <0.05). No significant differences were observed in HI between VMAT and tVMAT, tVMAT and H-tVMAT and
in the comparison between the two hybrid techniques, suggesting comparable dose target homogenity. Among the planning
techniques, H-VMAT exhibited the highest D,o, value, which nevertheless fulfilled the PTV constraint Vs, < 5—7%.

a) VMAT b) tVMAT Isodoses (Gy)
. - Il 42.85
40.05
B 38.05
I 30.00
B 25.00
15.00
10.00
5.00

c) H-VMAT d) H-tVMAT

Figure | Dose distributions for a representative patient with the four investigated field arrangements are shown: (a) VMAT, (b) tVMAT, (c) H-VMAT, and (d) H-tVMAT.
Isodose lines, expressed as percentages of the prescription dose (40.05 Gy delivered to the PTV in |5 fractions), are displayed on an axial CT slice at isocenter. Organs at
risk are delineated as follows: heart (blue), LAD (red), ipsilateral lung (light green), contralateral lung (Orange), and contralateral breast (dark green).
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Table 3 Dosimetric Parameters for the Planning Target Volume (PTV) and Organs at Risk (OARs): Ipsilateral Lung, Heart, Left Anterior Descending Artery (LAD), Contralateral

Breast, and Contralateral Lung

Technique p-value
| 2 3 4

VMAT tVMAT H-VMAT H-tVMAT y27) y2%) P4 P23 y 2% P34
PTV Median (range)
HI 12.38 (9.49-19.23) 13.50 (9.65-18.20) 17.31 (10.11-24.94) 17.33 (9.13-23.70) NS <0.005 NS NS NS NS
Cl 0.92 (0.90-0.95) 0.93 (0.90-0.95) 0.92 (0.90-0.95) 0.92 (0.90-0.95) NS NS NS NS NS NS
Dosy, (Gy) 37.50 (36.47-38.05) 37.39 (36.72-38.05) 37.16 (36.17-38.05) 37.28 (36.35-38.05) NS NS NS NS NS NS
Dy (Gy) 41.08 (40.51-42.80) 41.28 (40.26-42.57) 42.27 (40.41-42.69) 41.79 (40.00-42.83) NS NS NS NS NS NS
Dinean (Gy) 39.62 (39.16—40.80) 39.58 (38.96—40.87) 40.14 (39.15-40.85) 40.08 (39.00—40.85) NS NS NS NS NS NS
Ipsilateral Lung
Dis% (Gy) 13.50 (8.70-17.66) 13.65 (6.37—18.45) 8.24 (5.92-10.37) 8.20 (4.77-13.42) NS <0.001 <0.001 <0.001 <0.001 NS
Dao% (Gy) 9.52 (5.82-12.82) 8.18 (4.25-12.62) 5.73 (4.20-8.30) 5.78 (3.30-9.88) NS <0.001 <0.001 <0.001 <0.001 NS
Dss% (Gy) 3.67 (2.77-5.38) 2.90 (2.07-6.07) 2.83 (1.74-4.42) 2.60 (1.37-5.00) NS NS <0.001 NS NS NS
Dso% (Gy) 2.33 (1.53-3.53) 1.69 (1.25-3.15) 1.68 (1.00-3.30) 1.48 (0.74-3.06) NS NS <0.001 NS NS NS
Dinean (Gy) 6.08 (4.92-7.64) 6.00 (4.09-7.42) 4.97 (3.67-6.30) 4.80 (3.05-6.64) NS <0.001 <0.001 <0.001 <0.001 NS
Heart
Ds% (Gy) 4.55 (2.72-6.06) 2.96 (1.91-8.26) 3.26 (1.58-6.96) 2.40 (1.25-9.61) <0.001 <0.005 <0.001 NS NS NS
D2o% (Gy) 3.77 (2.46—4.88) 2.60 (1.72-5.67) 2.83 (1.41-5.21) 1.99 (1.10-6.40) <0.001 <0.005 <0.001 NS NS NS
Dimean (GY) 3.08 (2.08-3.86) 2.42 (1.70-4.59) 2.26 (1.08—4.64) 1.80 (0.84-4.80) NS <0.005 <0.001 NS NS NS
LAD
D« (Gy) 12.08 (7.31-16.34) 11.49 (7.18-17.00) 7.26 (4.43-13.59) 6.60 (3.49-13.87) NS NS <0.005 NS NS NS
Dinean (Gy) 6.55 (2.82-9.19) 6.08 (2.76-9.01) 3.91 (1.73-7.23) 3.77 (1.59-7.45) NS NS <0.005 NS NS NS
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Technique p-value
| 2 3 4

VMAT tVMAT H-VMAT H-tVMAT P12 P13 P P23 ) 271 P34
Contralateral Breast
Ds% (Gy) 5.22 (2.57-7.81) 5.34 (1.22-10.94) 1.79 (1.02-3.57) 1.97 (0.65-4.93) NS <0.001 <0.001 <0.001 <0.001 NS
Dao% (Gy) 4.81 (2.40-7.28) 4.89 (1.14-9.59) 1.64 (0.97-3.19) 1.76 (0.57-4.43) NS <0.001 <0.001 <0.001 <0.001 NS
Dss% (Gy) 4.09 (2.02-6.16) 4.32 (0.88-6.71) 1.37 (0.87-2.43) 1.26 (0.41-3.33) NS <0.001 <0.001 <0.005 <0.001 NS
Dso% (Gy) 3.51 (1.72-5.36) 3.31 (0.56-4.93) 1.13 (0.80-1.87) 0.94 (0.34-2.47) NS <0.001 <0.001 NS <0.005 NS
Dinean (Gy) 3.83 (1.86-5.68) 3.71 (0.77-5.63) 1.22 (0.81-2.19) 1.23 (0.42-2.90) NS <0.001 <0.001 <0.001 <0.001 NS
Contralateral Lung
Dao% (Gy) 3.29 (1.83-6.06) 1.53 (1.01-2.67) 1.55 (1.26-2.52) 0.89 (0.54-1.53) <0.001 <0.001 <0.001 NS <0.005 <0.001
Dss% (Gy) 2.25 (1.404.96) 1.04 (0.82—1.35) 1.17 (0.92-1.89) 0.62 (0.44-1.33) <0.001 <0.001 <0.001 NS NS <0.001
Dimean (GY) 2.21 (1.41-3.00) 1.23 (0.79-1.68) 1.13 (0.88-1.78) 0.70 (0.43-1.20) <0.001 <0.001 <0.001 NS <0.001 <0.001
MUs 600.9 (515.3-688.3) 637.3 (568.8-674.6) 679.4 (485.6-901.8) 629.2 (481.8-998.3) NS NS NS NS NS NS

Notes: Data are reported as median values with minimum-maximum ranges for each planning technique: VMAT (1), tVMAT (2), H-VMAT (3), and H-tVMAT (4). Monitor units (MUs) for each technique are also included. Pairwise
statistical comparisons were performed using paired tests; p-values were adjusted with the Bonferroni correction for six pairwise comparisons per parameter (/6 = 0.0083). NS = not significant.
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Figure 2 Mean dose—volume histograms (DVHs) illustrating the average percentage volume as a function of dose (Gy) for the PTV and organs at risk: ipsilateral lung, heart,
LAD, contralateral breast, and contralateral lung. Each curve corresponds to one of the evaluated techniques: VMAT, tVMAT, H-VMAT, and H-tVMAT.

Organs at Risk

Ipsilateral Lung

No significant differences were observed between VMAT and tVMAT in terms of D50, and D5go,. H-VMAT and H-tVMAT
significantly reduced D 50, and Do, when compared with VMAT and tVMAT (p < 0.001). VMAT exhibited higher median
values of D350, and Dsgo, compared with tVMAT or hybrid techniques (p < 0.05 vs. tVMAT and H-VMAT,; p < 0.001 vs.
H-tVMAT). However, there were no statistically significant differences between tVMAT and the hybrid techniques for
D350, and Dsgo,. Additionally, no significant differences were found between the two hybrid techniques for any of the
considered dosimetric indicators related to the left lung, suggesting that both provided an equal sparing of this OAR.

Heart and LAD

VMAT delivered the highest dose values to the heart compared with all other techniques. The use of narrow coplanar arc
pairs significantly reduced D50, Dygos, and Dypean compared with VMAT (p < 0.001 for Dy 50, and D5, and p < 0.05 for
Dpjean)- A similar trend was observed for the hybrid techniques, which showed significantly lower values for these
dosimetric metrics than full VMAT approaches (p < 0.005 and p < 0.001 for H-VMAT and H-tVMAT, respectively).
While no significant differences were found between tVMAT and H-VMAT, H-tVMAT plans achieved significantly
lower median values for heart D ,c., (p < 0.05). No significant differences were observed between H-VMAT and H-tVMAT.
Regarding LAD involvement, both VMAT and tVMAT exhibited the highest maximum dose (D), whereas H-VMAT
and H-tVMAT achieved significantly lower D1% values than VMAT (p < 0.05 and p < 0.005, respectively). The mean LAD
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Figure 3 Comparison of low-dose volumes (1-25 Gy) for VMAT, tVMAT, H-VMAT, and H-tVMAT. Data are presented as the mean percentage of irradiated external patient
volume (outside the PTV) corresponding to each dose level (Gy).

dose was significantly higher in VMAT compared with hybrid techniques (6.55 Gy for VMAT, 3.91 Gy and 3.77 Gy for
H-VMAT and H-tVMAT, respectively), with no statistically significant differences between the two hybrid techniques.

Contralateral Breast

No significant differences were observed between VMAT and tVMAT. Both hybrid techniques had significantly lower
Di504, Dsgoy, and Dypean, compared with VMAT and tVMAT (p < 0.001, p < 0.001, p < 0.005, respectively). The
contralateral breast Dy,.., was significantly lower for both H-VMAT and H-tVMAT compared with both VMAT and
tVMAT. No statistically significant differences were found between the two hybrid techniques.

Contralateral Lung

tVMAT resulted in significantly lower values of Dygo, D3sos, and Dpean compared with VMAT (p < 0.001). VMAT also
showed significantly higher values compared with hybrid techniques (p < 0.001). No significant differences were found
between tVMAT and H-VMAT. However, H-tVMAT resulted in significantly lower doses compared with tVMAT (p <
0.005 for Dygey, p < 0.05 for D350, and p < 0.001 for Dyean). Additionally, when comparing the two hybrid techniques,
H-tVMAT produced significantly lower dose values than H-VMAT (p < 0.001), indicating superior sparing of the
contralateral lung.

Low-Dose Volumes
Figure 3 and Table 4 show the percentage volumes of the normal tissue receiving doses ranging from 1 to 25 Gy for each
of the four planning techniques.

The comparison of VMAT and tVMAT revealed no statistically significant differences in the Vg,—V2sgy range, with
tVMAT showing slightly lower median values. However, VMAT plans resulted in significantly higher irradiated patient
volumes than both hybrid techniques, particularly in the 5-25 Gy range (p < 0.05 to p < 0.001). When comparing tVMAT
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Table 4 Low-Dose Spillage Expressed as the Percentage of External Patient Volume (Outside the PTV) Receiving 1-25 Gy

Technique p-value
| 2 3 4

VMAT tVMAT H-VMAT H-tVMAT P12 ‘ P13 ‘ P ‘ P23 | )22 ‘ P34
Normal tissue (%) Median (range)
Vigy 51.02 (25.71-70.49) | 45.49 (23.36-54.26) | 48.09 (16.55-68.62) | 35.36 (11.80-58.66) | NS NS <0.005 | NS NS NS
Vsay 18.96 (6.56—41.83) 15.08 (6.22-20.82) 11.54 (5.03-23.20) 10.49 (3.34-19.17) NS NS <0.001 NS NS NS
Viogy 11.83 (4.74-24.07) 10.41 (4.30-14.80) 7.25 (2.87-14.17) 5.93 (2.06-11.40) NS | <0.005 | <0.001 NS | <0.005 | NS
Visgy 8.85 (3.69-16.42) 8.08 (3.42-12.59) 5.09 (2.15-10.41) 4.14 (1.65-7.98) NS | <0.005 | <0.00I NS | <0.001 NS
Vaoay 7.51 (3.02-12.65) 6.71 (2.81-10.91) 4.03 (1.72-8.49) 3.58 (1.45-6.59) NS | <0.001 | <0.001 NS | <0.001 NS
Vasay 6.23 (2.54-10.53) 5.86 (2.41-9.53) 3.36 (1.45-7.12) 3.16 (1.32-5.86) NS | <0.001 | <0.001 NS | <0.001 NS

Notes: Data are reported as median values with minimum—maximum ranges for each planning technique: VMAT (1), tVMAT (2), H-VMAT (3), and H-tVMAT (4). Pairwise
statistical comparisons were performed using paired tests; p-values were adjusted with the Bonferroni correction for six pairwise comparisons per parameter (o/6 =
0.0083). NS = not significant.

and H-VMAT, no significant differences emerged in the 1-10 Gy range, but at higher dose levels (15-25 Gy), H-VMAT
demonstrated superior dose sparing (p < 0.05). Meanwhile, H-tVMAT consistently outperformed tVMAT across the 5-25
Gy range (p < 0.05 to p < 0.001), enhancing its effectiveness in reducing radiation exposure to healthy tissues. The two
hybrid techniques showed no significant differences in the 5-25 Gy range, except for Vg,, where H-tVMAT resulted in
significantly lower irradiated volumes than H-VMAT (p < 0.05).

Delivery Efficiency

The median number of MUs (Table 3) was 601 (range, 515.3-688.3) for VMAT, 637.3 (range 568.8—-674.6) for tVMAT,
679.4 (range, 485.6-901.8) for H-VMAT and 629.2 (range, 481.8-998.3) for H-tVMAT. No statistical differences were
observed between the techniques.

Discussion

This study presents a systematic dosimetric evaluation of multiple VMAT and hybrid 3D-CRT/VMAT planning strategies
for left-sided WBI within a unified planning framework. By adopting a multi-strategy approach, our analysis extends
beyond conventional binary comparisons and demonstrates that dosimetric differences are not solely attributable to
technique category but are strongly dependent on planning configuration and implementation. These findings challenge
the assumption that VMAT and hybrid techniques represent homogeneous entities and emphasize the critical role of
strategy-specific design choices in shaping clinically relevant dosimetric trade-offs.

Previous dosimetric studies investigating hybrid VMAT-based approaches for WBI have reported heterogeneous
results, reflecting substantial methodological variability rather than intrinsic inconsistencies in technique performance.
Several investigations compared a single hybrid configuration with a full-VMAT solution, generally reporting improved
target homogeneity and reduced low-dose exposure to selected organs at risk.”>>* An overview of key methodological
features and dosimetric outcomes reported in recent hybrid VMAT studies is provided in Table 5, highlighting the
substantial heterogeneity in planning configurations, platforms, and reported metrics. While these studies established the
feasibility and potential advantages of hybrid planning, they predominantly adopt a binary comparison framework in which
hybrid planning is represented by a single implementation defined by fixed dose-weighting and arc geometry choices. As
a result, they provide limited insight into how dosimetric outcomes may vary as a function of planning implementation
rather than technique category alone. The present results indicate that these differences are largely driven by implementa-
tion-dependent factors, particularly arc geometry and modulation strategy, rather than by the hybrid concept per se.

Most available investigations rely on hybrid implementations characterized by a predominant 3D-CRT component,
commonly adopting an approximate 80% tangential field and 20% VMAT contribution, as reported by Venjakob et al,**
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Table 5 Comparative Analysis of Previously Published Studies on Hybrid VMAT Techniques, Reporting Planning Approaches, Dose Prescription, Dosimetric Outcomes, and Main

Findings in Relation to the Present Work

Study Venjakob et al (2020)** Cilla et al (2022)% Lamprecht et al (2022)* Bi et al (2022)*¢ Iga Racka et al (2023)?” | Yeh and Lin (2023)*® This Study
# of Patients 20 pts (L) + 20 pts (R) 25 pts (L) 15 pts (L) + 15 pts (R) 25 pts (R) 40 pts (L) 20 pts (L) 20 pts (L)
And
Target Side (L/R)
DP (Gy/f) 40.05/15 (WBI) 50/25 (WBI) 42.5/16 (WBI) 43.5/15 (WBI) 42.5/17 (WBI) 42.5/16 (WBI) 40.05/15 (WBI)
+ +
60/25 (SIB) 49.5/15 (SIB)
CT scans DIBH FB DIBH (L) FB DIBH DIBH and FB FB
(DIBH/FB) FB (R)
TPS Eclipse v. 15.6 Pinnacle v.16.2 Pinnacle v. 16.2 Eclipse v. 13.6 Eclipse v. 13.0 Eclipse v. 15.6 Monaco vé. |
H-VMAT Technique DP (%) 3D-CRT (80) 3D-CRT (80) 3D-CRT (NA) 3D-CRT (80) 3D-CRT (80) 3D-CRT (50-60) 3D-CRT (70)
+ + + + + + +
VMAT (20) VMAT (20) VMAT (NA) VMAT (20) VMAT (20) VMAT (50-40) VMAT/tVMAT (30)
Beams HV4: H-VMAT: HYV: H-VMAT: h-ARC: Hybrid: H-VMAT:
2 HWEF tangential fields 2 open tangential fields 2 HWEF tangential fields 2 open tangential fields 2 open tangential fields 2 open tangential fields 2 open tangential fields
+ + + + + + +
| continuous partial arc | continuous partial arc 2 narrow 40° arcs | continuous partial arc 1-3 continuous partial arcs | 2 continuous partial arcs | partial arc (=220°)
H-tVMAT:
2 open tangential fields
+
2 narrow arcs (=55°)
MUs *540 + 40 NA 1302.9 NA *348.75 + 26.70 NA H-VMAT:
(268.8-347.6) (L) 1679.4 (485.6-901.8)
1328.9 H-tVMAT:
(275.3-417.7) (R) 1629.2 (481.8-998.3)
PTV Hi *9.5+ 0.5 (L) 2217 1o (9-11) (L) NA NA *9 £ | (DIBH) H-VMAT:
*9.6 £ 0.6 (R) 18 (8-10) (R) *12 £ 3 (FB) 11731 (10.11-24.94)
H-tVMAT:

117.33 (9.13-23.70)

(Continued)
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Table 5 (Continued).

Study Venjakob et al (2020)** Cilla et al (2022)** Lamprecht et al (2022)>° Bi et al (2022)*¢ Iga Racka et al (2023)?” | Yeh and Lin (2023)*® This Study

OARs Heart[Dyeqn (Gy)] #2.04 + 033 (L) 2.6 + 1.0 11.29 (1.10-1.8) (L) #1.71 + 0.63 #1.99+0.64 #1.65 + 0.18 (DIBH) H-VMAT:
#1.33 £ 0.16 (R) 10.60 (0.55-0.7) (R) #5.38 + 1.43 (FB) 12.26 (1.08-4.64)

H-tVMAT:
11.80 (0.84-4.80)

LAD D yean (GY)] [Diasx (G)] NA NA NA NA #6.99 + 4.09 #9.41 + 2.76 (DIBH) H-VMAT:
#2737 £ 11.16 #27.87 + 7.07 (FB) 13.91(1.73-7.23)
17.26 (4.43-13.59)

H-tVMAT:
13.77 (1.59-7.45)
16.60 (3.49-13.87)

Ipsilateral Lung(D,ca (Gy)] #8.1 + 1.6 (L) #7.0 £ 2.0 15.31 (5.05-6.40) (L) #10.36 + 5.97 %837 + 1.67 #8.13 + 0.64 (DIBH) H-VMAT:
#8.1 + 1.1 (R) 16.34 (5.6-6.85) (R) #9.72 + 2.98 (FB) 14.97 (3.67-6.30)

H-tVMAT:
14.80 (3.05-6.64)

Controlateral Lung[Dy.q, (Gy)) NA #1.5 £ 0.5 %022 + 0.04 (L) #0.64 + 0.43 #0.82 £ 0.17 *|.82 % 0.38 (DIBH) H-VMAT:
10.20 (0.20-0.20) (R) 2,46 + 0.87 (FB) 11.13 (0.88-1.78)

H-tVMAT:
10.70 (0.43-1.20)

Controlateral Breast[D,,q., (Gy)| NA %07 £ 0.2 10.32 (0.30-0.60) (L) #0.99 + 0.48 #1.12 £ 028 #2.83 + 0.44 (DIBH) H-VMAT:
10.26 (0.25-0.40) (R) #2.86 + 0.88 (FB) 11.22 (0.81-2.19)

H-tVMAT:

11.23 (0.42-2.90)

Notes: *indicates mean # standard deviation; T indicates median with corresponding range (min-max).
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Cilla et al,>* Bi et al,”° and Iga Racka et al*’ While this paradigm has demonstrated favorable low-dose characteristics, it
inherently constrains the degrees of freedom available for modulation and may limit optimization flexibility. In contrast,
the present study explored alternative hybrid implementations using a 70/30 dose-weighting scheme and systematically
evaluated different arc geometries, thereby expanding the parameter space typically investigated in the literature.
Additional heterogeneity across published studies arises from differences in prescription regimens, use of simulta-
neous integrated boost, breathing management strategies, and TPS. Prior investigations predominantly employed

24,2628 ¢ Pinnacle?®?

Eclipse platforms, whereas the present analysis was performed using the Monaco TPS, whose
optimization framework differs substantially in terms of cost-function handling and fluence modulation. These factors
limit the interpretability of direct numerical comparisons and reinforce the need for multi-strategy evaluations performed
within a single, controlled planning environment.

Breathing management further complicates cross-study comparisons, particularly for cardiac and coronary artery

d,?*?>27:28 whereas the

dosimetry. Several reports achieving very low cardiac doses relied on deep inspiration breath hol
present work was conducted entirely under free-breathing conditions. Moreover, despite the growing recognition of the
LAD as a critical structure in left-sided breast irradiation, many dosimetric studies either do not report LAD-specific
metrics or restrict the analysis to global heart parameters. Within this context, the heart and LAD doses observed in the
present study compare favorably with previously reported free-breathing data,®® reinforcing the clinical relevance of
a more detailed and consistent evaluation of cardiac substructures.

Within this heterogeneous landscape, the present analysis demonstrates that differences observed between VMAT and
hybrid approaches are primarily driven by arc geometry and modulation strategy. In particular, constraining arc geometry
through tangential narrow arcs resulted in a consistent reduction of low-dose exposure to contralateral organs and
selected cardiac structures while preserving clinically acceptable target coverage.

The comparison between the two hybrid strategies investigated in this study, H-VMAT and H-tVMAT, provides
insight into how arc geometry and modulation extent influence dosimetric outcomes in left-sided whole-breast irradia-
tion. Tangential VMAT was originally introduced by Virén et al*' to preserve the favorable beam geometry of
conventional tangential fields while exploiting arc-based modulation to improve dose homogeneity. Building on this
rationale, the hybrid tVMAT configuration evaluated here combines tangential 3D-CRT fields with narrow tangential
arcs, aiming to further constrain beam entrance angles outside the tangential sector and reduce dose spillage toward
contralateral organs while maintaining sufficient modulation capability. Compared with the wider-arc hybrid approach
(H-VMAT), H-tVMAT showed reduced exposure of contralateral organs and selected cardiac structures while preserving
clinically acceptable target coverage. Among the evaluated strategies, H-tVMAT achieved the most favorable overall
balance between cardiac sparing, low-dose containment, and target coverage. Conversely, the wider-arc H-VMAT
configuration provided increased degrees of freedom for dose shaping but resulted in broader low-dose exposure.
Variability in reported PTV homogeneity among hybrid VMAT studies reflects differences in optimization priorities as
well as the lack of standardized definitions of homogeneity metrics. While some investigations prioritize homogeneity,
others accept higher heterogeneity in exchange for improved organ-at-risk sparing. The intermediate homogeneity index
values observed in the present study reflect this trade-off and underscore the importance of interpreting dosimetric results
within the context of planning objectives rather than relying on isolated metrics.

Within this framework, H-tVMAT may represent a pragmatic compromise in selected clinical scenarios where
limiting low-dose exposure to critical structures is prioritized, although this potential advantage must be weighed against
planning and delivery considerations.

Beyond dosimetric performance, planning complexity and deliverability represent relevant practical aspects when
comparing VMAT and hybrid strategies. Importantly, the dosimetric advantages observed for H-tVMAT were not
associated with a statistically significant increase in delivery complexity, as reflected by comparable monitor unit values
across strategies. However, it is important to note that these observations are specific to the Monaco TPS and free-
breathing conditions; extrapolation to other platforms or breathing protocols should be done cautiously. These findings
highlight that technique selection should balance dosimetric benefit with implementation complexity and institutional

workflow considerations.
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This study has several limitations. The analysis is retrospective and purely dosimetric, and no clinical outcome data were
available to correlate dose differences with toxicity or tumor control Additionally, the exclusive use of a single treatment
planning system and free-breathing conditions may limit generalizability, and absolute dosimetric values could differ on
alternative platforms or with DIBH strategies. Finally, although multiple planning configurations were investigated, the
sample size remains limited, and larger multi-institutional studies would be valuable to confirm these findings.

Overall, this analysis demonstrates that hybrid VMAT techniques should not be regarded as a single, uniform
approach but rather as a spectrum of planning solutions characterized by different balances between target conformity,
dose homogeneity, OARs sparing, and delivery complexity. By systematically evaluating multiple VMAT and hybrid
configurations within a single planning framework, this study provides evidence that planning implementation—
particularly arc geometry—plays a decisive role in determining dosimetric performance and should be explicitly
considered in technique selection.

Conclusion

This study shows that dosimetric differences in left-sided whole-breast irradiation are not determined by technique
category alone, but are strongly influenced by planning implementation, particularly arc geometry and modulation
strategy. Among the evaluated approaches, hybrid tangential VMAT (H-tVMAT) appeared to provide a favorable balance
between cardiac and contralateral organ sparing, low-dose containment, and target coverage. However, appropriately
configured tangential VMAT achieved dosimetric results close to hybrid solutions, indicating that similar performance
may be obtained through careful planning design. Importantly, the dosimetric advantages observed for H-tVMAT were
not associated with a statistically significant increase in delivery complexity. These results suggest that, within the limits
of a dosimetric study, careful consideration of planning implementation can inform technique selection and may guide
decision-making in routine clinical workflows, allowing clinicians to balance target coverage, OAR sparing, and low-
dose exposure effectively. Overall, the findings support a strategy-specific, cost-benefit approach to technique selection,
emphasizing that implementation details are central to optimizing breast radiotherapy rather than reliance on nominal
technique classification alone.
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