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ARTICLE INFO ABSTRACT

Keywords: Introduction: The Avoidance Structure (AvS) tool shields a structure by maintaining the multileaf collimator
Rﬂpfdpla" leaves over the structure's projection in the beam's eye view. In this work, we tested the dosimetric impact of
Avoidance structure using part of the outlines of the heart and lungs as avoidance structure when creating knowledge-based left
Knowledge-based planning

breast volumetric modulated arc therapy treatment plans.

Methods: Dose-volume histogram estimates were calculated using a RapidPlan model for 30 patients who
received whole breast radiation therapy in five fractions. Then, two sets of plans were generated for a Halcyon v2
linear accelerator by alternating the use of the AvS tool. Dose metrics for both procedures were compared.
Results: Coverage on the target volume remained similar regardless of the use of AvS. The mean absorbed dose
received by the heart, as well as the relative volumes receiving 1.5, 3.5 and 7.8 Gy, decreased with effect sizes
(ESZ) 0.98, 1.43, and 0.63 respectively. Homolateral lung volumes receiving 1.5 and 3.5 Gy were also lowered
using AvS. However, the dose received by 0.03 cc of the contralateral breast increased with an ESZ of 0.52.
Conclusions: Except for the contralateral breast, the AvS tool improved DVH metrics for organs at risk without

Left breast cancer

compromising target coverage or worsening hotspots.

1. Introduction

Breast cancer is the most prevalent form of cancer among women and
a significant cause of mortality (Brunt et al., 2020). Radiotherapy plays
an important role in breast cancer treatment. The introduction of
Volumetric Modulated Arc Therapy (VMAT) for breast cancer treatment
is still debated in literature (Brunt et al., 2021; Ahmad et al., 2022;
Fogliata et al., 2017). The concerns revolve around the increased inte-
gral dose to the patient and the challenges involved in treatment plan-
ning compared to conformal techniques. However, VMAT has been
shown to improve target coverage with the prescribed dose while
sparing organs at risk of lower doses as effectively as conformal therapy
(Brunt et al., 2020, 2021; Ahmad et al., 2022; Fogliata et al., 2017).

Some modern linear accelerators (LINACs), such as Halcyon and
Ethos (Varian Medical Systems, Palo Alto, USA), are not built with jaws.
Instead, a dual layer multi-leaf collimator (MLC), capable of blocking up
to 0.01 % of the beam's intensity, is responsible for shaping the radiation
field (Costa et al., 2021; Pan, 2025; Seok et al., 2024). When a VMAT

plan is created for a LINAC with jaws, the planner can pre-shape the
beam. Hence, for any starting point, the optimization algorithm will not
plan direct radiation to some regions. This is not true for a jawless
LINAC. This key difference can influence plan quality metrics, making
inter-planner variation a larger factor in jawless LINACs VMAT (Pan,
2025; Petroccia et al., 2019; Scaggion et al., 2018).

RapidPlan is a knowledge-based planning (KBP) software developed
by Varian Medical Systems (Palo Alto, USA) (Costa et al., 2021). It in-
corporates machine learning algorithms to streamline and improve the
quality of treatment plans in radiation oncology. The algorithm can
predict organs at risk (OAR) and target structure's dose-volume histo-
gram (DVH) based on the geometric features using metrics such as
target-organ distance and retrospective planning data. RapidPlan has
proven to be highly effective in treatment planning without human
intervention, reducing inter-planner variation (Costa et al., 2021;
Scaggion et al., 2018; Kubo et al., 2019).

When VMAT plans are optimized within Eclipse, Varian's treatment
planning system (TPS), the Photon Optimizer (PO) algorithm attempts
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to cover targets with the prescribed dose and spare OAR based on dose
objective inputs. Rapidplan can create realistic dose objectives using the
DVH predictions, also known as DVH estimates. Nonetheless it still relies
on PO's control point generation, which has its limitations (Fogliata
et al., 2022; Park et al., 2024; Son and Park, 2023; Zhang et al., 2024).

Plan quality metrics could be increased by blocking the beam's entry
and exit on parts of the heart, homolateral lung and gastrointestinal
regions using the Avoidance Structure (AvS) tool (Fogliata et al., 2022;
Bowhall, 2022). AvS can decrease OAR absorbed doses by locking MLC
leaves over the projection of any region of interest on the beam's eye
view, effectively blocking beam's entry and exit through specific regions.

The aim of this study was to investigate the dosimetric impact of
using AvS tool for left breast VMAT treatments on a Varian Halcyon v2
LINAC. It is important to distinguish AvS from Avoidance Sectors, which
can also be used to spare organs at risk in breast cancer VMAT, as
highlighted in a previous work (Fogliata et al., 2022). A key difference
regarding the scope of our work is that Avoidance Sectors interfere with
DVH estimates while AvS does not. The AvS tool will not change the
effective arc length, resulting in similar DVH prediction than a plan
without the AvS tool.

2. Experimental
2.1. Selection Criteria

Thirty whole left breast treatment plans were retrospectively
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selected from patients treated with the free-breathing tangential VMAT
technique in our Halcyon v2 LINAC using a 6 MV flattening filter-free
photon beam in five fractions (ultra-hypofractionation regimen, 5 frac-
tions of 520 cGy each) (Brunt et al., 2020, 2021). Data collection was
performed according to the study design requirements of the Instituto
Oncoclinicas ethical board (CAE 67190423.1.0000.0227).

2.2. Technique

Patients were positioned using a wing-board and ankle support. A
free-breathing treatment planning CT image was acquired using a 3 mm
slice in a 16-channel Somatom Emotion CT scanner (Siemens, USA). The
CT image was then exported to the Eclipse v15.6 planning system
(Varian, Palo Alto, USA). All clinical target volumes (CTV) were con-
toured by experienced radiation oncologists following the RTOG
guidelines (White et al., 2009). OAR were contoured by experienced
dosimetrists. Planning target volume (PTV) was defined as a 5 mm
isotropic margin from the CTV. A structure named PTV -3 mm from the
skin was created for DVH evaluation. This structure was defined by
subtracting the PTV from the body surface using a 3 mm isotropic
margin.

The VMAT breast planning technique setup consisted of 6 partial
arcs: 3 medial arcs ranging from 285 to 15° and 3 posterior arcs ranging
from 80 to 179°. The collimator angles were 0, 45 and 90° for each
gantry turn (2 partial arcs) (Pan, 2025; Seok et al., 2024; Fogliata et al.,
2022; Zhang et al., 2024). There were no constraints on beam entry on

Fig. 1. Example of the trajectory of the partial arcs and the positioning of the isocenter relative to CTV (segmented in orange), PTV (segmented in red) and Avoid
structure (segmented in magenta). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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the contralateral breast.

For the plans using the AvS tool, the structure to be blocked was
defined as the union of the CT segmented regions of the heart, homo-
lateral lung and gastrointestinal (GI) organs subtracted 3 cm away from
the PTV. The auxiliary structure chosen for this work is based on clinical
experience. Its design was refined to reproduce dosimetric results from
retrospective data planned on a Trilogy linac (Varian Medical Systems,
Palo Alto, USA).

The isocenter was placed on the mid-point of the breast projection
near the chest wall and lung interface, as shown in Fig. 1.

DVH estimates were performed by a RapidPlan model, trained with
112 tangential VMAT plans from patients with early-diagnosed left
breast cancer, of which 18 % were treated with the 1-week regimen and
75 % with the 3-week regimen. The training dataset had a similar beam
geometry as described above. The AvS tool was enabled in 36 % of the
training dataset. Besides automatic line objectives, other optimization
objectives based on the FAST Forward constraints were added to the
model (Brunt et al., 2020). Since the DVH estimates did not change when
using the AvS tool, we chose to use our clinical validated RapidPlan
model for this work.

To ensure the skin flash margin, a virtual bolus of 1 cm was outlined
and attributed —150 HU during optimization within the PO 15.6 algo-
rithm (Gleeson, 2022; Lizondo et al., 2019). The HU and bolus thickness
were selected to reduce differences between optimization and final
calculation without the virtual bolus for the Halcyon 6X-FFF beam.

The optimization target was the PTV, which overlaps with the virtual
bolus due to the isotropic margin from the CTV. The same objectives and
beam geometry were replicated for plans with and without AvS,
including line objectives for the avoidance structure. Final calculation,
using the Anisotropic Analytical Algorithm 15.6 (AAA), was performed
without the virtual bolus. Plans were normalized so that 95 % of pre-
scribed dose covered 95 % of PTV -3 mm from skin volume. Plan cre-
ation was carried out without human interaction.

2.3. Plan comparison

DVH metrics were compared for PTV (D98 %, V105-110 %) and the
OAR heart (Dmean, V1.5-7.8Gy), left lung (V1.5-V12Gy), right breast
(Dmean, D0.03 cc, V3.5Gy), right lung (Dmean) and left anterior
descending artery (LAD) (Dmean), as shown in Table 1. Monitor units
(MU) were also accounted for.

2.4. Statistical analysis

DVH metrics were extracted from the plans via Eclipse Scripting
Application Programming Interface (Zhou et al., 2023). Statistical ana-
lyses were performed using the Python programming language
(Pedregosa et al., 2011; Chaikh et al., 2014). The plans using AvS were
compared to the ones not using the tool via the Wilcoxon signed-rank
test or paired t-test depending on the null hypothesis rejection of the
Shapiro-Wilk normality test. Statistical significance was considered as
p-value lower than 0.05. Effect sizes (ESZ) were calculated and reported
as the absolute values of Cohen's d, such that only the magnitude of the
effect was considered, regardless of direction (CHAIKH et al., 2014).

Table 1
DVH analysis for each region of interest, constraints are derived from a mix of
metrics from our clinical goals and the FAST Forward protocol.
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2.5. Results

2.5.1. Monitor units

The AvS tool led to increased monitor units (MU). AvS plans had
2145 + 112 MU (mean + sample standard deviation) in comparison to
plans not using it, which had 1600 + 70 MU.

2.5.2. PTV
There was no statistical difference among the plans. Results are
summarized in Table 2.

2.5.3. organs at risk

2.5.3.1. Avoidance structure effect. For the heart, the mean absorbed
dose was significantly lower for the AvS group for an ESZ of 0.98.
Additionally, the volumes receiving 1.5 Gy and 3.5 Gy were also
significantly lower for the AvS plans, with ESZ of 1.43 and 0.63,
respectively. For the LAD, although Dmean was lower for the AvS group,
the ESZ was 0.18. The left lung showed significant differences in V1.5Gy
and V3.5Gy between the two groups, with ESZ of 1.86 and 1.21,
respectively. For the right breast, there were no significant differences in
Dmean or V3.5Gy, but there was significance in D0.03 cc (p = 0.04),
with an ESZ of 0.52. The results are summarized in Table 3.

2.5.4. DVH estimates

The AvS had no impact on DVH estimates. Hence, the DVH estima-
tion algorithm yielded the same objectives for plans with and without
AvS. Since the plans had no human interaction, line objectives based on
the estimates and fixed objectives were the main drivers for dosimetric
results. The DVH estimates were systematically lower than the achieved
DVH for all OAR except the LAD. AvS plans had the best match to the
estimates for all OAR except the right breast, favoring RP plans.

The greatest difference between estimates and AvS plans was seen for
the right breast. There were significant differences between estimates
and the results from V1.5Gy, V3.5Gy and D0.03 cc. The reported ESZ
were 1.15, 1.19 and 1.61, respectively. For the left lung, V1.5Gy,
V3.5Gy, V7.8Gy, V12Gy and V16Gy had ESZ of 0.99, 0.54, 0.67, 0.96,
1.02, respectively. Lastly, there were significant differences in V7.8Gy,
V12Gy and D0.03 cc, with ESZ of 0.63, 0.75 and 1.39, respectively. The
results are summarized in Fig. 2.

3. Discussion

Several studies present the partial arcs technique or the use of
Avoidance Sectors as effective in reducing doses in OARs (Fogliata et al.,
2017). The use of auxiliary structures and partial arcs was highlighted
by Zhang et al. (2021).

The results for left breast VMAT plans treated in 1-week courses align
with other works such as those by Piras et al. (2022) and Ahmad et al.
(2022). Both authors reported a 10 mm margin compared to the 5 mm
margin for our sample.

In this work, we seek to evaluate the importance of using the AvS for
early left breast cancer with the VMAT technique in a Halcyon v2 LINAC.
The dual-layer MLC blocked the beam entry and exit whenever an

Table 2
Dosimetric variables for PTV. The t/w value column refers to t as the Student's ¢t-
test statistic, and the Wilcoxon signed rank test statistic as w.

Region of interest (ROI) Metrics

PTV — 3 mm from skin D98 %; V105 %; V107 %; V110 %

LAD Dmean
Heart Dmean; V1.5Gy; V3.5Gy; V7.8Gy
Left Lung V1.5Gy; V3.5Gy; V7.8Gy; V12Gy
Right Lung Dmean

Right Breast Dmean; D0.03 cc; V3.5Gy

ROI Metric Test t/w P RP (Mean =+ AvS (Mean +
value value SD) SD)
PTV D98 % w 177 0.26 242+ 0.2 241+ 0.2
(Gy)
PTV V105 % w 226 0.9 8.8 +11.8 8.3+ 11.1
PTV V107 % w 186 0.94 3.5+65 3.5+65
PTV V110 % w 69 0.29 0.9 +2.2 1.0+ 23
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Table 3

Dosimetric variables for organs at risk (OAR). The t/w value column refers to t as
the Student's t-test statistic, and the Wilcoxon signed rank test statistic as w.
LLung stands for left lung, RLung stands for right lung, Breast CL stands for
breast contralateral. ** refers to p-values less than 0.01.

OAR Metric Test t/w p- RP (Mean + AvS (Mean
value value SD) + SD)
Heart Dmean t 3.9 1.7 £0.7 1.1+04
(Gy)
Heart V1.5Gy t 5.7 38.3 +20.2 15.2 £ 9.0
Heart V3.5Gy w 13.0 i 7.7 £ 6.6 4.2+32
Heart V7.8Gy w 104 0.07 1.9+20 1.6 +1.6
LAD Dmean w 39.0 o 34+21 3.0+21
(Gy)
LLung V1.5Gy t 7.4 i 62.6 +12.7 41.9+8.3
LLung V3.5Gy w 1.0 o 28.1 £9.4 19.1 + 4.2
LLung V7.8Gy t 1.5 0.13 12.6 + 4.0 11.2 £ 3.0
LLung V12Gy t 0.4 0.68 7.5+28 7.2+24
Breast Dmean -0.6 0.55 1.2+ 0.5 1.3+0.6
CL (Gy)
Breast DO0.03 cc t -2.1 0.04 85+1.9 9.7 £25
CL (Gy)
Breast V3.5Gy t -1.0 0.32 83 +5.5 9.9 +6.7
CL
RLung Dmean w 6.0 i 0.4 +0.2 0.3+0.2
(Gy)

auxiliary structure consisting of the sum of the heart, left lung and GI
structures cropped 3 cm from the PTV was projected in the beam's eye
view. A future study could address if different crop margins or different
auxiliary structures could further increase plan quality.

Since AvS tool does not change DVH estimates, the differences be-
tween the AvS and RP plans are solely due to the PO algorithm and
model limitations. Despite that, plans with AvS were closer to the esti-
mates than plans without it. The right breast was an exception, possibly
explained by the higher degrees of freedom for the arc and MLC
arrangement.

Although higher near maximum doses were observed in AvS plans
for the right breast, it is important to address that toxicity in contra-
lateral breast is usually correlated with mean doses to a subregion of the
breast on women younger than 40 years old, which are not eligible for
the FAST Forward protocol (Brunt et al., 2021; Stovall et al., 2008).

100
80
LLUNG
60
40 ;
20 *%* :
. e P
@) v1.5 V35 V7.8 V12 V16
80
HEART
60
40
20
0 é; . o T TR
b) v1s V3.5 V7.8 V12

Radiation Physics and Chemistry 243 (2026) 113464

Nonetheless, as described in Table 3, there were no significant differ-
ences between RP and AvS plans for mean doses and V3.5Gy for the right
breast.

Fogliata et al. (2022) addressed the dosimetric differences from the
KBP to the estimates due to the PO algorithm being unable to decrease
the dose rate at certain control points for the arc without Avoidance
Sector.

Therefore, using the AvS tool leads to a significant dosimetric
improvement in the left lung and heart. However, the improvement in
the OAR absorbed dose resulted in an increase in the monitor units. This
could be impactful for patient management during deep inspiration
breath-hold treatments, as dose and MU trade-offs might differ in that
scenario (Gleeson, 2022).

Differences in the contralateral lung are negligible, still favoring the
AvS plans. The absorbed dose of the contralateral lung is primarily
controlled by the length of the partial arcs. One limitation of the auto-
matic planning used in this work is related to the change in the dose
distribution on the target once the virtual bolus is removed. This effect
can be mitigated using optimized values for virtual bolus size and HU
(Lizondo et al., 2019).

4. Conclusion

In this work, the use of the AvS tool had a significant effect on
reducing the absorbed dose to the OARs, mainly the left lung and heart.
RapidPlan DVH estimates do not change when using the AvS tool.
Hence, when the same objectives are set, AvS plans yielded better
dosimetric results according to institutional protocols. The increase in
the volume of isodoses greater than 105 % was noted in both plans in
relation to the treated plans.

Despite the small sample and the 5 mm margin instead of 1 cm as
prescribed by Brunt et al. (2020), the results presented were similar or
superior to the others (Ahmad et al., 2022; Piras et al., 2022). The use of
the AvS tool resulted in plans closer to the DVH estimates than those not
using it. Hence, the tangential VMAT technique can benefit from the
MLC blocking promoted by the AvS tool.
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