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A B S T R A C T

Feasibility of volumetric modulated arc therapy (VMAT) for partial breast irradiation (PBI) with simultaneous 
integrated boost (SIB) to tumour bed was investigated. Four plans were created for 10 patients: 30 Gy/5 frac
tions, 26 Gy/5 fractions with 30 Gy SIB, 40.05 Gy/15 fractions, and 40.05 Gy/15 fractions with 48 Gy SIB. SIB in 
the 5 fraction arm had reduced ipsilateral breast dose relative to uniform dose. SIB in the 15 fraction arm had 
noninferior conformity compared to uniform dose. Addition of SIB did not increase other organ-at-risk doses or 
plan complexity. VMAT PBI with SIB was feasible for both fractionation regimens.

1. Introduction

Standard of care for early-stage breast cancer patients following 
breast-conserving surgery includes both partial breast irradiation (PBI) 
[1–4], and whole breast irradiation (WBI) with a simultaneous inte
grated boost (SIB) to the tumour bed [5,6]. The recently published 
ASTRO Clinical Practice Guidelines provide detailed analysis of the 
phase III evidence for PBI in the context of early-stage invasive breast 
cancer, and provide expert opinion for its use in ductal carcinoma in situ 
(DCIS) [7]. Two fractionation regimens were strongly recommended: 30 
Gy in 5 fractions over 2 weeks (non-consecutive days), or 40.05 Gy in 15 
fractions over 3 weeks. PBI was recommended for patients aged ≥40 
years with low-intermediate/grade 1–2 DCIS or invasive disease 
(respectively), with consideration extended to grade 3 disease in both 
phenotypes. Many of these patients (for example, aged ≤50 years) 
would also be recommended tumour bed boost in the context of WBI [8]. 
Therefore, PBI with SIB may represent the next step in the advancement 
of treatment for these patients, offering a combination of the control 
benefits of a tumour bed boost with the toxicity benefits of PBI.

Achieving SIB in a partial breast volume may be technically chal
lenging due to needs of both conformity of the lower dose level to the 
partial breast volume, and an in-field dose gradient to produce the boost 
to the (potentially small) tumour bed. The use of volumetric modulated 
arc therapy (VMAT) for PBI has been investigated in prospective studies, 

with promisingly low rates of early toxicity indicating this is a viable 
treatment approach [9,10]. Previous planning studies in WBI have found 
SIB is achievable with either intensity-modulated radiation therapy 
(IMRT) or VMAT, however, VMAT consistently produced plans with 
fewer monitor units (MU) and hence has a treatment time benefit 
[11,12]. In some WBI planning studies, VMAT planning was not rec
ommended due to the additional dose to surrounding OARs (with 
respect to tangential IMRT) despite achieving adequate target coverage 
[13,14]. In this work, we explore the technical feasibility of using VMAT 
to deliver PBI with SIB for both 5 and 15 fraction regimens. In the 5 
fraction regimen, an SIB prescription of 26 Gy to the partial breast and 
30 Gy to the tumour bed was investigated. In the 15 fraction regimen, an 
SIB prescription of 40.05 Gy to the partial breast and 48 Gy to the 
tumour was investigated.

2. Materials and Methods

2.1. Demographics

The 10 most recently treated PBI patients at our institution were 
selected for the study. Previous treatment plans were IMRT (30 Gy in 5 
fractions). Four VMAT plans were created on the original planning CT 
for each patient in the Eclipse treatment planning system (TPS) v16.1, 
using a Varian True Beam with Millennium 120 multi-leaf collimator 
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(MLC) beam model, and the AcurosXB dose to medium calculation al
gorithm (Varian Medical Systems, Palo Alto USA). All plans were 
created by the same qualified radiation therapist (RTT), and checked by 
a senior RTT and physicist following institutional practice. For each 
fractionation regimen, both the ASTRO-recommended uniform dose 
plans were compared to the proposed SIB prescriptions. The study was 
approved by our institution’s ethics review board (project number 
17_95R).

2.2. Contouring

Target volumes were contoured following the IMPORT HIGH pro
tocol [6]. The tumour bed (gross target volume – GTV) was defined as 
the volume enclosed by the surgical markers plus the surgical change of 
tissue architecture. The boost planning target volume (PTV_Boost) was 
defined as the GTV plus 5 mm. The clinical target volume (CTV) was 
created using a 15 mm expansion on the GTV, cropped at the anatomical 
boundaries of the ipsilateral breast and 5 mm within the patient contour. 
The partial breast PTV (PTV_Low) was created using a uniform 5 mm 
expansion on the CTV. Target coverage was assessed on “evaluation” 
PTV contours (PTV_Eval and Boost_Eval), cropped 5 mm inside the 
external contour. Patient target volume sizes and locations are sum
marised in the supplementary materials. Note all left-sided patients were 
scanned in deep inspiration breath-hold (DIBH) as per institution policy.

2.3. Beam arrangement

Treatment isocentre was positioned central in the GTV. A combina
tion of 6 MV and 10 MV flattening filter-free (FFF) beam energies were 
used at their maximum dose rates (1400 and 2400 MU/min 

respectively). All plans employed four short “butterfly” arcs, designed to 
act as faux-tangential fields from the medial and lateral aspects. Unique 
non-zero collimator angles were selected for each arc. Fields were ar
ranged by using 60◦ to 100◦ arc spans, extended approximately 15◦ past 
traditional tangent angles. A 40◦ to 50◦ arc separation was maintained 
between medial and lateral fields. The region of avoidance was opti
mised on a per patient basis to minimise the dose exiting into the lung 
and/or heart.

2.4. Dose constraints

The 5 fraction prescription could be considered as a PBI alternative 
to ongoing studies exploring SIB to the established FAST Forward WBI 
dose [15,16], or a conservative means of delivering the ASTRO- 
preferred dose to the tumour bed, whilst minimising the risk of 
toxicity in light of the mixed outcomes in studies of 30 Gy in 5 consec
utive daily fractions [9,17–19]. The 15 fraction prescription could be 
considered to make use of the IMPORT HIGH tumour bed dose distri
bution, without treating the entire breast and hence minimise risk of 
associated toxicities.

Plans were optimised to meet the organ at risk (OAR) constraints 
outlined in Table 1. In-field dose gradient was achieved in the SIB plans 
by limiting the D2% in a structure defined as PTV_Eval minus Boost_Eval 
(PTV-BoostEval) to the prescription isodose. All plans were normalised 
to achieve a median dose of 100 % of the prescription dose to the 
relevant evaluation structure. Uniform dose plans were normalised to 
the PTV_Eval structure. Boost plans were normalised to the Boost_Eval 
structure, ensuring 98 % of the PTV_Eval structure remained covered by 
the 95 % isodose line of the lower dose level. For patients with PTV_Low 
abutting the external contour, a 4 mm rind of tissue was added to the 

Table 1 
Summarised dose-volume results of the planning study. Values shown are medians, with range in square brackets. Asterisk indicates statistical significance.

5 fractions 15 fractions

Structure Constraint Goal Variation Uniform 
Dose 
Median 
[Range]

SIB 
Median 
[Range]

p- 
value

Constraint Goal Variation Uniform 
Dose 
Median 
[Range]

SIB 
Median 
[Range]

p- 
value

Heart V3 Gy [%] < 10 
%^

− 0 [0, 1.6] 0 [0, 0.8] 0.18 D1 % [Gy] < 35 
Gy+

​ 1.2 [0.3, 4.4] 1.4 [0.4, 
5.5]

0.38

​ ​ ​ ​ ​ ​ D5 % [Gy] < 17 
Gy+

< 20 Gy 0.8 [0.2, 2.1] 0.8 [0.3, 
3.2]

0.70

​ ​ ​ ​ ​ ​ Mean Dose 
[Gy]

< 3 
Gy

< 5 Gy 0.3 [0.1, 0.7] 0.3 [0.2, 
0.8]

0.63

​ ​ ​ ​ ​ ​ V13 Gy [%] < 10 
%*

− 0 [0, 0] 0 [0, 0] NA

Ipsilateral Lung V10 Gy [%] < 20 
%^

− 0.9 [0, 8.9] 0.4 [0, 
7.4]

0.13 V16 Gy [%] < 15 
%**

− 0.3 [0, 6] 0.3 [0, 
4.9]

0.61

​ ​ ​ ​ ​ ​ Mean Dose 
[Gy]

< 16 
Gy+

​ 1.9 [1.1, 3.7] 1.8 [1, 
4.2]

0.70

​ ​ ​ ​ ​ ​ V5 Gy [%] < 50 
%

− 10.5 [1.1, 
23.4]

10.1 [0.8, 
30.6]

1.0

Contralateral 
Lung

V5 Gy [%] < 10 
%^

​ 0 [0, 0] 0 [0, 0] NA V5 Gy [%] < 10 
%

− 0 [0, 0] 0 [0, 1.4] 0.18

​ ​ ​ ​ ​ ​ V2.5 Gy [%] < 15 
%*

− 0 [0, 2.4] 0.9 [0, 
8.9]

0.03

Contralateral 
Breast

D1 cm3 [Gy] < 1 
Gy^

< 2 Gy^ 1.6 [0.8, 2.4] 1.2 [0.9, 
1.9]

0.01 V4.1 Gy [%] < 5 
%

− 0 [0, 0.3] 0 [0, 2.6] 0.11

​ ​ ​ ​ ​ ​ Mean Dose 
[Gy]

<

0.5 
Gy*

< 1.5 Gy* 0.4 [0.1, 0.6] 0.5 [0.2, 
1.1]

<0.01

Ipsilateral 
Breast

V15 Gy [%] < 50 
%^

< 60 %^ 18.9 [11.3, 
35]

17 [10.5, 
31.5]

<0.01 V40 Gy [%] < 5 
%*

​ 0 [0, 0.2] 0.6 [0.3, 
3.5]

<0.01

PTV-BoostEval 
(SIB only)

D2 % [%] <

100 
%

< 100 %* NA 98.1 
[97.6, 
98.6]

NA D2 % [%] <

100 
%

D5% <
100 %*

98 [97.3, 
98.4]

NA NA

* = Constraint taken from IMPORT HIGH protocol.
** = Modified IMPORT HIGH constraint – originally V18 Gy < 15 %.

+ = Constraint taken from Danish Breast Cancer Group (DBCG) PBI Trial.
^ = Constraint taken from update to APBI-IMRT-FLORENCE Trial.
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structure set and assigned to adipose tissue during optimisation. This 
step was taken to limit hot spots at the skin, arising due to the lack of 
electronic equilibrium at shallow depths in the target structure. The 
material assignment was removed for the final dose calculation.

2.5. Plan evaluation

Plan quality was assessed based on the dose constraints in Table 1. 
Conformity of the dose to the partial breast volume was assessed 
differently for the two fractionations. In the 5 fraction regimen, con
formity was assessed based on the volume of the 27 Gy isodose line in 
the ipsilateral breast contour. This was motivated by the findings of the 
FAST-Forward trial, which found increased toxicity in the 27 Gy daily 
fraction arm relative to the 26 Gy arm [18]. In the 15 fraction regimen, 
the volume of the 38.05 Gy isodose line (95 % of 40.05 Gy) in the 
ipsilateral breast contour was assessed, as well as the conformity index 
taken as the ratio of this isodose line in the patient to the PTV_Eval 
structure (Patient V38.05 Gy [cm3] divided by PTV_Eval V38.05 Gy [cm3]).

Patient-specific quality assurance (PSQA) was performed using an 
ArcCHECK (Sun Nuclear, Melbourne USA) with centrally located CC13 
ionisation chamber (IBA Dosimetry GmbH, Schwarzenbruck Germany). 
Gamma criteria of 3 %/2 mm with a 10 % threshold (normalised to 
global dose maximum) were applied as per institutional and consensus 
guidelines [20]. Treatment time and complexity metrics modulation 
factor (MF – total MU divided by the dose-per-fraction) and average leaf 
pair opening (ALPO − average distance between moving MLC leaf tips 
for all control points) were compared between uniform dose and SIB 
plans.

2.6. Statistics

OAR doses between uniform dose and SIB plans were statistically 
compared using a Wilcoxon signed-rank test.

3. Results

All OAR objectives were met in the 5 fraction SIB plans. In the uni
form dose plans, the two left-sided upper-inner quadrant targets were 
not able to meet the contralateral breast constraint of D1 cm3 < 2 Gy. The 
SIB plans had slightly reduced contralateral breast D1 cm3 (p = 0.01) and 
ipsilateral breast V15 Gy (p < 0.01) (see Table 1).

In the 15 fraction plans, the ideal constraint for the contralateral 
breast mean dose (0.5 Gy) was challenging to meet. 50 % of SIB plans 
and 40 % of uniform dose plans exceeded this goal, however none 
exceeded the acceptable variation of 2 Gy. The SIB plans produced small 
increases in some OAR metrics relative to the uniform dose plans 
(Table 1), but all plans met the constraints.

All SIB plans met the coverage requirement (PTV_Eval D98% > 95 %) 
for the partial breast volume after normalisation. Median PTV_Eval D98% 
was 25.7 Gy (98.7 % of 26 Gy) for the 5 fraction plans, and 39.6 Gy 
(98.8 % of 40.05 Gy) for the 15 fraction plans. Ipsilateral breast V27 Gy 
was reduced in the 5 fraction SIB plans relative to the uniform dose plans 
(SIB median V27 Gy = 0 %, uniform = 2.9 %, p < 0.01). Ipsilateral breast 
V38.05 Gy was comparable between both plan types for the 15 fraction 
regimen, with SIB plans resulting in a median 1 % increase in this 
conformity metric (SIB median V38.05 Gy = 1.9 %, uniform = 0.9 %, p =
0.06). The conformity index correspondingly increased slightly from a 
median of 1.1 in the uniform dose plans, to 1.2 in the SIB plans.

PSQA and plan complexity results are summarised in Table 2. All 
results were within institutional tolerances, with median gamma passing 
rate of 99.9 % (tolerance >95 %) and point dose difference of 1.2 % 
(tolerance ± 3 %). SIB plans had lower MF than uniform dose in both 
fractionation regimes. SIB ALPO was slightly decreased in the 5 fraction 
SIB plans, but was equivalent in the 15 fraction plans. Treatment times 
were comparable for all plans.

4. Discussion

Achieving SIB in the tumour bed whilst maintaining a conformal 
dose distribution to the larger partial breast volume was possible with 
partial VMAT arcs. In the 5 fraction plans, the boost allowed dose at the 
periphery of the partial breast volume to be de-escalated, reflected in 
reduced contralateral and ipsilateral breast doses. In the 15 fraction 
plans, the dose was escalated without substantially worsening the con
formity or OAR dose-volume metrics.

While this work demonstrated the feasibility of the planning 
approach, there are additional technical considerations to ensure the 
planned dose distribution is delivered accurately, due to the more 
complex dose distribution (relative to standard PBI). One consideration 
is the accuracy of targeting the boost volume. Delineating the tumour 
bed can be challenging if no seroma is present or breast tissue is dense. 
Multiple surgical clips placed at the boundaries of the excised region 
may be critical to accurate boost volume contouring [21], and precise 
matching during image guidance.

Another factor to consider is intra-fraction motion. There is clear 
evidence for using DIBH to reduce heart/lung doses [22,23], and is the 
established standard of care for left-sided WBI in many institutions 
[24,25]. The use of DIBH has been allowed in previous PBI trials without 
being mandatory [1,4,6,9]. The DBCG recently published a sub-group 
analysis finding that respiratory gating (predominantly DIBH) resulted 
in reduced mean heart doses for patients with left upper-quadrant dis
ease, but not in other locations [26]. As it stands, the evidence for the 
use of DIBH in PBI for the reduction of OAR doses is modest [26,27]. 
However, the in-field dose gradient of SIB places more impetus on ac
curate localisation of the boost volume, which may be improved by 
using respiratory gating [28]. Breath-hold reproducibility and stability 
may be further improved through patient-specific triaging and selection 
of preferred approach [29]. Therefore, gating modes not previously 
considered for WBI (eg − end-exhale breath-hold) may be considered for 
PBI with SIB as a means of maximising treatment accuracy. Partial 
VMAT arcs are compatible with breath-hold due to the short per-field 
delivery times. Previously published PBI VMAT techniques utilised 
half-arcs which may be sub-optimal from both OAR sparing and treat
ment time perspectives [9,10]. Efficient dose delivery should be 
considered alongside motion management to ensure the technique re
mains accessible to the majority of patients.

In conclusion, PBI with SIB was found feasible for both 5 and 15 
fraction regimes, and its efficacy will be tested in a clinical trial at our 
institution.
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Table 2 
Summary of PSQA results, plan complexity metrics and treatment times. Values 
shown are medians, with range in square brackets. Positive CC13 dose difference 
indicates measurement is higher than plan.

5 fractions 15 fractions

Uniform 
Dose

SIB Uniform 
Dose

SIB

3 %/2 mm Gamma 
passing rate [%]

100 [99.7, 
100]

100 [97.9, 
100]

99.7 [99.0, 
100]

99.8 [99.6, 
100]

CC13 dose difference 
[%]

1.1 [0.3, 
2.2]

1.2 [0.5, 
1.6]

1.3 [0.6, 
1.6]

1.1 [-0.2, 
1.5]

Per field delivery time 
[s]

15.3 [10.2, 
20.9]

15 [10.1, 
18.9]

15 [10, 
18.8]

15 [10, 
18.8]

Total delivery time [s] 57.4 [52.4, 
73.4]

56.1 [50.6, 
70.4]

55.1 [50, 
69.3]

55 [50, 
69.3]

Modulation factor 
[MU/cGy]

1.65 [1.35, 
2.15]

1.5 [1.3, 
1.88]

1.68 [1.53, 
2.14]

1.48 [1.38, 
1.88]

Average leaf pair 
opening [mm]

50.5 [29.5, 
58.8]

46.5 [31.5, 
57.8]

45.6 [29.7, 
57.3]

45.9 [29.5, 
54.8]
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