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Abstract

Background Published treatment technique comparisons for postoperative left-sided whole breast irradiation (WBI) with
deep-inspiration breath-hold (DIBH) are scarce, small, and inconclusive. In this study, fully automated multi-criterial
plan optimization, generating a single high-quality, Pareto-optimal plan per patient and treatment technique, was used to
compare for a large patient cohort 1) intensity modulated radiotherapy (IMRT) with two tangential fields and 2) volumetric
modulated arc therapy (VMAT) with two small tangential subarcs.

Materials and methods Forty-eight randomly selected patients recently treated with DIBH and 16x2.66 Gy were in-
cluded. The optimizer was configured for the clinical planning protocol. Comparisons between IMRT and VMAT included
dosimetric plan parameters, estimated excess relative risks (ERR) for toxicities, delivery times, MUs, and deliverability
accuracy at a linac.

Results The automatically generated IMRT and VMAT plans applied in this study were similar or higher in quality than
the manually generated clinical plans. For equal PTVin V95% (98.4+0.9%), VMAT had significant advantages compared
to IMRT regarding breast dose homogeneity and doses in heart and ipsilateral lung, at the cost of some minor deteriorations
for contralateral breast (few cases with larger deteriorations) and lung. Conformality improved from 1.38 to 1.18 (p<0.001).
With VMAT, ERR for major coronary events and ipsilateral lung tumors were reduced by 3% (range: —1-12%) and 16%
(range: —3-38%), respectively. MUs and delivery times were higher for VMAT. There were no statistical differences in
Y passing rates.

Conclusion For WBI in conservative therapy of left-sided breast patients treated with DIBH, VMAT with two tangential
subarcs was generally dosimetrically superior to IMRT with two tangential static fields. Results need confirmation by
robustness analyses.

Keywords Autoplanning - Breast cancer - Partial arcs volumetric modulated arc therapy - Tangent-based intensity -
Modulated radiation therapy - Deep inspiration breath-hold

Background

Breast cancer is the most commonly occurring cancer in
women and the second most common cancer overall, mak-
ing it one of the main causes of mortality and morbidity
< L. Redapi in females worldwide [1]. Breast-conserving therapy with

laura.redapi @gmail.com limited surgery followed by homogenous irradiation of the
whole breast (WBI) is often the procedure of choice for
management of early-stage breast cancer [2]. The conven-
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organs at risk (OAR). IMRT is mostly delivered with two
opposing tangential fields with patient-specific intensity-
modulated profiles, sometimes combined with two open
tangential fields (hybrid approach [3, 4]). For VMAT, the
two static tangential IMRT fields are often replaced by two
small tangential arcs or by a single, larger partial arc [5, 6].

Improving dose homogeneity in the target and reducing
OAR doses in WBI can be clinically advantageous [7-14].
So far, clinical trials comparing IMRT and VMAT for WBI
have not been performed. There are few published treatment
planning studies for left-sided WBI that compare tangen-
tial IMRT with tangential VMAT, all with low numbers of
patients [15-19]. Two of these studies [17, 18] included
treatments in DIBH. Overall, the literature is inconclusive
regarding the choice of IMRT or VMAT for WBI. Apart
from the low patient numbers, this may also be related to
the applied conventional trial-and-error treatment planning
with well-known challenges for consistent high-quality plan
generation.

Recently, several systems for automated treatment plan-
ning have been proposed for reduced workload and more
consistent and higher plan quality [20]. In treatment tech-
nique comparisons, planning automation can avoid poten-
tial bias caused by human planners and limited planning
time [21, 22]. Moreover, due to automation, it is possible
to perform comparisons based on large sample sizes [23].
Automated IMRT and VMAT planning have also been in-
vestigated for breast cancer radiotherapy [24-33]. A few of
these studies applied automated planning for WBI [24-27,
32, 33]. However, in none of them was automated plan-
ning used for a systematic comparison between IMRT and
VMAT.

The main aim of this study was to systematically com-
pare treatment with either two tangential IMRT fields or
with two small tangential VMAT arcs for a large cohort of
left-sided DIBH patients, and to use for both treatment ap-
proaches fully automatically generated high-quality treat-
ment plans (autoIMRT and autoVMAT). The same opti-
mizer configuration was used for autoIMRT and autoVMAT
plan generation, ensuring minimal bias. Dosimetric plan pa-
rameters were compared, and parameter differences were
used to estimate differences in excess relative risks (ERR)
for major coronary events and for ipsilateral lung tumors.
Plans were also compared regarding total MU, delivery
time, and delivery accuracy as assessed with measurements
at a linac. Prior to the autoIMRT/autoVMAT comparisons,
autoIMRT and autoVMAT plans were compared to cor-
responding manually generated, clinically delivered plans
(clinical), in order to ensure clinical relevance of the for-
mer plans.

Materials and methods
Patients

Forty-eight randomly selected left-sided breast cancer pa-
tients recently treated in Erasmus MC with postoperative
WBI without a boost dose were included. Patients were
treated with DIBH using daily CBCT setup correction
and intrafractional monitoring with an optical system (Vi-
sion RT, London, UK). Planning CTs were acquired in
DIBH with 3mm slice thickness. The clinical target vol-
ume (CTV), heart, ipsilateral lung, contralateral lung, and
contralateral breast were manually contoured. A planning
target volume (PTV) was generated with 5mm margin to
the CTV and then cropped Smm from the skin surface,
referred to as PTVin in the remainder of the paper. Patients
needing a high skin dose were not included in our study.
As described below, a flash margin was used to enhance ro-
bustness of CTV dose delivery. The average PTVin volume
of the study cohort was 865+310cc (range 337-1892cc).

Clinical planning goals

A hybrid-IMRT technique was used to deliver 42.56 Gy
in 16 fractions. The planning was performed according to
ALARA principles for OARs with an accent on the follow-
ing goals: PTVin Vs, <95%, PTVin Dmax < 107% (pre-
scribed dose=100%), mean dose in ipsilateral lung< 10 Gy
and heart< 3 Gy. Tangential beams were chosen such that
the projected area of the PTVin in the beams-eye-view was
small, overlap between PTVin and heart and ipsilateral lung
was minimal, and overlap with the contralateral breast was
avoided. Dose<95% of the prescribed dose in small vol-
umes at the mediodorsal part of the PTVin was accepted
if heart dose could be lowered without compromising CTV
coverage.

Automated treatment planning—system and
configuration

The generation of autoIMRT and autoVMAT plans was per-
formed with Erasmus-iCycle, a system for fully automated
multi-criterial fluence map optimization (FMO) [34, 35],
which was coupled to the Monaco TPS (Elekta AB, Stock-
holm, Sweden) for automatic conversion of FMO plans into
deliverable (segmented) plans. The system generates a sin-
gle Pareto-optimal IMRT or VMAT plan for each patient
fully automatically. As confirmed in validation studies for
many anatomical sites [35-40], with proper system con-
figuration, the generated plans are of high clinical quality.
For each anatomical site, system configuration entails cre-
ation of a specific optimization protocol called wish-list,
containing objective functions with assigned priorities and
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goal values, and hard constraints that are never violated. For
this study, a single wish-list was constructed for automated
generation of all autoIMRT and all autoVMAT plans, which
was in line with the clinical planning aims. Manual fine-
tuning of automatically generated plans was not performed.

Treatment plans

All final plans were generated with Monaco (version
5.11.02, Elekta AB, Stockholm, Sweden) using the Monte
Carlo dose calculation algorithm. In all plans, the clinical
isocenter selected by the clinical planner was used.

e Clinical: The manually generated hybrid-IMRT plans
delivered about 70% of the prescription dose with two
tangential open fields covering the total breast, and 30%
with two sliding-window IMRT beams, inclined by 5°
from the open beams towards the left-right axis. The
beam energy was 6 MV, 10 MV, or a combination, de-
pending on breast size.

e Automated: For each patient, the beam angles for the
two tangential IMRT fields in the autoIMRT plan were
the same as used in the clinical plan. For autoVMAT,
two partial dual arcs were used with fixed arc lengths
of 60° and fixed start and return angles (100°-160° and
290°-350°). The plans were generated for an Elekta
linac with an Agility MLC and a fixed beam energy of
6 MV. In the applied step-and-shoot IMRT, the allowed
minimum segment area was 3 cm?, while the minimum
segment width was set to 1cm, and the minimum num-
ber of MU per segment was set to 4. For VMAT, limiting
the minimum segment area is not possible, but the min-
imum segment width was set to 1cm. In order to avoid
large modulation, the fluence-smoothing parameter in the
Monaco TPS was set to medium. For both techniques,
a skin flash margin of 2cm was applied to extend fluence
outside the body contour to make the plan more robust
for anatomical variations, such as breast swelling. In the
auto-flash margin option of the Monaco TPS, the amount
of the skin flash can be defined by the user up to 2.5cm,
and the leaves are extended only at gantry angles where
they would be otherwise limited to the skin. In the auto-
flash margin option no additional optimization bolus or
body contour extensions are needed in order to obtain
the aperture of segments extending outside the patient.

Dosimetric plan evaluation and comparison

Prior to the dosimetric analyses, for each patient, the
autoIMRT and autoVMAT plans were normalized to have
the same PTVin coverage (V95%) as the corresponding
clinical plan. The following plan parameters were then con-
sidered: PTVin: D98%, V105%; ipsilateral lung: Dmean,
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V5Gy, and V20Gy; heart: Dmean and near-maximum dose
(Dlcc); contralateral lung: Dmean and V5Gy; and con-
tralateral breast: Dmean and V5Gy. The conformity index
(CI), defined as the ratio between the 95% isodose volume
and the PTVin volume, was used to assess plan conformity.
Dose homogeneity in the PTVin was quantified using the
homogeneity index (HI), defined as the difference between
D2% and D98% divided by the prescription dose. Finally,
the low-dose bath was evaluated with V2Gy, and integral
dose (ID, defined as the mean dose times volume) to the
patient structure without PTVin (patient-PTVin).

Risks for radiation-induced side effects

Several studies have observed enhanced risks for cardiac
toxicity and secondary lung cancer after breast cancer ra-
diotherapy [11, 12, 41, 42]. In this study, we estimated
differences between autoIMRT and autoVMAT in excess
relative risks (ERR = ((radiation induced)/expected)*100%)
for major coronary events and ipsilateral lung cancer based
on differences in dosimetric plan parameters and published
dependences of ERR on radiotherapy dose. For major coro-
nary events, an ERR of 7.4% for every Gy increase in heart
Dmean was assumed, following Darby et al. [41]. ERR for
ipsilateral lung tumors were estimated assuming ERR in-
creases of 8.5% per Gy mean lung dose [12].

Plan deliverability, monitor units, and delivery times

To investigate deliverability of autoIMRT and autoVMAT
plans, dosimetric verification measurements were per-
formed for 10 arbitrarily selected patients using an Octavius
phantom with a 2D-array729 (PTW Freiburg GmbH). The
Erasmus MC QA protocol was used to assess plan accept-
ability: plans were considered clinically deliverable when
the vy pass rate (global approach; 3%; 3 mm) was >90% and
the mean y was <0.5. Measurements at gantry angle zero
were prescribed when vy pass rates were lower, in order to
rule out angular dependency of the detector array. For the
10 selected patients, delivery times and MU were measured
during QA.

Statistical analyses

Statistical significance of plan parameter differences be-
tween planning strategies was evaluated using paired two-
sided Wilcoxon’s signed-rank tests with a significance level
of 0.05.
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Results

Normalization of autoIMRT and autoVMAT plans to
obtain the same PTVin coverage as the corresponding
clinical plans resulted in an average PTVin V95% of
98.4+0.9%, range 94.9-99.7. Rescaling factors were small:
0.995+0.010 for both techniques.

Clinical vs. autoplanning

Dosimetric plan parameters for the clinical, autoIMRT, and
autoVMAT plans show that the autoplans were similar or

higher in quality than the clinical plans (Fig. 1). This ob-
servation demonstrates that the comparisons in this study
between IMRT and VMAT for WBI with DIBH were based
on treatment plans of sufficiently high dosimetric quality.

autolMRT vs. autoVMAT—dosimetric plan
parameters

AutoVMAT was clearly superior for the PTVin, heart, and
ipsilateral lung (Fig. 1 and 2). While the techniques had
on averege similar near-minimum PTVin doses (D98%),
V105% and the CI went down from 3.5% to 1.5% and

Fig. 1 Population mean plan pa-
rameters for Clinical, autoIMRT, P-value P-value
and autoVMAT with standard Mean (Clinical (autoIMRTys.
deviations, ranges, and p—values Structure Parameter Technique +1SD Range Vvs. auto) autoVMAT)
for comparisons of Clinical with Clinical 40.46+0.56 38.32-41.56
autoIMRT and autoVMAT, and D98% autolMRT 40.59+0.27 39.94-41.15 0.02
for autoIMRT vs. autoVMAT. autoVMAT 40.58+0.27 39.85-41.13 0.02 0.9
Last column green: autoVMAT Clinical 1.0£12 0.0-7.3
.. o, V105% [%] autoIMRT 3.544.1 0.0-18.0 <0.001
statistically significantly better
) PTVin autoVMAT 15423 0.0-9.4 0.5 0.001
than autoIMRT, red: autoIMRT Clinical 13320.13 111-159
statistically significantly better I autolMRT 13920.16 1.17-1.80 <0.001
than autoVMAT. autoIMRT au- autoVMAT 1.18+0.07 1.05-137 <0.001 <0.001
tomated intensity modulated Clinical 0.09+0.01 0.07-0.14
radiotherapy, autoVMAT auto- HI autoIMRT 0.10£0.01 0.07-0.12 <0.001
mated volumetric modulated arc autoVMAT 0.09+0.01 0.07-0.12 0.99 <0.001
therapy, PTVin generated with o . Clinical 2.1£0.8 1.01-4.04
Smm margin to the CTV and mean [Gy] autoIMRT 2.0+0.8 0.89-4.40 <0.001
then cropped 5 mm from the skin Heart auto VVMAT 1.6+0.5 0.98-3.40 <0.001 0.003
. Clinical 2734132 4.0-42.0
surface, Dx% dose covering x% Dlcc [Gy] autoIMRT 259144 3.1-42.0 0.05
of the volume, Vx% volume re- autoVMAT 156113 2.8-40.7 <0.001 <0.001
ceiving x% of prescription dose, Clinical 7.3£1.6 3.7-10.2
CI ratio between the 95% iso- Dmean [Gy] autoIMRT 72417 3.5-10.7 0.007
dose volume and PTV Volume’ autoVMAT 5.2+1.2 2.7-10.2 <0.001 <0.001
HI difference between D2% and Ipsilateral VG (o Clinical 27,5455 149-36.7
D98% divided by the prescrip- Jung y %] autoIMRT 26.0+5.5 13.7-35.5 <0.001
. - autoVMAT 21344 10.9-35.1 <0.001 <0.001
tion dose, DIcc the minimum Clinical a0 S7517
dose to 1 cc, VxGy volume re- V20Gy [%] autoIMRT 14.5+4.4 51236 03
ceving xGy, ID mean dose times autoVMAT 86531 26221 <0.001 <0.001
volume Clinical 0.34+0.06 0.26-0.47
Dmean [Gy] autoIMRT 0.44+0.05 0.33-0.58 <0.001
Contralateral autoVMAT 0.68+0.10 0.49-0.91 <0.001 <0.001
lung Clinical 0.003£0.010 0.000-0.052
V5Gy [%] autoIMRT 0.0010.004 0.000-0.017 0.07
autoVMAT 0.002+0.014 0.000-0.097 0.1 0.4
Clinical 0.7+0.2 03-12
Dmean [Gy] autoIMRT 0.7+£0.2 0.4-1.1 0.005
Contralateral autoVMAT 1.1£0.3 0.7-1.9 <0.001 <0.001
breast Clinical 0.0£0.3 0.0-1.7
V5Gy [%] autoIMRT 0.0£0.1 0.0-0.3 0.2
autoVMAT L1£1.9 0.0-9.9 <0.001 <0.001
Clinical 3369.05+721.10  1809.56-29905.14
V2Gy [ec] autoIMRT 2780.77+545.71 1516.09-3920.47 <0.001
Patient-PTVin autoVMAT 2871.31£639.4 1723.6-4565.61 <0.001 0.04
Clinical 91316.10+20738.12 53715.01-147915
ID [Gy*cc] autoIMRT 89980.4+20212.27  52660.79-144696.27 0.01
autoVMAT — 84997.14£19402.98  51026.27-145660.69 <0.001 <0.001

Population mean plan parameters for Clinical, autoIMRT and autoVMAT with standard deviations, ranges, and p-
values for comparisons of Clinical with autoIMRT and autoVMAT, and for autoIMRT vs. autoVMAT. Last column:
green: autoVMAT statistically significantly better than autoIMRT, red: autoIMRT statistically significantly better than

autoVMAT
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Fig.2 Comparisons between autoVMAT and autoIMRT for plan parameters with statistically significance differences. In each panel, each patient
is represented by a marker. Along the x-axes, parameter values for autoIMRT are depicted, while the y-axes show improvements for treatment with
autoVMAT instead of autoIMRT. The straight dotted lines in the plots were derived with linear regression analysis. Statistical significance for non-
zero slopes is indicated by p_slope values. autoIMRT automated intensity modulated radiotherapy, autoVMAT automated volumetric modulated arc
therapy, PTVin generated with 5 mm margin to the CTV and then cropped 5 mm from the skin surface, Vx% volume receiving x% of prescription
dose, CI ratio between the 95% isodose volume and PTV volume, HI difference between D2% and D98% divided by the prescription dose,
DIcc the minimum dose to 1 cc, VxGy volume receving xGy, ID mean dose times volume
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receving xGy, ID mean dose times volume
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Fig.4 Axial dose distributions
for autoIMRT and autoVMAT
plans for the patient with the
largest reduction in mean
dose in ipsilateral lung when
treating with autoVMAT in-
stead of autoIMRT (reduction
from 10.7 Gy to 6.2Gy). au-
toIMRT automated intensity
modulated radiotherapy with
two tangential fields, auto-
VMAT automated volumetric
modulated arc therapy with two
small tangential subarc

autolMRT

autoVMAT

from 1.39 to 1.18, respectively. The heart Dmean and near-
maximum dose, Dlcc, reduced from 2.0Gy to 1.6 Gy and
from 25.9Gy to 15.6Gy, respectively. For the ipsilateral
lung, observed Dmean, V5Gy, and V20Gy for autoIMRT/
autoVMAT were 7.2/5.2Gy, 26.0/21.3%, and 14.5/8.6%,
respectively. These improvements with autoVMAT were
accompanied by some deteriorations for the contralateral
lung (Dmean: 0.44/0.68 Gy) and breast (Dmean: 0.7/1.1 Gy,
V5Gy: 0.0/1.1%). Patient-PTVin ID went down from
89980 Gy*cc for autoIMRT to 84997 Gy*cc for autoVMAT,
while the increase in V2Gy was not statistically significant.

Fig. 2 shows that improved dose delivery in PTVin,
heart, and ipsilateral lung with autoVMAT was observed
for almost all patients. The maximum absolute reduction
with autoVMAT in hotspot volume (PTVin V105%) was
18%. With autoVMAT, CI improved for all patients, go-
ing from 1.80 to 1.17 for the patient benefitting most from
autoVMAT. HI also improved for most patients, with an
average deterioration of 0.006 for 12 patients. The maxi-
mum improvement in heart Dmean with autoVMAT was
a reduction from 3.27Gy to 1.62Gy; 17 patients showed
increases below 0.17 Gy. All patients improved in the near-
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maximum heart dose (Dlcc), with a maximum reduction
of 27 Gy. For a group of 13 patients with a heart D1cc be-
tween 30 and 40Gy for treatment with autoIMRT, reduc-
tions with autoVMAT were in the range of 7-24 Gy (Fig. 2).
For PTVin V105%, CI, HI, and all parameters for the heart
and ipsilateral lung, dosimetric gains with autoVMAT were
overall largest for patients with highest autoIMRT values
(positive slopes Fig. 2). For most patients, dosimetric differ-
ences between autoIMRT and autoVMAT in the contralat-
eral structures and the patient-PTVin were minor (Fig. 2).
The observed absolute differences in dosimetric plan pa-
rameters for each of the study patients separately are shown
in Fig. 3, demonstrating for most patients relatively large
gains for autoVMAT in PTVin hotspots, heart, and ipsilat-
eral lung at the price of minor losses in contralateral breast
and lung. Fig. 4 shows dose distributions for one of the pa-
tients, illustrating enhanced sparing of the ipsilateral lung
when using autoVMAT.
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Table 1 Dosimetric verification results (y analyses), MU, and beam delivery times for autoIMRT and autoVMAT plans of 10 patients. Applied
definition of MU: 1 cGy/MU at isocenter with SSD=90cm and depth 10cm

Parameter Technique Mean= 1 SD Range P-value
(autoIMRT vs. autoVMAT)

Y passing rate (%) autoIMRT 98.6+2.2 92.6-100 -

autoVMAT 97.7+4.1 86.3-100 0.6
Mean y autoIMRT 0.33+0.06 0.24-0.48 -

autoVMAT 0.32+0.08 0.24-0.51 0.2
MU autoIMRT 273+ 10 260-290 -

autoVMAT 675+57 563-734 0.007
Beam delivery time (s) autoIMRT 52+ 10 33-73 -

autoVMAT 688 52-86 <0.001

italicized p-values statistical significance of plan parameter differences (Wilcoxon’s signed-rank tests, p < 0.05)
autoIMRT automated intensity modulated radiotherapy with two tangential fields, autoVMAT automated volumetric modulated arc therapy with

two small tangential subarc

autolMRT vs. autoVMAT—risks for radiation-induced
side effects

Compared to autoIMRT, mean heart doses and mean ip-
silateral lung doses in autoVMAT plans were on average
reduced by 0.4 Gy (range: —0.2-1.6 Gy) and 2.0 Gy (range:
—0.4-4.5 Gy), respectively. Based on the published depen-
dencies of ERR on dose described in the Materials and
methods section, autoVMAT then resulted in estimated av-
erage ERR reductions for major coronary events and ipsi-
lateral lung tumors of 3% (range: —1-12%) and 17% (range:
—3-38%), respectively.

autolMRT vs. autoVMAT—plan deliverability,
monitor units, and dose delivery times

There were no significant differences between autoIMRT
and autoVMAT in vy passing rates and mean vy (Table 1).
All autoIMRT plans passed the primary pretreatment QA
test criteria, and only one autoVMAT plan failed. However,
the latter plan passed the QA test at gantry zero to avoid
angular dependency of the detector array (see Materials and
methods section). AutoVMAT required more than twice the
MU and a mean increase of 16s per beam in delivery time
compared to autoIMRT.

Discussion

In this study, we compared 48 left-sided breast cancer pa-
tients treated with DIBH for WBI with two tangential IMRT
fields or with two small tangential VMAT arcs, using high-
quality treatment plans that were automatically generated
with a multi-criterial optimizer. By using the same opti-
mization scheme (wish-list) for both treatment approaches,
bias towards higher plan quality for one of the approaches
could be minimized. Applied autoIMRT and autoVMAT

plans had similar or higher quality than the clinical plans,
in line with previous studies that showed significant quality
improvements compared to manual planning [35-40].
Compared to autoIMRT, autoVMAT demonstrated sig-
nificant improvements in dose homogeneity in the ipsilat-
eral breast, which could potentially result in reduced tox-
icity, as previously observed in randomized clinical trials
[7-10]. CI was also improved with autoVMAT, which is in
line with the observed enhanced sparing of heart and ipsi-
lateral lung. We estimated that the reductions in ipsilateral
lung Dmean obtained with autoVMAT would on average
result in an ERR reduction for developing an ipsilateral
lung tumor of 16% (33% for smokers [12]), with reduc-
tions up to 38% for individual patients. The reductions in
mean heart doses were estimated to result in an average
ERR decrease for major coronary events of 3% (maximum
12%). According to QUANTEC guidelines, a heart V25Gy
below 10% can result in cardiac mortality below 1% in
long-term follow-up after RT [43]. Interestingly, regres-
sion analyses demonstrated that dosimetric improvements
with autoVMAT in ipsilateral breast, ipsilateral lung, and
heart were largest for patients with the highest doses in the
autoIMRT plans (Fig. 2). Apparently, patients who suffered
most from the use of fixed beam angles in IMRT benefit-
ted most from the enhanced rotational freedom with VMAT.
Some deterioration for the contralateral breast dose was ob-
served for autoVMAT (increase of Dmean by 0.4 Gy). Be-
cause of the lack of data obtained from large patient cohorts,
we were not able to provide robust estimates of enhanced
risks of secondary contralateral breast cancer induction due
to this dose increase. However, we believe that for most pa-
tients, the observed dosimetric advantages of autoVMAT in
other structures outweigh the generally small dose increase
in contralateral breast. For patient-PTVin, Dmean slightly
improved with autoVMAT and V2Gy slightly deteriorated.
The significant increase in delivered MU with autoVMAT
results in higher low doses. As these doses are low anyway,
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the impact of the increased leakage may be considered mi-
nor compared to the dose decreases in lung and heart as
reported above. The small number of MU for autoIMRT
plans compared to autoVMAT plans is probably due to the
choice of using step-and-shoot IMRT, since when the de-
livery is continuous (as for VMAT or dynamic IMRT), the
number of MU significantly increases.

The observed increase in delivery time for autoVMAT
compared to autoIMRT was on average 16s per beam. In
DIBH treatments, the required number of breath-holds for
delivery of the total fraction dose is an important factor. The
time that patients can hold their breath can largely vary from
patient to patient. When assuming that an average breath-
hold time is 30s, seven measured autoIMRT and only one
autoVMAT plan could be treated with two breath-holds per
beam, while all the other treatments would require at least
three breath-holds per beam.

Although the data suggest an overall dosimetric advan-
tage for VMAT over IMRT, there are some patients that
were maybe better off with IMRT (Fig. 3). Automated treat-
ment planning could be applied for personalization of treat-
ment technique without an increase in planning workload.
For this purpose, autoVMAT and autoIMRT plans could
be automatically generated for each patient, followed by
a posteriori selection of the best, patient-specific approach.

Of the five published planning studies [15-19] compar-
ing tangential IMRT with tangential VMAT for left-sided
WBI, only Yu et al. [18] and Vikstrom et al. [17] investi-
gated DIBH treatments, current start-of-the-art practice for
left-sided WBI. The differences between IMRT and VMAT
plans, as observed by Yu et al. [18] in 14 patients, are mostly
rather different from those in our study: no differences in
PTVin homogeneity, dose conformity, heart dose, and con-
tralateral breast and lung Dmean, while these parameters
were clearly favorable in our autoVMAT plans, except for
contralateral structures. As also observed in our study, they
found enhanced contralateral breast V5Gy, but both the ob-
served V5Gy values and the differences were very different
from our study: 0.0/1.1% for autoIMRT/autoVMAT in our
study vs. 2.2/9.1% for IMRT/VMAT by Yu et al. These
differences may be related to differences in gantry angles
favoring lower contralateral breast dose in our study. They
found that VMAT was favorable for ipsilateral lung V30Gy,
which aligns with our observations. In contrast to our study,
the total MU was significantly higher with IMRT, which
could possibly be influenced by the use of sliding-window
IMRT by Yu et al., while step-and-shoot IMRT was used in
our study. In a study based on 16 cases, Vikstrom et al. [17]
observed no advantages for VMAT except for a small im-
provement in target coverage (V95%), again very different
from the advantages of VMAT seen in our study. A limi-
tation of the aforementioned studies is that the results are

@ Springer

based on relatively small patient groups (14-16 patients),
whereas our study investigated a larger group of 48 patients.

In none of the five published planning studies compar-
ing tangential IMRT with tangential VMAT for left WBI
[15-19] were the treatment plans automatically generated,
leaving room for bias and inconsistent plan quality. An-
other large difference was the number of patients included
in our study. In all five studies, the total prescribed dose was
50.0 Gy, delivered in 2.0 Gy daily fractions, which is differ-
ent from currently widely applied hypofractionated regimes
such as 42.56Gy in 16 daily fractions (used in this study)
or 40Gy in 15 daily fractions. In none of the comparisons
were corresponding IMRT and VMAT dose distributions
normalized for equal PTVin coverage, which may have had
an important impact on reported differences in OAR doses.

The angles of the tangential autoIMRT beams were the
same as clinically selected by the planner, and therefore
manually optimized for each patient. Although it was pre-
viously demonstrated that clinical angles were mostly ade-
quate [27], an automatic beam angle optimization approach
could possibly have resulted in improved autoIMRT plans.
With autoVMAT there is no need for patient-specific beam
angle selection, which is a significant practical advantage.
The clinical isocenter was used for both autoIMRT and
autoVMAT, limiting bias in the comparisons. On the other
hand, an automated procedure for isocenter selection could
have resulted in better overall plans [24, 25].

A further extension of the current study could be includ-
ing contouring of heart substructures that is spreading in
clinical practice. Some guidelines recommend to also take
into account constraints for cardiac subvolumes, e.g., the
left anterior descending artery (LAD) in breast cancer ra-
diotherapy [44]. Unfortunately, substructures of the heart
were not delineated for the patients in this study. Precisely
contouring some of them (for example LAD) is challeng-
ing in daily practice and in clinical research, since they are
hardly discernible on non-contrast simulation CT scans, and
manual delineation is often imprecise, poorly reproducible,
and time consuming [45].

The observed advantages of VMAT over IMRT were
obtained for patients treated with DIBH and daily image
guidance using both CBCT and an optical monitoring sys-
tem, allowing a PTV margin of 0.5cm. The planning aims
and applied plan evaluation parameters were in line with
current global practice. It is not clear to what extent plan
quality would be influenced by choosing (slightly) differ-
ent planning and image-guidance approaches. We believe
that the promising results of this study could stimulate fur-
ther research to find definitive answers to the IMRT/VMAT
question.

It is well known that modulated plans can suffer from
limited robustness against respiratory motion, anatomical
changes such breast swelling, uncertainties in patient po-
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sitioning, and limited breath-hold reproducibility. Several
papers deal with the analysis of IMRT and VMAT plan ro-
bustness in breast radiotherapy, either simulating patient
displacements or deformations or recalculating plans on
CBCTs [46-48].

Kiigele M et al. observed a good reproducibility of the
intra-fractional DIBH isocenter using an optical system to
follow the movement of the external surface during delivery
in DIBH and set tolerance levels on the isocenter displace-
ments [46]. According to Van der Veen et al., VMAT with
proper handling of the skin flash is as robust as tangential
IMRT [47]. In the work by Rossi et al., the dosimetric ef-
fect of soft tissue deformation and breast tissue swelling
was similar for VMAT and field-in-field plans if 3D im-
age matching was used [48]. Routine use of daily CBCT
reduces dosimetric effects of daily variations, suggesting
safe use of modulated techniques in breast radiotherapy.
Intrafractional monitoring of patient surface position using
optical systems can help to further reduce the dosimetric ef-
fect. Both daily CBCT and an optical system are routinely
used in our clinical practice for WBI with DIBH.

In this study, we have used flash margins, daily CBCT,
and DIBH with optical steering and verification to enhance
treatment delivery accuracy and robustness. At this point we
believe that these measures would allow safe and effective
delivery of both autoVMAT and autoIMRT plans. However,
this needs verification, which is being performed in on-
going comprehensive robustness analysis, considering that
for IMRT the build-up zone moves together with the breast
without affecting PTVin coverage, which could potentially
be different for VMAT. Results will be presented in a future
publication.
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