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Objective: Breast planning with volumetric modulated
arc therapy (VMAT) has been explored, especially for left-
sided breast treatments, with the primary intent of
lowering the heart dose and improving target dose
homogeneity. As a trade-off, larger healthy tissue vol-
umes would receive low dose levels, with the potential
risk of increasing late toxicities and secondary cancer
induction, although no clinical data are available today to
confirm the risk level. The scope of this work is to explore
the dosimetric trade-offs using two different VMAT plans.
Methods: Two planning strategies for dual-partial-arc
VMAT, RA_avoid and RA_full, with and without avoid-
ance sectors, were explored in a cohort of 20 patients, for
whole left breast irradiation for 40.05Gy to the mean
target dose in 15 fractions. Common dose objectives
included a stringent dose homogeneity, mean dose to the
heart <5 Gy, ipsilateral lung (/jung) <8 Gy, contralateral lung
(Ciung) <2 Gy and contralateral breast (Cpreast) <3 Gy.

INTRODUCTION

Radiotherapy treatment is an integral part of the
standard of care of patients with breast cancer after
breast-conserving surgery. Different fractionation
schemes have been applied, from the conventional
50 Gy in 25 fractions to hypofractionated regimes like
40.05 Gy delivered in 15 fractions, as proposed by the
START (UK Standardisation of Breast Radiotherapy)
Trial B.!

The most traditional treatment technique is the use of
conventional tangential fields. Some more conformal
approaches were proposed” to improve the ipsilateral lung
(Ilung) sparing. With no nodal involvement, this provided
excellent results in the vast majority of patients and has
been the basis of the large randomized trials showing the
relevance of radiotherapy.™

Results: RA_full showed a better dose conformity, lower
high-dose spillage in the healthy tissue and lower skin
dose. RA_avoid presented a reduction of the mean doses
for all critical structures: 51% to the heart, 12% to the /jyng,
81% to the Ciung and 73% to the Cpreast. All differences
were significant with p <0.0001.

Conclusion: The adaptation of VMAT options to plan-
ning objectives reduced significantly the healthy tissue
dose levels at the price of some high-dose spillage.
Evaluation of the trade-offs for application to the
different critical structures should drive in improving
the usage of the VMAT technique for breast cancer
treatment.

Advances in knowledge: Different planning strategies in
the same VMAT technique could give significant varia-
tions in dose distributions. The choice of the trade-offs
would affect the possible future late toxicity and second-
ary cancer induction risk.

Nevertheless, selected subgroups of patients, presenting
with challenging anatomical features or requiring specific
dosimetric objectives, induced the investigation of the role
of intensity modulation [intensity-modulated radiotherapy
(IMRT)] and volumetric modulated arc therapy (VMAT).
Many dosimetric studies explored these techniques,”
proving that, as a trade-off of improved target dose dis-
tributions, larger volumes of the surrounding tissues would
receive a more or less pronounced low-dose bath. This was
not an unexpected feature but many institutions refrained
from the systematic use of advanced techniques for breast
cancer treatments. However, there are still no clinical
results demonstrating the detrimental effect of the low-
dose bath with respect to the two-tangential beam dose
delivery. In the absence of such data, a good approach is to
drive the inverse optimization processes of IMRT and
VMAT, decrease the dose to all the critical structures as
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much as possible and maximize the target dose homogeneity. This
can be primarily achieved by means of an adequate beam ar-
rangement and by highly restrictive planning objectives, more re-
strictive than the clinical need. The reduction of unintended tissue
involvement is more compelling for patients with left-sided breast
cancer owing to the unavoidable partial irradiation of the heart.
The risk of cardiac toxicity that mainly manifests its effects at a late
stage (more than 10 years) was recently well addressed by Darby
et al’ and Boekel et al.'” To mitigate the risk of radiation-induced
heart damage, some geometrical precautions can be applied. The
most popular is the use of respiratory gating in deep inspiration
breath-hold (DIBH), as illustrated by Korreman et al'"'? and Aznar
et al.”” In this case, the distance between the heart and chest wall is
increased with the consequent reduction of the heart irradiation.

The clinical use of VMAT for the hypofractionated treatment
of patients with early-stage breast cancer was already reported
in ref. 14. The aim of the present study was to evaluate some
of the possible trade-offs in breast VMAT planning, explor-
ing the degree of achievable dosimetric sparing of different
organs at risk (OARs) by using two similar VMAT plan set-
tings. The comparison of the dosimetric differences was
considered a surrogate for evaluating the relative risk of long-
term toxicity and might guide the clinical implementation
of VMAT.

METHODS AND MATERIALS

Patient data set

Planning CT scans of 20 patients presenting early-stage left
breast cancer, after breast-conserving surgery, were used for this
planning study. Data were acquired with patients in the supine
position with both arms above the head. DIBH was applied. CT
acquisition was with 2-mm-thick adjacent slices.

For each patient, the clinical target volume was delineated by
a specialized radiation oncologist following the Radiation
Therapy Oncology Group recommendations published in the
RTOG breast contouring atlas."> A 5-mm clinical target volume
was added to the planning target volume (PTV) margin. The
PTV was then cropped 5mm inside the patient outline. The
PTVs varied between 300 and 1800 cm® (mean 1035 * 415 cm?).
The following OARs were contoured: Ij,,g and contralateral lung
(Ciung) heart, left anterior descending artery (LAD) and con-
tralateral breast (Cpreast). The heart and LAD were delineated
according to the guidelines described by Feng et al;'® the LAD
was expanded by a 4-mm margin to account for heartbeat.” To
assess the quality of the plans, the skin region was also consid-
ered. This was defined as 5mm of the tissue from the target to
the patient outline in the region encompassing the PTV.

Planning technique

VMAT plans were optimized for the RapidArc technique in the
Eclipse™ treatment planning system (Varian Medical Systems,
Palo Alto, CA), using the Photon Optimizer algorithm (v. 13.6)
and calculated with Acuros XB. Arc arrangement used two partial
arcs, with the gantry running from about 295° (range 285-307°)
to about 173° (range 160—180°), as shown in Figure 1. Plans were
optimized for a TrueBeam™ linear accelerator (Varian Medical
Systems, Palo Alto, CA) equipped with a Millennium 120
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multileaf collimator (5-mm leaf width at the isocentre for the 20-
cm central beam). An additional third arc was added for those
challenging patients whose dosimetric objectives were not met
with only two arcs. The collimator angles were set in a range of
10-22°, with complementary angles for the second arc; in few
cases, the collimator was set to 90° especially for the third arc
when needed. The field width (the leaf motion direction) was kept
within 15 cm to maximize the modulation power inside the field.

Two plans using the same arc arrangement were generated for
each patient:

— RA_full: the optimizer used the entire partial arc trajectory

— RA_avoid: avoidance sectors (AvS) were set on all the arcs. In
RapidArec, the AvS are a connected subarc fragment, with the
length and position defined by the user, where the dose rate is
forced to drop to zero. The AvS shall be longer than 15° and
the arc lengths before and after it shall be longer than 15°.
The start and stop gantry angles of the AvS were manually
set from approximately 0° (range 345-20°) to approximately
105° (range 90-110°). Those angles were identified on a
patient-by-patient basis according to their anatomy as seen
in the beam’s eye view: the start angle at approximately 0°
was chosen as the position where, during the clockwise
rotation, the heart volume in the beam’s eye view increased;
the stop angle at approximately 105° was the position where
the right breast and left lung appeared to be aligned in their
anterior surface.

Figure 1 illustrates the concept of the RA_full vs the RA_avoid
plans.

Dose prescription and dosimetric objectives
All plans were optimized for prescribing a dose of 40.05 Gy as
the mean PTV dose.

The common dosimetric objectives for all the plans were (de-
fining V as the volume receiving at least X dose, and Dy as the
dose received by Y of the structure volume):

Figure 1. Arc span in the A-B range; the avoidance sectors are
set in the X-Y range of the A-B arc.
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Organ Parameter RA_full RA_avoid Difference between RA_avoid
and RA_full
Dao, (%) 103.7 0.5 104.5 + 0.4 0.8=0.5
PTV Dogo, (%) 95.3 0.6 94.8 = 0.5 —0.5*0.6
SD (Gy) 0.75*+0.08 0.90 = 0.09 0.15*+0.10
Vsay (cm?) 3'753 + 659 2'765 + 579 —989 * 294
Vaogy (cm?) 931 =+ 206 1'173 + 322 +243 * 162
Body-PTV Vioay (ecm®) 434 =90 649 £ 185 +215* 116
Vogoo (cm?) 165 + 31 299 + 96 +134+ 76
NTHD 0.184 £0.075 0.309 £0.079 0.125 £ 0.048
Mean (Gy) 39+0.6 1.9+1.0 —-1.9+0.7
Dsg ems (Gy) 8.1+13 45+22 —35+ 1.7
Heart Digo e (Gy) 63+ 1.1 34+ 1.7 ~29+13
Day, (Gy) 1.0+ 1.7 6.5%2.7 —45%+22
Vscy (%) 248+7.4 7.4+ 10.0 —17.4*7.1
Mean (Gy) 6.2 0.7 40*%1.5 —22*13
LAD
Day, (Gy) 144+28 10.3+3.8 —41%+35
Mean (Gy) 7.4+0.5 6.5*0.9 —0.9+0.8
Vsay (%) 46.7 £5.0 36.5*£6.0 —10.2£5.8
Vaoay (%) 8.5*1.2 9.1*1.9 0.6 = 1.8
Lung; Viogy (%) 22+0.6 3.5+ 1.2 14+12
Vioay (%) 0.0 £0.0 0.04 =0.15 0.04 =0.15
Dsy et (Gy) 29.1+22 317+ 1.6 25+1.9
Digo e (Gy) 247 +3.0 269+2.6 23%23
Mean (Gy) 1.6 0.2 0.3 0.1 —13*+0.2
Vagy (%) 25.7*+6.9 0.6 = 0.5 —25.1%£6.9
Lungc Vsay (%) 2.7+1.6 0.01 =0.01 —27+16
Dsg s (Gy) 52+0.9 1.2+0.3 —4.0+1.0
Digo e (Gy) 43+08 0.9 +0.2 —33%0.9
Mean (Gy) 22*0.2 0.6+0.2 —1.6%+0.3
Vagy (%) 40.2*+9.5 53=*3.1 —34.8£09.1
Breastc Vsay (%) 57%1.7 14%12 —43+1.9
D5 e (Gy) 49+1.2 1.8+0.8 —31+1.2
Digo e (GY) 3.7%0.9 1.1+04 —2.7+08
Mean (Gy) 30.9+0.4 31.7+0.4 0.7 +0.3
Visay (%) 37437 44.1 3.2 6.7£29
Skin Dsg s (Gy) 35.9+0.5 36.6 0.6 0.7+0.3
Digo e (Gy) 31.1 3.2 32.0 = 3.4 0.8=0.3
MU 691 £ 78 620 £ 60 —71£78

LAD, left anterior descending artery; MU, monitor units; NTHD, normal tissue high dose; PTV, planning target volume; SD, standard deviation.
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— PTV: 97% of the PTV should receive at least 95% of the dose
(Vo596 > 97%); the volume receiving >107% of the pre-
scription should not exceed 3 cm® (Vigro, < 3 cm’)

— Ijung: mean <8 Gy; minimize VyoGy Vioay Vsay

— Giung: mean <2 Gy; minimize Vsgy Vo gy

— Heart: mean <5 Gy; minimize Viogy Vasap Vaay

— LAD: mean <8 Gy; D; ¢y <20Gy

— Cpreast: mean <3 Gy.

To improve the dose distributions and the dose conformality to
the target, the body volume outside the PTV receiving 90% of
the dose prescription was minimized. The rationale for this
resides in the correlation between the Vo, and the possible
increase of skin toxicity and breast pain.'® This was easier to
achieve with RA_full. There was also an attempt to further re-
duce the mean doses to the contralateral structures (Cyng and
Chreast)> With the rationale of decreasing the potential risk of
second cancer induction from low doses. This was easily
achievable with RA_avoid.

Plan quality assurance
To evaluate the accuracy of the delivery in the two planning tech-
niques, especially for RA_avoid, where the dose rate is forced to drop
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to zero in an arc sector, the institutional standard pre-treatment
quality assurance procedure was followed for all patients and plans.
The Epiqa™ software (Epidos sro, Bratislava, Slovakia) was used to
convert portal images into dose at the depth of the maximum in
water and for comparison with Eclipse/Acuros XB calculations.
Results were analyzed according to the gamma evaluation using 3%
as dose difference and 3 mm as distance to agreement. Data were
reported as percentage of points passing the gamma criteria.

Data analysis

Quantitative analysis was performed by means of dose—volume
histogram-based metrics. High dose spread outside the target was
measured through the normal tissue high dose (NTHD) defined
as the ratio between the Vyg, of the non-target tissue (patient
outline subtracting the PTV) and the PTV. This was in analogy
with the healthy tissue overdose volume factor defined in Feuvret
et al.'” This parameter estimates the unwanted treated volume.

The homogeneity index was defined by the difference between
the percentage of D,y, and Dygo.

Treatment efficiency was evaluated by the monitor units (MU)
per each plan.

Figure 2. Mean dose-volume histograms. LAD, left anterior descending artery; PTV, planning target volume.
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The dosimetric data were compared for the two sets of plans
with the paired Student’s ¢-test.

RESULTS
In Table 1, the dosimetric results are reported as mean value and
standard deviation of each parameter over all the patients. The
mean dose—volume histogram is presented in Figure 2. An ex-
ample of dose distributions is presented in Figure 3 for the two
techniques.

Target coverage, as Dogop, Was significantly better for RA_full, as
well as for D,q,, despite the rather small difference value owing
to the dose homogeneity requested. From those values, the
homogeneity index was 8.4 = 1.0% and 9.7 = 0.9% for RA_full
and RA_avoid, respectively (p < 0.0001).

The normal tissue high dose was 18% and 31% for RA_full and
RA_avoid. The volume of the healthy tissue receiving 90% of the
prescription dose was 165cm’ in an average for RA_full; the
same value was almost doubled (310cm’ in an average) for
RA_avoid.

In addition, the mean dose to the skin was systematically in-
creased by an average of 0.7 = 0.3 Gy for RA_avoid. This effect
was indeed expected, as the irradiation was, for those plans,
more tangential.

Regarding OAR sparing, the RA_avoid plans significantly low-
ered the volume receiving low doses for the ipsilateral structures,
as well as for the contralateral organs. The numerical findings
are summarized in Table 1. All the dosimetric parameters were
worse for RA_full, except for the I, volume receiving
medium-high doses. This effect was due to the effective arc of
the RA_avoid plans, limited to gantry regions similar to the
conformal tangential entrances, including only the lung sector
close to the chestwall. The same trend was observed for the

Figure 3. An example of isodose distributions.

BUR

healthy tissue also. To illustrate this feature, Figure 4 shows the
average difference of the volumes in cubic centimetres between
RA_avoid and RA_full plans as a function of the dose received.
For doses lower than 20 (15) Gy to the Ij,n (healthy tissue), the
RA_avoid presented better results, while the result is the op-
posite for doses higher than those levels.

For RA_avoid, the contralateral structure doses were very low
and likely compatible with the unavoidable scattering and
transmission; the average mean doses were 0.7% and 1.5% re-
spectively. For C_Lung and C_Breast, the V, g, value dropped
from 40% and 26%, respectively, in the case of RA_full to 5%
and <1% for RA_avoid.

In terms of delivery efficiency, the RA_full required 11% more
MU than RA_avoid (p <0.001) for the same number of arcs.
However, since the RA_avoid arcs have a large sector with no
MU delivery, the active arc fragments shall deliver more MU per
degree, leading the gantry to slow down in those sectors. For
that reason, the time required to deliver the plans is about 20%
shorter for RA_full compared with RA_avoid (99 * 3 vs 117 =
4 s for RA_full and RA_avoid, respectively).

Pre-treatment quality assurance analysis results showed a gamma
agreement of 99.6 £0.5% (range 97.6-100.0%) for the
RA_full cases and 99.8 = 0.3% (range 98.9-100.0%) for the
RA_avoid arcs.

DISCUSSION

Besides some generally accepted consensus on the dose—volume
objectives in the medium-high dose range for the OARs in-
volved in the irradiation of the breast, there is no strong
agreement on the radiobiology risk at medium-low dose levels.
The toxicity end points and the related tolerance dose levels are
quite vague and this fact impacts on the choice of the trade-offs
between conflicting aims. Other than radiobiology, there are also
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Figure 4. The volume difference between RA_avoid and RA_full as a function of delivered dose for the body planning target volume

(PTV) and ipsilateral lung.
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other risk factors for late toxicity to be accounted for; these
include the role of chemotherapy, for example. It is clear that the
optimal trade-off between the low and high dose levels, or be-
tween the target dose homogeneity and the surrounding healthy
structure irradiation, is a complex multifactorial problem. A safe
strategy, in the absence of consensus data, is to apply prag-
matically the ALARA principle (as low as reasonably achievable).
In the present study, by comparing two similar VMAT techni-
ques, we aimed to emphasize that the planning process should
be analyzed carefully, considering which are the trade-offs that
have to be balanced. On one side, dose conformality could be
preferred at the price of the increased low-dose bath, with
a possible attempt at decreasing acute and early late toxicity. On
the other hand, the smallest achievable low-dose bath could be
preferred at the price of a lower dose conformality, possibly
attempting to reduce long-term toxicity and the risk of second
cancer induction.

Concerning the heart, the required level of sparing is debated.”"°
The data reported by Darby et al’ correlated the increased rate of
major coronary events with the mean dose to the heart, showing
a 7.4% increased rate per Gray of mean heart dose. On the other
side, the late toxicity is known to be related to the heart volume
receiving doses >30Gy.”’ In the present study, to reduce the
high dose levels to the heart, patients were planned in DIBH
mode, and both the mean heart dose and the high dose volume
were minimized.

In the case of lung, there is a clear match between the level of
irradiation and tissue damage. Nevertheless, in the case of breast
irradiation, there are no definitive data to clarify whether the
focus should be set on mean lung dose or on the volume of the
parenchyma receiving high-medium dose levels. In the treat-
ment of breast with VMAT, the dose distribution to the lungs is
normally grossly different from what is achieved with the con-
formal tangential beams. In a recent report, Petruzzelli et al*'
evaluated the number of B-lines in lung ultrasound examination
(Iung and Ciupng) on patients treated for breast cancer. Authors
found a significantly larger amount of B-lines in the fing in
particular, the pattern was mainly in the anterior rather than the
posterior chest, i.e. in the region receiving a high dose. These
data were not directly correlated to incidence of toxicity, but it
might be interesting to further investigate the problem aiming to

understand the potential negative impact of dose level vs the
presence of this signature.

The minimization of the irradiation of the Gy eqq is highly pri-
oritized. The rationale for this resides in the fact that patients
with breast cancer are considered long-term survivors, and the
risk of radiation-induced carcinogenesis should be minimized.
However, the quantitative relationship between low—medium
dose levels and the induction of secondary cancer is not clini-
cally proven. Risk models exist,”>~>* but the clinical validation is
vague. Again, the ALARA principle should be applied.

The recent investigations at planning level aimed to explore the
role of IMRT and VMAT and to establish the trade-offs using
different optimization options. In this line, in the present study,
we compare two VMAT solutions differing in beam geometry
(without or with the AvS). The number of arcs was kept low
(generally two), as this led to faster treatment, an interesting
argument when DIBH is used.

A Dutch group (Jeulink et al*>) compared two partial arcs (X jaw
setting <18 cm) and six small arcs, doubling the entrances from
the tangential direction with respect to the central part of the
arcs (the increased number of arcs allowed a smaller X jaw
setting). They planned with a simultaneous boost to 40.05 and
50.25 Gy in 15 fractions with RapidArc, no nodal regions and no
DIBH. A Finnish group (Virén et al*®) compared two continu-
ous partial arcs and two pairs of tangential arcs, hypothesizing
a decrease of heart and lung radiation dose without increasing
the low dose volume in the Cyreas- They used Elekta VMAT;
the dose prescribed to the breast was 50 Gy in 25 fractions, no
nodal regions, no simultaneous boost and no DIBH. Finally,
a German—Austrian group (Pasler et al*”) compared one partial
arc with two small tangential arcs. Nodal regions and internal
mammary chain were included, simultaneous boost with 50.4
and 60.2 Gy doses in 28 fractions were planned with the Pinnacle
planning system for an Elekta linear accelerator and no DIBH.
In Table 2, the ratio of the mean doses between tangential and
complete partial arc techniques, planned for the heart, Ijung,
Ciung Coreast and healthy tissues, from the above studies are
compared with the present work. With this ratio, the difference
in the dose prescription is cancelled, and only the variations
due to the different geometry/strategies remain relevant.
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Table 2. Ratio between mean doses of tangential-like volumetric modulated arc therapy (VMAT) and continuous VMAT for different

organs at risks

Organ at risk Virén et al*® Pasler et al*’ Jeulink et al*® Present work
Heart 1.68 0.75 0.78 0.49
Lung 1.10 1.01 0.72 0.88
Ciung 0.56 0.37 1.06 0.19
Chreast 0.46 0.60 1.00 0.27
Normal tissue (body—PTV) 0.87 0.93 0.83

Chreast: cOntralateral breast; Ciung, contralateral lung; /jung, ipsilateral lung; PTV, planning target volume.

Values <1 present the more tangential solution (RA_avoid in
our study) delivering less dose than the complete partial arc(s)
solution (RA_full in our study). From this summary, the present
study is the only one where the mean doses of all OARs were
lowered using the AvS. Pasler et al*’ improved with tangential
setting all the structures except the Ijy,g; Jeulink et al*® did not
improve the contralateral structures; Virén et al?® were de-
teriorating the ipsilateral structures, especially the heart. This
variability in dose distribution for similar concepts for planning
is proof that it is difficult to find the best trade-offs for OAR
sparing. It is not sufficient to have the same dosimetric rules to
obtain the same results with the same technique. On one side,
the optimizer could play a role; on the other side, the planner
and the beam geometry could be crucial in finding a solution. In
our study, the same initial dose objectives were used in the two
geometries, and they were fulfilled in all cases, while the results
in the dose distribution were substantially different.

In the present study, we forced a high level of target dose ho-
mogeneity (Voze, > 95% and Vg9, < 3cm®); on the contrary,
none of the three studies mentioned previously****” applied so
stringent rules to the target dose homogeneity as part of the
trade-off balance.

From the data reported, it would be incorrect, in general, to
identify a certain delivery technique (e.g. VMAT) per se as re-
sponsible for, e.g., an excess risk of second cancer induction or
a severe risk of toxicity for a critical structure and end point.
There are cases where the patient anatomy is convenient for the
simple two tangential beam arrangement (chest wall not too
concave, heart distant from the chest, limited healthy tissue in
the fields). However, in other cases, some dosimetric advantages
are present if an intensity-modulated treatment is applied. As
shown in the present study, the beam arrangement, even with
fine adjustment, like the AvS use (and not simply the use of
a technique or the optimizer), could be fundamental for

adjusting the trade-off choice. In the decision-making process,
e.g. between RA_full and RA_avoid, the attention could be dif-
ferently focused, or on the long-term toxicity and second cancer
risk induction (maybe preferring RA_avoid), or on the acute or
“early late” toxicity (maybe with RA_full).

An important improvement in the inverse planning workflow
would be to automate the identification of regions where so-
phisticated tools should be applied. In the present case, the AvS
should be ideally automatically set by the optimization engines
when their use could remarkably spare regions identified as
critical. As per today, this is not yet the case and efforts should
be put in this direction.

As a final remark, it is important to notice that our study fo-
cused on the case of a whole breast, with no simultaneous boost
and without nodal inclusion. This is possibly an important
limitation; the rationale for this choice was simplicity. The study
was conceived to focus on the maximization of OAR sparing in
the absence of confounding factors. Of course, the generalization
of the present results to more complex cases shall be carried out
with care.

CONCLUSION

An effective reduction of the OAR doses, especially for the
contralateral structures, was demonstrated when sectors of the
VMAT arcs were required to have zero dose rate delivery; the
dose homogeneity in the target is maintained, while a lower
degree of conformity is achieved. A deeper investigation of the
trade-offs for application to the different OARs should be ex-
plored, as well as a validation of the planning objectives to be
used based on clinical signatures, and is part of our future
project.
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