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Abstract

Intensity-modulated radiotherapy (IMRT) is beincagticed for the last several years with a speqgwr@ach for
radiation therapy in post-mastectomy breast capaents. Meeting the cardiac dose constraintsahsays been a
challenge during radiotherapy planning by both IMRmd VMAT (volumetric modulated arc therapy) of pos
mastectomy left breast patients. With the advanceénimIMRT planning techniques, it has been modifte VMAT
with more degrees of freedom for modulation andemg utilised more frequently. This helps in obiiag a suitable
plan for achieving both the dose homogeneity iggaivolume and dose constraints to Organ at RiskR)O 10
Patients with carcinoma of the left breast (possimetomy) were selected for this study. VMAT treatinplans for
these patients were generated for 6 MV photonshenMonaco treatment planning system (TPS) usingtypwes of
optimization modes i.e. Pareto and Constrained navddable in Monaco TPS. For comparative dosiroetvialuation
of the efficacy of these two types of optimizatiomodes similar calculation algorithms, calculatiandg, arcs, and
beam sequencing parameters were used for genetagiagnent plans. The dosimetric quantities suclvalame
receiving more than 95% of the prescribed dosg)(Wolume receiving more than 107% of the prescribese (M)
and Maximum dose (R, for target volume, mean dose (3) for heart, volume receiving more than 30 GyV
volume receiving more than 20 Gy 4¥ volume receiving more than 5 Gy {Mor ipsilateral lung and total monitor
units delivered were analysed for both optimizatrandes. A judicious mix of multiple planning pardaere and
variables using these two modes of optimization eaglied and recorded. Both optimization modesdgeélsimilar
outcomes. However, Pareto mode has shown betterage for planning target volume (PTV) with comdeadoses
to OARs.
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Introduction degree of freedom, thanks to changes in the spégdrmdry
rotation as well as changes in dose rates. Thapieutiegrees
of freedom in modulation enables the preparatiotredtment
plans with a reduced number of monitor units coregato
standard IMRT. Jonathan Bogue €tial their study compared
the dosimetric data of VMAT with integrated skinsttato 3D
field-in-field tangents for left breast irradiationdaadvocated
that VMAT may be more selectively applied for ldfteast
irradiation. They even reported that it may eveneogally
effective without respiratory gating. VMAT spardetheart in
a better manner and meet dose constraints to OARE m
effectively while facilitating the delivery of presption dose
in the target volume even in cases of difficult tangical
geometry. Vishruta A. Dumane et ®areported that a
combination of VMAT and Deep Inspiration Breath Hol
(DIBH) had significant dosimetric gains and resulits

Intensity Modulated Radiotherapy (IMRT) has beempiactice
for more than the past two decades with specialggatoach
for the treatment of post-mastectomy breast candde
topology of post-mastectomy breast patients is dempand
achieving both the dose homogeneity to the targktme and
dose constraints to OARs pose great challengeseatnent
planning. Meeting the dose constraints for the theas always
been a challenge for radiotherapy planning of posstectomy
left breast patients for both IMRT and VMAT. As ptang and
delivery techniques progress VMAT proved to be more
suitable for creating an optimal treatment plarnhis location
and has become a more often utilized technique.titdrd
VMAT is used more often as it can provide planshwietter
dose homogeneity within the target and helps ineadtng dose
constraints to Organ at Risks (OAR). VMAT provide®re
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diminishing the dose to the heart, lungs and ctaiteal
breast/implant. They postulated that VMAT with DIBiday
also be beneficial in breast cancer patients witiplant
reconstructions. Mikel Byrne et alillustrated that semi-
automated tangential VMAT is a useful addition toet
treatment options available for breast/chest walll aodal
irradiations compared to the 3 Dimensional Confdrma
Radiation Therapy (3DCRT). Shyama Prem Sudha &t al
observed that VMAT is dosimetrically superior te tfield in
field 3DCRT for left breast cancer patients. Thiilitates
comparable PTV coverage and better sparing of éatfand
lung. Antonella Fogliata et Zlin their study discussed the
various dosimetric trade-offs in breast treatmerith wthe
VMAT technique. Although there are various schoaols
thought regarding radiotherapy of left-sided posistactomy
breast cancer, there is no doubt that VMAT is nowell-
established modality of treatment in selected cadéac
Clements et 4lin a dosimetric study explained various modes
of optimization available in the Monaco treatmeténming
system namely Constrained and Pareto optimizatidns.
constrained mode OAR constraints are achieved fhen
target coverage. Whereas in Pareto mode, Monacuitiags
target coverage, and then the system seeks to theet
constraints in the OAR. David Craft et’alin their studies
deliberated a technique known as Pareto surfacegation,
which allows physicians and treatment plannersetotige best
balance between target coverage and minimizatictoeés to
OAR. They also describe two other methods i.e. goal
programming and prioritized optimization. Two otlmeethods
are designed to handle multiple conflicting objessi. They
also considered the Pareto surface approach foti-omitéria
optimization (MCO) intensity-modulated radiation ethpy
(IMRT) treatment planning, where a database of t8arptimal
plans is generated for the patient and then th&ibdae is
interactively navigated by the treatment plannephbysician.
The IMRT plans resulting from the use of biologicadst
functions were compared with plans obtained withsedo
volume based optimization. This study aims to comphe
dosimetric quantities of different modes of optiaiian i.e.
Pareto and constrained available in Monaco Treatmen

Table 1. Summary of cost functions used in Monaco

planning system (TPS) for VMAT of left side poststectomy
breast patients.

Materials and Methods

A group of 10 patients with left breast cancer {pozerated-
modified radical mastectomy) were selected for shigly. The
patients were simulated in treatment position usipgropriate
immobilization on CT simulator (Somatom sensatiqre® 16
Slice CT, Siemens Healthinears, Germany). Slice$ ofm
thickness were obtained inferiorly from 3 cm belahe
xiphisternum to hyoid bone superiorly. Subsequently
simulation plan data were transferred to Monaco .TPi$e
radiotherapy plans were generated in Monaco IMRTiQper
5.11.02 (6 MV beam library of linac Elekta infinit{Elekta
Medical Systems, Crawly, UK make) using both opsiation
methods.

Monaco treatment planning system (v 5.11.02.)
Monaco is one of the first commercially availabl&da
clinically applied IMRT treatment planning systemich
enables biological optimization. In addition to ploal cost
functions commonly used in IMRT TPS, such as dadesie
histogram (DVH) constraints and maximum dose, Monac
offers three biological cost functions for obtaminthe
optimised plan.

The physical cost function based dose optimizaitobased
on several statistics of dose distribution (eg. imaxn dose,
minimum dose, mean dose). Biological optimizatios i
assumed to be based on the maximization of theuucentrol
probability (TCP) and minimization of the normalssue
complication probability (NTCP). In fact, often sogates for
these values, for example the Equivalent Unifornsé®¢EUD),
are used instead of TCP and NTCP. The biologicalt co
functions employed in Monaco are Poisson and use th
statistics like cell kill model, the serial comgion model,
and the parallel complication model. Summary of tcos
functions used to design the Monaco plans are dliste
Table 1

Applicability Model Name Parameters and iso-constrants Description
Biological Cost functions
. . Cell sensitivity (0.1-1.0) Mandatory cost function for targets;
Target Poisson Cell kill model EUD prescription (Gy or cGy) no penalty for hot spot
. L Power law exponent (>1) .
OARs Serial complication model Equivalent uniform dose (Gy or cGy) Penalizes for hot spot
OARs Parallel complication model Reference dose (Gy or cGy) Power law exponent (>1) Effective for reducing mean organ dose

Mean organ damage (%)

Physical Cost Function

Target or OARs Quadratic overdose penalty

Target or OARs Maximum dose

OARs Overdose Volume Constraints

Maximum dose (Gy or cGy)
Root mean square excess dose (Gy or cGy)

Maximum dose (Gy or)cGy

Threshold dose (Gy or cGy)
Volume (%) >Threshold dose

Penalizes for hot spot with some leniency

Penalizes for hot spot with zero leniency

Forces a DVH through
or below a single point
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For biologically optimal dose distribution Monacmgloys a
two-stage process for the optimization of doserifistions. In
the first step, the fluence distribution of IMRT dms is
optimized. In the second step, the beam segmentdto
optimized. This also employs a finite size penciain
algorithm for beamlet fluence optimization and nalgo be
used for fast calculation of dose distribution freegmented
beams. In the second step, for more accurate ddselations,
Monaco offers a Monte Carlo dose calculation engiased on
the XVMC codel9 which utilises virtual energy fleen(VEF)
model of the treatment head of the accelerator.

Treatment Planning

All the patients in this study were planned usihg Monaco
TPS. The target volume and organ at risk (OAR) were
delineated slice by slice on the contouring wottksta The
OARs delineated were heart and lung according t@&T
protocol’® Before running the optimization the treatment unit
beam energy, plan algorithm, grid size, number rof,aarcs
directions (clockwise or anticlockwise), and aragtéh were
defined. The sequencing parameters available imnpig
options are enabled to control the maximum numbearo,
maximum number of control points of each arc, mimm
segment width, and degree of fluence smoothings Timuthis
study for evaluations of the efficacy of both type$
optimizations, we used the same parameters of latilmos and
sequencing and similar IMRT parameters. Treatmdahsp
were generated with two arcs for x-ray photon bedr6MV
energy of Elekta Infinity™ linear accelerator (MHEekta
Medical Systems, Crawly UK). This linear accelerais
equipped with 40 pairs of multileaf collimator hagi
1.0 centimetre leaf width at isocenter. The dosBM®Gy in 25
fractions over a period of 5 weeks was prescrilogdTV. Cost
functions for target dose optimizations were désttiin terms
of the equivalent uniform dose (EUD) and quadratierdose.
For all patients, two-step optimization was utitisgith a dose
calculation grid of 0.3cm. In MONACO TPS the ddfau

Table 2. p value in order from most significant to éast significant

normalization of the dose is the normalizationdocenter but
as we all are well aware that in the case of VMAIst
prescription is the only deciding factor for a nwmnbof
fractions to be treated. The actual prescriptiomiserms of
target EUD in the IMRT constraints tab. Acceptaiccigeria
chosen for both the plans were 95% of PTV to besoe by
95% of the prescribed dose. Two VMAT plans, onehwat
constrained mode of optimization, and another viRidreto
mode of optimization were generated. All the dosiine
analysis were on the basis of the International @@sion of
Radiological Units and Measurements (ICRU) 50 aadTee
specific cost function, maximum dose along withimjzed
over all voxels option was applied to the patieotlyp contour
to minimize high dose volume both in the target gadient
body.

Plan evaluation and statistics

Treatment plans obtained for both methods of optition for
every patient was evaluated by comparison of sévera
dosimetric parameters in the target and the OrgdnRisk.
Optimal plans generated with Pareto and Constramedes
were analyzed in terms of different dosimetric diiees for

the target as well as OARs. The dosimetric quastitivere
obtained for \s, Vip7 and Dy for target volume, Rean for
heart, V4o, Vo0 and \ and total monitor units. To compare
results obtained with Pareto and constrained mode o
optimization non-parametric Wilcoxon signed-ranlsttevas
used (SPSS software).

Results

The results were analyzed and its statistical on& were
evaluated. Graphical presentation of various plagni
parameters was plotted for easy assimilations cfindgtric

analysis and are presentedrigures 1-8 The summary of the
results is presented rable 2

MeanzSD

Parameters - p Value
Constrained Pareto
Vgs for PTV 94.6+2.1 96.6 £ 1.6 0.007
Vofor lung 35.6+5.2 40.4+£3.8 0.065
Vsfor lung 66.0 +6.0 70.1+45 0.083
Vo7for PTV 1.2+1.1 06+1.3 0.131
Global maximum dose 56.0 £ 0.46 55.6 £0.7 0.157
Vaofor lung 29.0+4.7 30.2+3.9 0.473
Mean heart dose 6.6 +£0.8 6.4+1.2 0.725
Monitor units delivered 775.8 +146.3 758.6 +123.2 0.767
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Figure 1. Vgs for PTV (p-value < 0.007)
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Figure 2. V,o; for PTV (p-value < 0.131)
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Figure 3. Maximum dose within PTV (p-value< 0.157

14



Anoop Kumar Srivastava et al: Optimization modes of VMAT for carcinoma breast Pol J Med Phys Eng 2021;27(1):11-18

10.00 -
8.00 -
6.00 -

4.00

Dose (Gy)

2.00

0.00

Patient

=8-Constrained =®—Pareto

Figure 4. Mean heart dose (p-value 0.725)
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Figure 5. V3q for ipsilateral lung (p-value <047%)
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Figure 6. V, for ipsilateral lung (p-value < 0.065
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Figure 7. Vs for ipsilateral lung (p-value < 0.083)
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Figure 8. Total monitor units delivered (MU) (pvalue< 0.767)

The mean and standard deviation for the variousnusisc
guantitiesare represented in parenthesis.the constrained
mode of optimization, the relative volume of P
encompassing 95% of thisodose line ranges from 91.1%
99.12% (94.59 £ 2.1). For Pareto modlee range of relativ
volume of PTV encompassing 95% die isodose line is
94.00% to 98.8% (96.61%63). The relative volume of PT
encompassed by more than 107% of prescribed dos
constrained and Pareto mode varied from 0.3% to
(2.17 £ 1.1) and from 0.0% to 4.3% (0.62 B) respectively. |
was found that thglobal maximum dose for constrained m
varied from 55.1 Gy- 56.7 Gy (56.000#46) and for Parel
mode ranged from 54.8 Gy-57.1 Gy (55.50.F). Mean heart
dose forconstrained and Pareto mode varied from Gy to
8.00 Gy (6.57 £0.81) and 4.20 Gy to 8@9 (6.41+1.17)
respectively. For constrained and Pareto mode tifnggation,
mean \4, Va0, Vs values were found to be 29.01, &, and
65.98 Gy and 30.18, 40.38, and 70@yl respectively. he
total number of monitor units delivered for consted anc
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Pareto mode of optimization ranged from 6-995.0
(775.84 £146.34) and 614-939 (758.62 £ 123.15)
respectively.

Discussion

There have been various studiether utilising the Pareto tool
of optimization or multieriteria optimization for VMAT.,
Vadzim et al* published their study based on biological «
functions for prostate and reported that Monaco VIM@#lans
reduced median dose to thkadder in VMAT plal. He showed
better target conformity when the biological cosnhdtions
were used. They said that Pareto reprs a convenient
optimization tool to explore potential to achiea desirable
balance between doses to target and OARs. Parst
provides anestimate of the potential reduction of OAR d
and, therefore, may reduce complication probabilityey alsc
concluded that the advantage of using biologicadet® in
treatment planning is that all the voxels presarihé region o
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interest are playing a role in the optimizationqgass instead of
the few voxels that receive a disproportionate rojation
weight due to point-based constraint violationl&gical cost
functions offer more control over the dose disttita than
physical cost functions. The statistical evaluatiand analysis
of the dosimetric outcome of our study are alsogsstjve of
the superiority of Pareto mode especially if wé& &thout target
coverage with comparable dose to OARs. It also asiggthat
Vs for PTV, Vig7 for PTV, global maximum dose, mean heart
dose, and monitor units delivered improved with irthe
significance depending on p-value for Pareto mode o
optimization for left-sided post-mastectomy breastients.
Mean Vg5 for PTV increased by 2.02% (2 tailed, p-
value = 0.007) which is significant. The mean vodum
receiving 107% of the prescribed dose is found ¢00t55%
less for the Pareto mode of optimization (p-valug& £31). The
mean dose to heart decreased by 0.16 Gy (p-valQer25);
however, the dose to lung increased but not sicamtfi except
V5 for lung (p-value = 0.083) which is in line withe concept
that low dose local volumes increases in VMAT. As &s
monitor units are concerned it decreased for tletBanode of
optimization. X. Sharon Qi, et’lin their study have claimed
that they were first to use Monaco VMAT for wholesbst
planning. They compared VMAT and tomotherapy pland
found that both showed increased conformality aneatgr
sparing of the heart for patients with and withawddal
treatment. They reported that a potential problessoeiated
with Monaco VMAT is that it may result in larger sk
inhomogeneity when biological model-based optiniizatis
used. They also concluded that the regions of Higde were
modest and unlikely to be of any clinical significa.
Insensitivity of the biological function to the dapots leads to
cold spots within the breast to maintain the samaivalent
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