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ABSTRACT

Purpose: To investigate the performances of two commercedtment planning systems (TPS)
for Volumetric Modulated Arc Therapy (VMAT) optination regarding prostate cancer. The
TPS were compared in terms of dose distributioregtinent delivery parameters and quality
control results.

Materials and Methods: For ten patients, two VMAT plans were generatece wiith Monaco
TPS (Elekta) and one with Pinnacle TPS (Philips i&dSystems). The total prescribed dose
was 78 Gy delivered in one 360° arc with a Syn@iigyear accelerator equipped with a MLEj2
Results: VMAT with Monaco provided better homogeneity anohformity indexes but lower
mean dose to PTVs than Pinnacle. For the bladdkr(p=0.019), the femoral heads (p=0.017),
and healthy tissues (p=0.005), significantly lowean doses were found using Monaco. For the
rectal wall, VMAT with Pinnacle provided a signifistly (p=0.047) lower mean dose, and lower
dose into 50% of the volume (p=0.047) compared tondto. Despite a greater number of
monitor units (factor 1.5) for Monaco TPS, the tdtaatment time was equivalent to that of
Pinnacle. The treatment delivery parameter anabtsisved larger mean MLC area for Pinnacle
and lower mean dose rate compared to Monaco. Taktygaontrol results gave a high passing
rate (> 97.4%) for the gamma index for both TPSNdahaco provided slightly better results.
Conclusion: For prostate cancer patients, VMAT treatment plabtined with Monaco and
Pinnacle offered clinically acceptable dose disttidns. Further investigations are in progress to

confirm the performances of the two TPS for irrid@amore complex volumes.
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INTRODUCTION

Volumetric modulated arc therapy (VMAT) is a newdidherapy technique which allows to
achieve treatment plans of similar or improved iyatompared to fixed-field intensity-
modulated radiation therapy (IMRT) while reducinge ttreatment time per fraction [1]. In
practice, to obtain highly modulated dose distiitmng delivered efficiently, a treatment planning
system (TPS) with a powerful optimization and segtaton algorithm is required.

While a lot of users are in the process of repadired-field IMRT by VMAT, or directly
implementing VMAT in their radiotherapy departmethigre is a lack of information concerning
the relative performances of the mainly used TRS/MAT planning. To our knowledge, only
three studies deal with this topic [2-4]. In Raoatt ERGO++ (Elekta, Crawley, UK) was
compared to Pinnacle (Philips Medical Systems, Btadi WI) direct machine parameter
optimization (DMPQO) combined with a home-made a&qgtencer and Pinnacle SmartArc inverse
planning module [2]. In Masgt al, the performances of Monaco (CMS-Elekta, Crawldi{)
were compared to ERGO++ and Oncentra (Nucletrokt&leg3]. Finally, in Wiezorek et al,
VMAT plans obtained with Monaco and Eclipse (VarMedical System, Palo Alto, CA) were
evaluated [4]. In these studies, the comparisonse weade by fixing common planning
objectives on PTVs and OARs and comparing the desimresults and treatment delivery

efficiency (number of monitor units and treatmenmtet).

The aim of the present study was to investigatgpdréormances of two TPS that have not been
compared yet in VMAT mode, both using different eggrhes for VMAT plan optimization:
Monaco based on a two-stage constrained optimizgijoend Pinnacle SmartArc [6]. This work
was performed by two institutions. The aim wasdmpare VMAT plans performed by Monaco
and Pinnacle regarding to dosimetric performanages taeatment delivery specificities. We

therefore fully put in evidence the differencesetsd in terms of dose distributions, delivery



efficiency, treatment delivery parameters (meanedwse, mean segment area) and quality

control results on 10 prostate cancer cases.

MATERIALS AND METHODS

Patients

Ten prostate adenocarcinoma patients referred toinstitutions for a radical external beam
irradiation to the prostate and seminal vesicle¥) (8/ere considered for this dosimetric

comparative analysis.

Anatomic data acquisition, volumes definition and dose

Organs at risk [rectal wall (5 mm thickness), bddall (7 mm thickness), femoral heads (FH)]
and target volumes (prostate, SV) were delineatedealicated 2 mm-thick CT slices.

The first clinical target volume (CTV1) comprisdtetprostate and SV. The CTV2 was limited to
the prostate only. Planning target volumes (PTVejewautomatically generated adding a 3D
1 cm uniform margin around the CTVs, except inphbsterior direction, where a 0.5 cm margin
was added to protect the rectum.

The total prescription dose was 46 Gy to the PTRd @an additional 32 Gy to the PTV2 using a
standard fractionation (2 Gy per fraction, 5 dayweek) for a total dose of 78 Gy using a
sequential technique.

A dose objectives set was fixed for PTVs and OARy : PTV1 : 95% of the PTV covered by

97% of the prescribed dose, and less than 5 % eV receiving more than 107% of the
prescribed dose; PTV2: 95% of the PTV covered b% 9% the prescribed dose; Rectum:
maximum dose (into 1.8 cc) < 76 Gy, VZ25% , V60< 50% ; Bladder V7G< 25%, V60<

50%:; Femoral heads: V505%.



Treatment planning

For each patient, two VMAT plans were generated: with Monaco 3.0 (CMS-Elekta Ltd,
Crawley, UK) and one with Pinnacle 9.0 (Philips Nbadl Systems, Madison, WI).

The irradiation was delivered, using 6-MV photorishvan Elekta Synerdymachine equipped
with a Cone-Beam Computed Tomography (CBCT) deuix®!®) and with a multi-leaf
collimator (MLCiZ®) consisting of 40 paired leaves, each measurimgn lin width at the
isocenter. The possible dose rate values were 25/iMid, 50 MUs/min, 100 MUs/min, 200
MUs/min and 400 MUs/min. For each treatment plamgle 360° arc was used.

MONACO PLANNING

For Monaco planning, the optimization constrainerevestablished on the basis of biological
cost functions (i.e. Serial or parallel complicatimodel for OARs and Poisson cell kill function
for the PTVs). The prescription template appliedatb patients is given in Table 1. The
optimisation was first performed in a constraineoley meaning that all constraints to the OARs
are treated as hard constraints and all optimizatigteria must be met. Conversely, the
constraints to the targets are considered as olgsciThe pareto mode which gives priority to
PTV coverage was used secondarily to achieve thed®Verage detailed above.

Sequencing parameters used for PTV1 and PTV2 atiadi were: 124 control points (CP) to
achieve in practice 120 CP; target dose rate 30G/NMuh; minimum segment width 0.5 cm;
fluence smoothing: low.

For final Monte Carlo dose calculations, a caldgalatgrid of 3 mm and a 3 % variance were
used. With these parameters, the time neededrfal diose calculation was about 10 min on an
Intel Xeon CPU 3 GHz and 12 GB RAM platform. Thadi for optimisation stage and adjusting
the prescription parameters was about 20 min.

PINNACLE PLANNING




For Pinnacle planning, inverse optimization wasfqrered using the SmartArc algorithm (6).

The optimization objectives were defined with plgsidose points. The template is shown in
Table 1. The arc sampling parameter was fixeddgdees to obtain 120 CP for the full arc. The
delivery time parameter was fixed at 180 s firstihyen was eventually increased to 240 s to allow
more dose modulation for the most complex caseml Flose was computed with a collapsed
cone algorithm using a dose grid resolution of 3.idvith these parameters, the time needed for
optimization and final dose calculation was aboutrii8 on an Intel quadruple-Core (Xeon) 2.8

GHz and 16 GB RAM platform. Time for parametersuatinent was 10 min.

Preliminary work

Although this study was performed by two institap an important number of constraints were
set to limit the influence of the planners and plag philosophy of the two hospitals. First, a
preliminary comparison study was performed on aewatuivalent cylindrical phantom with a
C-Shape target surrounding a central avoidancetstel (data not shown) as described by the
AAPM task group 119 [7]. This preliminary work alled to harmonize both planning methods
and to verify that for a simple geometry both ingions were able to produce plans of similar

quality regarding dose distribution and deliverfyagéncy.

Treatment plans comparisons

DOSE DISTRIBUTION

In order to limit the uncertainties on DVHs caldidas between both TPS, the results were
evaluated in the ARTiView 1.12 software (Aquilabijlé, France) by comparing DVHs for
targets and OARs (mean dose and doses at selaitdad pf the DHVs). Patient-averaged DVHs
were compared. In addition, several quality indefasPTV1 and total plans were assessed:
homogeneity index (HI) was calculated as#D Dgso)/Dmean Within the PTV; Ry and Dysy

being the dose received by 5 and 95 % of the PTV ¢8nformity index (CI) was calculated as



the ratio between the volume of the reference iseddss.,) and the PTV volume ()
[VosedVery] [9]; healthy tissue coverage index (HCO) evalsatee percentage of reference
isodose which is outside the PTV volume. HCO wdsutated as [100*(1-(Vrv, 95sdVos0))]; V

pTV, 950 Was the volume of PTV covered by the referencedse.

Statistical analysis used two-sided Wilcoxon-signaak test, a nhonparametric test, calculated
with PASW Version 18.0.0 (SPSS Inc., Chicago, IB).value of p<0.05 was considered
statistically significant.

To underscore the spatial localization differenisesveen the two TPS, a patient-averaged dose
distribution was performed. To obtain the averagede distribution, the anatomy of all the
patients was registered to a typical patient angtoifter an initialization done by an affine
registration, we used an organ-driven non-rigidstegtion method using the demons algorithm
between the CTs and between each considered opyastdte, bladder, rectum). The final
deformation field was computed by merging the déf¢ deformation fields by weighting them
according to the distance between voxels and org@dsl?2]. The transformation was then
applied to the dose distribution.

ROBUSTNESS

In case of daily CBCT, we assume to have a geomatguracy better than 2 mm as mentioned
in the AAPM recommendations [13]. To investigate tbbustness of Monaco and Pinnacle dose
distributions, an isocenter shift of 2 mm was agplon one representative prostate case in
unfavorable directions for the main OARs (i.e. meaior and posterior direction). The impact on
dose distribution was judged with the quality inégexlescribed previously for PTV2, rectum wall
and bladder wall.

DELIVERY EFFICIENCY

The delivery time, MU per fraction, mean dose rate time-average MLC aperture area were

used to evaluate the VMAT delivery efficiency.



Quiality assurance

In order to evaluate the dose algorithm accuracyMohaco and Pinnacle, the consistency
between calculated and delivered dose was vefidiedne typical plan with EBT3 radiochromic
films (Ashland, Covington, USA) in a pelvis anthooporphic phantom (CIRS, Norfolk, USA).

A dosimetric validation was then performed for plans with the Octavius phantom (PTW,
Freiburg, Germany). The dose delivery was measusetj the PTW 2D-array Seven29 (PTW)
ionization chamber matrix. The dose was measuredrional and sagittal planes.

Comparisons were performed with Verisoft softw&&\(V). The 3D gamma method was used to
compare the measured dose distributions with theuleded 3D dose distribution. The dose
criterion was 3% of the local dose and the distaiterion was 3 mm. The evaluated areas were

areas with doses higher than 30% of the maximura.dos



RESULTS

Dose distribution

The patient-averaged differences in the dose bigtans for the two TPS are shown in Figure 1.
Large differences are observed. First, Monaco feadihe dose delivery on gantry angles that
allowed crossing a minimum volume of healthy tissueeach the PTV. Therefore, the volume of
healthy tissue receiving higher doses was more itapbmwith Pinnacle than with Monaco.
Furthermore, we observed that Pinnacle solutiosglréen more dose delivered on the left-right
direction (i.e. around the FH), whereas Monacotgmis result in more doses delivered on the

antero-posterior direction (i.e. around the bladdet the rectum).

The averaged dose-volume histograms (DVHs) of tptahs are shown in Figure 2. The
continuous lines represent the mean values ansuareunded by two dashed curves representing
the 2.8 percentiles of the data for the lower dashed cuemd the 97.5th percentiles for the
upper dashed curves. DVHs data for PTVs and OARkcamformal indexes are reported in
Table 2as averages for the investigated patients. Figugleoivs that Pinnacle plans resulted in
more dose into the PTVs than Monaco but with a nmoportant scattering. While the mean dose
to PTV1 was significantly different between both dalities (p=0.008), the difference was not
statistically significant on PTV2 (p=0.241) (Taldg

Furthermore, Monaco plans had higher conformality wignificantly better Cl and HCO at the
expense of significantly lower dose homogeneity thie PTV than Pinnacle. Regarding the dose
distribution to the OARs, Monaco provided a sigrafitly lower mean dose to the bladder wall
(p=0.019), to the FH (p=0.017) and to the healibgue (p=0.005) while Pinnacle provided a
significantly lower mean dose (p=0.047) and a loWegy, value (p=0.047) for the rectal wall

(Table 2 and Figure 2).



Robustness

Details of dose with and without isocentre shift floe main organs are shown Table 3. For the
rectal wall, the 2-mm posterior shift resulted miacrease of the R of 1.3 Gy for both TPS,
and an increase of the,Rn0f 1.9 and 1.7 Gy for Monaco and Pinnacle plaespectively. The
Dose to PTV2 was the same for Monaco plans and resuitad increase of 0.3 Gy for Pinnacle
plans. For the bladder wall, the 2-mm anteriortsi@$ulted in an increase of thg,fpof 0.3 Gy
and 0.2 Gy and an increase of thgefa of 0.8 and 0.7 Gy, for Monaco and Pinnacle plans,
respectively. The B to PTV2 was decreased of 0.7 and 1.3 Gy for MormawbPinnacle plans,

respectively.

Treatment delivery evaluation

Details of efficiency parameters are shown in Tabld-igure 3 shows the variations of MLC
aperture area and dose rate as a function of gangle during typical VMAT delivery. Monaco
plans needed one and a half more MUs than Pinmaales. Nevertheless we noticed similar
delivery times because the time-averaged dose vates higher with Monaco (230 MUs/min)
than with Pinnacle (160 MUs/min).

The better efficiency of Pinnacle plans was dua targer MLC aperture area (Fig. 3, Table 4).
On average, total MUs to MLC aperture area ratie ®&5 MUs/cm?2 for Monaco plans and
110 MUs/cm? for Pinnacle plans.

The variation of the area according to the ganhglex (Fig. 3) shows that the segmentation is
based on an alternative Sliding Window patternrMonaco VMAT (i.e. all the leaves moves first

on one way and then on the other way alternatifalyhe full arc) .

Quality assurance
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The analysis of the films placed inside an anthnogghic phantom showed that 99.1% and
98.4% of the points passed the 3%/3 mm criteridh wiean gamma values of 0.34 and 0.31 for
Monaco and Pinnacle respectively. Central area epassing the PTV showed high consistency
between calculated and delivered dose for PinrmateMonaco; the mean gamma values were
0.29 for both TPS.

The results obtained with the 2D matrix ionisatitimber showed a high passing rate (> 97.4%)
for the gamma index for both TPS (Table 4). Newddbs, Monaco provided better dosimetric
agreement than Pinnacle. To explain the QA rediilferences, we investigated the dose-
gradient values [14] in the two measurement plaihshe Octavius phantom (Table 4). For
coronal planes, mean dose-gradients were similaodtdr TPS but maximum dose-gradient was
higher with Pinnacle. For sagittal planes, all régdrdose-gradient values were higher with

Pinnacle.
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DISCUSSION

The aim of the present study was to investigatepgréormances of Monaco and Pinnacle TPS
for VMAT plan optimization. To our knowledge, this the first study yielding a global
comparison of two TPS for VMAT planning, from theepcription phase and dose distribution
evaluation to the delivery efficiency. We also ui#d beam geometry, treatment delivery

parameters and quality control results.

For prostate cancer, VMAT solutions proposed byhbbPS offered good PTV coverage and
OARs sparing, with similar delivery time. Note thhé lowest doses to the OARs were achieved
with Monaco, except for the rectal wall. Regardohgse distribution and delivery parameters
large differences were observed. First on doseilligion, we noticed that Monaco favoured the
dose delivery from gantry angles that allowed drags minimum volume of healthy tissue to
reach the PTV. As a consequence, much lower doses @elivered to the FH in comparison
with Pinnacle, despite the fact that contrarilyPionacle, no constraint was assigned to the FH on
Monaco prescription. Likewise, healthy tissue comd in the CT area received less dose with
Monaco than with Pinnacle. However, this result hhestaken with care since the uncertainties
in TPS dose calculation are generally larger inlthieer dose regions. Indeed, the uncertainty in
Monte Carlo calculation is influenced by the varmneeduction techniques and inversely
proportional to the square root of the number doftdries used for dose calculation. The
uncertainty of the entire plan is always less tthenvariance value for dose calculation since that
value is per segment (i.e. 3 % in our case, for MonEPS). Therefore the noise which can be
observed is substantially reduced in high dose ateae a more important number of segments
contribute to the dose (superposition effect) [15]

Furthermore, it is well known that the main partooft-of-field doses are due to the linac-head

scatter and leakage radiation, proportional to NlL&17]. In this case Monaco could provide a
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higher out-of-field dose. Hence, both TPS providiéecent irradiation patterns regarding low

doses without superiority of one TPS was cleariydiestrated.

Finally, higher doses were delivered in the anfawsterior direction, above the bladder or below
the rectum with Monaco compared to Pinnacle. Tloeegfwith Monaco TPS, an anatomical
deformation of the rectum or bladder will proballgve more consequences on the delivered
dose to these organs. In particular, it has beewstihat the relative volume of the rectum can
vary by more than 150% from one day to another.[IBils in this case, the risk of rectal toxicity
is increased and it is of importance to make aydaibging control. The robustness investigation
of dose distributions showed that the impact of & msocentre shifts provided very low and
similar dose deviations for Monaco and PinnacleplaTable 3 showed that the dose deviations
were always less than 5% of the prescribed dosetendose deviations differences were less

than 1% of the prescribed dose between the both TiSefore both TPS provided robust plans.

To conclude on this part, most of the differenceseobed may be closely linked to the objective
functions used for optimizing the dose distributig¥hereas on both TPS biological and physical
cost functions are available, Monaco planner chosese biological in combination with physical
cost functions while Pinnacle planner used onlysatat cost functions. In one study IMRT plans
performed with Pinnacle and Monaco biological-disesed prescriptions were compared to
Pinnacle physical-dose based prescriptions [19)ldgical prescription led to improve OARs
sparing compared to physical dose based prescrigfithna similar performance for Monaco and
Pinnacle. Contrarily to Qi et al, another study panmg VMAT plans performed with Pinnacle
biological, physical and mixed prescriptions repdrthat, in some particular cases, the physical
prescriptions result in superior treatment plang.[2Berefore, there is still an open debate on the

question of the superiority of the biological agaipisysical cost functions.
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In practice, it is possible to get the same reausiag physical or biological cost functions even
though physical cost functions are not as easytural since one constraint only controls one
dose point. Therefore one single biological cosicfion will always lead to a better dosimetric
solution than one single physical cost functiont isuthis true for one biological cost function
against 3 physical cost functions? There will alsvdye a high proportion of subjectivity
concerning all the studies performed on this sulgee the results highly depend:

1/ on the planner and his degree of experienceaifitler physical or biological cost functions

2/ on how many physical and biological cost funcsiane used in the prescription

The above papers did not give any details aboupitbgcription templates the authors used to get
their results. In the present study, the plannastb use the prescription template that they had
found to be best suitable for treating prostateceanMonaco planner chose to combine
biological and physical cost functions, since frimir practices, the best results were obtained
with mixed prescriptions, whereas Pinnacle plarmpreferred physical cost functions, since they

did not get better results with biological prestadps.

Regarding the treatment delivery efficiency, theatment control system of the Elekta
accelerator adjusts the dose rate, the gantry eante$ speeds to offer the lowest delivery time
possible for VMAT plans. This adjustment is effitiesince despite different numbers of MUs,
Monaco and Pinnacle plans were delivered with similmes. We noticed this adjustment

particularly with the dose rate variation; Monadans were delivered with time—average dose
rate 44% higher than Pinnacle plans. Previous esuchmpared VMAT performed with Monaco

or other TPS [3;4]. Similarly to our results theyuhd that Monaco provided more MUs than

other TPS.
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Concerning QA analysis, many precautions have haken. First, to limit the impact of the
beam-modeling, one set of beam data was used focdhemissioning of both TPS [15;21].
Previous QA results showed that TPS commissionmegcansistent for Monaco and Pinnacle.
We found similar dosimetric agreement for staidds for both TPS: for 3x3 cm2 and 20x20 cm?
field sizes the mean gamma values were 0.208 &880and 0.163 and 0.265 in a homogeneous
phantom for Monaco and Pinnacle, respectively.

Then to avoid uncertainties with QA implementatidhe same operator performed the
measurements simultaneously for both TPS on tleadiaccelerator. Our results demonstrated a
high passing rate for VMAT plan QA for both TPS. vdgheless, Monaco provided better
dosimetric agreement than Pinnacle. However, theesd dosimetric agreement results were
obtained for the planes where the highest doseeagredwere observed (i.e. sagittal Pinnacle
planes).

In addition to this data , film analysis in an aofhwmorphic phantom showed that for both TPS
more than 98 % of points passed the (3%, 3 mm) gammaex criterion. Therefore, the dose
algorithm accuracy of both TPS was verified in imogeneous conditions for pelvis cases thus
proving that that there is no advantage to use Mora the expense of Pinnacle regarding to

dosimetric accuracy for the studied case.
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CONCLUSION

For prostate cancer patients, VMAT planned with kiomand Pinnacle TPS offered clinically
acceptable dose distributions. Monaco plans shamédnced OAR sparing but lower doses into
the PTV compared to Pinnacle plans. Similar dejiviemes were found for both TPS but
Pinnacle solution required less MUs. Finally, adjdosimetric agreement with measured doses
was achieved with both TPS, but Monaco offeredigh8y higher passing rate in the gamma
index analysis. Further investigations are in pesgrto confirm the performances of both TPS on

more complex volumes (head and neck cancer orgieogiith pelvic node involvement).

Conflicts of interest Caroline Lafond’ contribution is part of a PhDe#lis supported by a grant
from Elekta.
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Figures and Tables legends:

Figure 1. Patient-averaged dose distribution défiees for axial (A), coronal (B) and sagittal (C)
views. Data are presented as Pinnacle dose distrbminus Monaco dose distribution: Areas
where Pinnacle delivered more dose than Monacoirareed color. Areas where Monaco

delivered more dose are in purple color.

Figure 2. Average composite DVHs for VMAT performeither with Monaco (continuous grey

lines) or Pinnacle (continuous black lines) for tleetal wall (A), the bladder wall (B), the

femoral heads (C), PTV2 (C), healthy tissue (D) Bi&/1 (D). The dashed curves (in grey or
black, for Monaco and Pinnacle TPS respectiveljindate the 95% confidence interval for each

TPS.

Figure 3. Area and dose rate variation as a funafagantry angle during VMAT delivery for a

representative patient

Table 1. Objective functions and parameters uséddnaco and Pinnacle. Phase 1 and phase 2
dose values are mentioned as starting value foophimization stage.

Abbreviations: X-Y mm PTV Ring = Volume from X to ¥m of PTV, 30 mm PTV Ring =
Volume from 30 mm of PTV to external contoumhis function is turned on only after the
segmentation stage to optimize the PTV coverageese functions have the “optimized over all

voxels in volume” option activated (i.e: gives prigto this constraint compared to others).

Table 2. Average dosimetric indices of bladder wattum wall, femoral heads, healthy tissue,

PTV1 and PTV2 from VMAT with Monaco or Pinnacle. 85 was considered significant for

Wilcoxon test.
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Abbreviations: PTV = planning target volume; Rean (cy)= mean dose to the volume;n @y =
max dose to the volumed{ = percentage structure volume of x% prescriptiosed Q, = Dose
received by x% percent of structure volume; HI amogeneity index; Cl = conformity index;

HCO = healthy tissue coverage index. Data in phes#s are standard deviations.

Table 3. Dosimetric indices of PTV2, bladder watlidarectum wall with and without 2 mm
isocenter shift in anterior and posterior directitmrsMonaco and Pinnacle.

Abbreviations: PTV = planning target volume; Rean (cy)= mean dose to the volume;a cy) =
max dose to the volume; 3/ = percentage structure volume of x% prescriptiosed Q, = Dose

received by x% percent of structure volume

Table 4. Patient-average QA results and efficiency.

Data presented as mean [minimal - maximal] values.
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Figure 1
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Table 1

Monaco Pinnacle
Blolog!cal / Cost function DVH Relative
Physical Phase 1 -2 : Phase 1- 2 L
. parameters constraints weighting
cost functions
PTV Target EUD Poisson nsqtoa;'esl“c cellkill 4500 — 3150 cay PTV Dmin > 4760 — 3160 cGy 100
Cell sensitivity = 0.5 Uniform Dose 4780 — 3200 cGy 100
Quadratic overdose 4620 — 3220 cGy Dmax< 4800 — 3240 cGy 100
RMS Excess 40
Underdose DVH* 90-95 % V 4395 — 3065 cGy
Rectum Serial Cost functioh Power law exponential = 13 4000 - 2800 cGy Rectal wall 30%> V 1785 — 1230 cGy 2
Maximum Dosé& 4680 — 3250 cGy 15%> V 2760 — 1930 cGy 2
Serial Cost function Power law exponential = 5 280M50 cGy 5%> V 3795 - 2640 cGy 2
Shrink Margin = 0.40 cm Dmax< 4200 — 2830 cGy 80
Parallel Cost Function ~ Power law exponential = 3.5 2600 — 1800 cGy
Mean organ Damage 45 %
Bladder Serial Cost functioh Power law exponential = 9 4000 - 2800 cGy  Bladder wall Dmax< 4300 — 2955 cGy 100
Maximum Dosé 4720 — 3280 cGy
Serial Cost function Power law exponential = 5 280M50 cGy
Shrink Margin = 0.40 cm
Parallel Cost Functich Power law exponential = 3 2700 — 1900 cGy
Mean organ Damage 45 %
Femoral Heads None Femoral Heads Dmax< 2000 — 1435 cGy 1
Healthy Quadratic overdose Shrink margin = 0.5 cm 33000028y 2 -7 mm PTV ring Dmax< 4370 — 3040 cGy 50
tissue RMS Excess 40 7—12 mm PTV ring Dmax< 4140 - 2880 cGy 50
Quadratic overdose Shrink margin =1 cm 2650 — 1859 30 mm PTV ring Dmax< 2300 — 1600 cGy 10
RMS Excess 40

Maximum Dosé

Shrink Margin =0 4920 — 3420 cGy
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Table 2

Monaco Pinnacle Wilcoxon test Monaco Pinnacle Wilcoxon test
Rectal wall PTV1

Drmax (GY) 75.1 (0.5) 74.7 (0.8) 0.385 Drmean (GY) 73.2 (2.8) 74.9 (3) 0.008
Drmean (GY) 46.1 (5.7) 43.4 (7.2) 0.047

Dase (GY) 61.7 (7.6) 60.5 (8.5) 0.093

Dsou (GY) 45.4 (8.4) 41.5 (9.9) 0.047

Bladder wall PTV2
Drmax (GY) 77.9 (0.7) 78.1 (1.1) 0.541 Drmean (GY) 78.4 (0.4) 78.9 (0.8) 0.241
Drmean (GY) 31.9 (7.3) 33.9 (8.3) 0.019 Drmax (GY) 81.7 (0.7) 81.1(1.1) 0.102
Dasy (Gy) 52.1 (12.6) 54.5 (11.5) 0.221 Dsys (Gy) 81.1 (0.6) 80.8 (1) 0.260
Dsoo (GY) 22.4 (9.4) 24.7 (10.9) 0.202 Dosy, (GY) 74.7 (0.2) 75.4 (0.6) 0.005
Femoral heads

Drmean (GY) 19.6 (3.5) 25.3 (2.7) 0.017

Dsy,, (GY) 33.1 (5.3) 37.1 (2.5) 0.059

Patient Quality indexes
Drmean (GY) 8.3 (1.2) 9.2 (1.4) 0.005 HI 0.08 (0.01) 0.07 (0.01) 0.027
Drmax (GY) 82.1 (0.7) 81.2 (1.1) 0.047 Cl 1.19 (0.08) 1.30 (0.08) 0.036
Vs, (CC) 34.8 (4.3) 36.4 (4.7) 0.008 HCO 18.10 (4.40) 25.37 (6.04) 0.028
V109 (CC) 29.4 (3.7) 30.5 (4.1) 0.053

V505 (CC) 1.1(0.3) 1.2 (0.4) 0.012
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Table 3

_ , 2 mm shift 2 mm shift
Without shift . A ) T
in anterior direction in posterior direction
Monaco Pinnacle Monaco Pinnacle Monaco Pinnacle
PTV2

Dinean (GY) 78.8 78.5 78.6 78.3 78.8 78.7

Dinax (GY) 83.0 81.1 82.8 81.0 82.9 81.2

Dsy (GY) 81.9 80.6 81.8 80.6 81.9 80.8

Dosy (GY) 74.8 74.9 74.1 73.6 74.8 75.2
Rectum wall

Dimax (GY) 74.0 74.4 72.7 73.2 75.3 75.7

Dmean (GY) 46.4 47.4 44.7 45.8 48.3 49.1

Dasss (GY) 65.3 65.3 61.9 61.5 68.3 68.5

Degss (GY) 46.9 47.9 45.3 46.7 48.8 49.3
Bladder wall

Do (GY) 77.2 77.8 77.5 78.0 76.9 77.6

Dinean (GY) 27.6 26.8 28.4 27.5 27.2 26.2

Dises (GY) 44.8 41.8 46.1 43.1 435 40.6

Degen (GY) 20.7 19.2 21.5 19.6 20.3 18.7
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Table 4

Monaco Pinnacle

Coronal Sagittal Coronal Sagittal

yindex test: criterion 3% / 3mm, dose level: 30%

% accepted point 100 98.5 98.2 97.4
ymean 0.24 0.31 0.38 0.40
y max 0.78 1.22 1.37 1.33
Dose gradient

Mean gradient (cGy/mm) 4.6 4.6 4.3 5.1
Maximum gradient (cGy/mm) 25.6 28.3 29.4 32.8
Efficiency

Delivery time (s) 169 [130-237] 165 [139-203]
MU 688 [477-902] 452 [322-614]
Mean Dose Rate (MU/min) 230 160

Mean Area (cm?) 2.6 [2.0-3.9] 4.1[2.6-6.7]
Minimum Area (cm?) 0.5[0.2-1.0] 1.3[0.7-3.0]
Maximum Area (cm?) 4.9 [3.4-7.7] 6.3 [4.1-8.6]
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