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Introduction

1.1 Radiation therapy

Radiation therapy (RT) is frequently used to treat cancer by exposing the patient to

ionizing photons, electrons or protons to kill malignant tumor cells. In Europe, about

half of the cancer patients receive radiation therapy during their course of disease.

Often, it is applied in conjunction with other treatment modalities, mainly surgery or

chemotherapy. In external beam radiation therapy (EBRT), the patient is treated with

an ionizing radiation source that is positioned outside the body. EBRT with a linear

accelerator is the most commonly applied technique.

The goal of radiation therapy is to eradicate cancer cells through high doses of

ionizing radiation while minimizing the dose in surrounding normal tissues in order

to avoid or minimize negative side effects of the treatment. Radiation therapy can be

prescribed with curative intent, aiming at elimination of all malignant tumor cells and

thereby at prevention of cancer recurrence, or with palliative intent to relieve symptoms

like pain caused by cancer.

Generally, the total radiation dose is delivered in multiple fractions over a period of

several days or weeks to reduce the damage to healthy tissues, especially the sensitive

organs-at-risk (OAR). Advantages of radiation therapy compared to other treatment

modalities include that the treatment is i) non-invasive with the potential of organ

sparing, ii) largely selective for the patient’s individual tumor, and iii) relatively cheap.

However, radiation therapy can cause both acute (i.e., during and shortly after treatment)

1



Introduction

1 and late (i.e., months or years after treatment) side effects. Excessive toxicity may result

from a sub-optimal treatment plan.

1.2 External beam radiation therapy treatment planning

Prior to treatment delivery, a computed tomography (CT) scan is acquired and used

to contour the 3-dimensional patient anatomy with the exact positions and shapes of

the target/tumor volume and OARs. The radiation oncologist prescribes the radiation

dose to be delivered to the target and the maximum tolerable dose constraints and

objectives for OARs, such as the spinal cord, heart or lungs. Based on this information,

a dosimetrist will then generate a treatment plan using a software application called

treatment planning system (TPS).

The aim of treatment planning is to establish treatment machine parameters (beam

directions, field sizes, etc.) that will result in delivery of the requested target dose with

minimal doses in the OARs, in line with the defined constraints and objectives. Treatment

planning involves solving a large multi-criterial problem with conflicting and prioritized

objectives. Optimizing both beam angles and beam intensity profiles is a non-convex

combinatorial multi-criterial optimization problem. With the current TPSs, treatment

plans are generated in an iterative trial-and-error process. With this so-called manual

planning the treatment plan quality may highly depend on the available planning time,

skills and experience of the dosimetrist. For individual patients, this can result in plans

that are clinically acceptable but sub-optimal, which can increase the probability of

developing radiation-associated complications.

1.2.1 Automated radiotherapy treatment plan optimization

Over the past decades, the dramatic increase of computer power, improvement of

dose calculation algorithms, and the availability of multi-leaf collimators (MLCs)

have led to more precise and conformal radiation treatments, e.g., by using

intensity-modulated radiation therapy (IMRT) or volumetric-modulated arc therapy

(VMAT). More recently, much effort has been put in the development of algorithms

to automate the labor-intensive, trial-and-error process of treatment planning. In

Rotterdam, Erasmus-iCycle has been developed and clinically implemented for

automated and integrated multi-criterial fluence map and beam angle optimization.

For an individual patient, Erasmus-iCycle automatically generates a Pareto-optimal

plan that is clinically favorable. In Pareto-optimal plans, no objective can be improved

without a sacrifice in another.
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11.3 Thesis overview

This thesis focuses on the evaluation of automated treatment planning with

Erasmus-iCycle and on its use in treatment planning studies for development and

comparison of different treatment techniques. By automating the planning based on

exactly the same decision-making strategy ‘wish-list’ for all involved techniques, often

observed bias in published treatment planning studies can significantly be reduced. Due

to the automation of treatment planning, the number of involved treatment plans can

also be significantly enhanced compared to literature.

In Chapter 2, we developed and validated a method for fully automated generation

of VMAT plan-libraries for plan-of-the-day adaptive radiotherapy for advanced cervical

cancer. The quality of the automatically generated VMAT and IMRT plans was evaluated

by comparison with plans that were manually generated by an expert dosimetrist in the

absence of time pressure. In addition, treatment delivery times with different multi-leaf

collimators were compared.

In Chapters 3-5, we compared fully automated multi-criteria VMAT plan generation

using Erasmus-iCycle with manual treatment planning in absence of time pressure

in collaborations with international partners. Chapter 3 describes automated VMAT

planning for spinal metastases. In Chapter 4, the clinical advantages of automated

VMAT plan generation were investigated for the treatment of gastric cancer patients by

comparing dosimetric parameters and expected normal tissue complication probabilities

(NTCPs). Chapter 5 presents the evaluation of automated VMAT planning for

sequential-boost whole pelvic prostate cancer treatment using a dosimetric and a

blinded physician’s plan scoring.

In Chapters 6-9, Erasmus-iCycle was used to systematically compare different

treatment delivery techniques. In Chapter 6, for locally-advanced cervical cancer

patients, single- and dual-arc VMAT plans and IMRT plans with 9, 12, and 20 equi-angular

beams were mutually compared. In Chapters 7 and 8, we evaluated the benefit of a novel

treatment approach, designated VMAT+, i.e., the addition of a single or a few IMRT

beams with optimized non-coplanar beam angles to a VMAT delivery, with simultaneous

optimization of the VMAT parameters, the non-coplanar beam configuration, and the

intensity profiles of these beams. Chapter 7 investigates the application of the VMAT+

technique for stereotactic body radiation therapy (SBRT) of liver metastases. Chapter 8

extends the VMAT+ approach to prostate SBRT patients, and demonstrates the use of a

simple non-coplanar two-beam angle class solution to improve VMAT plans without the

need of a lengthy, individualized non-coplanar beam angle optimization for each patient.

In Chapter 9, the use of Erasmus-iCycle for fully automated non-coplanar CyberKnife®

3
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1 (CK) treatment planning is described. For prostate SBRT we used this system to compare

automatically generated CK plans to automatically generated coplanar VMAT plans.

In Chapter 10, we applied automated treatment planning to retrospectively analyze

dose delivery in the HYPRO multi-institutional randomized trial comparing conventional

and hypo-fractionated EBRT for prostate cancer (Aluwini et al. 2015, 2016; Incrocci et al.

2016). In total, plans of 725 prostate cancer patients were analyzed in this planning study.

Differences in plan quality between the manually generated, clinically delivered plans

and the automatically generated plans were quantified using dose-volume histogram

parameters and NTCP models for late gastrointestinal toxicity, derived from reported

toxicity in the HYPRO trial. The HYPRO trial showed some enhanced toxicity for the

hypo-fractionation arm. In this study, we also compared the expected reduced toxicity

for the investigated hypo-fractionation schedule in case treatment plans would have

been generated with automated planning, with the (accepted) observed toxicity for the

conventional-fractionation schedule.

In Chapter 11, the use of Erasmus-iCycle for prospective feedback on plan quality

in a multi-institutional randomized trial on hepatocellular carcinoma was investigated.

This plan feedback was part of the quality assurance (QA) program of the trial. Based on

feedback, institutes could adapt their plan prior to start of treatment.

In Chapter 12, we conclude with a discussion on the findings of this work, followed

by a future outlook.
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Abstract

Purpose: To develop and validate fully automated generation of VMAT plan-libraries for

plan-of-the-day adaptive radiotherapy in locally-advanced cervical cancer.

Material and Methods: Our framework for fully automated treatment plan generation

(Erasmus-iCycle) was adapted to create dual-arc VMAT treatment plan-libraries for

cervical cancer patients. For each of 34 patients, automatically generated VMAT plans

(autoVMAT) were compared to manually generated, clinically delivered 9-beam IMRT

plans (CLINICAL), and to dual-arc VMAT plans generated manually by an expert planner

(manVMAT). Furthermore, all plans were benchmarked against 20-beam equi-angular

IMRT plans (autoIMRT). For all plans, a PTV coverage of 99.5% by at least 95% of the

prescribed dose (46 Gy) had the highest planning priority, followed by minimization of

V45G y for small bowel (SB). Other organs-at-risk (OARs) considered were bladder, rectum,

and sigmoid.

Results: All plans had a highly similar PTV coverage, within the clinical constraints

(above). After plan normalizations for exactly equal median PTV doses in corresponding

plans, all evaluated OAR parameters in autoVMAT plans were on average lower than in

the CLINICAL plans with an average reduction in SB V45G y of 34.6% (p < .001). For 41/44

autoVMAT plans, SB V45G y was lower than for manVMAT (p < .001, average reduction

30.3%), while SB V15G y increased by 2.3% (p = .011). AutoIMRT reduced SB V45G y by

another 2.7% compared to autoVMAT, while also resulting in a 9.0% reduction in SB

V15G y (p < .001), but with a prolonged delivery time. Differences between manVMAT

and autoVMAT in bladder, rectal and sigmoid doses were ≤ 1%. Improvements in SB

dose delivery with autoVMAT instead of manVMAT were higher for empty bladder PTVs

compared to full bladder PTVs, due to differences in concavity of the PTVs.

Conclusions: Quality of automatically generated VMAT plans was superior to manually

generated plans. Automatic VMAT plan generation for cervical cancer has been

implemented in our clinical routine. Due to the achieved workload reduction, extension

of plan-libraries has become feasible.
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2.1 Introduction

There is a growing evidence that more conformal dose distributions can limit

frequently observed side effects in external beam radiotherapy (EBRT) of cervical cancer

patients (Chen et al. 2007; Fernandez-Ots & Crook 2013). The concavely shaped

planning target volume (PTV) of locally-advanced cervical cancer patients requires

intensity-modulated radiotherapy (IMRT) or volumetric-modulated arc therapy (VMAT)

techniques in order to improve conformality and subsequent sparing of surrounding

healthy tissues compared to 3-dimension conformal radiotherapy (3D-CRT) (Mundt

et al. 2002; van de Bunt et al. 2006).

The use of highly conformal dose distributions for cervical cancer is challenged by

the large inter-fraction variability in the shape and position of the target volume (Ahmad

et al. 2011). To avoid the need for large margins to compensate for the geometrical

uncertainties (Bondar et al. 2012), our institute has implemented a plan-of-the-day

(PotD) strategy using individualized libraries of treatment plans created in the treatment

preparation phase (Bondar et al. 2012; Heijkoop et al. 2014). During the daily treatment

fractions, a CBCT-scan is acquired prior to dose delivery to select the plan from the

library that best fits the patient’s internal anatomy. The library is constructed using two

planning CTs made with a full and an empty bladder to construct internal target volumes

(ITVs) encompassing the cervix-uterus motion for sub-ranges in bladder volume. Up

to recently, the library contained two 9-beam IMRT plans (one for empty-to-half-full

and one for half-full-to-full bladders) for patients with a uterine fundus displacement

between the full and empty bladder CT-scan larger than 2.5 cm (large movers). For

patients with smaller fundus mobility (small movers), the library contained one 9-beam

IMRT plan covering all bladder-induced cervix-uterus motion. Apart from the IMRT

plans, a 4-field motion-robust 3D-CRT plan was always added, to be selected in fractions

with inadequate target coverage by the IMRT plans, or in case of poor CBCT image quality

prohibiting proper evaluation of the patient’s anatomy (see for full details Heijkoop et al.

(2014)). All plans were generated manually.

A library-based PotD approach with multiple pre-treatment generated plans

per patient requires an enhanced planning effort. The generally applied, manual

trial-and-error process for treatment plan generation is time consuming, and the

outcome does largely depend on the efforts and skills of the planner and on allotted

planning time. This limits the widespread clinical implementation of library-based

plan-of-the-day strategies or puts constraints on the number of plans in a library. In

previous studies, we have demonstrated for head-and-neck and prostate cancer that

automated treatment plan generation could substantially reduce the workload compared

to conventional planning with equal or superior plan quality (Voet et al. 2013b, 2014).
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The purpose of this work was to develop and validate automatic dual-arc VMAT treatment

planning for cervical cancer patients, based on our in-house platform for automated

plan generation. For each automated plan generation, a manually contoured planning

CT-scan was used as input. For validation of plan quality, fully automatically generated

dual-arc VMAT plans (autoVMAT) were compared with i) manually generated, clinical

9-beam IMRT plans (CLINICAL), ii) dual-arc VMAT plans, manually generated by an

expert planner (manVMAT), and iii) automatically generated 20-beam equi-angular

IMRT plans (autoIMRT). For the large movers, separate analyses were performed for the

plans generated for the empty-to-half-full-bladder PTVs and the half-full-to-full-bladder

PTVs.

All final plans were generated with our clinical treatment planning system (TPS),

with an implemented Monte Carlo dose calculation engine. For a sub-group of patients,

automatically generated VMAT and IMRT plans were executed at a treatment machine

equipped with a novel, fast multi-leaf collimator for treatment time assessment and

comparison.

2.2 Material and methods

2.2.1 Patients

In this study, the CT- and treatment plan data of 34 patients without pelvic or

para-aortic nodal involvement was used to validate multi-criterial autoVMAT planning.

All patient-related information was fully anonymized prior conducting the research.

According to the regulations of the Ethics Committee of Erasmus MC, no ethical

approval for this retrospective study was needed as there was no impact on treatment

and the applied patient data. EBRT was delivered to a dose of 46 Gy in 2 Gy daily

fractions, followed by brachytherapy. Thirty-one patients were treated in prone position,

lying on a small bowel displacement system (belly board), and three patients were

treated supine. To limit the dose to healthy tissues, all patients were treated according

to the plan-of-the-day protocol with 9-beam IMRT plans, as briefly described in

the Introduction (Section 2.1) and extensively explained in Bondar et al. (2012),

and Heijkoop et al. (2014). For 24 patients, the library contained a single IMRT

plan (small movers, see Section 2.1), while the other 10 patients had two IMRT plans

(for empty-to-half-full and half-full-to-full bladder filling, respectively; large movers),

resulting in a total of forty-four 9-beam IMRT plans. Apart from the 34 patients used

for validation of automatic planning, 5 different training patients were used for the

‘wish-list’ generation (below).
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All 44 clinical plans were produced with the clinical TPS (Monaco® version 3.3,

Elekta AB, Sweden) for a photon beam energy of 10 MV, using an Elekta Synergy® linear

accelerator equipped with the MLCi2 multi-leaf collimator (MLC).

2.2.2 Plan generations

For each of the 44 clinically applied structure sets in the 34 planning CT-scans, a

dual-arc VMAT plan was automatically generated (autoVMAT) and compared with the

clinically delivered 9-beam IMRT plan (CLINICAL), and a manually generated dual-arc

VMAT plan (manVMAT). Finally, the autoVMAT plan was also benchmarked against

an automatically generated 20-beam equi-angular IMRT plan, delivered with dynamic

multi-leaf collimation (autoIMRT) (technical details below).

All clinical and study plans were generated in line with our clinical PotD protocol. To

establish the PTV, the cervix-uterus ITV (see Section 2.1), nodal clinical target volume

(CTV) and parametria were combined and expanded by a 1-cm margin in all directions.

At least 99.5% of the PTV should receive ≥ 95% of the prescribed dose (Dp ), and no

more than 0.2% of the PTV may receive ≥ 110% of the Dp . Dose distributions should

be conformal while maximally sparing the organs-at-risk (small bowel (SB), rectum,

bladder, and sigmoid), giving highest priority to SB sparing (Roeske et al. 2003). As in

clinical practice, for all 44 structure sets, autoVMAT, manVMAT, and autoIMRT plans were

produced for an Elekta Synergy® linear accelerator equipped with the MLCi2 multi-leaf

collimator (MLC) and a photon beam energy of 10 MV. For treatment time studies,

for a sub-group of 5 patients, automatic plans were also created for the much faster

Agility™ MLC (Elekta AB, Sweden) with 160 leaves, with effective leaf speeds of up to 6.5

cm/sec (Cosgrove et al. 2009; Bedford et al. 2013).

2.2.3 Clinical IMRT plan generation

The clinically applied 9-beam, step-and-shoot IMRT plans were manually generated

by dosimetrists in Monaco®, using pre-optimized beam angles established with

Erasmus-iCycle (Breedveld et al. 2012).

2.2.4 Manual generation of VMAT plans (manVMAT)

For each planning CT-scan/structure set, a dual-arc VMAT plan (manVMAT) was

generated manually with the clinical TPS in a trial-and-error process by an expert planner

(A.W.M.S.), in the absence of time pressure and without prior knowledge of results of

other planning strategies.
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2.2.5 Automated generation of VMAT and 20-beam IMRT plans

(autoVMAT, autoIMRT)

In a previous study (Sharfo et al. 2015), our in-house Erasmus-iCycle optimizer was

prepared for fully automated multi-criteria generation of treatment plans for cervical

cancer patients. These were non-deliverable plans as only fluence optimization was

performed (no segmentation). In that study, Erasmus-iCycle plans were used by a human

planner to assist in the manual generation of deliverable plans with the clinical TPS. We

observed that IMRT with 12 or more beams outperformed dual-arc VMAT in overall plan

quality.

In this study, we built a system for fully automated generation of deliverable IMRT

and VMAT plans for cervical patients. In this system, Erasmus-iCycle is used as a

pre-optimizer for automated multi-criterial generation of a (non-deliverable) plan. The

dose distribution of this plan is then automatically converted into a patient-specific

template for automatic generation of a deliverable plan by Monaco®. The building

of this system for fully automated, multi-criterial generation of deliverable plans

consisted of several steps and was done with plans of so-called tuning patients. In

the first step, we further enhanced the Erasmus-iCycle plan quality for cervical cancer

patients by optimizing the so-called wish-list (below) to better stress minimization of

the small bowel V45G y , as the most important OAR objective. Secondly, the automated

building of patient-specific templates for automated plan generation by Monaco® was

tuned such that Erasmus-iCycle plans were properly re-constructed in Monaco®. The

generated patient-specific templates have a layering (Monaco® terminology) determined

by the Erasmus-iCycle priorities, in addition to parallel and serial cost-functions with

volume-effect parameters for OARs (details in Voet et al. (2014)).

Although Erasmus-iCycle is an algorithm for automated optimization of IMRT

fluence profiles and selection of beam configurations (Breedveld et al. 2012), in this

study, only beam profiles were optimized. To this purpose, Erasmus-iCycle uses the

2-phase-ϵ-constraint (2pϵc) lexicographic optimization algorithm for multi-criterial

generation of a Pareto-optimal IMRT plan. Plan generation with Erasmus-iCycle is based

on a wish-list, which contains hard constraints that are strictly met, and prioritized

objectives to steer the multi-criterial optimization (Breedveld et al. 2007, 2009). The

higher the priority of an objective, the higher the chance that the planning aim will be

achieved, or even superseded. For each treatment site, the wish-list is generated in an

iterative process where initial results are presented to the physician, and their feedback

is used to adjust the wish-list, after which new plans are generated and presented to

the physician. The result at the end of the process is a single wish-list, applicable to all

patients of a certain treatment group.
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Table 2.1: Wish-list applied for all automatic plan generations (autoVMAT and autoIMRT).

Constraints

Structure Type Limit

PTV Max 105% of Dp

PTV Shell 40 mm Max 50% of Dp

Unspecified Tissues Max 105% of Dp

Objectives

Priority Structure Type Goal Parameters

1 PTV _ LTCP 0.5 Dp = 46 Gy, α = 0.8

2 PTV Shell 3 mm _ Max 95% of Dp

3 PTV Shell 15 mm _ Max 75% of Dp

4 Small Bowel _ EUD 45 Gy k = 4

5 Small Bowel _ EUD 15 Gy k = 3

6 Small Bowel _ Mean 10 Gy

7 Sigmoid _ EUD 30 Gy k = 4

Colon _ EUD 30 Gy k = 4

8 Small Bowel _ Max Dp

9 PTV Shell 25 mm _ Max 60% of Dp

Skin Ring 20 mm _ Max 35% of Dp

10 Bladder _ EUD 30 Gy k = 4

11 Rectum _ EUD 30 Gy k = 4

12 Sigmoid _ Mean 25 Gy

Colon _ Mean 25 Gy

13 Bladder _ Mean 25 Gy

14 Rectum _ Mean 25 Gy

Abbreviations: Dp = prescribed dose, LTCP = Logarithmic Tumor Control Probability, α = cell
sensitivity parameter, EUD = Equivalent Uniform Dose, k = volume-effect parameter.

The wish-list used in this study is presented in Table 2.1. The highest priority

objective was given to the PTV, using the logarithmic tumor control probability (LTCP)

function to obtain adequate PTV coverage for all plans (see Breedveld et al. (2012),

and Voet et al. (2014) for details on the LTCP). The applied cell sensitivity parameter

(α) was set to 0.8. To ensure steep dose fall-offs outside the PTV, as well as conformal

dose distributions, one constraint and three objectives (priorities 2, 3 and 9) for shells

around the PTV were defined. In line with clinical practice, SB had the highest priority

objectives for OAR sparing (priorities 4, 5, 6 and 8 in Table 2.1). Priority 4, reduction of

the SB equivalent uniform dose (EUD) with volume-effect parameter (k = 4) focuses on

the reduction of relatively high doses. A skin ring of 2 cm wide, from the body contour

towards the patient’s internal, was defined to control entrance doses (priority 9). For

sigmoid, colon, bladder and rectum, EUD and mean dose objectives were used as shown

in Table 2.1.

2.2.6 Plan quality evaluations

Generated plans were visually checked and verified for clinical use by a clinician (S.T.H.

or J.W.M.M.) and a medical physicist (M.S.H.). For quantitative comparisons, autoVMAT,

CLINICAL, manVMAT and autoIMRT plans were first normalized to obtain exactly equal

median PTV doses and were then mutually compared regarding OAR sparing. For SB,
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the volume percentages receiving more than 45 Gy (V45G y , the most relevant OAR plan

parameter for clinical plan evaluation), and more than 15 Gy (V15G y ) (correlated to grade

≥ 3 acute SB toxicity (Kavanagh et al. 2010)), and the mean dose, Dmean , were analyzed.

For the other OARs, only Dmean was evaluated. Quantitative evaluation of plans also

included the conformity index C I95% (ratio of the total volume receiving 95% of the

prescribed dose to the PTV) (Feuvret et al. 2006). Paired two-sided Wilcoxon signed-rank

tests were performed to compare the different planning strategies. Differences were

considered statistically significant for p < .05.

2.2.7 Delivery time comparisons

For a sub-group of 5 patients, autoVMAT and autoIMRT plans were generated for

both MLCi2 and the fast Agility™ MLCs, and delivered at a treatment machine. The

experiments for the Agility™ MLC were performed at the Dutch Cancer Institute, as this

MLC was not available at Erasmus MC. A stopwatch was used to measure total delivery

times (time elapsed from pushing the beam-on button till delivery of the last MU).

2.3 Results

All generated plans were clinically acceptable and achieved adequate target coverage

(i.e., at least 99.5% of the PTV received 95% of the prescribed dose), and PTV doses

of more than 110% did not occur. After plan normalizations to obtain equal median

PTV doses (Section 2.2.2), differences between corresponding autoVMAT, CLINICAL,

manVMAT and autoIMRT plans in PTV V95% were within 0.3%. Table 2.2 reports pair-wise

comparisons of investigated planning strategies regarding OAR dose delivery. Figure 2.1

shows for all planning strategies, mean differences in OAR plan evaluation parameters

compared to autoVMAT.

2.3.1 autoVMAT vs. Clinical plan quality

Automatically generated dual-arc VMAT plans showed superior plan quality compared

to the CLINICAL plans (Table 2.2, Figure 2.1). For all OAR evaluation parameters, the

mean values were on average lowest for autoVMAT, for 4/7 parameters the difference

was statistically significant (p < .001, Table 2.2). For 43/44 plans, SB V45G y was lowest

with autoVMAT, and for 35/44, SB Dmean was lowest (Table 2.2).

2.3.2 autoVMAT vs. manVMAT plan quality

In 41/44 cases, autoVMAT was lowest with respect to the most important OAR plan

parameter, i.e. SB V45G y (p < .001, average reduction 30.3%), while SB V15G y increased by
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Figure 2.1: Percentage differences in mean OAR plan parameter values for all evaluated planning
strategies, compared to autoVMAT. (a) for all 44 plans, (b) and (c) for the 10 patients with large
bladder filling induced PTV displacements. Positive values point at an advantage for autoVMAT.
Average absolute values for autoVMAT: SB V45G y = 15.4%, SB V15G y = 68.7%, SB Dmean = 25.5 Gy,
Bladder Dmean = 43.5 Gy, Rectum Dmean = 42.9 Gy, Sigmoid Dmean = 42.3 Gy and C I95% = 1.174.
∗: difference with autoVMAT is statistically significant.
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Table 2.2: Pair-wise comparisons of planning strategies.

autoIMRT autoVMAT manVMAT CLINICAL

p-value #Plans p-value #Plans p-value #Plans

a NS (26 | 18) < .001 (44 | 00) < .001 (42 | 02)

b < .001 (37 | 07) NS (22 | 22) < .001 (31 | 12)

c < .001 (40 | 04) NS (26 | 18) < .001 (41 | 03)

autoIMRT d < .001 (42 | 02) .001 (33 | 11) < .001 (44 | 00)

e < .001 (41 | 03) .026 (29 | 15) < .001 (37 | 07)

f < .001 (29 | 02) < .001 (26 | 05) .002 (24 | 07)

g .018 (28 | 16) < .001 (44 | 00) < .001 (39 | 05)

a 0.3 ± 1.5 (2.7%) < .001 (41 | 03) < .001 (43 | 01)

b 4.5 ± 4.7 (9.0%) .011 (14 | 30) NS (26 | 18)

c 1.0 ± 0.7 (4.9%) NS (16 | 28) < .001 (35 | 09)

autoVMAT d 0.8 ± 0.5 (1.8%) NS (21 | 23) < .001 (39 | 05)

e 0.9 ± 0.6 (2.1%) .041 (15 | 29) NS (26 | 18)

f 0.8 ± 0.6 (2.0%) NS (18 | 13) NS (19 | 12)

g 0.01 ± 0.02 (0.6%) < .001 (44 | 00) < .001 (39 | 05)

a 3.8 ± 2.7 (32.7%) 3.5 ± 3.0 (30.3%) NS (26 | 18)

b 1.5 ± 11.6 (6.4%) -2.9 ± 10.4 (-2.3%) .037 (34 | 10)

c 0.8 ± 2.3 (5.0%) -0.3 ± 2.1 (-0.2%) .003 (34 | 10)

manVMAT d 0.8 ± 1.4 (1.8%) 0.0 ± 1.3 (0.0%) < .001 (36 | 08)

e 0.5 ± 1.2 (1.2%) -0.4 ± 1.3 (-0.9%) .006 (32 | 12)

f 1.1 ± 0.9 (3.0%) 0.3 ± 1.0 (1.0%) NS (14 | 17)

g 0.11 ± 0.05 (8.9%) 0.10 ± 0.05 (8.4%) NS (25 | 17)

a 4.7 ± 4.2 (37.2%) 4.4 ± 4.1 (34.6%) 0.9 ± 3.7 (6.0%)

b 7.3 ± 11.5 (12.9%) 2.8 ± 12.1 (3.9%) 5.8 ± 15.9 (6.3%)

c 2.4 ± 1.7 (10.2%) 1.4 ± 1.8 (5.3%) 1.7 ± 3.0 (5.1%)

CLINICAL d 1.7 ± 1.0 (4.0%) 1.0 ± 1.0 (2.2%) 1.0 ± 1.4 (2.2%)

e 1.0 ± 1.2 (2.3%) 0.1 ± 1.3 (0.2%) 0.5 ± 1.3 (1.1%)

f 0.8 ± 1.3 (1.5%) 0.0 ± 1.4 (0.5%) -0.3 ± 1.9 (-1.5%)

g 0.13 ± 0.11 (10.2%) 0.12 ± 0.10 (9.7%) 0.02 ± 0.10 (1.3%)

∆mean ± 1SD (PD) ∆mean ± 1SD (PD) ∆mean ± 1SD (PD)

Abbreviations: NS = no statistically significant difference i.e. p > .05, SD = Standard Deviation, PD = percentage difference.
In each comparison (table cell), going from top to bottom, data refer to (a) SB V45G y , (b) SB V15G y , (c) SB Dmean , (d) Bladder
Dmean , (e) Rectum Dmean (f) Sigmoid Dmean , and (g) C I95%. Below the table diagonal, mean point differences with 1 SD, and
mean relative percentage differences (between brackets) are shown, while p-values and the numbers of plans with lowest OAR
dose for one or the other strategy are presented above the diagonal; (n|m): for n plans, the strategy indicated at the vertical axis
has lowest OAR dose, while for m plans the strategy mentioned at the horizontal axis is superior. Positive ∆mean indicates that
the strategy along the horizontal axis is superior (reduced OAR dose delivery).

17



Automated Planning in Adaptive Cervical Cancer RT

2

Figure 2.2: For a study patient, sagittal views of the empty-bladder CT-scan with the
empty-to-half-full-bladder PTV (blue) projected on it (left), and of the full-bladder CT-scan
with the half-full-to-full-bladder PTV (red) on the (right). The higher degree of concavity of
the empty-to-half-full-bladder PTV increases the complexity of small bowel sparing in manual
planning.

on average 2.3% (p = .011), and SB Dmean by 0.2% (NS) (Table 2.2, Figure 2.1a). For the

other OARs, differences were small (≤ 1%). All 44 autoVMAT plans had lower conformity

index, C I95%, than the corresponding manVMAT plan (p < .001).

As illustrated in Figure 2.1b and Figure 2.1c, for the large movers, the increase in

plan quality with autoVMAT compared to manVMAT was most pronounced for PTVs for

empty-to-half-full bladder. With autoVMAT, SB V45G y reduced on average by 34.9% (SD

= 25.9%, range: [-0.5%, 92.7%]) for these PTVs, compared to 23.1% (SD = 15.7%, range:

[-0.9%, 55.3%]) for the PTVs belonging to half-full-to-full bladder. For empty-to-half-full

bladder PTVs, SB V15G y was on average reduced by 3.4% using autoVMAT instead of

manVMAT, while there was an increase by 5.9% for half-full-to-full bladder PTVs. With

autoVMAT, SB Dmean was 2.2% lower for empty-to-half-full bladder PTVs, while for

half-full-to-full bladder PTVs an average increase of 1.8% was observed. The enhanced

positive impact of autoVMAT for empty-to-half-full bladder PTVs is attributed to the

higher degree of concavity of these PTVs (see Figure 2.2 for example), making it relatively

difficult for the human planner to optimally spare the SB in the manVMAT plan.

2.3.3 autoVMAT vs. autoIMRT plan quality

Compared to autoVMAT, in automatically generated 20-beam equi-angular IMRT plans

(autoIMRT) SB V45G y reduced by 2.7%, while also resulting in a 9.0% reduction in SB

V15G y , and a reduction of 4.9% in SB Dmean (p < .001, Table 2.2). Differences in bladder,

rectal and sigmoid doses were small, but all in favor of autoIMRT (Figure 2.1).
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Table 2.3: Measured treatment delivery times for autoVMAT and autoIMRT using the MLCi2 and
Agility™ MLCs.

Planning

Technique
Patient

MLCi2 Treatment

Delivery Time (min)

Agility™ Treatment

Delivery Time (min)
Difference (min/%)

autoVMAT Pt 1 4.5 2.9 1.6 / 35.6

Pt 2 3.8 2.7 1.1 / 28.9

Pt 3 4.1 3.2 0.9 / 22.0

Pt 4 4.4 3.1 1.3 / 29.5

Pt 5 3.9 2.6 1.3 / 33.3

Mean 4.1 2.9 1.2 / 29.9

autoIMRT Pt 1 15.0 9.8 5.2 / 34.7

Pt 2 17.6 9.5 8.1 / 46.0

Pt 3 14.0 7.9 6.1 / 43.6

Pt 4 17.5 10.4 7.1 / 40.6

Pt 5 14.1 7.8 6.3 / 44.7

Mean 15.6 9.1 6.6 / 41.9

2.3.4 Planning times

To maximally challenge the developed procedure for automated plan generation

(autoVMAT and autoIMRT) regarding plan quality, the expert planner was allowed

as much time as needed for the manual generation of high-quality manVMAT plans.

Generation of the latter took on average 6 h, including 3 h of hands-on planning time

and Monte Carlo dose calculations. For the manual generation of the CLINICAL plans,

planning times were not recorded. We estimate that these times were around 2.5 h on

average.

For fully automatic plan generation, Erasmus-iCycle optimizations took on average 3

h calculation time, and the automatic re-construction of a clinically deliverable plan in

Monaco® took on average 4.5 h for autoVMAT and 2.5 h for autoIMRT. Optimizations for

automated plan generation were often performed in evenings or during the night.

2.3.5 Treatment time comparisons

Table 2.3 shows for a sub-group of 5 patients measured treatment times for the generated

autoVMAT and autoIMRT plans. Compared to MLCi2, the Agility™ MLC exhibits

treatment time reductions of ∼30% and 42% for autoVMAT, and autoIMRT, respectively,

while preserving the same plan quality. With Agility™, mean treatment times for delivery

of autoVMAT and autoIMRT plans were 2.9 and 9.1 min.

2.4 Discussion

We have developed and validated a fully automated VMAT treatment planning solution

for plan-library filling in adaptive radiotherapy for cervical cancer patients. Based on the
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positive findings presented here, the method is now in routine clinical use. Compared to

the previous use of manually generated, 9-beam IMRT plans, the automation rendered

hands-on planning obsolete and resulted in higher quality dose distributions. Due to the

switch to VMAT, the daily treatment time was also reduced, reducing the negative impact

of time-dependent intra-fraction bladder filling and changes in patient setup (Hoogeman

et al. 2008). We demonstrated that autoVMAT plans were also of higher quality than

VMAT plans manually generated by an expert planner in the absence of time pressure.

For autoVMAT, SB V45G y was reduced by 30.3% on average while SB V15G y increased

by 2.3%. This is related to the fact that, according to the applied wish-list in this

study, minimization of the dose in the small bowel at the 45 Gy level is given higher

planning priority than at the 15 Gy level, and this likely reduces grade ≥ 3 acute SB

toxicity (Kavanagh et al. 2010). The benchmark with automatically generated 20-beam

equi-angular IMRT plans (autoIMRT) demonstrated a superior plan quality compared

to autoVMAT. However, with the currently available MLCi2 multi-leaf collimators in our

department, the treatment delivery time would increase from 4.1 min for autoVMAT to

15.6 min for autoIMRT. This increase led to the departmental decision to always treat

with autoVMAT in order to limit the impact of intra-fraction bladder filling and patient

motion, and to increase patient throughput. However, the experiments with a much

faster Agility™ MLC, performed in a different institution, showed delivery times of 2.9

and 9.1 min for autoVMAT and autoIMRT, respectively. With 9.1 min, autoIMRT might

be the treatment modality of choice for selected patients with a high plan quality gain

compared to autoVMAT, in case of availability of an Agility™ MLC.

Until recently, plan-libraries for cervical cancer patients always contained a 3D-CRT

back-up plan, to be applied in case of an occasional daily dosimetric mismatch between

the VMAT plan(s) in the library and the anatomy-of-the-day, or in case of poor CBCT

image quality (see Section 2.1). To further exploit the possibility of automated planning,

we have now replaced the manually generated 3D-CRT plan by an automatically

generated VMAT plan with a generous CTV-PTV margin, to be used as back-up plan. The

reduction of workload related to automated planning does also allow extension of the

pre-treatment established, patient-specific libraries with more plans, each with a smaller

CTV-PTV margin. This extension is currently being investigated, as well as extension

based on daily acquired CBCTs.

In this paper, we investigated automated planning for patients that did not have

involvement of pelvic or para-aortic lymph nodes. For these patients, only the pelvic

nodes (superior field border at the level of the aortic bifurcation) are irradiated to the

prescribed dose of 46 Gy, delivered in 23 fractions. For locally-advanced cervical cancer

patients with positive pelvic or para-aortic lymph nodes, toxicity can be substantial

due to enlarged fields in superior direction and increased (boost) dose, while the

dose that can be given is restricted by tolerances of the surrounding OARs such as
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kidneys, spinal cord, and small bowel. This can increase the complexity of treatment

planning, requiring an enhanced workload effort, as well as skills and experience of the

planner. We believe that also for these challenging patients, automated planning holds

a strong promise for treatment plan improvement, compared to the current manual

planning. However, involved investigations were outside the scope of this paper. To

the best of our knowledge, this is the first paper on fully automated, multi-criterial

generation of clinically deliverable plans for cervical cancer. It is also the first paper

on filling of libraries with automatically generated, clinically deliverable plans, used

in plan-of-the-day radiotherapy. In a previous study, Voet et al. (2014) developed a

system for fully automatic VMAT plan generation for prostate cancer patients, based

on an Erasmus-iCycle pre-optimization and final plan generation in Monaco®. In the

current study we adapted this method for fully automatic, multi-criterial generation of

deliverable plans for cervical cancer patients, both for VMAT and for static gantry IMRT.

Recently, Quan et al. (2012a,b) developed an automatic inverse planning algorithm for

dual-arc VMAT and IMRT for prostate and lung. The initial objectives in their work were

defined on the basis of previous planning experience. Their ‘autoplans’ were consistently

better, or no worse, than the manual plans in terms of tumor coverage and normal tissue

sparing (Zhang et al. 2011). In another study, Wu et al. (2013) developed a method using

overlap volume histograms and IMRT data to guide and automate head-and-neck VMAT

planning. In terms of PTV coverage and OAR sparing, their automatically IMRT-data

driven VMAT plans were comparable to clinical IMRT plans. A large and rather mature

IMRT plan dataset was required to effectively guide VMAT planning. In most recent

studies (Shiraishi et al. 2015; Tol et al. 2015) a comprehensive knowledge-based method

was used for predicting achievable dose-volume histograms (DVHs) to standardize and

improve treatment planning. Tol et al. (2015) evaluated the method for head-and-neck

cancer using a library of different patient plans to make a model that can predict

achievable DVHs for defining optimization objectives for new patients. The performance

of the proposed method depended highly on the geometrical characteristics of the

model-library and the quality of the IMRT plan database. Automated plan generation

with Erasmus-iCycle, as described in Breedveld et al. (2007, 2009, 2012) and briefly

summarized above, does not depend on a database with DVHs of previously treated

patients. Instead, the generation of the tumor site specific wish-lists, containing hard

constraints and planning objectives with priorities, results in a generalized approach of

knowledge-based planning, using previous planning experience as well as new insights

for example obtained from clinical studies or literature. The quality of automatically

generated new plans does not depend on the quality of the plans in a database. Moreover,

in case of an adaptation in the clinical protocol, automatic plan generation does only

require an adaptation of the wish-list, and does not have to wait until a new database

with manually generated, high-quality plans has been produced first.
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2.5 Conclusion

A method for fully automated VMAT treatment plan generation for filling of plan-libraries

in adaptive radiotherapy for advanced cervical cancer has been developed and validated.

Quality of automatically generated VMAT plans was superior to manually generated

plans, while planning workload was fully avoided. Based on the study results, automatic

VMAT plan generation has been implemented in clinical routine. Due to the absence

of planning workload, extension of plan-libraries to enhance OAR sparing has become

feasible.

2.6 Acknowledgments

The authors acknowledge the help of Frits Wittkämper from the Netherlands Cancer

Institute, Ruud Cools from Erasmus MC, and Hafid Akhiat from Elekta AB for assisting in

the measurements with the Agility™ MLC.

22







3

C
H

A
P

T
E

R

Fully Automated Treatment Planning of
Spinal Metastases – A Comparison to
Manual Planning of Volumetric Modulated
Arc Therapy for Conventionally Fractionated
Irradiation

Daniel Buergy1, Abdul Wahab M. Sharfo2, Ben J.M. Heijmen2, Peter W.J. Voet3,

Sebastiaan Breedveld2, Frederik Wenz1, Frank Lohr1 and Florian Stieler1

1Department of Radiation Oncology, Universitätsmedizin Mannheim, Medical Faculty Mannheim, Heidelberg

University, Mannheim, Germany
2Department of Radiation Oncology, Erasmus MC Cancer Institute, Rotterdam, The Netherlands

3Elekta B.V., De Maas 26, 5684 PL Best, The Netherlands

Radiation Oncology 2017 Jan 31;12(1):33

doi:10.1186/s13014-017-0767-2

25

https://doi.org/10.1186/s13014-017-0767-2




Abstract

Background: Planning for volumetric-modulated arc therapy (VMAT) may be time

consuming and its use is limited by available staff resources. Automated multi-criterial

treatment planning can eliminate this bottleneck. We compared automatically created

(auto) VMAT plans generated by Erasmus-iCycle to manually created VMAT plans for

treatment of spinal metastases.

Methods: Forty-two targets in 32 patients were analyzed. Lungs and kidneys were

defined as organs-at-risk (OARs). Twenty-two patients received radiotherapy on kidneys

level, 17 on lungs level, and 3 on both levels.

Results: All Erasmus-iCycle plans were clinically acceptable. When compared to manual

plans, planning target volume (PTV) coverage of auto plans was significantly better. The

homogeneity index did not differ significantly between the groups. Mean dose to OARs

was lower in auto plans concerning both kidneys and the left lung. One hot-spot (> 110%

of D50%) occurred in the spinal cord of one auto plan (33.2 Gy, D50%: 30 Gy). Treatment

time was 7% longer in auto plans.

Conclusions: Erasmus-iCycle plans showed better target coverage and sparing of OARs

at the expense of minimally longer treatment times (for which no constraint was set).
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3.1 Background

Fractionated or single-dose radiotherapy to spinal metastases of solid tumors is

one of the most frequently performed radiation treatments (Tiwana et al. 2016).

Highly conformal radiation techniques such as stereotactic body radiation therapy

(SBRT), intensity-modulated radiation therapy (IMRT) or VMAT are increasingly being

used as their application becomes easier and dose distributions confer theoretical

advantages (Stieler et al. 2011), albeit so far without proof of superior clinical outcome.

On the other hand, generation of an optimal IMRT or VMAT plan is often time consuming

and it has been shown that staff limitations are correlated with restricted use of new

techniques such as IMRT even in the developed world (Mayles 2010; Shikama et al. 2014).

Automated planning of IMRT and VMAT may reduce the workload which is associated

with manual “trial-and-error” approaches by around 50% (Voet et al. 2014).

Erasmus-iCycle, developed at the Erasmus MC Cancer Institute, is an optimizer for

multi-criterial beam profile optimization and beam angle selection for coplanar and

non-coplanar IMRT (Breedveld et al. 2007, 2009, 2012; Rossi et al. 2012; Voet et al.

2012, 2014). Other solutions for multi-criterial beam angle optimization have been

proposed by Schreibmann et al. (2004), and Craft & Monz (2010). Craft & Monz (2010)

presented a full multi-beam space Pareto navigation tool. However, both are a posteriori

methods, i.e., the algorithm generates different sets of beam angles and intensity profiles

from which the user selects the plan afterward. The Erasmus-iCycle solution is an a

priori approach which enables the user to define a site-specific set of criteria ‘wish-list’

which may not be violated (constraints) or have to be met as well as possible, or better

(objectives). Objectives have assigned priorities to steer the multi-criterial planning

towards favorable trade-offs between the various treatment goals. If the priority of an

objective is higher, the probability that the corresponding objective is met increases.

Hard constraints are always respected in Erasmus-iCycle plans.

Beam directions are selected from candidate directions which can be restricted,

e.g., in case of coplanar treatments (Breedveld et al. 2007, 2009; Sharfo et al. 2015).

For fully automated generation of plans that are clinically delivered, Erasmus-iCycle

auto plans are automatically re-constructed and segmented in the clinical treatment

planning system (TPS) (Sharfo et al. 2015). This study intends to validate VMAT plans for

treatment of spinal metastases, generated with this approach, and to compare the quality

of automatically generated plans with plans that were manually created by experienced

treatment planners. Different spine regions pose different optimization problems as

a consequence of different OARs being relevant for the treatment. Therefore cervical,

thoracic, and lumbar targets were included in the study design.
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3.2 Methods

3.2.1 Manual plan generation

Forty-two clinical target volumes (CTVs) in the spinal column of 32 patients were

manually delineated for clinical routine treatments. CTVs were anisotropically expanded

to PTVs that were the basis for all further analyses. All PTVs were reviewed by expert

radiation oncologists (F.W., F.L.).

Manual plans were created by expert treatment planners and also reviewed by

radiation oncologists. All manually generated plans were calculated using the Monaco®

treatment planning system (Elekta Ltd., Crawly, UK) version 3.2 or later which supports

static IMRT, dynamic IMRT, and VMAT. Informed consent was obtained from all patients

for anonymized processing of their clinical data. The study was approved by the ethics

committee of Heidelberg University, Medical Faculty Mannheim (2016-806R-MA). For

this study we assumed lungs or kidneys to be (potentially pre-irradiated) OARs, therefore

we included only spinal regions which were at the level of kidneys (n = 22), lungs (n = 17),

or both (n = 3), resulting in 90 (45 × 2) OARs and 42 PTVs in total. Spinal re-irradiation

plans were not tested in this study; nevertheless, we contoured the spinal cord to identify

any hot-spots in this area within the target volume. Most plans were at the thoracic,

thoracolumbar or lumbar level. In 4 cases, soft tissue metastases or rib metastases were

included in the PTV. Prescribed doses ranged from 30 to 40 Gy in 10–20 fractions which

are commonly applied treatment regimens in patients with sufficient life expectancy

and good general condition (Eastern Cooperative Oncology Group, ECOG 0/1; Karnofsky

Performance Status, KPS > 80%). Generally, 40 Gy regimens were applied to patients

who received postoperative radiotherapy. We did not include patients who had to be

treated with spinal cord sparing plans after prior full dose irradiation of the spinal cord.

While some patients had in fact received prior radiotherapy, this previous therapy did

not require sparing of spinal cord to meet dose constraints (Marks et al. 2010b). Details

on irradiation sites are summarized in Table 3.1. Further information such as primary

tumor site of each patient is provided in Table 3.2.

3.2.2 Automated VMAT plan generation with Erasmus-iCycle (auto)

Target volumes were identical to those used in the manual planning approach.

General principles of iCycle plan generation are described above. Further details on

auto-planning with the Erasmus-iCycle/Monaco system have been previously provided

by Voet et al. (2014). A site-specific wish-list for our patient cohort is shown in Table 3.3.

Apart from objectives for the PTV, the kidneys and the lungs, shells around the PTV are
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Table 3.1: Characteristics of spinal irradiation plans (n = 42).

Number of sites

Irradiation site Cervical spine None

Cervical and thoracic spine 2

Thoracic spine⋆ 15

Thoracic and lumbar spine 17

Thoracic and lumbar spine, Sacrum 3

Lumbar spine 4

Lumbar spine and Sacrum 1

Primary tumor site Breast Cancer 15

Prostate Cancer 11

Lung Cancer 5

Non-Small Cell Lung Cancer 3

Small Cell Lung Cancer 2

Gastric and Oesophageal Cancer 5

Multiple Myeloma 3

Head-and-Neck 1

Unknown Primary 1

Urothelial Cell Carcinoma 1

Organs-at-risk Kidneys 22

Lungs 17

Lungs and kidneys in one plan† 3

Median dose 40 Gy 9

30 Gy 33
⋆

Including 3 plans in which a rib metastasis was included into the irradiation field.
In one plan a rib metastasis and a soft tissue metastatic site were included into
the irradiation field.

†
In 3 plans, lungs and kidneys were both considered OARs. For statistical
considerations, these plans were evaluated in both groups concerning calculations
for organs-at-risk. Concerning PTV coverage, keeping the patients in both
groups would have weighted these 3 plans double, therefore all statistics were
re-calculated under inclusion/exclusion of these patients. This did not change
statistical significance in any case (i.e., only numerical changes occurred).
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Table 3.2: Characteristics of spinal irradiation plans and primary tumor site.

Analyzed OAR Plan number Patient number PTV location Primary

Kidneys 1 1 T11-L5 Prostate
2 2 T12-L5 Prostate
3 3 T11-L2 Breast
5 4 T10-L6 Multiple Myeloma
6 5 T10-S3 Breast
7 6 T2-L5 Breast
9 7 L1-S5 Prostate

11 9 T11-L1 Prostate
12 10 T12-L2 Breast
14 11 T11-L2 NSCLC
15 12 T10-L4 Multiple Myeloma
16 13 T12-L2 Breast
17 14 L1-L5 Oesophageal
19 15 T12-L5 Prostate
21 16 T12-L3 H&N SCC
22 17 L1 Breast
23 18 T12-S1 Prostate
26 20 T8-S5 / Pelvis Breast
28 21 T9-L1 Adenocarcinoma CUP
30 23 T12-L1 Breast
31 24 T8-L3 SCLC
33 25 L3 Gastric Cancer

Kidneys & Lungs 10 8 T10-L3 Urothelial
25 19 T11-L1 NSCLC
29 22 T7-L1 Breast

Lungs 34 25 T9-T11 Gastric
35 25 T3-T6 Gastric
36 26 T5-T10 Breast
37 27 T3-T6 Prostate
38 28 T6-T11 Prostate
39 29 T7-T9 Prostate
40 30 T3-T8 NSCLC (Adeno)
41 31 C6-T4 Breast
42 32 T2-T4 Multiple Myeloma
4 3 T6-T8 Breast
8 6 T6-T11 Breast

13 10 C7-T5 Breast
18 14 T7-T10 Oesophageal
20 15 T3-T8 Prostate
24 18 T2-T9 Prostate
27 20 T3 Breast
32 24 T4-T5 SCLC
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Table 3.3: Wish-list for automatic plan generation.

Constraints

Structure Type Limit

PTV Max 105% of Dp

Unspecified Tissues Max 105% of Dp

Objectives

Priority Structure Type Goal Parameters

1 PTV _ LTCP 0.5 Dp = 30(40) Gy, α = 0.75

2 PTV Shell 5 mm _ Max 80% of Dp

PTV Shell 20 mm _ Max 50% of Dp

Skin Ring 30 mm _ Max 25% of Dp

Right Kidney _ Mean 15% of Dp

Left Kidney _ Mean 15% of Dp

Right Lung _ Mean 15% of Dp

Left Lung _ Mean 15% of Dp

PTV Shell 40 mm _ Max 25% of Dp

3 PTV Shell 50 mm _ Max 15% of Dp

Abbreviations: Dp = prescribed dose, LTCP = Logarithmic Tumor Control Probability, α = cell
sensitivity.

used to steer on conformality. Two cases were included which required beam restrictions,

both because patients were unable to lift their arms.

3.2.3 Plan quality and statistical analysis

Plan quality was estimated by calculating the dose to 98% (D98%) and to 2% (D2%) of the

PTV. Both parameters were used to compute the homogeneity index (HI, (Ohtakara et al.

2012)) which was defined as the ratio between the difference of D2% and D98% and the

median dose (D50%), i.e.,:

H I = D2% −D98%

D50%

In addition, we calculated the volume receiving 95% of the prescribed dose (V95%

i.e., V28.5G y , or V38G y , depending if the prescribed dose was 30 Gy or 40 Gy), and based

on V95% a conformity index (CI, reviewed in Ohtakara et al. (2012)) was calculated as

follows:

C I = V95%

PT V

An optimal CI would be considered to be 1; however, values can be above or below 1.

To consider both over- and under-dosage for statistical comparison of CI, we calculated

the difference to 1 as follows:

C Idi f f = |C I −1|
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Figure 3.1: a) Dose distribution of an irradiation plan on thoracolumbar level (T12-L2). The
patient had metastatic breast cancer, irradiation dose applied with this plan was 30 Gy in 10
fractions. Manual plan shown on the left, and auto plan on the right.
b) Dose-volume histogram, continuous line represents manual plan, and dashed line represents
auto plan.

For OARs, we calculated the mean dose (Dmean), and in case of the spinal cord, the

maximum dose to any hot-spot (Dmax ). All parameters were compared directly between

manually generated plans and auto plans. Differences between variables were computed

using the two-sample paired Wilcoxon test. Statistical significance was defined as p <

.05 (two-sided testing). Clinical acceptability of the plans was evaluated by an expert

radiation oncologist (F.L.).

3.3 Results

All automatically created plans were clinically deliverable and acceptable. Figure 3.1

and Figure 3.2 show dose distributions, and dose-volume histogram comparisons for a

kidney-level target, and a lung-level target, respectively.
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Figure 3.2: a) Dose distribution of an irradiation plan on thoracic level (T7-T9). The patient
had metastatic prostate cancer, irradiation dose applied with this plan was 30 Gy in 10 fractions.
Manual plan shown on the left, and auto plan on the right.
b) Dose-volume histogram, continuous line represents manual plan, and dashed line represents
auto plan.
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Figure 3.3: Volume receiving 95% of the prescribed dose, i.e., V28.5G y if the prescribed dose was
30 Gy or V38G y if it was 40 Gy.
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3.3.1 Target volumes

PTV coverage, defined as V38G y or V28.5G y was higher in auto plans when compared

to manual plans when the whole patient population was analyzed, with an average

difference of 1.47% (SD = 3.17%, p = .008, n = 42), see Figure 3.3. When sub-groups were

analyzed, the difference was only significant in lung-level plans (p = .004, n = 20) but not

at kidney levels (p = .110, n = 25). This pattern occurred irrespective whether 3 patients

with both kidneys and lungs as OARs in one plan were added to the lung or to the kidney

group or to both. Dose parameters were as follows: D98% was numerically higher in

auto plans when compared to manual plans but this was not statistically significant in

the whole population (p = .479), nor in any sub-group (p > .05 for both lung and kidney

levels). D2% was significantly higher in manual plans over the whole patient population

(p < .001), however the difference was clinically irrelevant (mean: 33.4 Gy vs. 33.2 Gy;

median 31.1 Gy vs. 31.0 Gy). Sub-group analysis showed that D2% was significantly lower

in auto plans at kidney level (p = .003), however the difference was marginal and not

clinically relevant. In lung-level plans, D2% did not differ significantly between auto and

manual plans.

HI as defined above was not significantly different between auto and manual plans

in the whole group or in any sub-group (p > .05 for all comparisons). Considering the

whole population, CI was slightly but statistically significant higher in auto plans than in

manual plans: 1.014 ± 0.12 (1 SD) vs. 1.044 ± 0.11. For targets at the kidney level, the mean

CIs for manual plans and auto plans were 0.99 ± 0.071 and 1.022 ± 0.067, respectively, and

for lung-level targets 1.036 ± 0.157 and 1.065 ± 0.144. The differences between auto and

manual plans can be explained by a slightly more pronounced underdosage in manual

plans (minimum CI in manual plans: 0.88 [kidney level] and 0.81 [lung level]; minimum

CI in auto plans: 0.92, and 0.95, respectively). C Idi f f did not differ significantly between

auto and manual plans.

3.3.2 Organs-at-risk

In the pooled analysis of all plans, mean dose to OARs (kidneys and lungs pooled) was

significantly lower in auto plans when compared to manual plans on both the right side

(p = .001, n = 45, relative difference -10.9% [mean value auto vs. manual]) and on the

left side (p < .001, n = 45, -19.5%). Sub-group analyses in patients with kidneys as OARs,

including 3 patients with lungs and kidneys, showed that auto plans were associated

with lower dose to both kidneys (p < .001, n = 25, -18.6% right kidney, and p < .001, n =

25, -23.1%, left kidney), see Figure 3.4a for details. In lung-level plans, again including 3

plans in which both lungs and kidneys were included as OARs, only the left lung showed

a significantly lower mean dose when auto-planning was used (p = .004, n = 20, -13.7%).
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Figure 3.4: Comparison of mean dose to OARs. Each marker represents the mean dose in the
manual plan vs. the auto plan to the kidneys (a) and to the lungs (b). For data points right of the
unity line, auto-planning yielded better sparing of OARs.

Mean dose to the right lung did not differ significantly between manual and auto plans

(p = .827, n = 20, -1.3%), see Figure 3.4b for details. There was no significant difference

between the maximum doses (Dmax ) to the spinal cord between auto and manual groups

in the whole population or in any sub-group. However, one patient in the auto group

had a hot-spot in the spinal cord (> 110% of prescribed dose: 33.2 Gy, D50%: 30 Gy).

3.3.3 Estimated treatment time and required monitor units

Auto plans required slightly more (estimated) treatment time in the whole population

(p < .001, relative difference 7%) and in the sub-groups of kidney-level plans (p < .001,

relative difference 9.7%), and lung-level plans (p = .046, relative difference 3.6%) as no

hard constraint was placed on treatment time. This was a consequence of auto plans

requiring more monitor units in the whole population and in any sub-group (p-values

and relative differences as follows: whole population, p < .001, 17.9%; kidneys-level: p <

.001, 15.4%; lungs-level: p = .001, 20.6%).

3.4 Discussion

Though highly conformal radiotherapy is not mandatory in the treatment of painful

bone metastases (Lutz et al. 2011), intensity modulation with static beams or VMAT

allows to deliver a highly focused dose distribution in every clinical situation and may

be beneficial for patients with oligometastatic disease (Corbin et al. 2013) who require

dose escalation or patients who had received prior courses of radiotherapy limiting
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doses to OARs in case of re-irradiation (Kirkpatrick et al. 2010; Damast et al. 2011).

Highly conformal radiotherapy is, however, not always applied when appropriate for

its perceived resource intensity, both in personnel and planning time (Mayles 2010).

Unexpectedly, the reason for not performing advanced radiotherapy techniques despite

a clear indication seems to be a shortage of sufficiently trained personnel rather than

machine shortage (Mayles 2010; AlDuhaiby et al. 2012; Shikama et al. 2014). AlDuhaiby

et al. (2012) described in a Canadian survey that limitations in CT simulator or linear

accelerator configuration impaired IMRT implementation in only 10% of cases. The

most relevant factors hindering IMRT implementation was the need to train existent

treatment planners (50%) as well as the need to hire more planners (30%). Personal

shortage is even more relevant in VMAT settings as these are more time consuming as

compared to fixed field IMRT (Oliver et al. 2009); “increased planning time required

for generating the VMAT plans” has been described by Rao et al. (2010) as the main

disadvantage of VMAT. Therefore, there is a need for tools that reduce planning time and

ease the process of developing a radiotherapy plan without compromising plan quality.

Various auto-planning strategies are currently being developed (Breedveld et al.

2012), these include approaches for beam angle selection (e.g., (Potrebko et al. 2008)),

and integrated beam weight optimization algorithms. The latter can be based on global

optimization (Lee et al. 2006), or on sequential beam selection (de Pooter et al. 2008). As

discussed above, multi-criterial optimization systems have been proposed (Schreibmann

et al. 2004; Craft & Monz 2010), that enable the user to select the plan out of different sets

of beam angles and intensity profiles after optimization (a posteriori setting). Template

based auto-planning solutions are already commercially available and have been applied

to various target paradigms such as head-and-neck (Hazell et al. 2016), esophageal

targets (Fogliata et al. 2015a) and breast cancer (Fogliata et al. 2015b).

Erasmus-iCycle plans, which provide a template-free approach have been

successfully applied to head-and-neck (Voet et al. 2013b), prostate (Voet et al. 2014),

and cervical cancer (Sharfo et al. 2015) target volumes to create clinically deliverable

plans.

Our results show that fully automated VMAT treatment planning with the

Erasmus-iCycle/Monaco system for spinal metastases was non-inferior to conventional

treatment planning by expert dosimetrists or medical physicists. Automatically

generated plans with this system outperformed manual plans in terms of sparing of

OARs in 3 of 4 predefined organs and also PTV coverage was favorable when compared

to manual plans. We observed one hot-spot in an automatically generated plan in the

spinal cord (33.2 Gy, D50%: 30 Gy). This problem can be addressed by modifying the

wish-list to include a maximum dose cost-function on the spinal cord. In our analysis,

however, we applied a quadratic overdose cost-function which lead to maximum doses

that were comparable to maximum doses observed in manual plans in all but this patient
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and allowed for more degrees of freedom regarding dose reduction to other OAR. If the

maximum dose has to be strictly controlled, e.g., in case of re-irradiation, a maximum

dose cost-function should be applied. Otherwise, the situation would be evaluated

during the manual approval process which might prompt occasional re-planning with

a maximum dose cost-function. Monitor units and estimated treatment time were

higher in auto plans; however, this difference was not considered clinically relevant in

the treated patient population and resulted in a negligible prolongation of treatment

times. The difference in treatment times was expected as the aim of this study was to

generate high-quality plans with clinically acceptable delivery times. Monitor units and

delivery times could be reduced in the auto-plans if required. In contrast to a study in a

more complex setting such as head-and-neck cancer (Voet et al. 2013b), the observed

dosimetric advantages of Erasmus-iCycle for treatment of spinal metastases were on

average of low clinical relevance although advantages across the population were also

observed.

External audits have shown that experienced treatment centers may yield superior

IMRT plans (Nelms et al. 2012). Therefore, as postulated most recently by Fogliata

et al. (2015a), quality improvements of automated planning vs. manual plan generation

may even be more pronounced in target paradigms that are not frequently treated in a

particular center.

3.5 Conclusion

Our data add to the growing evidence (Voet et al. 2013b, 2014; Sharfo et al. 2015) that

automated treatment planning might be an alternative to manual planning, reducing

the workload of medical physicists and dosimetrists while maintaining or improving

plan quality.
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Abstract

Background: Postoperative/adjuvant radiotherapy of advanced gastric cancer involves

a large planning target volume (PTV) with multi-concave shapes which presents

a challenge for volumetric-modulated arc therapy (VMAT) planning. This study

investigates the advantages of automated VMAT planning for this site compared to

manual VMAT planning by expert planners.

Methods: For 20 gastric cancer patients in the postoperative/adjuvant setting, dual-arc

VMAT plans were generated using fully automated multi-criterial treatment planning

(autoVMAT), and compared to manually generated VMAT plans (manVMAT). Both

automated and manual plans were created to deliver a median dose of 45 Gy to the PTV

using identical planning and segmentation parameters. Plans were evaluated by two

expert radiation oncologists for clinical acceptability. AutoVMAT and manVMAT plans

were also compared based on dose-volume histogram (DVH) and predicted normal

tissue complication probability (NTCP) analysis.

Results: Both manVMAT and autoVMAT plans were considered clinically acceptable.

Target coverage was similar (manVMAT: 96.6 ± 1.6%, autoVMAT: 97.4 ± 1.0%, p = .085).

With autoVMAT, median kidney dose was reduced on average by > 25%; (for left kidney

from 11.3 ± 2.1 Gy to 8.9 ± 3.5 Gy (p = .002); for right kidney from 9.2 ± 2.2 Gy to 6.1 ±

1.3 Gy (p < .001)). Median dose to the liver was lower as well (18.8 ± 2.3 Gy vs. 17.1 ±

3.6 Gy, p = .048). In addition, Dmax of the spinal cord was significantly reduced (38.3

± 3.7 Gy vs. 31.6 ± 2.6 Gy, p < .001). Substantial improvements in dose conformity and

integral-dose were achieved with autoVMAT plans (4.2% and 9.1%, respectively; p < .001).

Due to the better OAR sparing in the autoVMAT plans compared to manVMAT plans,

the predicted NTCPs for the left and right kidney and the liver-PTV were significantly

reduced by 11.3%, 12.8%, 7%, respectively (p ≤ .001). Delivery time and total number of

monitor units were increased in autoVMAT plans (from 168 ± 19 s to 207 ± 26 s, p = .006)

and (from 781 ± 168 MU to 1001 ± 134 MU, p = .003), respectively.

Conclusions: For postoperative/adjuvant radiotherapy of advanced gastric cancer,

involving a complex target shape, automated VMAT planning is feasible and can
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substantially reduce the dose to the kidneys and the liver without compromising the

target dose delivery.
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4.1 Background

In the Intergroup 0116 (INT-0116) study, adjuvant chemoradiotherapy (CRT) improved

overall survival and progression-free survival in patients with gastric cancer compared

to surgery alone (Macdonald et al. 2001; Smalley et al. 2012). The benefit of combined

modality treatment was later confirmed in Asian studies with D2-resected patients (Lee

et al. 2012; Zhu et al. 2012; Park et al. 2015). European trials in gastroesophageal junction

cancers showed survival benefits compared to surgery with neoadjuvant CRT (van Hagen

et al. 2012) or perioperative chemotherapy without radiotherapy (Cunningham et al.

2006; Ychou et al. 2011). Randomized trials comparing adjuvant CRT to (perioperative)

chemotherapy indicated clinical benefits for CRT in sub-groups, but failed in showing

a consistent benefit in European and Asian trials (Buergy et al. 2012; Zhu et al. 2012;

Park et al. 2015; Verheij et al. 2016). Therefore, the role of adjuvant CRT in gastric

carcinoma compared to other approaches, such as perioperative chemotherapy, is not

yet clearly defined (Buergy et al. 2012). The use of modern radiotherapy approaches

might improve the risk-/benefit ratio in favor of radiotherapy in gastric carcinoma.

Recent data showed the feasibility of using intensity-modulated radiation therapy (IMRT)

or volumetric-modulated arc therapy (VMAT) for this purpose (Dikken et al. 2011; Zhu

et al. 2012; Boda-Heggemann et al. 2013; Verheij et al. 2016). Postoperative radiotherapy

of advanced gastric cancer involves a large target volume with multi-concave shapes

which presents a challenge for VMAT planning with a risk of protocol deviations. In a

similar setting, radiotherapy for esophageal carcinoma indicated that the experience of

the treatment planner may largely affect plan quality, as shown by large differences in

plan quality among planners within one institute (Berry et al. 2016b). In such a setting,

automated treatment planning might have several advantages, including facilitated

central review in clinical trials as well as improvement of less experienced treatment

planner’s performance.

Over the years, in-house developed as well as commercial algorithms have

attempted to automate the trial-and-error process in order to create optimal plans,

reduce user variability and improve the quality and efficiency of the resulting plans.

Knowledge-based planning uses a model-library of previously generated plans to

predict new treatment plan parameters (Appenzoller et al. 2012; Yuan et al. 2012),

while multi-criterial optimization generates a set of Pareto-optimal plans (Breedveld

et al. 2007; Monz et al. 2008). Erasmus-iCycle is an optimizer for fully automated

multi-criterial beam profile optimization and beam angle selection for coplanar and

non-coplanar IMRT, developed at the Erasmus MC Cancer Institute (Breedveld et al.

2012; Voet et al. 2013b, 2014; Sharfo et al. 2016; Della Gala et al. 2017). In combination

with the Monaco® treatment planning system (TPS), Erasmus-iCycle is currently used
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in clinical practice for IMRT and VMAT plan generation for prostate, head-and-neck,

cervical and lung cancer patients (Voet et al. 2013b, 2014; Sharfo et al. 2016; Della Gala

et al. 2017). Several studies on postoperative gastric cancer patients have dosimetrically

evaluated different radiotherapy techniques (Li et al. 2014; Zhang et al. 2015; Mondlane

et al. 2017; Onal et al. 2018). To our knowledge, no study has been published considering

the feasibility and advantages of automated treatment planning for this treatment site.

In this study, we investigated to what extent automated treatment planning using

Erasmus-iCycle results in improved VMAT plan quality for advanced gastric cancer

patients compared to plan generation by an expert planner.

4.2 Methods

4.2.1 Patients

A total of 20 patients with advanced gastric cancer who received radiotherapy treatment

were included in the study. Clinical details are shown in Table 4.1. Written informed

consent was obtained from all patients for anonymized usage of treatment planning

data. Our study protocol for retrospective evaluation of automated planning using

Erasmus-iCycle was approved by the ethics committee of Heidelberg University, Medical

Faculty Mannheim (2016-806R-MA).

4.2.2 Treatment plan generation

All manually and automatically generated dual-arc VMAT plans (manVMAT and

autoVMAT, respectively) were prescribed to deliver a median dose of 45 Gy to the target

in 25 fractions. The primary planning objective was achieving adequate PTV coverage

while maximally sparing the organs-at-risk (OARs). All plans were generated for delivery

at a Versa HD™ linear accelerator (Elekta AB, Stockholm, Sweden), equipped with an

Agility™ multi-leaf collimator and a photon beam energy of 10 MV.

All manVMAT plans were generated by expert treatment planners with the Monaco®

TPS, version 5.11 (Elekta AB, Stockholm, Sweden) using template-based optimization

cost-functions. The employed optimization template is set according to the current

clinical guidelines used at the Medical University of Mannheim. For each patient, the

optimization cost-functions’ parameters were iteratively tweaked to improve the dose

distribution and achieve optimal target coverage while respecting OAR constraints. As

explained below, also the final autoVMAT plans were generated with Monaco®, for which

we used the same software version. All Monte Carlo dose calculations in Monaco® were

performed using a 1% dose variance, and a dose grid resolution of 3 mm. A maximum of
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Table 4.1: Clinical details of patients with gastric carcinoma.

Number of

patients

Sex Female 9

Male 11

Age at diagnosis < 50 4

50-55 5

56-60 5

61-65 2

> 65 4

Staging

T cT1 2

cT2a 5

cT2b 4

cT3 8

cT4 1

N N0 2

N1 13

Ê N2 5

M M0 19

M1 0

Mx 1

Resection margins R0 16

R1 1

Unknown 3

Tumor site Cardia 1

Antrum 2

Corpus 3

Lesser curvature 2

Greater curvature 1

Diffuse 5

Unknown 6
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Table 4.2: Applied wish-list for automatic VMAT plan generation for gastric cancer patients.

Constraints

Structure Type Limit

PTV Max 105% of Dp

PTV Shell 39 mm Max 50% of Dp

Patient Max 105% of Dp

Objectives

Priority Structure Type Goal Parameters

1 PTV _ LTCP 0.4 Dp = 45 Gy, α = 4

2 PTV Shell 3 mm _ Max 90% of Dp

3 Left and Right Kidney _ Mean 8 Gy

4 Liver _ Mean 15 Gy

5 Heart _ EUD 15 Gy k = 6

6 Spinal Cord _ EUD 25 Gy k = 12

7 PTV Shell 18 mm _ Max 40% of Dp

Skin Ring 21 mm _ Max 25% of Dp

8 Left and Right Kidney _ Dose-Volume 25% 12 Gy

Liver _ Dose-Volume 30% 24 Gy

9 Left and Right Lung _ Dose-Volume 50% 20 Gy

Abbreviations: Dp = prescribed dose, LTCP = Logarithmic Tumor Control Probability,
α = cell sensitivity parameter to achieve adequate target coverage, EUD = Equivalent Uniform Dose, k
= volume-effect parameter.

140 control points per arc was allowed. Also the other segmentation settings were kept

identical for manual and automated plan generation.

4.2.3 Automated multi-criterial VMAT plan generation with

Erasmus-iCycle/Monaco

The in-house developed Erasmus-iCycle/Monaco platform for fully automated

multi-criteria plan generation (Breedveld et al. 2012; Voet et al. 2013b, 2014; Sharfo et al.

2016; Della Gala et al. 2017) was configured to generate clinically deliverable VMAT

plans for gastric cancer. For each of the study patients, Erasmus-iCycle was used to

first automatically generate a Pareto-optimal plan with clinically favorable trade-offs

between treatment objectives using a ‘wish-list’ developed for gastric cancer (as detailed

in Table 4.2). Based on this Erasmus-iCycle plan, a patient-specific Monaco® template

was then created fully automatically, to be used in the Monaco® TPS for automated

generation of a deliverable dual-arc VMAT plan that mimicked the initial Erasmus-iCycle

plan. The applied wish-list contains constraints to be strictly fulfilled, and clinical plan

objectives with ascribed priorities to be met as closely as possible or superseded (see

Table 4.2 for details). Three constraints were used to control the maximum dose in

the PTV and the patient (i.e., the outline of the patient’s external surface including

the PTV, delineated OARs and the unspecified tissues), as well as the dose conformity

outside the PTV. In order to achieve a homogeneous and adequate PTV dose coverage,

the highest priority objective was given to the PTV using the logarithmic tumor control

probability function (LTCP) (Alber & Reemtsen 2007), followed by a shell around the
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PTV to ensure a steep gradient outside the PTV (priority 2). In line with the clinical

practice, minimizing the mean dose in the kidneys was the OAR objective with highest

priority (priority 3), followed by the mean dose in the liver (priority 4). Subsequently,

equivalent uniform dose (EUD) objectives with volume-effect parameters (k = 6 and

12) (Niemierko 1997), focusing on reduction of the midrange and high dose in the

heart and spinal cord were used (priorities 5 and 6), respectively. To control the dose

conformity and entrance dose, a shell at 18 mm from the PTV, as well as a skin ring of 21

mm wide from the body contour towards the patient’s internal were defined (priority 7).

Additionally, dose-volume objectives for the kidneys, liver, and the lungs were used with

lower priorities.

4.2.4 Plan evaluation and comparison

All plans were evaluated by expert radiation oncologists (F.L., J.B.H., and D.B.) for clinical

acceptability. For fair dosimetric plan comparisons, all manVMAT and autoVMAT

plans were first normalized to obtain equal median PTV dose (i.e., (D50%) = 45 Gy). In

accordance with the International Commission on Radiation Units and Measurements

Report No. 83, near-minimum and near-maximum doses (D98% and D2%, respectively)

in the PTV were evaluated, from which the homogeneity index (H I = (D2%−D98%)/D50%)

was computed. Additionally, dose conformity was estimated by calculating the

conformity index (C I = (T VRI )2/(T V ∗VRI )), i.e., ratio of the target volume covered

by the reference isodose level (T VRI ) to the target volume (TV) and volume of the

reference isodose (VRI ). Quantitative analyses of OAR doses included Dmean , D30%,

D50%, D60% in the kidneys and the liver-PTV, mean and maximum doses (Dmean , and

Dmax ) in the spinal cord and the heart, volumes of the kidneys receiving more than 12

Gy (V12G y ) and 20 Gy (V20G y ) (Dawson et al. 2010), volumes of the liver-PTV receiving

more than 24 Gy (V24G y ) and 30 Gy (V30G y ), and Dmean in the lungs and volumes of

the lungs receiving more than 5 Gy (V5G y ) and 20 Gy (V20G y ) (Marks et al. 2010a). In

addition, integral-patient-doses were evaluated by assessing patient Dmean and volumes

receiving V5G y , V11.25G y and V22.5G y . Estimated treatment delivery time and total number

of monitor units (MUs) for each plan were also quantified.

From the DVHs, normal tissue complication probabilities (NTCPs) for the kidneys

and the liver were estimated using the Lyman-Burman-Kutcher (LKB) NTCP model

for late effects, considering tolerance dose T D50/5 = 12 Gy, n = 0.70, m = 0.26 for

the kidneys (Dawson et al. 2010), and T D50/5 = 30 Gy, n = 0.32, m = 0.15 for liver

failure (Dawson et al. 2002), where T D50/5 refers to the dose to the whole organ which

lead to complication in 50% of the population at 5 years, m relates to the steepness of

the dose-response curve, and n represents the volume-effect in the LKB model. For this

purpose, all plans were first normalized to 1.5 Gy per fraction using α/β = 2.5 Gy.
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Differences in dosimetric parameters between manVMAT and autoVMAT plans were

analyzed using SPSS® software version 21 (SPSS®, Inc., Chicago, USA) and presented

as the mean ± 1 standard deviation. Paired two-sided Wilcoxon signed-rank tests were

performed to assess statistical significance of observed differences, considering p < .05

statistically significant.

4.3 Results

4.3.1 Target volume dosimetric evaluations

All automatically and manually generated VMAT plans were clinically acceptable and

achieved adequate target coverage. Clinical acceptability of the plans was evaluated

by radiation oncologists with experience in gastric cancer treatment (J.B.H., F.L. and

D.B.). Differences between the autoVMAT and manVMAT plans in V95% or D98% were not

statistically significant (Table 4.3). However, autoVMAT plans exhibited a significantly

lower near-maximum dose in the PTV, resulting in a better target dose homogeneity (0.09

± 0.01 vs. 0.10 ± 0.02 (p = .003)). For autoVMAT, the dose conformity was significantly

improved as well (0.91 ± 0.02 vs. 0.88 ± 0.03 (p < .001)). As an example, Figure 4.1a

shows the resulting dose distributions from the autoVMAT and manVMAT plans for

patient 8. As is evident from this figure and the corresponding dose-volume histograms

in Figure 4.1b, autoVMAT resulted in favorable dose conformity and better OAR sparing.

4.3.2 Organs-at-risk dosimetric evaluations

Figure 4.2 shows the observed absolute differences in dosimetric parameters for each

of the study patients. Overall, autoVMAT plans had more favorable dose distributions,

resulting in reduced dose delivery to the kidneys, liver, spinal cord, heart and lungs,

without deteriorating the PTV dose coverage (Table 4.3 and Figure 4.2). Median doses

(D50%) to the left kidney, right kidney, and liver-PTV were significantly reduced by

28% (from 11.3 ± 2.1 Gy to 8.9 ± 3.5 Gy, p = .002), 39% (from 9.2 ± 2.2 Gy to 6.1 ±

1.3 Gy, p < .001), and 11% (from 18.8 ± 2.3 Gy to 17.1 ± 3.6 Gy, p = .048), respectively.

The V20G y for the left and right kidney with autoVMAT were lower than those for the

manVMAT plans (Table 4.3). In addition, the V30G y for the liver-PTV was significantly

decreased with autoVMAT plans by 36% (from 17.7 ± 6.2% to 12.9 ± 6.0%, p = .001). The

maximum dose in the spinal cord was on average reduced by 6.7 ± 3.2 Gy (p < .001) with

autoVMAT. Furthermore, the integral-dose in the patient and the dose conformity were

also significantly better with autoVMAT (Table 4.3).

50



Results

4

(a)

Axial

Coronal

Sagittal

manVMAT autoVMAT

22.5 Gy

47.5 Gy

(b)

Right Kidney

Liver

PTV

Spinal Cord

Left Kidney

0

20

40

60

80

100

0 10 20 30 40 50

Dose (Gy)

Vo
lu

m
e 

(%
)

autoVMAT

Right Kidney

Liver

PTV

Spinal Cord

Left Kidney

manVMAT

Figure 4.1: a) Comparison of dose distributions for the manVMAT (left) and autoVMAT plans
(right) for patient 8 on the axial, coronal and sagittal planes, b) Dose-volume histograms for the
manVMAT (solid lines) and the autoVMAT (dashed lines) plans of this patient.
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Figure 4.2: Differences in dosimetric plan parameters between autoVMAT and manVMAT plans
for each of the 20 study patients. Positive values are in favor of the autoVMAT plans.
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Table 4.3: Comparison of dosimetric parameters between autoVMAT and manVMAT plans.
Population mean values for the 20 study patients and corresponding standard deviations are
reported.

Structure Parameter autoVMAT manVMAT – autoVMAT

Mean ± SD Mean diff. ± SD p-value

PTV V95% (%) 97.4 ± 1.0 -0.8 ± 1.7 .085

D98% (Gy) 42.5 ± 0.5 -0.2 ± 0.7 .14

D2% (Gy) 46.3 ± 0.1 0.5 ± 0.2 < .001

H I 0.09 ± 0.01 0.02 ± 0.02 .003

C I 0.91 ± 0.02 -0.04 ± 0.03 < .001

Left Kidney Dmean (Gy) 12.7 ± 4.3 1.8 ± 1.6 .001

D30% (Gy) 14.9 ± 8.1 2.1 ± 3.3 .013

D50% (Gy) 8.9 ± 3.5 2.4 ± 2.2 .002

D60% (Gy) 7.3 ± 1.9 2.4 ± 1.4 < .001

V12G y (%) 32.2 ± 14.0 11.7 ± 7.7 < .001

V20G y (%) 19.2 ± 13.2 1.0 ± 3.9 .117

N T C P (%) 45.1 ± 35.8 11.3 ± 10.9 .001

Right Kidney Dmean (Gy) 7.5 ± 1.7 3.0 ± 1.2 < .001

D30% (Gy) 7.8 ± 1.7 4.1 ± 1.6 < .001

D50% (Gy) 6.1 ± 1.3 3.1 ± 1.3 < .001

D60% (Gy) 5.5 ± 1.2 2.7 ± 1.1 < .001

V12G y (%) 12.4 ± 4.8 18.9 ± 8.4 < .001

V20G y (%) 3.8 ± 2.8 3.0 ± 2.8 .001

N T C P (%) 4.2 ± 3.8 12.8 ± 7.2 < .001

Liver-PTV Dmean (Gy) 18.6 ± 3.3 1.8 ± 2.8 .02

D30% (Gy) 21.9 ± 4.1 2.8 ± 3.2 .003

D50% (Gy) 17.1 ± 3.6 1.7 ± 3.3 .048

D60% (Gy) 15.1 ± 3.4 1.2 ± 3.3 .14

V24G y (%) 25.4 ± 11.6 7.1 ± 8.8 .004

V30G y (%) 12.9 ± 6.0 4.7 ± 4.6 .001

N T C P (%) 31.1 ± 23.2 7.0 ± 7.0 .001

Heart Dmean (Gy) 12.7 ± 4.7 0.7 ± 1.8 .117

Dmax (Gy) 46.8 ± 0.6 0.8 ± 1.2 .009

Spinal cord Dmean (Gy) 13.9 ± 2.6 2.9 ± 1.5 < .001

Dmax (Gy) 31.6 ± 2.6 6.7 ± 3.2 < .001

Left Lung Dmean (Gy) 7.3 ± 3.2 0.6 ± 0.3 < .001

V5G y (%) 32.7 ± 15.6 1.4 ± 1.0 < .001

V20G y (%) 14.0 ± 7.2 2.2 ± 1.8 < .001

Right Lung Dmean (Gy) 5.4 ± 3.3 0.3 ± 0.5 .013

V5G y (%) 31.2 ± 16.8 1.1 ± 2.1 .01

V20G y (%) 7.0 ± 7.6 0.8 ± 1.8 .078

Patient Dmean (Gy) 9.4 ± 1.9 0.5 ± 0.3 < .001

V5G y (%) 40.2 ± 8.9 1.6 ± 0.8 < .001

V11.25G y (%) 30.0 ± 6.6 1.8 ± 1.7 .001

V22.5G y (%) 16.2 ± 3.3 1.5 ± 1.1 < .001

Abbreviations: HI = Homogeneity Index, CI = Conformity Index, NTCP = Normal
Tissue Complication Probability.
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Figure 4.3: Differences in the predicted normal tissue complication probabilities (NTCP) between
autoVMAT and manVMAT plans for the 20 study patients. Positive values are in favor of the
autoVMAT plans.

4.3.3 NTCPs evaluations

The published sets of parameters used for calculations of NTCPs for the kidneys and

liver-PTV resulted in overall lower probability of late complications with autoVMAT

compared to manVMAT plans. In 16/20 patients, the predicted NTCPs were lowest with

autoVMAT for the left kidney, whereas all 20 patients had lower predicted NTCPs with

autoVMAT for the right kidney (Figure 4.3). For 17/20 patients, the NTCP predictions for

liver-PTV were lower for the autoVMAT plans. The average NTCP values resulting from

autoVMAT, given in Table 4.3, were significantly reduced by 11.3%, 12.8% and 7% for the

left and right kidney and the liver-PTV, respectively.

4.3.4 Planning and treatment delivery times

All manVMAT plans in this study were generated using template-based manual planning.

Hands-on tweaking time of the optimization cost-functions was on average 30 min

(range 5-60 min). The optimization and dose calculation of autoVMAT plans in

Erasmus-iCycle/Monaco were fully automated and therefore did not require any

hands-on time.

Compared to manVMAT plans a significantly more MUs were required for delivery of

the autoVMAT plans (1001 ± 134 MU vs. 781 ± 168 MU, p = .003), resulting in a prolonged

(estimated) treatment delivery time (207 ± 26 s vs. 168 ± 19 s, p = .006).
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4.4 Discussion

Gastric cancer is the third leading cause of cancer death in both sexes with yearly 723,000

deaths worldwide (Ferlay et al. 2015). Protocol deviations can reduce clinical efficacy of

radiotherapy in complex treatment geometries, like gastric carcinoma. In the centralized

review of the INT-0116 study, minor or major protocol deviations were observed in

35% of patients (Smalley et al. 2012). Even after correction of errors, major protocol

deviations were still found in 6.5% of the plans that were actually irradiated (Macdonald

et al. 2001; Smalley et al. 2012). The clinical impact of protocol deviations in INT-0116

has not been reported. However, in other complex geometries it was shown that protocol

violations during radiation therapy were correlated with reduced overall survival (Wong

et al. 2017). Modern radiotherapy approaches such as IMRT and VMAT have several

dosimetric advantages but they are associated with increased complexity (Lohr et al.

2003; Wieland et al. 2004; Buergy et al. 2012; Haneder et al. 2012). Very high

protocol deviations are therefore possible; for example, RTOG 0529 showed 81% protocol

deviations at first plan review (Kachnic et al. 2013). Albeit in small numbers, RTOG

0022 showed local failure rates of 50% (2/4) vs. 6% (3/49) in oropharyngeal cancer

patients treated with and without protocol deviations, respectively (Eisbruch et al. 2010).

Protocol deviations may, amongst other things, be caused by inaccurate delineation or

sub-optimal treatment planning. For gastric cancer, the percentage of these deviations

is unknown. In a recent report on RTOG 0933 by Gondi et al. (2015), unacceptable

radiotherapy protocol deviations were observed in 25% of cases at a rapid review process:

11/21 cases had contouring deviations, 5/21 cases had unacceptable planning deviations

and 5/21 had unacceptable deviations of contouring and planning. Also in a recent study

of Habraken et al. (2017) on hepatocellular carcinoma patients, it was demonstrated that

pre-treatment plan review was important to reduce unacceptable protocol deviations.

Additionally, they demonstrated that automated treatment planning could be used

to identify sub-optimal treatment plans. This might be especially relevant in trials in

which low numbers of patients are eligible or small numbers of patients are treated in a

participating hospital.

Over the past years, several studies have investigated the advantages of automated

treatment planning compared to manual planning using in-house developed or

commercial algorithms (Breedveld et al. 2012; Voet et al. 2013b, 2014; Fogliata et al.

2014, 2015a; Sharfo et al. 2016; Hussein et al. 2016; Della Gala et al. 2017). Treatment

planning with Erasmus-iCycle/Monaco is fully automated and has been successfully

validated for clinical use in several treatment sites including prostate (Voet et al. 2014),

head-and-neck (Voet et al. 2013b), cervix (Sharfo et al. 2016), and lung (Della Gala

et al. 2017). Knowledge-based planning using a model-library of previously generated
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plans to predict treatment plan parameters for a new patient was configured and tested

in pelvic anatomy (Hussein et al. 2016), lung (Fogliata et al. 2014), and esophageal

cancer (Fogliata et al. 2015a).

Numerous dosimetric studies have evaluated different radiotherapy techniques for

gastric cancer by comparing IMRT, VMAT, helical tomotherapy, 3D-CRT and proton

therapy (Li et al. 2014; Zhang et al. 2015; Mondlane et al. 2017; Onal et al.

2018). Until now, no study has been published showing the possibility/advantages

of automated treatment planning for postoperative gastric cancer patients. In this

study, Erasmus-iCycle was used to automatically generate VMAT plans for gastric

cancer patients. For this site, manual treatment optimization is a large challenge,

even for an expert planner, due to the multi-concave shape, the extent of the target

volume, and the close proximity to many radio-sensitive organs (i.e., kidneys, liver,

heart, and spinal cord). Another difficulty in postoperative radiotherapy in gastric

cancer patients is that radiation tolerance doses of OARs are relatively low. Compared

to the manVMAT plans, generated by an expert planner, plan quality was significantly

better for the autoVMAT plans, only requiring slightly longer treatment delivery times.

Specifically, dose conformity and sparing of organs-at-risk were improved, while the

clinical importance of the observed longer treatment delivery time and the increased

MUs is considered to be low. As a result of higher modulation, the number of MUs

was significantly higher in the autoVMAT than in manVMAT plans, this could lead

to challenges in radiation delivery. The integral-dose was significantly reduced in

autoVMAT plans, this may be beneficial especially for young patients to avoid secondary

tumors, and most notably showed significantly reduced NTCP for liver and both kidneys,

although it is not yet clear to what extent the observed dosimetric advantages of

autoVMAT versus an experienced planner will really translate into a clinical benefit.

Automated treatment planning can improve the efficiency of the treatment planning

process and reduce its user dependency, this in turns might lead to more consistent

and uniform outcomes in treatment planning studies and clinical trials. Apart from the

improved plan quality and reduced predicted complications, automated planning also

eliminated the planning hands-on time required for planning.

4.5 Conclusion

Automated treatment planning is of great value for complex treatment sites like for

gastric cancer. Compared to manual planning by an expert planner, plan quality could

be largely improved, while drastically reducing treatment planning workload.
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Abstract

Background: For several tumor entities, automated treatment planning has improved

plan quality and planning efficiency, and may enable adaptive treatment approaches.

Whole-pelvic prostate radiotherapy (WPRT) involves large concave target volumes,

which present a challenge for volumetric-modulated arc therapy (VMAT) optimization.

This study evaluates automated VMAT planning for WPRT-VMAT and compares the

results with manual expert planning.

Methods: A system for fully automated multi-criterial plan generation was configured

for each step of sequential-boost WPRT-VMAT, with final (autoVMAT) plans being

automatically calculated by the Monaco® treatment planning system (TPS; Elekta AB,

Stockholm, Sweden). Configuration was based on manually generated VMAT plans

(manualVMAT) of 5 test patients, the planning protocol, and discussions with the treating

physician on wishes for plan improvements. AutoVMAT plans were then generated for

another 30 evaluation patients and compared to manualVMAT plans. For all 35 patients,

manualVMAT plans were optimized by expert planners using the Monaco® TPS.

Results: AutoVMAT plans exhibited strongly improved organ sparing and higher

conformity compared to manualVMAT. On average, mean doses (Dmean) of bladder

and rectum were reduced by 10.7 Gy and 4.5 Gy, respectively, by autoVMAT. Prostate

target coverage (V95%) was slightly higher (+0.6%) with manualVMAT. In a blinded scoring

session, the radiation oncologist preferred autoVMAT plans to manualVMAT plans for

27/30 patients. All treatment plans were considered clinically acceptable. The workload

per patient was reduced by > 70 min.

Conclusion: Automated VMAT planning for complex WPRT dose distributions is feasible

and creates treatment plans that are generally dosimetrically superior to manually

optimized plans.
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5.1 Background

Modern linear accelerator (linac)-based prostate radiotherapy (RT) is commonly

delivered by intensity-modulated radiation therapy (IMRT) and, more recently, by

volumetric-modulated arc therapy (VMAT). However, treatment planning is often an

iterative trial-and-error process, and the resulting plan quality is strongly dependent on

the planner’s experience.

The clinical target volume (CTV) usually comprises the prostate gland, but in

intermediate- and high-risk disease, the seminal vesicles and pelvic lymph nodes are also

commonly irradiated. This technique of whole-pelvic prostate RT (WPRT) has shown

clinical benefit compared to local prostate-only RT in several studies (Roach et al. 2003;

Mantini et al. 2011), but its role remains controversial (Morikawa & Roach 2011; Amini

et al. 2015). The optimization of WPRT-IMRT/VMAT plans is more challenging and time

consuming than for the local prostate treatments, due to the larger and more complex

target volumes.

In recent years, multi-criterial optimization (MCO) has been applied in the field of

treatment plan optimization with the aim of generating Pareto-optimal plans which

cannot be improved further in one aspect without worsening another. Another

motivation for advanced optimization is avoidance of time-consuming iterative

treatment planning, which may still lead to treatments lacking Pareto optimality. An

MCO approach developed by Craft et al. (2007); Craft & Monz (2010) uses manual

navigation of a plan-library that spans the Pareto space. This strategy can be classified

as an a posteriori technique, where manual interaction by the user is necessary to

select the best-fitting treatment plan. Erasmus-iCycle is a multi-criterial optimizer

for beam profiles and beam angle selection (Breedveld et al. 2012) which employs a

a priori strategy. The user defines a treatment site-specific optimization protocol, a

so-called ‘wish-list’, containing the goal functions that are optimized in a specific order,

defined by assigned priorities. The priorities steer the fully automated multi-criterial

plan generation. In addition, the wish-list can contain hard constraints that must not

be violated. Generated plans are Pareto-optimal and clinically favorable (Voet et al.

2013b, 2014; Della Gala et al. 2017). Currently, Erasmus-iCycle is used as a pre-optimizer;

optimized iCycle plans are subsequently re-constructed with Monaco® TPS (Elekta AB,

Stockholm, Sweden) to generate deliverable IMRT or VMAT plans (Voet et al. 2014; Sharfo

et al. 2015). After the development of a wish-list and a translation strategy to the TPS

in a multi-disciplinary team, treatment planning with Erasmus-iCycle/Monaco is fully

automatic. The algorithm is successfully applied in clinical routine for several tumor

sites, including head-and-neck (Voet et al. 2013b), local prostate cancer (Voet et al. 2014),

cervix (Sharfo et al. 2016), lung (Della Gala et al. 2017), and spinal metastases (Buergy
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et al. 2017). Up until now, the algorithm has only been validated against manual planning

at a single institution, and the previously demonstrated benefit of auto-planning may be

explainable by institution-specific protocols.

This study investigates the feasibility of automated generation of VMAT plans for

WPRT with Erasmus-iCycle/Monaco and compares the resulting dose distributions with

manually optimized VMAT plans that were generated by expert planners in a different

center, also using Monaco®.

5.2 Materials and methods

5.2.1 Patients

From the clinical database of the department of Radiation Oncology in Vienna, 35

prostate cancer patients who were treated with WPRT-VMAT between May 2014 and

July 2016 were randomly selected for this study. Patients with hip implants and bladder

filling less than 100 ml on the planning CT-scan were not included. Each patient had

gold fiducials implanted in the prostate for improved target localization during image

guidance. A CT-scan with 2 mm slice thickness was used for treatment planning. Patients

were scanned and treated with a rectal balloon. The prostate was delineated as the

primary CTV (C T VP ), and the pelvic lymph nodes including seminal vesicles as well as

the C T VP were defined as the secondary CTV (C T VLN ). Rectum, bladder, bowel bag,

and femoral heads were manually contoured as organs-at-risk (OAR). The bowel was

delineated up to a 2 cm extension of the target in the cranial direction. Considering the

use of daily image guidance, setup margins of 5 mm were applied to create two planning

target volumes: PT VP and PT VLN .

The total radiation dose was prescribed in a two-phase Vienna-specific protocol: the

first phase delivered 60 Gy and 50 Gy in 25 fractions to PT VP and PT VLN , respectively,

using a simultaneous-integrated-boost (SIB) technique. The second phase was a

sequential-boost of 13 Gy in 5 fractions to PT VP . Clinical acceptability of the treatment

plans was assessed through a list of clinically applied organ dose constraints which is

presented in Table 5.1, and by clinical judgment of the treating physician.

5.2.2 Treatment planning and delivery systems

Prior to initiation of this study, discussions between the radiation oncologist (G.G.),

the dosimetrist, and the physicists (M.B., A.S., Y.S., J.P., B.H.) were held to define the

guidelines and preferences for dose distributions. A target dose criterion was defined as

a minimum target coverage corresponding to total volume irradiated with 95% of the

prescribed dose (V95%) = 96% for PT VP and PT VLN in the total summed dose (phase
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Table 5.1: Clinical dose constraints for organs-at-risk for the total summed dose.

Rectum Dmax 78 Gy

V65G y 20%

V60G y 40%

V55G y 45%

V50G y 50%

Bowel bag Dmax 56 Gy

V50G y 10%

V45G y 15%

V40G y 20%

Bladder Dmax 78 Gy

V65G y 20%

V55G y 40%

V50G y 50%

V35G y 80%

Femoral Heads Dmax 55 Gy

V45G y 5%

Dmax : maximum dose, VxG y : relative volume of organ
receiving at least x Gy.

1 plus phase 2). The physician expressed his preference for high target coverage and

therefore the aim was to reach approximately V95% = 98% during optimization of the two

single treatment plans.

All final autoVMAT and manualVMAT plans were generated with the Monaco® TPS

version 5.11 for a Versa HD™ linac (Elekta) with 10 MV photons. All treatments were

planned to be delivered by full 360◦ coplanar arcs. Phase 1 was planned as dual-arc and

the boost phase 2 as single-arc, with the iso-center being placed in the center of PT VLN

and PT VP , respectively.

5.2.3 Manual VMAT planning

Two experienced planners from the Vienna team performed VMAT treatment planning

(manualVMAT) in Monaco® for all 35 patients according to current clinical guidelines,

with commonly used templates of optimization cost-functions. The employed templates

are described in Section 5.7. For each patient, the optimization parameters were

iteratively tweaked to improve the dose distributions. This process was performed in the

absence of time constraints and the planner only stopped when no further improvement

in plan quality could be achieved. The two-plan phases were optimized and finalized

independently before the summed dose was inspected to check the OAR constraints.

Each patient was planned by just one planner.
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Table 5.2: Applied wish-lists for automatic volumetric-modulated arc therapy plan generation for
(A) phase 1 (i.e., whole pelvis) and (B) phase 2 (i.e., boost) plans. A detailed description is included
in Section 5.6. The parameters k and α are specific to the iCycle algorithm (Breedveld et al. 2012).

(A)

Constraints

Structure Type Limit

PT VP Max 105% of Dhi g h

PT VP Mean 101% of Dhi g h

PT VLN - PT VP+5mm Max 105% of Dlow

PT VLN - PT VP+5mm Mean 101% of Dlow

Left & Right Femoral Head Max 70% of Dhi g h

PT VLN Shell 50 mm Max 50% of Dhi g h

Unspecified Tissues Max 105% of Dhi g h

Objectives

Priority Structure Type Goal Parameters

1 PT VP _ LTCP 0.65 Dhi g h = 60 Gy, α = 0.7

2 PT VLN _ LTCP 0.5 Dlow = 50 Gy, α = 0.9

3 PT VLN Shell 5 mm _ Max 90% of Dlow

4 Rectum _ EUD 70% of Dhi g h k = 12

_ EUD 30% of Dhi g h k = 4

5 Bladder _ EUD 30% of Dhi g h k = 4

6 PT VLN Shell 15 mm _ Max 60% of Dlow

PT VLN Shell 25 mm _ Max 40% of Dlow

7 Bowel Bag _ EUD 30% of Dhi g h k = 8

8 Skin Ring 20 mm _ Max 30% of Dhi g h

9 Rectum _ Mean 20% of Dlow

10 Bladder _ Mean 20% of Dlow

11 Bowel Bag _ Mean 20% of Dlow

12 Left & Right Femoral Head _ EUD 10% of Dhi g h k = 5

(B)

Constraints

Structure Type Limit

PT VP Max 105% of Dp

PT VP Mean 101% of Dp

Left & Right Femoral Head Max 70% of Dp

PT VP Shell 50 mm Max 50% of Dp

Unspecified Tissues Max 105% of Dp

Objectives

Priority Structure Type Goal Parameters

1 PT VP _ LTCP 0.5 Dp =13 Gy, α = 0.95

2 PT VP Shell 5 mm _ Max 90% of Dp

3 Rectum _ EUD 70% of Dp k = 16

4 Bladder _ EUD 60% of Dp k = 12

5 PT VP Shell 15 mm _ Max 50% of Dp

PT VP Shell 25 mm _ Max 30% of Dp

Skin Ring 20 mm _ Max 30% of Dp

6 Rectum _ Mean 10% of Dp

7 Bladder _ Mean 10% of Dp

8 Left & Right Femoral Head _ EUD 10% of Dp k = 5

Abbreviations: PT VP = planning target volume of the prostate, PT VLN = planning target volume of the
lymph nodes, PT VP+5mm = a 5 mm transition region within PT VLN , Dhi g h = high ( = 60 Gy) prescribed
dose, Dl ow = low ( = 50 Gy) prescribed dose, Dp = prescribed dose, LTCP = Logarithmic Tumor Control
Probability, α = cell sensitivity parameter to achieve adequate target coverage, EUD = Equivalent Uniform
Dose, k = volume-effect parameter.
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5.2.4 Automated VMAT planning with Erasmus-iCycle/Monaco

For automated VMAT planning (autoVMAT), the Erasmus-iCycle algorithm (Breedveld

et al. 2012) was used as a pre-optimizer. To this purpose, a VMAT plan was approached

by using 20 equi-angularly positioned IMRT beams. The two wish-lists for the two

treatment phases used in this study are presented in Table 5.2 and a detailed description

is provided in Section 5.6. The segmentation settings in Monaco® were identical for

manual and automated plan generation, and are described in Section 5.6.

The autoVMAT strategy was developed using a random sub-set of 5 of the total of 35

study patients. This training cohort was used to configure the Erasmus-iCycle/Monaco

system for high-quality automated VMAT plan generation, i.e., development of the

site-specific wish-lists and automatic translations of pre-optimization results into

patient-specific Monaco® templates for both treatment phases. A first strategy for

autoVMAT was created according to clinical guidelines and applied on the training

cohort to create deliverable VMAT plans. A ‘flavor session’ with the radiation oncologist

and medical physicists was then held, where manualVMAT and autoVMAT plans for the

training patients were blindly presented and discussed. Using the results and physicians’

preferences from this flavor session, the autoVMAT configurations were refined and then

applied to the 30 patients not used for configuration (evaluation patients).

5.2.5 Dosimetric plan evaluations

For the 30 evaluation patients, the dose distributions of the individual treatment phases

and the summed total dose as generated by autoVMAT and manualVMAT were analyzed

and compared. Normal tissue sparing was assessed by extracting the near-maximum

dose (D2%) and mean dose (Dmean) for each OAR, and the total volume irradiated at

95% and 50% of the respective prescription dose. Additionally, for the rectum, V70G y and

V55G y were assessed in the summed dose, as these parameters are correlated to rectal

toxicity (Michalski et al. 2010) (adjusted for hypofractionation according to the linear

quadratic model with α/β = 3 Gy). For target structures, V95% (target coverage), D2%,

and Dmean were analyzed. The homogeneity index (HI) and two conformity indices (CI,

CI50%) were calculated as follows:

H I = D2% −D98%

D50%

C I = V95%

VPT V

C I50% = V50%

VPT V
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where V95% and V50% describe the total volumes irradiated with 95% and 50% of

the prescribed dose, respectively. For the determination of D2%, Dmean , and HI in the

PT VLN , the SIB volume including a 2 cm margin was subtracted.

Dosimetric differences between autoVMAT and manualVMAT were tested for

statistical significance by a two-sided Wilcoxon matched-paired signed-rank test (p

< .05). No rescaling of dose distributions was performed, since Dmean was equivalent in

the total plan sum for autoVMAT and manualVMAT. The number of monitor units (MU)

for each of the two treatment phases was noted.

5.2.6 Physician’s plan scoring

In a blinded plan scoring session, the radiation oncologist was simultaneously presented

with the total summed plans created by autoVMAT and manualVMAT for all 30 study

patients. The cumulative DVHs for all structures, the dose distributions in the TPS, and a

table with the most important dosimetric parameters were provided to the physician.

Based on this information, the physician rated the two distributions relatively to each

other according to three categories:

• Plan A is considerably better than plan B

• Plan B is considerably better than plan A

• Plan A and plan B are of similar quality

5.2.7 Dosimetric verification measurements

Deliverability of autoVMAT and manualVMAT plans was checked by performing

verification dose measurements for 10 randomly selected patients. Dose distributions

were measured with the Del t a4 phantom (ScandiDos, Uppsala, Sweden) and compared

to planned doses through a γ analysis (3% local dose difference, 3 mm).

5.3 Results

5.3.1 Dosimetric plan evaluations

All generated autoVMAT and manualVMAT dose distributions fulfilled the criteria

for clinical acceptability in terms of OAR sparing and target coverage. Population

average DVHs for the 30 evaluation patients for the single plan phases and the total

treatment are shown in Figure 5.1, pointing toward meaningful advantages for autoVMAT.

Dose–volume parameters of autoVMAT and differences with manualVMAT are presented

in Table 5.3.
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Figure 5.1: Mean dose–volume histograms (DVHs) for automated and manual
volumetric-modulated arc therapy (autoVMAT, manualVMAT) plans for the 30 evaluation
patients. Top: Phase 1 whole-pelvis plan; Middle: Phase 2 boost plan; Bottom: Sum plan; femor.
h. = femoral head, PT VP = planning target volume prostate, PT VLN = planning target volume
lymph nodes.

Figure 5.2 depicts an exemplary dose distribution in an axial slice of the summed

treatment for both optimization techniques. Most striking is the improved bladder

sparing with autoVMAT, which was also the most important advantage of autoVMAT for

the entire study population.

Figure 5.2: Exemplary dose distribution of the total summed plan. Left: Automated
volumetric-modulated arc plan (autoVMAT); Right: Manual VMAT plan (manualVMAT).

66



Results

5

In general, dose distributions in the targets were similar, with small differences as is

shown by the DVHs in Figure 5.1, and Table 5.3. Dmean in PT VP was identical in phase

1 and the summed dose in both optimizations. Target coverage was similar for both

optimization methods, but was statistically significantly higher in manualVMAT in the

PT VP by a small amount of 0.6% points on average. In the PT VLN , V95% was higher in

autoVMAT in the summed plan. Significantly lower OAR doses were observed in rectum,

bladder, and bowel in autoVMAT compared to manualVMAT, for both phases and for

the sum plan. Most prominent was the lower bladder dose in autoVMAT, with average

Dmean values in the sum plan of 26.3 Gy and 37 Gy for autoVMAT and manualVMAT,

respectively. Doses to the femoral heads were generally higher in autoVMAT, but the

average difference in Dmean was below 1.7 Gy.

AutoVMAT dose distributions were more conformal than manualVMAT doses, which

was especially evident in the smaller C I50% in both planning phases. The volume of the

50% isodose was decreased on average by 852 ml in phase 1 (50% = 25 Gy) and 63 ml

in phase 2 (50% = 6.5 Gy) with autoVMAT. ManualVMAT plans delivered slightly more

homogeneous target doses. The average number of MUs were 664/1029 for phase 1 and

563/716 for phase 2 in manualVMAT and autoVMAT, respectively.

5.3.2 Physician’s plan scoring

During the blinded scoring session, the radiation oncologist considered all plans from

both optimizations clinically acceptable. He preferred the autoVMAT plan in 27 out

of 30 patients and the manualVMAT in the other 3 patients. He chose the autoVMAT

plans mainly for their increased OAR sparing, while the occasional small advantages of

manualVMAT in PT VP coverage were not considered clinically relevant in most cases.

However, in the three patients where manualVMAT was considered better, the V95% and

Dmi n were noticeably lower in autoVMAT. After the scoring session, the MUs of the

treatment plans in these three patients were rescaled to reach identical values of V95% in

the PT VP in the autoVMAT and the manualVMAT plans, and another blinded scoring

session was held with these three patients. The physician then preferred the autoVMAT

plans in the second round in all cases.
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5.3.3 Planning workload

The planning workload in manualVMAT was assessed by recording the time for

parameter tweaking and re-optimization after the initial optimization run, as the planner

would usually not wait in front of the workstation during the first calculation. The average

manual planning time was 54 min for a phase 1 plan and 22 min for a phase 2 plan,

which accumulated to 76 min workload per patient. The additional optimization time in

Erasmus-iCycle for autoVMAT was in the range of 3-6 h for phase 1 and 20-40 min for

phase 2.

5.3.4 Dosimetric verification measurements

All treatment plans, both autoVMAT and manualVMAT, exhibited γ pass rates (GPR)

> 95% in the verification measurements, fulfilling the in-house QA requirements. The

mean GPR in phase 1/phase 2 were 98.3%/99.3% for autoVMAT and 98.6%/99.6% for

manualVMAT. Differences between the verification results of both optimization methods

were not statistically significant.

5.4 Discussion

In this study, the potential of fully automated, a priori multi-criterial VMAT planning

for whole-pelvis prostate treatments was investigated for the first time. This treatment

site involves a large concave-shaped target with a SIB, and therefore presents a new and

complex optimization problem for the algorithm.

Automated planning significantly improved OAR sparing compared to manual

planning. In the total sum plans, the dose to bladder, rectum, and bowel was substantially

reduced. Although a slightly higher target coverage in the prostate PTV was observed in

manualVMAT, this small difference was not considered clinically relevant. Additionally,

the conformity strongly improved with autoVMAT. The dosimetric advantages were

also confirmed by the radiation oncologist, who preferred the autoVMAT plan over

manualVMAT in 90% of cases in a blinded plan comparison session.

The driving forces of auto-planning with Erasmus-iCycle are the wish-lists, which

essentially define planning protocols or recipes to be followed by the algorithm

for automatic plan generation. The wish-lists are specific for a patient population.

In contrast to generally applied planning templates, the wish-lists do not need

patient-specific fine-tuning. Wish-lists are generated in an iterative procedure, using

repeated automated plan generations for a small group of test patients.

AutoVMAT planning in this study was indeed fully automatic with no hands-on time,

resulting in a reduction of more than 70 min of manual planning time. However, the
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creation and refining of wish-lists in a multi-disciplinary team prior to auto-planning

for a patient population is time-consuming, which needs to be considered in the

departmental logistics.

The number of MUs was significantly higher in autoVMAT than in manualVMAT

plans, as a result of higher modulation. The increased plan complexity might lead

to challenges in radiation delivery, but no delivery errors could be detected in the

verification measurements. More MUs might also lead to more head scatter and higher

peripheral doses.

A commercially available a posteriori MCO approach (Bokrantz 2012) has also

demonstrated its potential in WPRT-VMAT planning (Buschmann et al. 2016).

Knowledge-based treatment planning strategies have also emerged, which use a model

created from a library of approved plans to optimize dose distributions for a new

patient (Hussein et al. 2016). However, these approaches still require manual interaction

or the establishment of a library of high-quality treatment plans. One limitation of this

study is that the Pareto-optimal pre-optimizer (with sub-sequent re-construction in

Monaco®) in autoVMAT was not compared to a manual multi-criterial optimizer (Craft &

Monz 2010; Bokrantz 2012), but rather to current standard clinical practice planning.

Precise concurrent targeting of the prostate and the pelvic lymph nodes with

radiation can be challenging, as both target volumes can move independently. The lymph

nodes remain relatively fixed to the bony anatomy, while the prostate may shift more

than 15 mm (Bylund et al. 2008; Peng et al. 2011) in position with variable bladder and

rectum filling. Therefore, adaptive RT (ART) has been proposed for WPRT by employing

off-line re-planning or pre-planned plan-libraries (Qi et al. 2014; Cantin et al. 2015;

McVicar et al. 2016). These approaches are rarely clinically realized due to the high

workload. With the demonstrated efficiency increase achieved through auto-planning,

multiple VMAT planning and the implementation of ART for WPRT may be feasible.

Another advantage of automated planning is the absence of inter- and intra-planner

variations, and a higher homogeneity in plan quality. This may lead to more consistent

outcomes in treatment planning studies and clinical trials.

A limitation of the presented (clinical) planning work-flow is that the boost-plan is

created in the initial planning step and possible systematic changes in anatomy over the

first weeks of treatment are not incorporated.

Hip prostheses are rather common in the prostate cancer patient population, but

these patients were not considered in this study. WPRT planning can be very complex in

the presence of hip implants. Voet et al. (2013a) investigated automated planning for

treatment of prostate plus seminal vesicles (no nodes), where automated beam angle

optimization was also considered.

Elekta AB is currently working on the integration of Erasmus-iCycle into their

commercial Monaco® TPS.
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5.5 Conclusion

Fully automated VMAT planning of whole-pelvic prostate treatments with large and

complex target volumes created dosimetrically superior treatment plans compared to

plans generated manually by experts. The autoVMAT plans were favored by the radiation

oncologist in 90% of patients and the planning workload was considerably reduced.

5.6 Automated VMAT planning with Erasmus-iCycle/

Monaco

Automated treatment plan generation with Erasmus-iCycle for an individual patient is

based on a site-specific ‘wish-list’ containing the clinical plan objectives with ascribed

priorities and hard constraints to be strictly obeyed. The wish-list used for the whole

pelvis contains constraints to control maximum and mean dose in the targets and OARs,

and dose fall-off outside the PTV. PTV coverage and its homogeneous dose distribution

are optimized using the Logarithmic Tumor Control Probability (LTCP) function (Alber &

Reemtsen 2007) with the highest priority (priorities 1 and 2), followed by a shell around

the PTV to create a conformal dose distribution (priority 3). Equivalent uniform dose

(EUD) (Niemierko 1997) objectives with volume effect parameter (k = 12 and 4) focusing

on reduction of the high and midrange dose in the rectum and bladder, respectively

(priorities 4 and 5). Two more shells around the PTV (priority 6 in Table 5.2) were defined

to make a conformal dose distribution. To reduce mid- to high-range dose in the bowel

bag another EUD with (k = 8) was defined (priority 7). A skin ring of 2 cm wide, from

the body contour towards the patient’s internal was defined to control entrance doses

(priority 8). Mean dose in the rectum, bladder and bowel bag were then reduced with

priorities 9,10, and 11. For the left and right femoral heads, EUD objectives were used as

shown in Table 5.2. After plan optimization in Erasmus-iCycle, a template containing the

achieved results for constraints and objectives is automatically created and fed into the

clinical TPS (Monaco® v5.11, Elekta AB, Sweden) to generate, without planner interaction,

clinically deliverable dual-arc VMAT plans.

The following segmentation settings in Monaco® were used and kept constant for all

automated and manual plan in both planning phases:

• Fluence smoothing = medium

• Maximum number of control points per arc = 230

• Minimum segment width = 1 cm

• Sector increment = 30◦
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5.7 Manual VMAT planning with Monaco

In Table 5.4 and Table 5.5, the cost-function templates for manual planning in Monaco®

are presented. Plan optimizations were initiated with these population-based templates

and in the next iterative steps functions and parameters were manually tweaked to

obtain the best possible dose distributions.

Table 5.4: Applied Monaco® template for manual VMAT plan generation for phase 1 (i.e., whole
pelvis) plan.

Volume Type Dose level Parameters Shrink margin

PT VP Target EUD 60 Gy Cell sensitivity: 0.5

Quadratic overdose 61 Gy RMS Dose excess: 0.17 Gy

Target penalty 58.8 Gy Min. volume: 99%

PT VLN Target EUD 50 Gy Cell sensitivity: 0.5

Quadratic overdose 51 Gy RMS Dose excess: 0.3 Gy 0.5 cm

Quadratic overdose 52 Gy RMS Dose excess: 0.1 Gy 0.5 cm

Target penalty 49.5 Gy Min. volume: 99%

Rectum Serial 46 Gy PLE 15

Serial 32 Gy PLE 10 1 cm

Bladder Serial 41 Gy PLE 10

Serial 32 Gy PLE 6 1 cm

Bowel Serial 34 Gy PLE 10

Quadratic overdose 50 Gy RMS Dose excess: 0.1 Gy

Left & Right Femoral Head Serial 24 Gy PLE 6

Body Quadratic overdose 53 Gy RMS Dose excess: 0.08 Gy

Quadratic overdose 41 Gy RMS Dose excess: 0.17 Gy 0.6 cm

Quadratic overdose 28 Gy RMS Dose excess: 0.7 Gy 1.5 cm

Abbreviations: PT VP = planning target volume of the prostate, PT VLN = planning target volume of the lymph nodes,

EUD = Equivalent Uniform Dose, PLE = Power Law Exponent, RMS = Root Mean Square.

Table 5.5: Applied Monaco® template for manual VMAT plan generation for phase 2 (i.e., boost)
plan.

Volume Type Dose level Parameters Shrink margin

PT VP Target EUD 13 Gy Cell sensitivity: 0.5

Quadratic overdose 13.1 Gy RMS Dose excess: 0.3 Gy

Target penalty 12.9 Gy Min. volume: 98%

Rectum Serial 10 Gy PLE 15

Serial 5 Gy PLE 10 1 cm

Bladder Serial 9 Gy PLE 10

Left & Right Femoral Head Serial 3 Gy PLE 6

Body Quadratic overdose 10 Gy RMS Dose excess: 0.16 Gy

Quadratic overdose 5 Gy RMS Dose excess: 0.3 Gy 1.5 cm

Abbreviations: PT VP = planning target volume of the prostate, EUD = Equivalent Uniform Dose, PLE = Power Law

Exponent, RMS = Root Mean Square.
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Abstract

Background and Purpose: In a published study on cervical cancer, 5-beam IMRT was

inferior to single-arc VMAT. Here we compare 9, 12, and 20 beam IMRT with single- and

dual-arc VMAT.

Material and Methods: For each of 10 patients, automated plan generation with the

in-house Erasmus-iCycle optimizer was used to assist an expert planner in generating

the five plans with the clinical TPS.

Results: For each patient, all plans were clinically acceptable with a high and similar

PTV coverage. OAR sparing increased when going from 9 to 12 to 20 IMRT beams, and

from single- to dual-arc VMAT. For all patients, 12 and 20 beam IMRT were superior to

single- and dual-arc VMAT, with substantial variations in gain among the study patients.

As expected, delivery of VMAT plans was significantly faster than delivery of IMRT plans.

Conclusions: Often reported increased plan quality for VMAT compared to IMRT has

not been observed for cervical cancer. Twenty- and 12-beam IMRT plans had a higher

quality than single- and dual-arc VMAT. For individual patients, the optimal delivery

technique depends on a complex trade-off between plan quality and treatment time that

may change with introduction of faster delivery systems.
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6.1 Introduction

Volumetric-modulated arc therapy (VMAT) and intensity-modulated radiotherapy with

static gantry angles (IMRT) have been compared for various tumor sites, both regarding

plan quality and treatment time (Teoh et al. 2011). In most studies, VMAT was a

new technology and plans were compared to previously delivered clinical IMRT plans.

Systematic comparisons with variations in the number of IMRT beams and VMAT arcs

are scarce (Guckenberger et al. 2009; Bortfeld 2010; Quan et al. 2012a). Several studies on

advanced cervical cancer have demonstrated reduced OAR doses with IMRT compared

to 3D-conformal radiotherapy (Portelance et al. 2001; Mundt et al. 2002; Heron et al.

2003; Ahamad et al. 2005; van de Bunt et al. 2006). To the best of our knowledge,

only Cozzi et al. (2008) have compared VMAT and IMRT for cervical cancer patients.

Recently, we have developed Erasmus-iCycle, an optimizer for automated,

multi-criterial beam profile optimization and beam angle selection for coplanar and

non-coplanar IMRT (Breedveld et al. 2007, 2009, 2012; Rossi et al. 2012; Voet et al.

2012, 2013a,b). In Erasmus-iCycle, the common manual, trial-and-error tweaking of

plan parameters by dosimetrists is replaced by a fully automated procedure, based on

lexicographic optimization. The automation allows objective comparison of treatment

strategies, e.g. with variable numbers of IMRT beams, or considering non-coplanar vs.

coplanar IMRT (Rossi et al. 2012; Voet et al. 2012, 2013b). Currently, Erasmus-iCycle

optimizes beam fluences. For generation of clinical plans, Erasmus-iCycle plans are

re-constructed and segmented in the clinical treatment planning system (TPS). In a

recent prospective study, we have demonstrated superior plan quality of Erasmus-iCycle

plans that were ‘manually’ reconstructed in the clinical TPS (semi-automatic plan

generation), compared to the clinical routine of trial-and-error treatment planning. In

97% of cases, the treating physician selected the semi-automatically generated plan for

treatment rather than the IMRT plan generated manually by a dosimetrist without prior

knowledge of the Erasmus-iCycle result (Voet et al. 2013b). Apart from the improved

plan quality, the semi-automated procedure also reduced the planning hands-on time

by 50% compared to manual planning.

Cozzi et al. (2008) have retrospectively compared single-arc VMAT plans with

previously delivered 5-field equi-angular IMRT plans for treatment of cervical cancer

patients. In this study, we have systematically compared single- and dual-arc VMAT

plans with IMRT plans with 9, 12 and 20 beams. All these plans were generated

semi-automatically (above). Apart from the mutual comparisons, the semi-automatic

plans were also compared to clinically delivered 9-beam IMRT plans.
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6.2 Materials and methods

6.2.1 Patients and clinical treatment plans

Planning CT-scans of 10 randomly selected, previously treated cervical cancer patients

were included in this study. All scans had delineated small bowel (SB), rectum, bladder,

and a planning target volume (PTV). To establish the PTV, an internal target volume

(ITV) was first constructed using a pre-treatment established motion-model from a

full and an empty bladder CT-scan, which was then uniformly expanded by a 1 cm

margin (Bondar et al. 2012). Patients were treated in prone position lying on a small

bowel displacement system (belly board), and using step-and-shoot 9 field IMRT with

10 MV photons at a Synergy® linear accelerator (Elekta AB, Sweden). The linacs were

equipped with the MLCi2 multi-leaf collimator (MLC) and the dose rate was 600 MU/min.

The prescription dose was 46 Gy delivered in 23 fractions. As defined by the clinical

protocol, all plans were created to deliver ≥ 95% of the prescribed dose to a minimum of

99.5% of the PTV, and no more than 0.2% of the PTV should receive ≥ 110%. Cervical

cancer target volumes are generally large. For this reason we did not use commonly

applied D98% and D2% parameters for these patients to evaluate low and high PTV doses,

respectively. The main planning goal was to create highly conformal plans providing the

best sparing of the delineated OARs with a higher concern for the SB which has the most

severe complications (Roeske et al. 2003). All plans were generated with our clinical TPS

(Monaco® version 3.3, Elekta AB, Sweden).

6.2.2 Systematic comparisons of planning strategies

For each patient, 5 plans were semi-automatically generated in a two-step process. In

the first step, Erasmus-iCycle ( (Breedveld et al. 2012), and Section 6.2.3) was used for

fully automatic generation of a high quality 20-beam equi-angular IMRT plan. Using

the Erasmus-iCycle results for guidance, an expert planner (Abdul Wahab M. Sharfo)

then manually designed 5 plans with the clinical TPS; single-arc VMAT (VMAT), dual-arc

VMAT (2VMAT), and IMRT plans with 9 (9DMLC), 12 (12DMLC) and 20 (20DMLC)

equi-angular beams, delivered with dynamic MLC. To this purpose, the Erasmus-iCycle

output was used to generate a patient specific plan prescription for Monaco® (Voet

et al. 2014). For all plans, the goal was to maximally approach (or supersede) the

corresponding Erasmus-iCycle plan results, considering the established hard constraints

and priorities for the various objectives (Section 6.2.3). In order to avoid bias in planning

results, plan generations for individual patients were spread out in time. Moreover,

for each patient, the five plans were generated in an arbitrary order, and consecutive

generation of plans for a single patient was avoided. The expert stopped working on the

79



Comparison of VMAT and IMRT for Cervical Cancer

6

plans if plan quality leveled off and no significant further improvement was expected;

there was no time limit. As in clinical practice, semi-automatic plans were generated

for 10 MV beams, the MLCi2 multi-leaf collimator, and a maximum dose rate of 600

MU/min.

Generated plans were visually inspected by the clinician participating in this study

(Jan Willem M. Mens) to assess acceptability for clinical use. For small bowel, the

volumes receiving > 15 Gy and > 45 Gy, V15G y and V45G y (Kavanagh et al. 2010), and

the mean dose, Dmean , were used for quantitative plan comparisons. For rectum and

bladder, Dmean was used. Paired two-sided Wilcoxon signed-rank tests were performed

to compare the different planning strategies. Differences were considered statistically

significant for p < .05.

For a sub-set of 5 patients, all 5 semi-automatically generated plans were actually

delivered at one of our treatment units in the absence of the patient to record treatment

delivery times.

6.2.3 Automatic plan generation with Erasmus-iCycle

Erasmus-iCycle has been described in detail in (Breedveld et al. 2012). In this study,

the optimizer was used for fluence profile optimization, using a fixed, equi-angular

20-beam setup (Section 6.2.2). Plan optimization with Erasmus-iCycle is based on an

a priori defined ‘wish-list’ with hard constraints, and prioritized objectives with goal

values (Breedveld et al. 2007, 2009). Each treatment site has a fixed wish-list. In several

studies, we have observed superior plan quality with this approach compared to ‘manual’

trial-and-error tweaking of TPS parameters by dosimetrists in a clinical setting (Rossi

et al. 2012; Voet et al. 2012, 2013b).

The cervical cancer wish-list as used in this study is presented in Table 6.1. The

constraints for shells around the PTV at 1.5 cm, 2.5 cm and 4 cm were defined to ensure

a steep dose fall-off outside the PTV, as well as a conformal dose distribution. Among

the objectives, PTV coverage had the highest priority. To achieve adequate coverage, the

Logarithmic Tumor Control Probability (LTCP) was used as objective function (Alber &

Reemtsen 2007). A skin ring of 2 cm wide, extending from the body contour towards the

PTV, was defined to control the entrance dose (priority 2). In line with current clinical

practice, sparing of SB had a higher priority than reducing delivered dose to the rectum

and bladder. Reduction of the mean SB, rectum and bladder doses was performed using

a multi-level approach (Breedveld et al. 2012), i.e., by repeated use of the objective

functions with decreasing priorities and goal values (Table 6.1).
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Table 6.1: Applied wish-list for all study patients.

Constraints

Volume Type Limit

PTV Max 105% of Dp

PTV Shell 15 mm Max 75% of Dp

PTV Shell 25 mm Max 65% of Dp

PTV Shell 40 mm Max 50% of Dp

Unspecified Tissues Max 105% of Dp

Objectives

Level Priority Volume Type Goal Parameters

1 PTV _ LTCP 1 Dp = 46 Gy, α = 0.75

2 Skin Ring 20 mm _ Max 50% of Dp

3 Small Bowel _ Mean 40 Gy

1 4 Rectum _ Mean 40 Gy

5 Bladder _ Mean 40 Gy

6 Small Bowel _ Mean 20 Gy

2 7 Rectum _ Mean 20 Gy

8 Bladder _ Mean 20 Gy

9 Small Bowel _ Mean 10 Gy

3 10 Rectum _ Mean 10 Gy

11 Bladder _ Mean 10 Gy

12 Unspecified Tissues _ Mean −−−
Abbreviations: Dp = prescribed dose, LTCP = Logarithmic Tumor Control Probability, α = cell sensitivity
parameter.

6.3 Results

6.3.1 Semi-automatic plan generation

All generated plans were clinically acceptable. Based on achieved plan parameters of

an Erasmus-iCycle 20-beam IMRT plan, the planner succeeded in all cases to generate

a clinically deliverable 20DMLC Monaco® plan with highly similar plan quality. As in

the clinical plans, in all semi-automatically generated plans, at least 99.5% of the PTV

received 95% or more of the prescribed dose, while the volume receiving > 110% was

below 0.2%. For the whole population and all plans, the minimum dose in the PTV-1cc

was 92.2% ± 1.1% of the prescribed dose. For each patient, differences in PTV coverage

and PTV mean and minimum doses among the various plans were insignificant. Because

of the high similarities in PTV doses in all plans for each of the patients, in the remainder

of this section, plan quality comparisons are based on differences in OAR dose delivery.

Figure 6.1 shows for the included patient 8, comparisons between 20DMLC, 2VMAT and

clinical dose distributions in axial planes. Conformality is clearly highest for 20DMLC

and lowest for the clinical plan.
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Figure 6.1: Axial slices for patient 8 showing the differences in dose distribution between 20DMLC,
2VMAT, and clinical plans. The shown isodose lines are 30%, 40%, 50%, 60%, 70%, 80%, 95% and
107% of the prescribed dose, respectively.

6.3.2 Semi-automatic vs. clinical plan quality

The last row of Table 6.2 demonstrates that for all semi-automatic IMRT and VMAT

procedures (20DMLC, 12DMLC, 9DMLC, 2VMAT, VMAT), the 5 OAR plan parameters

were on average lower than the corresponding parameters in the clinical plans. For

the 3 SB plan parameters, reductions in the semi-automatic procedures were always

statistically significant (last column of Table 6.2). For the (lower priority) rectum and

bladder mean doses, reductions were statistically significant for 20DMLC, 12DMLC,

9DMLC, and 2VMAT, but not for VMAT. The last column in Table 6.2 shows that for each

semi-automatic procedure, the majority of patients had lower OAR parameter values

than in the clinical plan. Superiority of the semi-automatically generated plans over the

clinically applied plans is confirmed in Figure 6.2.

6.3.3 Semi-automatic dual-arc vs. single-arc VMAT plan quality

On average, semi-automatic dual-arc VMAT planning resulted in reduced OAR dose

delivery compared to single-arc (Figure 6.2 and Table 6.2). Each of the 5 evaluated OAR

plan parameters was lowest with 2VMAT for 50% or more of patients (Table 6.2). For

SB V45G y and SB Dmean , the differences between 2VMAT and VMAT were statistically

significant (Table 6.2). While both for 2VMAT and VMAT, SB V45G y , SB V15G y , and

SB Dmean were statistically significantly lower than in the clinical plan, significant

reductions for rectum and bladder Dmean were only observed for dual-arc planning

(Table 6.2).
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Table 6.2: Pair-wise comparisons of planning strategies.

20DMLC 12DMLC 9DMLC 2VMAT VMAT Clinical

p-value Pts p-value Pts p-value Pts p-value Pts p-value Pts

a NS (6 | 4) .031 (7 | 3) NS (7 | 3) .006 (9 | 1) .002 (10 | 0)

b .037 (9 | 1) .004 (9 | 1) .002 (10 | 0) .008 (9 | 1) .002 (10 | 0)

20DMLC c .002 (10 | 0) .002 (10 | 0) .004 (10 | 0) .002 (10 | 0) .002 (10 | 0)

d .01 (8 | 2) .006 (9 | 1) .002 (10 | 0) .002 (10 | 0) .002 (10 | 0)

e NS (8 | 2) NS (7 | 3) .002 (10 | 0) .002 (10 | 0) .002 (10 | 0)

a 1.1/15.2 NS (6 | 4) NS (5 | 5) NS (8 | 2) .002 (10 | 0)

b 2.6/50.0 NS (8 | 2) .006 (9 | 1) .02 (8 | 2) .002 (10 | 0)

12DMLC c 0.6/20.9 .002 (10 | 0) .006 (9 | 1) .004 (9 | 1) .002 (10 | 0)

d 0.5/43.0 NS (7 | 3) .004 (9 | 1) .004 (10 | 0) .004 (9 | 1)

e 0.3/42.1 NS (7 | 3) .002 (10 | 0) .004 (10 | 0) .002 (10 | 0)

a 1.2/15.3 0.1/15.8 .01 (3 | 7) NS (7 | 3) .002 (10 | 0)

b 4.8/51.1 2.2/52.3 .027 (8 | 2) NS (7 | 3) .004 (9 | 1)

9DMLC c 1.3/21.2 0.7/21.5 NS (7 | 3) NS (7 | 3) .004 (9 | 1)

d 0.8/43.1 0.2/43.4 NS (8 | 2) .049 (8 | 2) .006 (9 | 1)

e 0.5/42.2 0.2/42.4 .004 (9 | 1) .002 (10 | 0) .002 (10 | 0)

a 0.2/14.8 -0.9/15.3 -1.0/15.4 .012 (9 | 1) .002 (10 | 0)

b 9.0/53.2 6.4/54.4 4.2/55.5 NS (5 | 5) .01 (8 | 2)

2VMAT c 1.7/21.4 1.1/21.7 0.5/22.1 .027 (9 | 1) .002 (10 | 0)

d 1.2/43.3 0.6/43.6 0.4/43.7 NS (7 | 3) .037 (8 | 2)

e 1.3/42.6 1.0/42.8 0.8/42.9 NS (8 | 2) .014 (9 | 1)

a 1.3/15.4 0.3/15.9 0.2/16.0 1.2/15.5 .004 (9 | 1)

b 9.6/53.5 7.1/54.8 4.9/55.9 0.7/58.0 .002 (10 | 0)

VMAT c 2.1/21.6 1.5/21.9 0.9/22.3 0.4/22.5 .002 (10 | 0)

d 1.5/43.5 1.0/43.8 0.8/43.9 0.4/44.1 NS (7 | 3)

e 1.8/42.9 1.5/43.0 1.3/43.1 0.5/43.5 NS (7 | 3)

a 4.1/16.8 3.1/17.3 3.0/17.4 4.0/16.9 2.8/17.4

b 17.4/57.4 14.8/58.6 12.6/59.7 8.4/61.8 7.7/62.2

Clinical c 4.5/22.8 3.9/23.1 3.3/23.5 2.8/23.7 2.4/23.9

d 1.9/43.7 1.4/44.0 1.2/44.1 0.8/44.3 0.4/44.5

e 2.5/43.2 2.2/43.4 2.0/43.5 1.2/43.9 0.7/44.1

Abbreviations: NS = no statistically significant difference i.e. p > .05.
In each comparison (table cell), going from top to bottom, data refer to (a) SB V45G y , (b) SB V15G y , (c) SB Dmean , (d) Bladder Dmean , and (e) Rectum Dmean . Below
the table diagonal, the “A/B” in the cells refer to A: plan parameter value for the strategy along the vertical axis minus the parameter value for the strategy along the
horizontal axis, averaged over the 10 patients in the study, B: average of the patient-mean OAR parameter values in the two compared strategies. Cells above the
diagonal show p-values and “(n|m)”: for n patients, the strategy indicated at the horizontal axis has lowest OAR dose, while for m patients the strategy mentioned at
the vertical axis is superior.
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Figure 6.2: For the semi-automatic planning strategies 12DMLC, 9DMLC, 2VMAT and VMAT
and the clinical plans, percentage increases of mean OAR plan parameter values relative to the
semi-automatic 20DMLC. Average absolute values for 20DMLC: SB V45G y = 102 cc, SB V15G y = 345
cc, SB Dmean = 20.6 Gy, Rectum Dmean = 42 Gy and Bladder Dmean = 42.7 Gy. ∗: Difference from
20DMLC not statistically significant.

6.3.4 Semi-automatic 20DMLC vs. 12DMLC vs. 9DMLC plan quality

Figure 6.2 and Table 6.2 show that all mean OAR parameter values reduce when going

from 9 to 12 beams and from 12 to 20. Both beam additions result in a benefit for the

majority of patients (Table 6.2).

6.3.5 Semi-automatic IMRT vs. VMAT plan quality

Figure 6.2 and Table 6.2 demonstrate that all semi-automatic IMRT strategies (20DMLC,

12DMLC, and 9DMLC) have better OAR sparing than single-arc VMAT plans. The

differences are also mostly statistically significant (Table 6.2). For all OAR parameters,

the majority of patients also benefited from 20DMLC and 12DMLC compared to dual-arc

VMAT (2VMAT) (Table 6.2). Figure 6.3 and Figure 6.4 provide for each patient separately,

detailed comparisons between 20DMLC and 2VMAT, and the clinical plan (Figure 6.3

only). Both figures underline the overall superiority of semi-automatic 20DMLC plan

quality compared to semi-automatic 2VMAT. There are however substantial variations

among patients in the differences between the two strategies. For patients 2, 8 and 9

these differences are relatively small, while patients 3–6 and 10 show higher gains of

20DMLC. Treatment times of 20DMLC plans are clearly enhanced compared to 2VMAT
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plans. In Section 6.4, improved plan quality is discussed in the context of treatment time

enhancement.

6.3.6 Planning times

Fully automated plan generation with Erasmus-iCycle to generate input for the manual

planning in the clinical TPS took on average 4.5 h per patient and was done overnight (no

workload). The average hands-on planning time for generating a plan in the clinical TPS,

based on Erasmus-iCycle output, was 1.5 h with a minimum of 0.5 h and a maximum of

3 h; VMAT hands-on planning times were almost a factor of 2 larger than that for DMLC.

The average hands-on planning time spent on generation of clinical plans was 3 h with a

range between 2 and 5 h, depending on the complexity of the case. The mentioned times

for plan generation in the clinical TPS include times for Monte Carlo dose calculation.

6.3.7 Treatment delivery times

For the studied sub-set of 5 patients, the recorded mean treatment delivery times for

VMAT, 2VMAT, 9DMLC, 12DMLC and 20DMLC were 3.0 [2.9, 3.2], 4.1 [3.8, 4.5], 10.5 [9.1,

12], 12.8 [10.3, 15.2], and 15.6 min. [14, 17.6], respectively.

6.4 Discussion

VMAT and IMRT plans have been compared in many studies and for various tumor

sites (Teoh et al. 2011). In most studies, VMAT was a novel treatment technique,

compared to previously delivered IMRT. Often, VMAT and IMRT plans were generated by

different planners, and possibly under different conditions (e.g. available planning

time). In this study, we have systematically compared single- and dual-arc VMAT,

and IMRT with 9, 12, and 20 beams for treatment of locally-advanced cervical cancer

patients. All plans were generated in a semi-automatic procedure. For each patient, the

basis for the production of the five semi-automatic plans was a 20-beam equi-angular

IMRT plan, automatically generated with the in-house Erasmus-iCycle. The output (i.e.

achieved plan parameters) of this Erasmus-iCycle plan was used as a guide for manual

construction of the two VMAT and three IMRT plans in the clinical TPS. To the best of

our knowledge this is the first comprehensive study presenting for a single treatment

site a comparison of clinically deliverable plans (i.e. generated with a clinical TPS) with

variation of both the number of IMRT beams and the number of VMAT arcs. Previous

studies by Bortfeld (2010), and Quan et al. (2012a) were based on plans generated with

non-clinical optimization algorithms. Guckenberger et al. (2009) investigated VMAT

with multiple arcs for complex targets compared to one clinical IMRT plan.
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Figure 6.3: DVHs for PTV (red), SB (blue), bladder (green) and rectum (orange) for all study
patients for clinical (solid), 20DMLC (dashed), and 2VMAT (dotted) plans.
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Figure 6.4: For each of the 10 patients in this study (P1-P10 along the horizontal axis), OAR plan
parameters are presented for dual-arc VMAT (2VMAT) and 20-beam IMRT (20DMLC).

Instead of generating a 20-beam equi-angular IMRT plan, Erasmus-iCycle could

also have been used to generate for each patient a 20-beam plan with an individualized

beam setup. However, a study for a sub-set of patients did not show significant plan

improvements for individualized beam arrangements, while calculation times went up.

The same study showed no significant improvements for plans with more than 20 beams.

The presented hands-on planning times in Section 6.3 demonstrate that construction of

IMRT and VMAT plans in the clinical TPS, based on an automatically generated 20-beam

Erasmus-iCycle plan, is a time-efficient method that sets the workload to minimal by the

automatic generation of Monaco® cost-functions.

In a previous prospective clinical study on head-and-neck cancer we have

demonstrated clear superiority of the semi-automatic procedure over the general

trial-and-error treatment planning by dosimetrists (Voet et al. 2013b). In this study, we

have confirmed the superiority of semi-automatic planning for cervical cancer patients

in a retrospective comparison; for each patient, all five semi-automatically generated

plans had better OAR sparing than the clinically applied 9-beam IMRT plan. Plan

quality increased when the number of beams (IMRT) or arcs (VMAT) went up. This

can be attributed to increases in the degrees of freedom for generating high quality

plans. Interestingly, 12DMLC and 20DMLC plans had better OAR sparing than dual- and

single-arc VMAT. Detailed analyses demonstrated that there were substantial variations

among patients in the OAR sparing advantage of 20DMLC compared to 2VMAT. Possibly,

the lower number of directions with IMRT compared to VMAT is compensated by an
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increase in beam modulation. To our best knowledge, only Cozzi et al. (2008) have

previously compared VMAT and IMRT plans for treatment of cervical cancer. The

involved clinically delivered IMRT plans had 5 equi-angularly spaced beams. For VMAT,

only single-arc dose delivery was considered. They found superior plan quality with

VMAT compared to IMRT. VMAT improved dose homogeneity and sparing of OARs in

the medium- to high-dose region. For a sub-set of patients, we also generated 5-beam

IMRT plans and also observed clearly inferior plan quality compared to both single- and

dual-arc VMAT (data not provided), confirming the findings of Cozzi et al. (2008).

In a theoretical study, Bortfeld & Webb (2008) have discussed plan quality limitations

of single-arc VMAT with very short delivery times. The current study also finds limitations

of VMAT, not only for single-arc VMAT, but also for dual-arc. Moreover, the evidence

provided in our paper is all obtained from clinically deliverable dose distributions,

approved by a physician. In contrast, published planning studies often report better or

similar plan quality for single- or dual-arc VMAT compared to IMRT, or advantages for

PTV and disadvantages for OARs, or vice versa (Teoh et al. 2011).

In line with overwhelming evidence in the literature, we have also observed

substantial treatment delivery time reductions with VMAT compared to IMRT. Compared

to 20DMLC and 12DMLC, dose delivery times with 2VMAT reduced on average by 11.5

and 8.7 min, respectively. These studies were performed with the MLCi2 multi-leaf

collimator. Recently, the Agility™ MLC (Elekta AB) with 160 leaves with very fast motion

has shown to reduce VMAT delivery times by 40% when compared to MLCi2 with

equivalent plan quality and delivery accuracy (Bedford et al. 2013). For a sub-set of 5

patients we observed mean reductions in the predicted treatment delivery times when

using the Agility™ MLC instead of MLCi2 of 1.5 min/ 42.9% for single-arc VMAT and 2.1

min/42% for dual-arc VMAT, and 6.5 min/42.5%, 5.7 min/43.9%, and 7.2 min/45%, for

IMRT with 9, 12, and 20 beams, respectively. Treatment time reductions have a potential

clinical impact in terms of reducing the risk of intra-fraction motion and enhancing

patient comfort during treatment. Moreover, short treatment times can increase patient

throughput in the clinic and eventually reduce waiting lists and costs. On the other hand,

in this paper we have observed for some cervical cancer patients clearly enhanced plan

quality for IMRT compared to VMAT, especially when 20 IMRT beams are applied. Based

on the results of this study, the clinical decision has been made to start treating cervical

cancer patients with dual-arc VMAT. This decision will be re-considered when the fast

Agility™ MLCs will become available in our department. We are currently developing a

system for fully automatic generation of a set of IMRT and VMAT plans for each individual

patient to evaluate on a per patient basis plan quality differences versus delivery time

differences. These studies will include modeling of intra-fraction motion.

In this study, we have investigated IMRT delivered with dynamic multi-leaf

collimation. From a theoretical point of view, this approach could result in a higher plan
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quality than step-and-shoot IMRT because of the increased degree of freedom. It could

however also result in somewhat longer treatment times. In the end this all depends on

implementation in the (commercial) TPS software. Here we have chosen for the dynamic

IMRT technique as we mainly focused on plan quality.

A potential limitation of this study is that plans were generated semi-automatically,

possibly resulting in some ‘noise’ in our results. In a recent study, we have developed a

system for fully automatic VMAT plan generation for prostate cancer patients, based on

an Erasmus-iCycle pre-optimization (Voet et al. 2014). Currently, efforts are on-going to

also realize this for cervical cancer patients and to extend the method for static gantry

IMRT.

6.5 Conclusion

For locally-advanced cervical cancer patients we have systematically compared single-

and dual-arc VMAT with 9, 12, and 20 beam IMRT. IMRT plan quality increased when

going from 9 to 12 to 20 beams, and dual-arc VMAT was superior to single-arc. For

all patients, the 20-beam IMRT plan had the overall highest quality. On the other

hand, the VMAT plans had lowest treatment delivery times. For individual patients, the

optimal delivery technique is dependent on a complex trade-off between plan quality

and treatment time.
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Abstract

Purpose: To propose a novel treatment approach, designated VMAT+, involving addition

of < 5 IMRT beams with computer-optimized non-coplanar orientations to VMAT, and

evaluate it for liver Stereotactic Body Radiation Therapy (SBRT). VMAT+ is investigated

as an alternative for i) coplanar VMAT and ii) multi-beam non-coplanar treatment.

Methods/Material: For fifteen patients with liver metastases, VMAT+ plans were

compared with i) dual-arc VMAT and ii) 25-beam, non-coplanar treatment with

computer-optimized beam orientations (25-NCP). All plans were generated fully

automatically for delivery of the highest feasible tumor Biologically Effective Dose (BED).

OAR doses, intermediate-dose-spillage, dose-compactness, and measured delivery times

were evaluated.

Results: With VMAT the maximum achievable tumor BED was equal to that of 25-NCP.

Conversely, VMAT resulted in a lower tumor BED in 5 patients. Compared to VMAT,

VMAT+ yielded significant dose reductions in OARs. Intermediate-dose-spillage and

dose-compactness were significantly improved by 9.8% and 17.3% (p ≤ .002), respectively.

Treatment times with VMAT+ were only enhanced by 4.1 min on average, compared to

VMAT (8.4 min). Improvements in OAR sparing with 25-NCP, compared to VMAT+, were

generally modest and/or statistically insignificant, while delivery times were on average

20.5 min longer.

Conclusions: For liver SBRT, VMAT+ is equivalent to time-consuming treatment with

25 non-coplanar beams in terms of achievable tumor BED. Compared to VMAT, OAR

sparing and intermediate-dose-spillage are significantly improved, with minor increase

in delivery time.
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7.1 Introduction

There is growing interest in the use of Stereotactic Body Radiation Therapy (SBRT)

as a treatment option for liver tumors. In contrast to conventionally fractionated

radiotherapy, SBRT involves delivery of a prescribed high dose to the target in either

a single or a small number of treatment fractions, thereby delivering a much higher

Biological Effective Dose (BED) (Herfarth et al. 2001; Schefter et al. 2005; Méndez

Romero et al. 2006; Rusthoven et al. 2009; Goodman et al. 2010; van der Pool et al.

2010; Chang et al. 2011; Liu et al. 2013). SBRT provides high local control rates for

metastatic liver lesions with small toxicity (Herfarth et al. 2001; Schefter et al. 2005;

Méndez Romero et al. 2006; Rusthoven et al. 2009; Goodman et al. 2010; van der Pool

et al. 2010; Chang et al. 2011; Liu et al. 2013). Dose escalation using a smaller number

of treatment fractions, resulting in a higher tumor BED, has shown a benefit (Schefter

et al. 2005; Rusthoven et al. 2009; Goodman et al. 2010).

To achieve high dose conformality in liver SBRT, non-coplanar beam arrangements

have been promoted to minimize the dose in normal tissues compared to coplanar

techniques (de Pooter et al. 2006, 2008; Dong et al. 2013; Woods et al. 2016). Coplanar

volumetric-modulated arc therapy (VMAT) is also used, with the advantage of a much

shorter treatment delivery time (Wang et al. 2014).

In this paper we propose a novel treatment approach, designated VMAT+, combining

fast coplanar dual-arc VMAT with a few (< 5) IMRT beams with computer-optimized

non-coplanar beam angles. Hypothesized advantages of VMAT+ are i) higher plan quality

than for regular dual-arc VMAT with limited increase in treatment delivery time, and

ii) faster delivery than a non-coplanar treatment with many (25) IMRT beams with

computer-optimized directions (25-NCP) with similar plan quality. These hypotheses

were investigated for liver SBRT. To this purpose, deliverable VMAT, VMAT+, and 25-NCP

plans were generated fully automatically (Breedveld et al. 2012; Voet et al. 2012, 2014)

for 15 study patients for comparisons of plan quality and treatment time.

7.2 Materials and methods

7.2.1 Patient data

Fifteen patients with a single liver metastasis were included in this simulation study. The

planning target volume (PTV) ranged from 34.6 cm3 to 167.0 cm3, and the healthy liver

volume, defined as total liver minus gross tumor volume (GTV), ranged from 1076 cm3

to 2306 cm3 (see Table 7.1). In line with the Dutch consensus guideline for SBRT of liver

metastases, if feasible, VMAT, VMAT+ and 25-NCP plans were generated for delivery of 3

fractions of 20 Gy (BED = 180 Gy, assuming a tumor α/β-ratio of 10 Gy), prescribed to
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Table 7.1: Patient characteristics and the maximum achieved tumor BEDs for the studied
treatment techniques.

Patient Age Gender PTV (cm3) Healthy liver volume (cm3) Achieved tumor BED (Gy)

25-NCP/ VMAT+ VMAT

1 86 M 56.3 1361 180 180

2 44 M 132.6 1515 180 180

3 72 M 83.2 1142 180 180

4 56 F 34.6 1334 180 180

5 78 M 90.1 1153 180 180

6 77 M 121.6 1597 180 180

7 67 M 74.6 1559 180 180

8 60 M 141.5 1930 180 180

9 74 M 41.1 1464 105 105

10 37 F 66.2 1209 105 105

11 59 M 157.7 2306 180 132

12 69 F 63.7 1617 180 132

13 66 M 136.7 1718 180 132

14 77 M 97.4 1328 180 132

15 82 F 167.0 1076 132 105

Abbreviations: PTV = Planning Target Volume, 25-NCP = 25-beam non-coplanar IMRT plans, VMAT =
Volumetric-Modulated Arc Therapy, VMAT+ = VMAT supplemented with computer-optimized non-coplanar IMRT
beams.

Table 7.2: Applied OAR clinical constraints in each fractionation regime according to the national
treatment planning consensus guidelines for liver metastases.

Fractionation regimen
3 × 20 Gy

BED = 180 Gy

5 × 12 Gy

BED = 132 Gy

8 × 7.5 Gy

BED = 105 Gy

Healthy liver V15G y ≥ 700 cm3∗ V18G y ≥ 700 cm3∗ V21.6G y ≥ 700 cm3∗

Spinal cord Dmax ≤ 18 Gy Dmax ≤ 22.5 Gy Dmax ≤ 27.2 Gy

Esophagus Dmax ≤ 27 Gy Dmax ≤ 33 Gy Dmax ≤ 40 Gy

Kidneys V15G y ≤ 33% V18G y ≤ 33% V21.6G y ≤ 33%

Duodenum, Bowel &

Stomach

Dmax ≤ 30 Gy

V22.5G y ≤ 5 cm3
Dmax ≤ 36.5 Gy

V26G y ≤ 5 cm3
Dmax ≤ 44 Gy

V32.8G y ≤ 5 cm3

Abbreviations: OAR = Organ-at-Risk, BED = Biologically Effective Dose.
∗

Volume to receive the indicated dose or less should be at least 700 cm3.

the 80% isodose line. At least 95% of the PTV should be covered by the prescription dose,

while adhering to the imposed constraints for the healthy liver, spinal cord, esophagus,

kidneys, duodenum, bowel and stomach (Table 7.2). If sufficient target coverage with 3 ×
20 Gy was not feasible, a plan was generated to deliver the total dose of 60 Gy in either 5

fractions of 12 Gy (BED = 132 Gy), or 8 fractions of 7.5 Gy (BED = 105 Gy), allowing higher

OAR planning constraints, as calculated with an OAR α/β-ratio of 3 Gy (Table 7.2).

7.2.2 Automated plan generation

All plans in this study were generated in a two-step process. First, a plan was created

using our in–house developed multi-criterial optimizer, Erasmus-iCycle (Breedveld

et al. 2012). Based on this plan, a patient-specific plan-template for the Monaco®

treatment planning system version 5.0 (Elekta AB, Stockholm, Sweden) was generated.

Next, Monaco® was used to generate a clinically deliverable plan that mimicked

the Erasmus-iCycle plan. The whole procedure is fully automated, i.e., no manual
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interference is needed. This system is in routine clinical use for prostate cancer

VMAT (Voet et al. 2014), head-and-neck cancer IMRT and VMAT (Voet et al.

2012), cervical cancer VMAT (Sharfo et al. 2015, 2016; Heijkoop et al. 2016) and

advanced-lung-cancer VMAT. In several studies we have demonstrated that plan quality

with automated planning is equivalent or superior to manual planning (Voet et al. 2012,

2014; Sharfo et al. 2015, 2016; Heijkoop et al. 2016).

Automated multi-criterial plan generation with Erasmus-iCycle has been described

extensively elsewhere (Breedveld et al. 2012). Therefore, we only briefly summarize the

aspects specific to this study. Treatment plan generation with Erasmus-iCycle is based on

a tumor site specific ‘wish-list’ containing hard constraints to be strictly obeyed and plan

objectives with ascribed priorities, and a set of user defined candidate beam orientations.

The objective priorities are used for the multi-criterial plan generation, making trade-offs

between all objectives in line with our clinical wishes. For each fractionation regimen,

a single wish-list (Table 7.3) was used to generate the VMAT, VMAT+, and 25-NCP

plans for all patients, facilitating objective plan comparisons. Apart from beam fluence

optimization, Erasmus-iCycle also features automated coplanar and non-coplanar beam

angle optimization, based on sequential beam addition (Breedveld et al. 2012; Voet et al.

2012, 2013a; Rossi et al. 2012, 2015), which was used in this study to generate 25-NCP

and VMAT+ plans. The non-coplanar beam selection search-space in Erasmus-iCycle

consisted of 302 candidate beams separated by about 10 degrees and homogeneously

distributed across the part of the sphere where collision between the patient/couch and

the gantry were avoided. For VMAT+ plan generation, Erasmus-iCycle first generated a

multi-beam coplanar plan to simulate VMAT. Then, optimal non-coplanar beams were

sequentially added, every time followed by a full fluence re-optimization, i.e., including

the coplanar beams and all selected non-coplanar beams.

All plans were generated for an Elekta Synergy® treatment machine equipped with

an MLCi2 collimator with a leaf width of 10 mm. A 10 MV photon beam energy was used.

Dose calculations in Monaco® were performed with a dose grid resolution of 3 mm. For

VMAT, a maximum of 200 control points per arc were used, while using 30 control points

per IMRT beam, delivered using dynamic multi-leaf collimation. A 5 degree collimator

angle was used for all arcs/beams, and the maximum dose rate was 600 MU/min.

7.2.3 VMAT+ for enhanced tumor BED

As described in detail in Section 7.3, for some patients, the maximum achievable tumor

BED with VMAT was lower than for 25-NCP. For these patients, we investigated whether

VMAT+ could be used to enhance the BED to the level of 25-NCP.
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Table 7.3: Wish-list for automatic plan generation.

Constraints

Volume Type Limit

PTV, GTV Max 120% of Dp

PTV Shell 5 mm Max 93% of Dp

Spinal Cord Max 15∗, 20†, 25‡ Gy

Esophagus Max 25∗, 30†, 34‡ Gy

Stomach, Bowel, Duodenum Max 27∗, 34†, 39‡ Gy

Healthy Liver Dose-Volume D700cm3 < 15∗, 18†, 21.6‡ Gy

Objectives

Priority Volume Type Goal Parameters

1 GTV _ LTCP 0.1 Dp = 60 Gy, α = 0.3

PTV _ LTCP 0.1 Dp = 60 Gy, α = 0.4

2 Duodenum _ EUD 19.5∗, 24†, 28‡ Gy k = 20

3 Bowel, Stomach _ EUD 19.5∗, 24†, 28‡ Gy k = 20

4 Esophagus _ EUD 22.5∗, 28†, 30‡ Gy k = 20

Spinal Cord _ EUD 10 Gy k = 20

5 PTV Shell 10 mm _ Max 75% of Dp

Patient – Ring _ Max 15∗, 18†, 21.6‡ Gy 60 mm

6 PTV Shell 20 mm _ Max 50% of Dp

7 PTV Shell 30 mm _ Max 40% of Dp

Skin Ring 30 mm _ Max 35% of Dp

8 Healthy Liver _ Mean 10 Gy

9 Kidneys _ EUD 10 Gy k = 15

10 PTV Shell 40 mm _ Max 30% of Dp

PTV Shell 50 mm _ Max 25% of Dp

11 Duodenum, Bowel, Stomach _ Mean 10 Gy

Abbreviations: Dp = prescribed dose (i.e., 60 Gy), LTCP = Logarithmic Tumor Control Probability, EUD = Equivalent Uniform
Dose, α = cell sensitivity parameter to achieve adequate target coverage, k = volume parameter.
∗, †, ‡: Applied values for the 3, 5 and 8 fractionation regimen, respectively.

7.2.4 Comparison of VMAT+3 and VMAT for fixed tumor BED

For all patients, the plan quality of VMAT+ and VMAT was compared for a fixed tumor

BED per patient. To this purpose, for each patient, a VMAT+3 plan (VMAT + 3 optimized

non-coplanar IMRT beams) was generated for the highest achievable BED with VMAT.

7.2.5 Comparison of VMAT+3 and 25-NCP for fixed tumor BED

To compare VMAT+ with 25-NCP, for each patient, a VMAT+3 plan was generated for the

maximum achievable tumor BED for 25-NCP.

7.2.6 Plan comparison, normalization, and evaluation

In the above described plan quality comparisons between VMAT+3 and VMAT, and

VMAT+3 and 25-NCP, the aim was to always compare plans with exactly equal PTV

coverage. Ideally each plan had a coverage of 95%, i.e. V60G y = 95% of PTV. In practice,

small coverage differences between plans (0.1% ± 1.1% (1SD)) did occur. In these

cases, generated plans were first normalized to achieve identical PTV dose coverage.

Only for patients 9 and 10, the plans were normalized to V60G y = 88% of the PTV,
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because otherwise the maximum dose constraint for respectively the esophagus and

stomach would be exceeded for all treatment delivery techniques. Differences in

mean PTV dose (Dmean), near-minimum PTV dose (D98%), near-maximum PTV dose

(D2%), conformation number (C I = (T VRI )2/(T V ∗VRI ), i.e., ratio of the target volume

covered by the reference isodose (T VRI ) to the target volume (TV) and volume of the

reference isodose (VRI ) (Feuvret et al. 2006), and near-maximum doses (D2%) in the

OARs were quantified. For the healthy liver we also evaluated Dmean , D700cm3 (maximum

dose in the 700 cm3 of healthy liver receiving the lowest doses), and the healthy liver

volume receiving a dose less than the corresponding clinical constraint x Gy (VxG y ,

e.g., V15G y for the 3-fraction regimen, see Table 7.2). To quantify the dose gradient

and compactness outside the PTV, the maximum dose at 2 cm from the PTV surface

(D2cm), the intermediate-dose-spillage (R50% =V50%/VPT V , i.e., ratio of patient volume

encompassed by the 50% isodose line and the PTV), and the volume encompassed by

the 25% isodose line (V25%) were evaluated. Visual plan inspections were performed to

ensure a conformal dose distribution and the absence of any undesirable hot-spots in

the unspecified tissues. Paired two-sided Wilcoxon signed-rank tests were performed

to compare the different planning strategies. Differences were considered statistically

significant for p < .05.

7.2.7 Delivery time comparisons, dosimetric QA, and degree of

modulation

Generated VMAT, VMAT+3, and 25-NCP plans were delivered at an Elekta Synergy® linac

(Elekta AB, Sweden) for delivery time comparisons and dosimetric QA.

Non-coplanar beams were delivered in an order that ensured minimal delivery time.

A stopwatch was used to measure i) for each beam the beam-on-time (time elapsed

from pushing the beam-on button till delivery of the last MU) ii) gantry-travel-times

(time elapsed to rotate the gantry from a certain fixed angle to another while the beam

is off; gantry motion was steered from the control room), and iii) couch-travel-times

(time required to enter the treatment room and rotate the treatment couch to its next

position).

For dosimetric QA, the VMAT, VMAT+3, and 25-NCP plans were delivered while

irradiating a PTW 2D-Array seven29™ and Octavius™ phantom (PTW, Freiburg, Germany).

The measurements were compared to TPS predictions using a commercial QA software

package (PTW VeriSoft® version 6.2) with 3% global maximum dose and 3 mm distance

to agreement (3%/3 mm) and 2%/2 mm as reference criteria for γ-analyses. A Gamma

passing criterion of 90% was used (Low et al. 1998; Ezzell et al. 2009).

Apart from the dosimetric QA, VMAT, VMAT+ and 25-NCP plans were also compared

regarding the total number of MU and the degree of modulation, defined as the sum

98



Results

7

Table 7.4: OAR constraints for patients 11 – 15 prohibiting a VMAT tumor BED equal to that of
25-NCP, the minimum number of NCP beams in VMAT+ to lift the limitation, and their total
weights.

Patient Limiting constraint
# NCP beams

to lift limitation

Total weights of NCP

beams (%)

11 Bowel V22.55G y < 5 cm3 3 47.7

12 Esophagus Dmax < 27 Gy 1 14.8

13 Bowel Dmax < 30 Gy 2 39.9

14 Stomach V22.55G y < 5 cm3 3 45.8

15 Healthy liver V18G y > 700 cm3 4 46.1

Abbreviations: OAR = Organ-at-Risk, VMAT = Volumetric-Modulated Arc Therapy, NCP = non-coplanar.

of the MU of all segments divided by the sum over all segments of ((segment area ×
segment MU)/total beam area), as reported for each plan by the Monaco® TPS.

Patient group averages of the percentage Gamma passing rate, total MU, and degree

of modulation of VMAT, VMAT+3 and 25-NCP plans were compared using paired

two-sided Wilcoxon signed-rank tests.

7.3 Results

7.3.1 VMAT+ for enhanced tumor BED

Table 7.1 (last 2 columns) shows for all investigated treatment techniques the maximum

achievable tumor BED. For each patient, the maximum feasible tumor BED for 25-NCP

could also be realized with VMAT+ (last but one column in Table 7.1). For patients 1–10,

this BED could also be obtained with VMAT, while this was not possible for patients

11–15 (last column). By adding only 1, 2, 3 (2 patients) or 4 individualized non-coplanar

IMRT beams to VMAT, the tumor BED for these 5 patients could be enhanced to become

equal to 25-NCP (Table 7.4). The total weight of the 1–4 non-coplanar beams, defined as

the percentage contribution to the mean PTV dose was on average 39% (range: 15–48%).

7.3.2 Comparison of VMAT+3 and VMAT for fixed tumor BED

Figure 7.1, Figure 7.2, and Table 7.5 show superior plan quality for VMAT+3 compared to

VMAT. While PTV dose delivery was similar, both OAR sparing, dose compactness and

intermediate-dose-spillage were improved. Significant improvements were observed

for the healthy liver, esophagus, spinal cord, and stomach. The healthy liver volume

receiving a dose less than x Gy was increased by on average (81 cm3 ± 76 cm3 (1 SD), p

= .001). Intermediate-dose-spillage as calculated by R50% and V25% were improved by

9.8% and 17.3% (p ≤ .002), respectively. The total weight of the 3 non-coplanar beams in

the VMAT+3 plans was on average 35.0% ± 7.9% (1 SD). As is evident from Figure 7.1 and
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Figure 7.1: Differences in dosimetric plan parameters between VMAT+3 and VMAT plans for
individual patients. Positive values are in favor of VMAT+3. D700cm3 = maximum dose in the 700
cm3 of the healthy liver receiving the lowest doses.
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Figure 7.2: Differences in dosimetric plan parameters between VMAT+3 and VMAT plans for
individual patients. Positive values are in favor of VMAT+3 plans. VxG y = healthy liver volume
receiving a dose less than x Gy (x = 15, 18, or 21.6 for BED = 180, 132, and 105 Gy, respectively, see
Table 7.2), CN = Conformation Number, R50% = V50%/VPT V = intermediate-dose-spillage. D2cm =
maximum dose at 2 cm from the PTV.

Figure 7.2, some patients benefited more from VMAT+3 than others. Figure 7.3 shows for

patient 11, for the 5 fraction regime, the improvement in dose compactness and dose

conformality when using VMAT+3 compared to VMAT.

7.3.3 Comparison of VMAT+3 and 25-NCP for fixed tumor BED

For patients 1–10, the achieved tumor BED of the VMAT+3 plans, used in the above

comparisons with VMAT, was equal to the BED for 25-NCP. Therefore, these plans were

also used to compare VMAT+3 with 25-NCP. For patients 11–14, a new VMAT+3 plan

was generated to match the 25-NCP tumor BED. For patient 15, this BED could only

be obtained with a VMAT+4 plan (see also Table 7.4). VMAT+3 (VMAT+4 for patient

15) and 25-NCP are dosimetrically compared in Table 7.6. On average, the total weight

of the 3 non-coplanar beams in VMAT+3 was 37% ± 9%. No statistically significant
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Table 7.5: Comparison of dosimetric parameters of VMAT+3 and VMAT plans. For each patient,
plans were generated for the same tumor BED (i.e., the highest achievable with VMAT, Table 7.1).
Positive mean differences hint at an advantage for VMAT+3.

Structure Parameter VMAT VMAT+3 vs. VMAT

Mean ± SD Mean diff. ± SD p-value

PTV Dmean (Gy) 65.9 ± 0.9 0.2 ± 0.9 .09

D98% (Gy) 55.0 ± 7.4 0.4 ± 0.7 .07

D2% (Gy) 72.0 ± 1.5 0.4 ± 1.5 .06

CN 0.83 ± 0.07 0.00 ± 0.02 .2

Healthy liver Dmean (Gy) 13.7 ± 2.9 0.9 ± 0.9 .006

D700cm3 (Gy) 8.6 ± 6.0 1.2 ± 2.7 .08

VxG y (cm3) 1019 ± 224 81 ± 76 .001

Esophagus D2% (Gy) 12.6 ± 9.0 2.4 ± 2.9 .002

Spinal cord D2% (Gy) 8.9 ± 3.7 1.4 ± 2.5 .04

Heart D2% (Gy) 12.8 ± 12.1 1.1 ± 4.8 .6

Stomach D2% (Gy) 13.4 ± 7.1 2.7 ± 2.5 .003

Bowel D2% (Gy) 9.3 ± 8.6 0.5 ± 1.3 .4

Duodenum D2% (Gy) 4.2 ± 6.5 -1.0 ± 2.1 .2

Patient D2cm (%) 71.3 ± 9.4 5.0 ± 9.0 .06

V25% (cm3) 1026 ± 400 195 ± 159 .001

R50% 3.6 ± 1.1 0.4 ± 0.3 .002

Abbreviations: Mean diff. = mean difference, SD = Standard Deviation, VMAT+3 =
VMAT supplemented with 3 computer-optimized non-coplanar IMRT beams, PTV
= Planning Target Volume, D98% = near minimum dose, D2% = near maximum
dose, CN = Conformity Number, D700cm3 = maximum dose in the 700 cm3 of the
healthy liver receiving the lowest doses, VxG y = healthy liver volume receiving a
dose less than x Gy (x = 15, 18, or 21.6 for BED = 180, 132, and 105 Gy, respectively,
see Table 7.2), D2cm = maximum dose at 2 cm from the PTV, R50% = V50%/VPT V =
intermediate-dose-spillage.
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(a) 25-NCP (b) VMAT+ (c) VMAT
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Figure 7.3: Dose distributions of 25-NCP, VMAT+3, and VMAT plans for patient 11 for the 5-fraction
regimen, clearly showing better intermediate-dose conformality for VMAT+3 than for VMAT.
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Table 7.6: Dosimetric comparisons of 25-NCP with VMAT+3. For each patient, the tumor BED
was the same in both plans, i.e. the highest achievable with 25-NCP (Table 7.1). Positive mean
differences hint at an advantage for VMAT+3.

Structure Parameter 25-NCP VMAT+3 vs. 25-NCP

Mean ± SD Mean diff. ± SD p-value

PTV Dmean (Gy) 66.1 ± 0.9 0.0 ± 0.8 .8

D98% (Gy) 55.5 ± 6.1 -0.7 ± 1.6 .05

D2% (Gy) 72.0 ± 1.0 -0.2 ± 1.0 .5

CN 0.84 ± 0.05 -0.01 ± 0.01 .01

Healthy liver Dmean (Gy) 12.0 ± 2.7 -0.8 ± 1.1 .01

D700cm3 (Gy) 7.0 ± 3.6 -0.5 ± 1.6 .3

VxG y (cm3) 1119 ± 211 -50 ± 41 .002

Esophagus D2% (Gy) 9.1 ± 5.9 -0.4 ± 2.2 .5

Spinal cord D2% (Gy) 6.4 ± 3.4 -0.8 ± 2.4 .3

Heart D2% (Gy) 10.6 ± 8.8 -1.1 ± 5.4 .9

Stomach D2% (Gy) 8.7 ± 6.2 -1.9 ± 2.6 .03

Bowel D2% (Gy) 9.1 ± 5.9 0.5 ± 4.2 0.2

Duodenum D2% (Gy) 6.5 ± 4.7 2.1 ± 2.6 .02

Patient D2cm (%) 55.2 ± 7.4 -12.1 ± 7.6 .001

V25% (cm3) 673 ± 270 -154 ± 52 .001

R50% 2.8 ± 0.8 -0.5 ± 0.3 .001

Abbreviations: Mean diff. = mean difference, SD = Standard Deviation, VMAT+3
= VMAT supplemented with 3 computer-optimized non-coplanar IMRT beams,
25-NCP = treatment with 25 computer-optimized non-coplanar IMRT beams, PTV
= Planning Target Volume, D98% = near minimum dose, D2% = near maximum
dose, CN = Conformity Number, D700cm3 = maximum dose in the 700 cm3 of the
healthy liver receiving the lowest doses, VxG y = healthy liver volume receiving a
dose less than x Gy (x = 15, 18, or 21.6 for BED = 180, 132, and 105 Gy, respectively,
see Table 7.2), D2cm = maximum dose at 2 cm from the PTV, R50% = V50%/VPT V =
intermediate-dose-spillage.

differences in PTV parameters were observed, except for a small difference in CN

(Table 7.6). Improvements in OAR sparing with 25-NCP compared to VMAT+3 were

generally modest and/or not statistically significant. The largest advantages of 25-NCP

were observed for intermediate-dose-spillage, showing a reduction in V25% of 24.4% (p

= .001) and in R50% of 16.7% (p = .001), and the maximum dose at 2 cm from the PTV

(D2cm) with a reduction of 23.6% (p = .001). The enhanced dose compactness for 25-NCP

compared to VMAT+ is also apparent from the dose distributions in Figure 7.3.

7.3.4 Delivery time comparisons, dosimetric QA, and degree of

modulation

For each patient, VMAT, VMAT+3 and 25-NCP plans with the highest possible tumor

BED feasible for VMAT (Table 7.1, last column) were delivered on the treatment machine

for delivery time comparisons and dosimetric QA.
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The number of monitor units, beam-on-times, gantry-travel-times,

couch-travel-times and total delivery times are shown for each patient in Figure 7.4.

The average total delivery times for VMAT, VMAT+ and 25-NCP plans were 8.4 ± 2.3 min

(1SD), 12.5 ± 3.8 min, and 33.1 ± 4.7 min, respectively. While for VMAT+3 a relatively

small (4.1 min on average) increase in total delivery time was observed compared to

VMAT, treatment times of 25-NCP were on average prolonged by as much as 20.5 min

compared to VMAT+3. VMAT+3 plans required on average 5292 ± 2028 MU, compared

to 4541 ± 1421 MU for VMAT (p = .005) and 4612 ± 2131 for 25-NCP (p = .011).

The QA measurements showed an average γ-passing rate of 99.9% ± 0.1% [99.5%,

100%] using 3% global maximum dose and 3 mm distance to agreement (VMAT: median

= 100% (95% confidence interval (CI), 99.9 – 100%), VMAT+3: median = 100% (95% CI,

99.9 – 100%), and 25-NCP: median = 100% (95% CI, 99.8 – 100%)). When using 2%/2

mm, the γ-passing rate of all plans was on average 99.4% ± 1.0% [95.9%, 100%] (VMAT:

median = 99.7% (95% CI, 99.3 – 99.9%), VMAT+3: median = 100% (95% CI, 98.6 – 100%),

25-NCP: median = 99.5% (95% CI, 98.7 – 99.7%)). No statistically significant differences

in Gamma passing rates for VMAT, VMAT+ and 25-NCP were observed, (p > .05, Wilcoxon

signed-rank).

The degree of modulation of delivered plans was on average significantly higher

for VMAT+3 plans (4.0 ± 0.9), compared to 3.4 ± 1.0 (p = .005) and 3.5 ± 0.7 (p = .006)

for VMAT and 25-NCP, respectively. No statistically significant correlation was found

between the Gamma passing rates for 3%/3 mm and 2%/2 mm and the modulation

degree for any of the studied techniques, (p > .05, Spearman’s rho).

7.4 Discussion

For liver SBRT, multiple non-coplanar beams are generally used to achieve high dose

conformality and minimize the dose in normal tissues (de Pooter et al. 2008; Dong et al.

2013; Wang et al. 2014; Paik et al. 2015). Currently, the greatest concern for using a large

number of non-coplanar beams in SBRT is treatment delivery time. Speed of treatment

delivery is particularly important in SBRT to minimize the impact of intra-fraction

motion. VMAT is a time-efficient delivery technique (Woods et al. 2016), but may result

in lower plan quality. Dong et al. (2013) demonstrated the dosimetrical benefit of a

fully non-coplanar treatment technique over VMAT, by applying a novel 4π delivery

technique to optimize non-coplanar beam orientation and fluences. To achieve superior

plan quality, between 14 and 22 non-coplanar beams were required, at the cost of much

longer treatment delivery times. Nevertheless, as shown in a recent paper of Woods

et al. (2016), the 4π technique allowed for a clinically relevant dose escalation with the

intention to improve local tumor control in liver SBRT.
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3 fractions 5 fractions

All fractions

8 fractions

Figure 7.4: For all patients, measured beam-on-times, gantry-travel-times, couch-travel-times,
and total delivery times for the VMAT, VMAT+3 and 25-NCP plans. The numbers in the bars
represent delivered MUs.
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In this study, VMAT+, i.e., dual-arc VMAT combined with 1–5 IMRT beams with

computer-optimized, non-coplanar orientations, is proposed as an alternative both for

regular dual-arc VMAT and for multi-beam non-coplanar treatment. It was hypothesized

that i) VMAT+ would result in a higher plan quality than VMAT, with only a small and

acceptable increase in delivery time, and ii) VMAT+ would have substantially shorter

delivery times than multi-beam non-coplanar treatment with no, or only a small and

acceptable loss in plan quality. These hypotheses were tested for liver SBRT, using

automatically generated treatment plans that were deliverable on a regular treatment

unit. VMAT+ indeed resulted in improved healthy tissue sparing compared to VMAT and

especially in reduced intermediate-dose-spillage. Due to the improved OAR sparing,

the feasible tumor BED went up by 48 Gy for 4 patients and by 27 Gy for 1 patient, in all

5 cases reaching the level of the maximum achievable BED for 25-NCP. The enhanced

BEDs with VMAT+ could be obtained by adding only 1–4 non-coplanar beams to VMAT.

Compared to VMAT, VMAT+ resulted in a relatively small increase in treatment time (4.1

min). While plan quality improvement of 25-NCP compared to VMAT+3 was modest, the

treatment delivery time was 20.5 min longer. Due to the shorter treatment delivery time,

VMAT+ has the potential to enhance patient comfort and lower the cost per treatment, as

compared to 25-NCP. Currently, efforts are on-going to explore the advantages of VMAT+

for other treatment sites.

The increase in plan quality of VMAT+ compared to VMAT with only small increase

in treatment time, and the largely reduced treatment time with only moderately reduced

plan quality compared to 25-NCP was related to enhanced numbers of MU and higher

degrees of modulation. On the other hand, the dosimetric QA comparisons showed no

statistically significant differences between VMAT, VMAT+3 and 25-NCP plans in Gamma

passing rates.

In this study, enhanced OAR sparing with the VMAT+ approach has been quantified

in a systematic comparison of VMAT with VMAT+3, i.e. for all patients, 3 optimized

non-coplanar beams were added. For the same tumor BED, VMAT+3 resulted in a

significantly improved healthy tissue sparing, while minimally enhancing delivery time.

As described in Section 7.3 and above, for some patients, VMAT+1 or VMAT+2 already

allowed for dose escalation compared to regular VMAT, due to enhanced OAR sparing.

In this study, we have not systematically investigated potential benefits of VMAT+1

and VMAT+2 in terms of improved healthy tissue sparing compared to VMAT for the

same tumor BED with a potentially even more limited increase in treatment time than

VMAT+3.

As shown in Figure 7.4, 45% of the total delivery time of 33.1 min for 25-NCP

treatments was related to couch travel, largely due to the need of entering the treatment

room for treatment couch re-positioning during non-coplanar treatment. With a system

to enable re-positioning from the linac control room, delivery times of 25-NCP could be
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reduced, but they would unavoidably remain longer than for VMAT and VMAT+ (Note,

the latter would also benefit from remote couch re-positioning).

In this paper, the total number of control points in VMAT+ plans was higher than

for corresponding VMAT plans, related to the addition of the IMRT beams. Therefore,

for VMAT+ the degree of freedom for generating an optimal plan was enhanced. As

demonstrated, VMAT+ resulted in clearly improved plan quality with only a small

increase in treatment time. Although not explicitly investigated in this study, in our

experience, an enhanced number of control points for VMAT would not have resulted in

a meaningful improved plan quality.

Several other approaches for combining arc therapy with IMRT have recently been

proposed (Robar & Thomas 2012; Matuszak et al. 2013; Hoover et al. 2015; Zhao et al.

2015a,b; MacFarlane et al. 2016), but in all of them the IMRT beams were in an arc

plane, in contrast with the VMAT+ approach. None of the published studies used fully

automated and multi-criterial plan generation, and none investigated the combined

approach for liver SBRT. These differences, on top of differences in applied technology

and study design hamper direct comparisons with VMAT+. BrainLAB introduced

HybridArc™, combining IMRT with dynamic conformal arcs (DCA), instead of VMAT in

our approach. In this system, the user should define the relative dose contribution

from IMRT beams to the total dose. For complex cranial cases, Robar & Thomas

(2012) found that adding 3–15 IMRT beams to dynamic arcs enhanced plan quality,

whereas for prostate cancer patients 5 IMRT beams were adequate. For cranial cases,

HybridArc™ showed improved dose conformity compared with dynamic conformal

arc and IMRT. For prostate cases, dose conformity and homogeneity were improved

compared with DCA and IMRT, respectively. Differences in required MU compared to

IMRT were site-dependent. Matuszak et al. (2013) proposed and validated a strategy

for adding in-plane IMRT beams with optimal directions to a single-arc VMAT plan.

These in-plane beams were selected based on an analysis of dose gradients in the VMAT

plan. Their study demonstrated for a prostate phantom case, a pancreas case and a

brain case that additional modulation from 3–5 “optimal” beam angles improved plan

quality compared with single-arc VMAT. When adding three IMRT beams, the plans

required 22.4– 43.7% fewer MU/Gy than a seven beam IMRT plan. Recently, Hoover et al.

(2015) and MacFarlane et al. (2016) reported another method for combining VMAT with

in-plane IMRT with optimized directions. Generated plans for head-and-neck cancer,

lung cancer, and prostate cancer were superior in quality when compared to stand-alone

IMRT or VMAT plans, mainly due to reduced OAR doses. Delivery times were comparable

with VMAT. Zhao et al. (2015a,b) proposed a combination of VMAT with IMRT, generating

a VMAT plan while using an IMRT plan, delivering half of the prescribed dose, as a base

plan. Five - nine coplanar IMRT beams were used. Compared to VMAT, the hybrid plans

significantly improved target dose homogeneity and conformity as well as OAR sparing
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for nasopharyngeal and lung tumors. Delivery times were substantially longer than for

VMAT. Compared to IMRT, the difference in delivery time was dependent on treatment

site.

This study for liver SBRT showed clear advantages of VMAT+, compared to VMAT

and 25-NCP. Important for this study was the availability of our in-house Erasmus-iCycle

application for automatic, multi-criterial plan optimization, including non-coplanar

beam angle selection. Currently, Erasmus-iCycle is not commercially available. However,

Elekta AB is preparing integration in their commercial Monaco® TPS.
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Abstract

Background and Purpose: Enhance rectum and bladder sparing in prostate SBRT

with minimum increase in treatment time by complementing VMAT with a two-beam

non-coplanar IMRT class solution (CS).

Materials and Methods: For twenty patients, an optimizer for automated multi-criterial

planning with integrated beam angle optimization (BAO) was used to generate

VMAT plans, supplemented with five non-coplanar IMRT beams with individualized

orientations (VMAT+5). A CS with two most preferred directions in VMAT+5 was

then defined for VMAT+CS. VMAT+CS was compared with automatically generated

i) dual-arc coplanar VMAT plans (VMAT), ii) VMAT+5 plans, and iii) IMRT plans with 30

patient-specific non-coplanar beam orientations (30-NCP). Differences in PTV doses,

OAR sparing, and computation and treatment delivery times were quantified.

Results: Compared to VMAT, VMAT+CS significantly reduced rectum and bladder doses,

and the dose bath. Mean relative differences in rectum Dmean , D1cc , V40G yE q and

V60G yE q were 19.4 ± 10.6%, 4.2 ± 2.7%, 34.9 ± 20.3%, and 39.7 ± 23.2%, respectively (all p

< .001). Total delivery times with VMAT+CS only increased by 1.9 ± 0.7 min compared

to VMAT (9.1 ± 0.7 min). The dosimetric quality of VMAT+CS plans was equivalent to

VMAT+5, while optimization times were reduced by a factor of 25 due to avoidance of

BAO. Compared to VMAT+CS, the 30-NCP plans were only favorable in terms of dose

bath, at the cost of much enhanced optimization and delivery times.

Conclusions: The proposed two-beam non-coplanar class solution to complement

coplanar VMAT resulted in substantial plan quality improvements with minor increases

in treatment delivery times. In addition, patient-specific non-coplanar beam angle

optimization was superfluous.
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8.1 Introduction

Stereotactic body radiation therapy (SBRT) is becoming the standard treatment

radiotherapy option for several primary and metastatic tumors (Guckenberger et al.

2017; Videtic et al. 2017; Schneider et al. 2018; Morgan et al. 2018; Wilke et al.

2019; Glicksman et al. 2020; Lee et al. 2020; Jang et al. 2020). In prostate SBRT,

volumetric-modulated arc therapy (VMAT) has been promoted because of its short

treatment delivery time (Alongi et al. 2013; Lin et al. 2014a; Kang et al. 2017). On the

other hand, several studies have shown that use of non-coplanar beam arrangements

minimizes doses in the normal tissues compared to coplanar VMAT, at the cost of

enhanced treatment delivery times (Rossi et al. 2012; Dong et al. 2014; Rossi et al.

2018). To overcome the prolonged treatment times of non-coplanar IMRT beam

arrangements, recent work has been focusing on increasing the delivery efficiency by

employing non-coplanar arcs instead. This showed promise due to a drastic reduction in

the treatment time, while obtaining a high plan quality (Burghelea et al. 2016; Kearney

et al. 2017, 2018; Lyu et al. 2018). Recently, we proposed a novel treatment approach for

liver SBRT, designated VMAT+, complementing VMAT with a few non-coplanar IMRT

beams with computer-optimized, patient-specific orientations to enhance plan quality,

while keeping delivery time low (Sharfo et al. 2017). However, plan optimization times

for VMAT+ were long because of the need for individualized beam angle optimization

(BAO).

In this study, we used our in-house developed algorithm for automated multi-criterial

planning with integrated BAO to explore opportunities for enhancing prostate SBRT

dose distributions by complementing dual-arc coplanar VMAT with non-coplanar IMRT

beams. To keep the total delivery time limited, the investigated maximum number of

complementary non-coplanar beams was five (VMAT+5). Based on the selected beam

orientations in the VMAT+5 plans, a class solution (CS) for the non-coplanar beams was

defined. Final VMAT+CS plans were benchmarked against automatically generated i)

dual-arc coplanar VMAT plans (VMAT), ii) VMAT+5 plans, and iii) 30-beam non-coplanar

IMRT plans with computer-optimized beam orientations (30-NCP). Differences in

dosimetric plan parameters, computation and treatment delivery times were analyzed.

Dose measurements were performed to verify deliverability of generated plans at the

treatment unit.
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8.2 Materials and Methods

8.2.1 Patient data

Planning CT-scans of 20 randomly selected prostate SBRT patients were included in this

study. In all CT-scans the rectum (outer contour), rectal mucosa (3mm wall), bladder,

urethra, femoral heads, scrotum, penis and prostate were delineated. The average

planning target volume (PTV) size was 91.2 cc [57.8 – 142.3 cc] (PTV was defined

as prostate plus 3 mm isotropic margin). Dose was delivered in 4 fractions of 9.5

Gy, emulating high-dose rate (HDR) brachytherapy with highly heterogeneous dose

distributions (Aluwini et al. 2010). Plan acceptability was subject to the dosimetric

constraints presented in Table 8.1.

Table 8.1: Clinically applied dose constraints for prostate SBRT.

Structure Parameter Tolerance Limit

PTV V100% 95%
Rectum Dmax 38 Gy

D1cc 32.3 Gy
Rectum mucosa Dmax 28.5 Gy
Bladder Dmax 41.8 Gy

D1cc 38 Gy
Urethra D5% 45.5 Gy

D10% 42 Gy
D50% 40 Gy

Femoral heads Dmax 24 Gy

8.2.2 Automated plan generation

For each patient, the Erasmus-iCycle multi-criterial optimizer was used to automatically

generate one treatment plan per investigated technique (VMAT+CS, VMAT, VMAT+5,

30-NCP) that is both Pareto-optimal and clinically favorable (Breedveld et al. 2012). For

practical and legal reasons, Erasmus-iCycle plans are not directly used clinically. Instead,

the Erasmus-iCycle plan is automatically converted into a clinically deliverable plan by

the Monaco® treatment planning system (TPS) (Elekta AB, Stockholm, Sweden) (Voet

et al. 2014). For this purpose, a patient-specific Monaco® template is automatically

made based on the Erasmus-iCycle dose distribution. In case plan generation includes

BAO, the optimal angles are established with Erasmus-iCycle, and are then used as fixed

angles in the subsequent Monaco® plan generation. Many studies have demonstrated

superiority of these automatically generated plans compared to manually generated
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plans (Rossi et al. 2018; Sharfo et al. 2016, 2018; Buschmann et al. 2016; Heijmen et al.

2018).

Multi-criterial plan generation with Erasmus-iCycle is based on a tumor site-specific

‘wish-list’ containing hard constraints to be strictly obeyed and plan objectives with

ascribed priorities. For BAO, a set of candidate beam orientations has to be defined as

well (Breedveld et al. 2012). In this study, we used a published wish-list for prostate

SBRT (Rossi et al. 2018). For the optimizations with integrated BAO (VMAT+5 and

30-NCP), the non-coplanar beam selection search-space consisted of 300 candidate

beams, separated by about 10 degrees, and homogeneously distributed across the part

of the sphere where collisions between the patient/couch and the gantry were avoided,

as verified at the treatment unit.

All plans in this study were generated for an Elekta Synergy® treatment machine

equipped with a Versa HD™ collimator with a leaf width of 5 mm. 10 MV photon beams

were used. Dose calculations in Monaco® (version 5.10) were performed with a dose grid

resolution of 3 mm. The total number of control points in all plans in this study was kept

fixed at 300 for all investigated techniques (i.e. VMAT+CS, VMAT, VMAT+, and 30-NCP)

to eliminate potential bias. IMRT was delivered with dynamic multi-leaf collimation

with a maximum of 10 control points per involved beam, in line with our clinical practice.

A 5 degrees collimator angle was used for all arcs/beams, and the maximum dose rate

was 600 MU/min. For generation of the VMAT+5 and VMAT+CS plans, VMAT and the

non-coplanar IMRT beams were optimized simultaneously, both in Erasmus-iCycle and

in Monaco®.

8.2.3 Workflow for generation of the non-coplanar beam angle class

solution (CS)

The final CS to supplement dual-arc VMAT in VMAT+CS treatments was developed in a

stepwise approach, based on automatically generated plans:

(i) For each of the 20 study patients, the optimal VMAT+5 plan with individualized

beam angles was generated.

(ii) Based on an analysis of the angular distribution of the selected 20x5 non-coplanar

beams, candidate class solutions, C Si , were defined as described in the Results

section, all including a small number of frequently selected beam directions, and

accounting for the left-right symmetry in the patients’ anatomies.

(iii) For a sub-group of 6 randomly selected patients, VMAT+C Si plans were generated

for all C Si . These plans were then compared with corresponding VMAT plans, and

the C Si resulting in the most favorable plan quality increases relative to VMAT

(focusing on rectum dose parameters) was selected as final CS.
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8.2.4 Dosimetric comparisons of VMAT+CS plan parameters with

VMAT, VMAT+5 and 30-NCP

Automatically generated VMAT+CS, VMAT, VMAT+5 and 30-NCP plans were compared

for the 20 study patients. Prior to the analyses, all generated 80 plans were normalized to

have identical PTV dose coverage (V38G y = 95%, as requested in clinical practice). Next,

compliance with the clinically applied dose constraints (Table 8.1) was verified for all

plans. Finally, plan parameter differences were analyzed. Paired two-sided Wilcoxon

signed-rank tests were performed to assess clinical significance of observed differences

(p < .05).

8.2.5 Plan deliverability, treatment time and MU for VMAT and

VMAT+CS

For a sub-group of 5 patients with the largest plan quality gains achieved with VMAT+CS

compared to VMAT, both VMAT and VMAT+CS plans were delivered at an Elekta Synergy

linac (Elekta AB, Sweden) while irradiating a PTW 2D-Array seven29™ and Octavius™

phantom (PTW, Freiburg, Germany). The measurements were compared to Monaco®

TPS predictions using a commercial QA software package (PTW VeriSoft® version 6.2)

with 5% cutoff, 3% global maximum dose and 1 mm distance to agreement (3%/1 mm)

criteria, and 95% Gamma passing rate threshold. For delivery time comparisons, we

separately measured i) beam-on-times, ii) gantry-travel-times (times to rotate the gantry

from one fixed angle to another while the beam is off), and iii) couch-travel-times

(times required to rotate the treatment couch in between beams, including time needed

for entering the room). Additionally, the VMAT and VMAT+CS plans were compared

regarding the total number of monitor units (MU).

8.3 Results

8.3.1 Establishment of the final CS to define VMAT+CS

Based on the four clusters of frequently selected angles in the generated VMAT+5 plans

(Figure 8.1), four principal directions (gantry angle, couch angle) for class solution

definition were derived: A = (65◦, -30◦), B = (295◦, 30◦), C = (65◦, 30◦) and D = (295◦, -30◦).

These are visually displayed in Figure 8.2. Based on these directions, three candidate C Si

were defined: C S1, containing all four directions, C S2 consisting of directions A and B,

and C S3 with directions C and D. Clearly, VMAT+C S3 resulted in the most favorable plan

quality improvements for the rectum dose parameters compared to VMAT (Figure 8.3).
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Figure 8.1: Angular distribution of the 100 non-coplanar IMRT beams in the VMAT+5 plans of
the 20 study patients. Based on these results four principle beam directions A = (65◦, -30◦), B =
(295◦, 30◦), C = (65◦, 30◦) and D = (295◦, -30◦) were derived to develop the final class solution for
VMAT+CS.

Therefore, C S3 was selected as the final CS for further evaluation of VMAT+CS with

respect to VMAT, VMAT+5 and 30-NCP for all 20 study patients.

8.3.2 Comparisons of VMAT+CS plan parameters with VMAT,

VMAT+5 and 30-NCP

All 20x4 plans included in the analyses fulfilled the clinically applied dose constraints.

In general, all plans with non-coplanar beam arrangements (VMAT+CS, VMAT+5,

and 30-NCP) resulted in substantial reductions in doses in healthy tissues and dose

bath compared to VMAT (Figure 8.4 and Table 8.2). Differences between VMAT+CS

and VMAT+5 were generally small and clinically negligible, while the former had less

non-coplanar beams (yielding smaller overall treatment delivery time), and did not

require individualized beam-angle-optimization (yielding reduced optimization time).

Remarkably, also the differences between VMAT+CS and 30-NCP, the latter with much

enhanced degrees of freedom in plan optimization, were relatively small. Actually, in

rectum and bladder Dmean there was even a small advantage for VMAT+CS. For rectum

D1cc , V40G yE q , V60G yE q , bladder D1cc and all urethra parameters, differences between

VMAT+CS and 30-NCP were considered clinically irrelevant. There was a significant

improvement in dose bath with 30-NCP, but clear disadvantages of this technique are

the long optimization times (∼100 hours per patient) and the very long delivery times

(see Section 8.3.3).
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A = (65°, -30°) B = (295°, 30°) 

C = (65°, 30°) D = (295°, -30°) 

Figure 8.2: Four principle beam directions, characterized by (gantry angle, couch angle), from
Figure 8.1, used to develop the final class solution for VMAT+CS. This final CS consisted of
directions C and D.

8.3.3 Plan deliverability, treatment time and MU for VMAT and

VMAT+CS

All delivered VMAT and VMAT+CS plans passed the QA tests (Gamma passing rate > 95%)

with an average Gamma passing rate of 98.3% ± 1.0% [97.5%, 100%] for VMAT plans

and 98.3% ± 0.7% [97.5%, 99.4%] for VMAT+CS plans. Compared to VMAT, the average

total delivery time of VMAT+CS plans increased from 9.1 ± 0.7 min to 11.0 ± 0.3 min (see

Figure 8.5 for details). VMAT+CS plans required 3% less MU (4055 ± 191 compared to

4186 ± 398), which was not significant (p = .375).

8.3.4 Optimization time reduction

Using a class solution instead of individualized beam angle selection in VMAT+5 resulted

in a substantial reduction in optimization time by a factor of 25. Optimization for

VMAT+CS plans in Erasmus-iCycle took on average 1 hour.
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Figure 8.3: Healthy tissue dose parameters for VMAT+C S1, VMAT+C S2, and VMAT+C S3 plans
relative to VMAT (VMAT always 100%) for the 6 randomly selected patients used to compare the
class solutions. All plans were normalized to deliver the clinically required PTV coverage (V38G y =
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25th and 75th percentiles, respectively. The x mark inside the box represents the mean value. The
whiskers extend to the minimum and maximum values, or to 1.5 times the inter-quartile range
from the top/bottom of the box. Values outside this range are plotted individually as outliers (‘◦’).
∗ : Difference with VMAT is statistically significant.
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Figure 8.4: Healthy tissue dose parameters for VMAT, VMAT+5, and 30-NCP plans relative to
VMAT+CS (VMAT+CS always 100%) for all study patients. All plans were normalized to deliver the
clinically required PTV coverage (V38G y = 95%). The central line of each box represents the median
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∗ : Difference with VMAT+CS is statistically significant.
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MU = 4186

MU = 4055
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VMAT

VMAT+CS
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Beam-on-time

Gantry-travel-time

Couch-travel-time

Figure 8.5: Average measured beam-on-times, gantry-travel-times and couch-travel-times for five
VMAT and VMAT+CS plans. The numbers in the bars represent mean delivered MUs.

8.4 Discussion

In this study, we have developed and evaluated a novel treatment approach for prostate

SBRT at a C-arm linac, consisting of dual-arc coplanar VMAT supplemented with a

non-coplanar beam-angle class solution (CS) consisting of two IMRT beams (VMAT+CS).

Initial aim of the study was to explore opportunities for enhancement of the plan quality

for prostate SBRT, as obtained with VMAT, by adding non-coplanar beams. To keep

the treatment delivery time short, no more than 5 non-coplanar beams were added.

The study was inspired by the success for liver SBRT, where substantial plan quality

enhancement compared to VMAT could be obtained by adding 1-5 non-coplanar beams

with patient-specific, computer-optimized orientations (VMAT+) (Sharfo et al. 2017).

For the prostate case studied in this paper, the distribution of selected non-coplanar

orientations for VMAT+5 in the twenty study patients pointed at a possibility for the use

of a CS, which was then successfully further explored. A fixed set of two non-coplanar

orientations (CS) resulted for all patients in substantial plan quality enhancements

compared to VMAT, while the increase in treatment time was very moderate (from 9.1

min to 11.0 min).

Remarkably, the quality of VMAT+CS plans was highly similar to that of VMAT+5

plans, the latter with more, and also patient-specific beam orientations. Most likely,

because the pelvic anatomies of prostate cancer patients are highly similar, high quality
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plans could be generated for all patients with a fixed set of two non-coplanar beams

supplementing VMAT. Interestingly, also the quality of plans with 30 non-coplanar beams

with individually optimized orientations (30-NCP) was highly similar to that of VMAT+CS,

while optimization and treatment times were largely enhanced. Apparently, adding only

two well-selected orientations to the patient plans was enough for a substantial gain in

plan quality. Adding more non-coplanar beams and patient-specific optimization of

the orientations of the non-coplanar beams did not result in significantly better plans,

especially when also considering the involved increases in optimization and delivery

times.

Recently, Rossi et al. (2018) showed a clear advantage for non-coplanar CyberKnife®

planning compared to coplanar VMAT for prostate SBRT. Also in that study, all plans were

fully automatically generated, using the same autoplanning system and configuration as

applied in this study. Also the patient group was the same. Interestingly, the quality of

the VMAT+CS plans generated here is very similar to that of the previously generated

CyberKnife® plans. On the other hand, delivery times with the CyberKnife® were much

longer (45 min vs. 11 min in this study). There is a high similarity here with the above

comparison between VMAT+CS and 30-NCP; apparently in prostate SBRT there is no

need for using a large amount of non-coplanar beams to get a very high plan quality.

Currently, we have not yet an idea whether the CS developed for the planning

protocol used in our center would also work for SBRT planning approaches in other

centers. This is a topic of further research. However, as a small side study, we tested the

developed CS for 15 prostate cancer patients treated with our regular 20 x 3 Gy scheme

for homogeneous target dose delivery (non SBRT). Also for this conventional delivery

scheme, VMAT+CS showed an improvement in plan quality compared to VMAT (< 10%

in rectum, anus and bladder mean doses, data not presented), but no improvements

in the high rectum and bladder doses. Possibly, the applied larger PTV margins and/or

higher PTV dose homogeneity (with shallower dose fall-off towards the healthy tissues)

reduced the impact of the added CS beams.

Addition of a few, well-selected, non-coplanar beams to VMAT (the VMAT+ approach)

has now turned out to be successful for both liver SBRT and prostate SBRT. New studies

on other tumor sites are part of a future project. We are able to do this type of work due

to availability of our in-house developed optimizer for fully automated and integrated

multi-criterial beam angle selection and IMRT beam profile optimization. The success of

our work on VMAT+ is an indication for the need of advanced algorithms for integrated

beam angle and beam profile optimization in commercial treatment planning systems.

In this context, one should keep in mind that with the VMAT+CS approach, BAO is not

needed for new patients. However, development of the CS was only possible with the

use of integrated optimization of beam angles and profiles.
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To the best of our knowledge, this paper and our paper on liver SBRT (Sharfo

et al. 2017) are the only papers that use autoplanning to systematically investigate

the addition of non-coplanar IMRT beams to fast coplanar VMAT for enhancement

of the plan quality achieved with VMAT, while keeping treatments fast. Several recent

publications (Audet et al. 2011; Clark et al. 2012; Thomas et al. 2014; Woods et al.

2016; Slosarek et al. 2018) investigated the use of non-coplanar arcs to enhance plan

quality without prohibitively prolonged treatment times. Selection of the non-coplanar

arcs was performed manually. Clark et al. (2012) and Thomas et al. (2014) showed that

three non-coplanar arcs combined with one coplanar arc produced clinically equivalent

conformity and dose spillage compared with GammaKnife for multiple cranial brain

metastases while increasing the delivery efficiency due to its reduced treatment time.

Since, this class solution has been incorporated in the Eclipse treatment planning system

as HyperArc and has further proven to improve delivery efficiency and reduce dose to

normal brain tissue when compared to coplanar VMAT (Ohira et al. 2018). More specific

studies are needed to compare such approaches with the proposed VMAT+.

In conclusion, using an algorithm for fully automated, integrated multi-criterial

beam profile and beam angle optimization, we have derived a two-beam non-coplanar

class solution to supplement VMAT for prostate SBRT. Adding the CS beams to

conventional coplanar VMAT resulted in substantial improvement in treatment plan

quality with a minimal increase in treatment delivery time. Due to the use of a

non-coplanar beam-angle class solution, time-consuming individualized beam angle

optimization can be avoided.
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Abstract

Background: For conventional radiotherapy treatment units, automated planning can

significantly improve plan quality. For robotic radiosurgery, systems for automatic

generation of clinically deliverable plans do not yet exist. For prostate stereotactic body

radiation therapy (SBRT), few studies have systematically compared VMAT with robotic

treatment.

Material and Methods: The multi-criteria autoplanning optimizer, developed at

our institute, was coupled to the commercial treatment planning system of our

robotic treatment unit, for fully automated generation of clinically deliverable plans

(autoROBOT). The system was then validated by comparing autoROBOT plans with

manually generated plans. Next, the autoROBOT system was used for systematic

comparisons between autoROBOT plans and VMAT plans, that were also automatically

generated (autoVMAT). CTV-PTV margins of 3 mm were used for autoROBOT (clinical

routine) and autoVMAT plan generation. For autoVMAT, an extra plan was generated

with 5 mm margin (often applied for VMAT). Plans were generated for a 4 × 9.5 Gy

fractionation scheme.

Results: Compared to manual planning, autoROBOT improved rectum D1cm3 (16%),

V60G yE q (75%) and Dmean (41%), and bladder Dmean (37%) (all p ≤ .002), with equal

PTV coverage. In the autoROBOT and autoVMAT comparison, both with 3 mm margin,

rectum doses were lower for autoROBOT by 5% for rectum D1cm3 (p = .002), 33% for

V60G yE q (p = .001) and 4% for Dmean (p = .05), with comparable PTV coverage and other

OAR sparing. With 5 mm margin for VMAT, 18/20 plans had a PTV coverage lower

than requested (< 95%) and all plans had higher rectum doses than autoROBOT (mean

percentage differences of 13% for D1cm3 , 69% for V60G yE q and 32% for Dmean (all p <

.001)).

Conclusions: The first system for fully automated generation of clinically deliverable

robotic plans was built. Autoplanning did largely enhance robotic plan quality, compared

to manual planning. Using autoplanning for both the robotic system and VMAT,
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superiority of non-coplanar robotic treatment compared to coplanar VMAT for prostate

SBRT was demonstrated.
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9.1 Introduction

In prostate stereotactic body radiation therapy (SBRT), patients are treated with

large fraction doses, requiring high accuracy delivery and with image-guided dose

delivery (Brenner & Hall 1999; Madsen et al. 2007; Fuller et al. 2010; Boike et al. 2011;

Freeman & King 2011; Jabbari et al. 2012; Aluwini et al. 2013; Katz et al. 2013; King et al.

2013; van de Water et al. 2014). Both C-arm linacs (Willoughby et al. 2006; Kupelian et al.

2007; Dong et al. 2014; Keall et al. 2016) and robotic units (Fuller et al. 2010; Freeman

& King 2011; Aluwini et al. 2013; Katz et al. 2013; King et al. 2013; van de Water et al.

2014) have been used for prostate SBRT.

Recent findings on the potential added value of non-coplanar setups for prostate

SBRT instead of coplanar treatment are contradictory (Rossi et al. 2012; Lin et al. 2014b;

MacDougall et al. 2014; van de Water et al. 2014). Two recent studies have compared

robotic treatment and VMAT for prostate SBRT (Lin et al. 2014b; MacDougall et al.

2014). MacDougall et al. (2014) found no discernible dosimetric differences, based on

only six patients. Lin et al. (2014b) concluded that VMAT was preferable because of

reduced treatment time and superior dose distribution conformality. In both studies,

all plans were generated manually, and clinically delivered plans were retrospectively

compared with an alternative plan. Both the manual planning and retrospective

comparisons may have introduced bias and noise in the technique comparisons.

Recently, several systems have been proposed for planning automation (Zhang et al.

2011; Breedveld et al. 2012; Quan et al. 2012b; Purdie et al. 2014; Voet et al. 2014; Wu et al.

2014; Zarepisheh et al. 2014; Krayenbuehl et al. 2015; Tol et al. 2016), all for treatment

with C-arm linacs. In this work, we have developed the first system for automatic

generation of deliverable plans for non-coplanar robotic treatment (autoROBOT). Basis

of the autoROBOT planning system is a multi-criterial optimizer that was also the core of

a recently developed system for automatic VMAT plan generation for C-arm linacs (Voet

et al. 2014; Sharfo et al. 2016). The developed autoROBOT planning system was first

evaluated by comparing manually generated prostate SBRT plans with autoROBOT

plans. We then used the autoROBOT and autoVMAT planning systems to systematically

compare robotic and VMAT treatment for prostate SBRT. The use of exactly the same

plan optimization scheme for autoROBOT and autoVMAT (described in Section 9.2.2)

allowed bias-free technique comparisons and allowed generation of new input for the

on-going debate (Rossi et al. 2012; Lin et al. 2014b; MacDougall et al. 2014; van de

Water et al. 2014) on potential added value of non-coplanar prostate SBRT, compared to

coplanar treatment.
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9.2 Material and methods

9.2.1 Patients

In this study, contoured CT-scans of 20 prostate SBRT patients, previously treated with

the robotic M6 CyberKnife® (Accuray Inc., Sunnyvale, CA, USA), were used. A planning

target volume (PTV) with a 3 mm isotropic margin around the prostate (PT V3mm)

was used for clinical planning (van de Water et al. 2014). In the investigations, both

autoROBOT and autoVMAT plans were generated for PT V3mm . AutoVMAT plans were

also generated for PT V5mm , as often applied for C-arm linac prostate SBRT. Average

PT V3mm and PT V5mm sizes were 91.2 cm3 [57.8–142.3 cm3] and 109.5 cm3 [71.1–165.7

cm3], respectively.

Contoured OARs were rectum (outer contour), rectal mucosa (3 mm wall), bladder,

urethra, femoral heads, scrotum and penis. All plans simulated delivery of 38 Gy in

four fractions, with highly heterogeneous dose distributions to emulate high dose-rate

brachytherapy dosimetry (Rossi et al. 2012).

Five patients were used for configuration of the autoROBOT and autoVMAT planning

systems (Section 9.2.2.2). The automated work-flows were then applied to all 20 patients.

For validation of the autoROBOT planning system, autoROBOT plans for the first 10

study patients were compared to the manually generated and clinically delivered plans.

For all 20 patients, autoROBOT plans were compared with autoVMAT3mm plans and

autoVMAT5mm plans.

9.2.2 Automated plan generation

9.2.2.1 The autoVMAT and autoROBOT planning systems

Basis of autoROBOT and autoVMAT plan generation was the Erasmus-iCycle

multi-criterial optimizer for generating Pareto-optimal and clinically favorable

plans (Breedveld et al. 2012). For practical and legal reasons, Erasmus-iCycle plans

cannot be directly used clinically. However, we have recently coupled Erasmus-iCycle

to the Monaco® treatment planning system (TPS) (Elekta AB, Stockholm, Sweden) for

fully automated, multi-criterial generation of IMRT and VMAT plans for clinical delivery

at a linac; based on the Erasmus-iCycle dose distribution, a patient-specific Monaco®

template is automatically produced, to be used for automated final plan generation.

Effectively, Erasmus-iCycle first optimizes the plan, while Monaco® converts it into a

clinically deliverable plan, see (Voet et al. 2014) for details. The resulting plan quality

is equal, or superior to the quality of manually generated plans, and the system is now

in routine clinical use (Voet et al. 2013b, 2014; Heijkoop et al. 2014; Sharfo et al. 2015;

Della Gala et al. 2017).
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For this study, we have configured the system for generating dual, full-arc autoVMAT

plans for prostate SBRT according to our clinical protocol, deliverable at an Elekta linac

equipped with an Agility™ MLC. Final plans were generated with Monaco® version 5.10

(Elekta AB, Stockholm, Sweden).

For automated multi-criterial generation of autoROBOT plans, a special version of

Erasmus-iCycle was prepared for plan optimization for the IRIS™ variable aperture

collimator (Accuray AB, Sunnyvale, CA, USA), mounted on the CyberKnife®. Basis

was a previously developed version for optimization with fixed cone diameters and

non-coplanar beam set-ups (van de Water et al. 2011a). This system was modified to

handle the available non-coplanar beam directions (nodes) of our novel M6 CyberKnife®

systems and the IRIS™ collimator, i.e., 117 node positions from the full body path. For

fully automated generation of final, deliverable plans, this Erasmus-iCycle version was

coupled to the MultiPlan® TPS (version 5.1.3) that comes with the CyberKnife®, similar to

the system built for linacs (above). Similar to the linac solution, automatically produced

individualized planning templates were used as intermediate between Erasmus-iCycle

and MultiPlan®, aiming at generating clinically deliverable plans that dosimetrically

mimicked the initial Erasmus-iCycle plans. As in clinical practice, the goal was to keep

the delivery time below 45 min. Apertures from 10 to 40 mm diameter could be selected,

as used clinically for manually generated plans.

9.2.2.2 Configuration of autoVMAT and autoROBOT planning

As described in Section 9.2.2.1, both for autoVMAT and autoROBOT planning,

Erasmus-iCycle is used for plan optimization, while the respective clinical planning

systems are used for mimicking the Erasmus-iCycle plan. Plan generation with

Erasmus-iCycle is based on a ‘wish-list’, containing the hard planning constraints and

planning objectives with their goal values and assigned priorities (Breedveld et al. 2012).

For each treatment site/ treatment technique, a dedicated wish-list is configured, which

is then used for automated plan generation for all involved patients, without further

change.

In this study, a single wish-list was generated and applied for both autoVMAT and

autoROBOT planning.

Using the same wish-list for both techniques is a key aspect of this study, since

it allowed to perform a fair like for like comparison of the two delivery techniques.

Technical details on the developed wish-list for prostate SBRT are presented in Section

9.6.

133



Automated Planning for Robotic Radiosurgery

9

9.2.3 Plan evaluation and comparison

In this study, plan comparisons were mainly focused on our clinical aims. For the PTV,

the near-minimum dose (D98%) and the coverage (V100%) were evaluated. A coverage

of 95% is requested for clinical plans (V100% = 95%), while a coverage between 93% and

95% is still acceptable if necessary to fulfill OAR constraints. Rectum is considered the

most important OAR, focusing at the high doses with D1cm3 < 32.3 Gy. For bladder, the

D1cm3 requirement is < 38 Gy. Urethra D50% and D5% constraint values are 40 and 45.5

Gy, respectively.

Apart from these clinically used plan parameters, we also evaluated and compared

Dmean for both rectum and bladder, V40G y and V60G y (2 Gy/fx equivalent dose) for

rectum, as suggested by QUANTEC (Michalski et al. 2010), as well as the dose bath,

looking at patient volumes receiving > 30, > 20, > 10, > 5 and > 3 Gy, as 5% of maximum

dose.

When PTV coverage was achieved (> 95%) for both plans, the plan with the slightly

higher coverage was re-normalized to the value of the other plan. This approach

minimized bias in comparison of OAR doses, related to different PTV coverages.

Two-sided Wilcoxon signed-rank tests were performed to compare plan parameters,

using p < .05 as cut-off for statistical significance.

Apart from plan quality comparisons based on DVH metrics, for each patient,

autoROBOT and autoVMAT plans were also compared by the participating clinician

(S.A.), who scored quality differences using visual analogue scales (VASs) as presented

in Section 9.3. PTV, rectum, bladder, urethra and overall quality were scored separately.

In total, 40 of these plan comparisons (20 patients; autoROBOT vs. autoVMAT3mm and

autoROBOT vs. autoVMAT5mm) were performed in a random order. In each comparison,

the two plans were presented side-by-side to the clinician, who did not know which

plan was presented on the left and which on the right of the screen (also here random

ordering).

To investigate clinical deliverability of automatically generated plans, dosimetric

quality assurance (QA) was performed, as done in our clinical routine. To this purpose,

for five arbitrarily selected patients, independent dose calculations were performed for

the autoROBOT plans, and measurements for autoVMAT plans with 3 and 5 mm margin.

For the autoROBOT plans, beam directions and weights were used to re-calculate the

entire 3D dose distribution with the Monte Carlo dose computation software SciMoCa™

(Scientific RT, Munich, Germany). For autoVMAT, plans were delivered while irradiating

a 2D-array in an Octavius™ phantom (PTW, Freiburg, Germany). 3D (autoROBOT) and

2D (autoVMAT) γ-analyses were performed with 5% cutoff, 3% global maximum dose

and 1 mm distance to agreement (3%/1 mm) criteria, and 95% passing rate threshold.
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9.3 Results

9.3.1 autoROBOT vs. manual robotic planning

All manually and automatically generated plans for robotic treatment fulfilled clinical

requirements.

Automated planning improved plan quality compared to the manually generated

plans used for patient treatments, as visible in population average DVHs in Figure 9.1.

Differences in PTV coverage were negligible (95.0% and 95.2% for manual and

autoROBOT plans (p = .9)), but large differences in OAR doses were observed; each

patient plan improved with automated planning compared to manual planning. On

average, rectum D1cm3 was reduced from 31.2 to 26.3 Gy (16% reduction, p = .002), V60G y

from 2.4 to 0.6% (75% reduction, p = .002) and rectum Dmean from 10.4 to 6.1 Gy (41%

reduction, p = .002). Bladder Dmean was improved from 14.0 (manual planning) to 6.1

Gy with automated planning (56% reduction, p = .002).

Figure 9.1: Population average DVHs for automatically generated robotic plans (autoROBOT, solid
lines) and manually generated robotic plans (manual, dashed lines), the latter used for patient
treatment.
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9.3.2 autoROBOT vs. autoVMAT plan quality

9.3.2.1 autoROBOT vs. autoVMAT3mm

Both the autoROBOT and autoVMAT3mm plans with V100% > 95% could be generated for

all patients, as visible in Table 9.1. The near-minimum PTV dose was on average slightly

higher for autoROBOT plans and the CI was lower (Table 9.1, Figure 9.2).

For the rectum (highest priority OAR), all parameters were on average lower for the

autoROBOT with reduction of 5% for D1cm3 , 32% for V60G yE q , 22% for V40G yE q and 4%

for Dmean (Table 9.1, Figure 9.2). Superiority in rectum dose parameters was observed

in 15–17 of the 20 study patients (Table 9.1), where differences were considered to have

real clinical impact for eight patients (see clinical scoring below). For the 3–5 patients

with a rectum dose advantage for autoVMAT3mm , the differences with the robotic system

were always small and only for one patient considered clinically significant (see clinical

scoring below).

AutoVMAT3mm performed significantly better for bladder Dmean , but the difference

in the most important parameter, D1cm3 , was small (1%) and statistically insignificant

(Table 9.1). Differences in urethra dose parameters were statistically insignificant.

For all patients, the autoROBOT was superior regarding patient volumes receiving >

5, > 10, > 20 and > 30 Gy (Table 9.1 and Figure 9.2), with percentage mean differences of

12% for V5G y , 29% for V10G y , 14% for V20G y and 5% for V30G y . AutoVMAT3mm performed

better for patient volumes receiving > 3 Gy, with mean percentage improvement of 12%.

Figure 9.3 shows axial dose distributions for patient 17, who demonstrated the largest

advantages for autoROBOT in rectum plan parameters compared to autoVMAT (see also

Figure 9.2), and for patient 13, with the largest rectum advantages for VMAT. Apart

from a better rectum sparing, in patient 17, autoROBOT plan also showed better dose

conformality, in agreement with Figure 9.2.

All autoROBOT and autoVMAT3mm plans were clinically acceptable for the

participating clinician. The comparisons as presented in the upper panel of Figure 9.4,

are in line with the plan parameter evaluations above. PTV doses were found of equal

quality for all patients. Apart from one patient with a small advantage for autoVMAT3mm ,

rectum dose was considered equal or superior for autoROBOT. For bladder there was a

balance, with only equal plan quality or small differences scored. For the urethra, the

clinician had a slight preference for the autoROBOT. Overall, for 13 patients the clinician

preferred autoROBOT, for two patients he preferred the autoVMAT3mm plan, and for five

patients he scored equal quality.
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AutoROBOT vs AutoVMAT3mm AutoROBOT vs AutoVMAT5mm

(CC)

Figure 9.2: For all 20 patients, differences between autoROBOT and autoVMAT3mm (left panels),
or autoVMAT5mm (right panels), expressed as ±|autoVMAT−autoROBOT| with positive values
representing better quality for autoROBOT. For dose bath percentage differences as ±|100 ∗
(autoVMAT−autoROBOT)/autoVMAT| are expressed to compensate for differences in volumes
(cm3) range between parameters. CI = Conformity Index (= patient volume receiving 38 Gy/PTV
receiving 38 Gy)
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autoROBOT

autoROBOT

autoROBOT autoVMAT3mm

autoVMAT3mm

autoVMAT

autoVMAT5mm

autoVMAT5mm

Figure 9.3: Axial dose distributions for autoROBOT, autoVMAT3mm and autoVMAT5mm , for
patients 17 (upper panels) and 13 (lower panels). These patients demonstrated the most
pronounced advantage in rectum dose for autoROBOT instead of autoVMAT (patient 17), and
the most pronounced advantage using autoVMAT compared to autoROBOT (patient 13) (see also
Figure 9.2). Red contour: PTV (3 mm or 5 mm), orange contour: rectum, blue contour: bladder
and yellow contour: urethra.

AutoROBOT

AutoROBOT

AutoROBOT

AutoROBOT better AutoVMAT better

AutoROBOT

AutoROBOT

AutoROBOT

AutoROBOT better AutoVMAT betterAutoROBOT better

AutoVMAT3mm

AutoVMAT5mm

Figure 9.4: Visual analogue scale (VAS) used for blind side-by-side plan comparisons by the
treating clinician, and clinician scoring with the values representing numbers of plans (for each
line, the sum values equal to 20).
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9.3.2.2 autoROBOT vs. autoVMAT5mm

While for autoROBOT and autoVMAT3mm , a PTV coverage ≥ 95% was obtained for all

20 patients, with autoVMAT5mm this was only achieved for two patients, due to OAR

constraints. Seven other patients obtained a clinically still acceptable coverage between

95% and 93%, while for the remaining 11 patients coverage was clinically unacceptable

(< 93%), with a minimum of 88.8%. Also the near-minimum PTV doses were lower in the

autoVMAT5mm plans, while the CI was higher.

Notwithstanding the lower PTV coverage for autoVMAT5mm , rectum sparing was

also unfavorable compared to autoROBOT, with mean percentage differences of 13%

for rectum D1cm3 , 69% for V60G yE q , 58% for V40G yE q and 32% for Dmean . Differences

in bladder and urethra plan parameters were statistically insignificant. Dose bath was

also favorable for autoROBOT plans, with reductions of patient irradiated volumes of

19% for V5G y , 37% for V10G y , 25% for V20G y and 18% for V30G y . V3G y was 5% lower for

autoVMAT5mm , but this was not statistically significant. Details on the comparisons

between autoROBOT and autoVMAT5mm are presented in the right part of Table 9.1 and

Figure 9.2. Favorable plan quality for autoROBOT compared to autoVMAT5mm is also

observed in Figure 9.3 (right panels) and superiority of autoROBOT was also confirmed

by the clinician scoring (Figure 9.4, lower panel).

For all 20 patients, the overall quality of the autoROBOT plans was considered better

than for autoVMAT5mm . For 11 patients, the clinician expected a real clinical impact

of choosing the autoROBOT plan instead of the autoVMAT5mm plan, for other eight

patients a possibly important impact was expected, and for one patient a quality gain

with probably low impact was scored.

9.3.3 Dosimetric QA

All plans passed the QA tests, with average Gamma-passing rates of 98.7 ± 0.6% for

autoROBOT, 99.8 ± 0.2% for autoVMAT3mm and 99.6 ± 0.8% for autoVMAT5mm .

9.4 Discussion

In this study, we have presented the first system for fully automated generation

of clinically deliverable treatment plans for a commercial robotic treatment unit.

Automated planning, including non-coplanar beam angle selection, showed to improve

plan quality, compared to manual planning. With equal PTV coverage, autoROBOT plans

were superior to manual plans for all patients in sparing of the rectum and bladder,

with negligible (but still superior) differences for all other clinical requirements. These

findings are in line with results that we obtained on automated planning for regular
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linacs, using a similar approach for automatic plan generation, see Section 9.2 and (Voet

et al. 2013b, 2014; Sharfo et al. 2015; Della Gala et al. 2017). Apparently, interactive,

manual planning is so complex and dependent on the planners’ skills and allotted

planning time, that an optimal planning solution can often not be guaranteed. The

applied wish-list approach for automated planning features for each individual patient a

systematic search for finding the dosimetric parameters of a Pareto-optimal plan with

clinically desirable trade-offs between all objectives. A commercial planning system is

then used to realize a clinically deliverable plan, using the attained plan parameters as

constraints, without any further trial-and-error planning. As described in (Breedveld

et al. 2012) and Section 9.6, a wish-list for a treatment site is developed based on the

clinical treatment protocol and a few (typically 5) plans of recently treated patients. A

wish-list configuration entails repeated automatic plan generations for the five patients,

each time followed by an update of the wish-list that aims at a still higher plan quality

in the next iteration. This iterative process is stopped if further improvements are

considered not feasible. Specifically advantageous for autoROBOT planning, the upfront

knowledge of feasible constraints allows the use of high resolution optimization grid in

the commercial TPS for generating the deliverable plan.

Also for other systems, improvements in VMAT/IMRT plan quality by using

automated planning have been reported (Fogliata et al. 2014; Hansen et al. 2016). Nelms

et al. (2012) observed large plan quality variations between 125 manual planners from

various institutes, even with a very detailed and quantitative description of planning

goals. Berry et al. (2016a,b) showed large inter-planner variations in quality of plans

that were manually generated within a single institution. Automated planning assisted

in reducing the variations (Berry et al. 2016a,b). Clearly, further investigations on

inconsistencies in manual planning and the potential role for automated planning are

warranted.

Strong points of our comparison of robotic surgery with VMAT for prostate SBRT are

i) the use of validated automated multi-criterial planning for both techniques (validation

by systematic comparison with manual planning, see (Voet et al. 2014) for autoVMAT

and Section 9.3 for autoROBOT) and ii) the use of the same TPS and exactly the same

optimization scheme for initial plan optimization for the two techniques (wish-list, see

Section 9.2). Due to these features, a bias-free comparison between robotic treatment

and VMAT could be made, based on consistent, high quality plans.

Technique comparisons were performed using dosimetric (DVH) evaluations and

by blind side-by-side plan scoring by the clinician responsible for prostate SBRT in

our center. The clinician scoring has important added value compared to dosimetric

analyses only, as it gives integrated views, considering the full dose distribution to OARs

and PTV and the global clinical quality of the plan for each individual patient. In a
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clinical setting, a clinician would never accept a plan comparison that is only based on

DVH parameters.

AutoROBOT plans showed significant advantages compared to autoVMAT, both in

the DVH analyses and the clinician’s scoring. This was found for equal, 3 mm, CTV-PTV

margins, and even stronger when comparing autoROBOT plans with 3 mm margin with

autoVMAT plans with 5 mm margin. For 11 of the 20 patients, the autoVMAT plan

with 5 mm margin was clinically unacceptable because of low PTV coverage (< 93%).

On top of that, rectum, bladder and urethra doses were significantly higher compared

to autoROBOT. For all patients, the autoROBOT plan had a largely reduced dose bath

compared to both autoVMAT3mm and autoVMAT5mm . The latter may especially be

important for avoidance of secondary tumors in the increasing fraction of younger

prostate cancer patients, related to Prostate-Specific Antigen screening.

A limitation of the study is that we did not clinically compare robotic treatment with

VMAT, as needed for final conclusions, which we considered out of the scope of this paper.

Another (practically unavoidable) limitation is that the autoVMAT and autoROBOT

plans were calculated with different dose calculation engines as implemented in the

corresponding TPS. Although both systems were thoroughly tested prior to clinical

introduction, this might cause some bias in the comparisons.

Neither of the two recent studies that compared robotic treatment and VMAT for

prostate SBRT (Lin et al. 2014b; MacDougall et al. 2014) observed the potential of a

large plan quality improvement for robotic treatment, as observed in our study. Both

the manual planning and retrospective plan comparisons, as used in these studies, may

have introduced bias in the technique comparisons. MacDougall et al. (2014) used a 3

mm CTV-PTV margin for robotic treatment and a 5 mm margin for VMAT, and found no

discernible dosimetric differences based on only six patients. Lin et al. (2014b) used a

3 mm margin for robotic treatment and for VMAT 5 mm in all directions, except 3 mm

in posterior direction. They concluded that VMAT was preferable because of reduced

treatment time and superior dose distribution conformality. The study showed however

large and systematic differences between robotic treatment and VMAT in PTV dose

inhomogeneity and PTV coverage, which could have influenced the conclusions.

Dong et al. (2014) compared VMAT with non-coplanar treatment at a C-arm linac,

using with the 4π non-coplanar delivery approach involving both gantry rotations and

couch displacements. For both techniques, the CTV-PTV margin was 5 mm with a

reduction to 3 mm toward the rectum. As in our study, they observed clear plan quality

advantages for non-coplanar treatment compared to coplanar VMAT. Automated plan

generation was however only used for the non-coplanar planning, which could possibly

have introduced some bias in the comparisons, favoring non-coplanar treatment. For

robotic couch translations and rotations, Linthout et al. (2007) observed patient motion

of up to 3 mm and 2◦. Nonetheless, Dong et al. (2014) used the same CTV-PTV planning
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margin for VMAT and non-coplanar treatment, possibly resulting in some study bias in

favor of non-coplanar linac treatment. In our study, we investigated isotropic 3 mm and

5 mm CTV-PTV margins for autoVMAT. As our autoROBOT plans were already superior

to VMAT with isotropic 3 mm margins, the same (and probably to a larger extent) is

expected to hold for 5 mm margins with a reduction to 3 mm toward the rectum.

Delivery times of the autoROBOT plans generated in this study were around 45 min

(Section 9.2), as used in our clinical practice for treatment with an IRIS™ variable aperture

collimator, while VMAT treatments times were much shorter (∼8–10 min). Most of the

VMAT5mm plans were clinically unacceptable, and robotic treatment would anyway

be preferable, also with the prolonged treatment time. For the other VMAT5mm plans,

quality gains with robotic have to be weighed against the prolonged treatment duration.

The same holds for VMAT3mm plans, that might be applicable at linacs with novel systems

for intra-fraction motion correction (Willoughby et al. 2006; Keall et al. 2016). In

this study, we have generated robotic plans for the variable aperture IRIS™ collimator.

Currently, an MLC is available for the investigated robotic treatment unit (Asmerom et al.

2016; Fürweger et al. 2016), probably resulting in reduced delivery times (van de Water

et al. 2011b; McGuinness et al. 2015; Jang et al. 2016; Kathriarachchi et al. 2016).

As described in Section 9.2, for robotic prostate SBRT plans, we try to mimic HDR

brachytherapy dose distribution with intentionally inhomogeneous PTV dose delivery,

with high peak doses inside the PTV. The urethra dose is minimized by dose–volume

constraints. As the robot corrects for rotational tumor displacements, no PRV planning

margin around the urethra is clinically used. C-arm linacs are not equipped with a

system for rotation correction, implying that a PRV margin around the urethra may be

needed for the inhomogeneous dose distributions studied in this paper. This could then

possibly result in an enhanced percentage of patients with an unacceptably low PTV

coverage. The need and implications of the use of a urethra PRV margin at a C-arm linac

have not been investigated in this study.

9.5 Conclusions

The first system for fully automated generation of clinically deliverable plans for

non-coplanar robotic treatment has been presented. The system features multi-criterial

beam profile and beam angle optimization, resulting in plans with clinically favorable

trade-offs between all treatment aims. For prostate SBRT, clinically acceptable, high

quality plans could be generated that highly outperformed manually generated plans.

Automatically generated robotic plans had consistently higher quality than automatically

generated plans for VMAT at a linac. Further research on improvement of plan quality

and plan consistency, including the role of automated planning, is warranted.
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9.6 Wish-list generation for prostate SBRT

For each patient, Erasmus-iCycle automatically generates a Pareto-optimal plan with

clinically favourable trade-offs between treatment objectives. Input for Erasmus-iCycle

plan generation is a contoured CT-scan and a wish-list.

A wish-list contains the hard constraints, which always need to be fulfilled in plan

generation, and treatment objectives with assigned priorities. Objectives are planning

aims that need to be met as closely as possible (or superseded, if possible). Starting

with the highest priority, the objectives in the wish-list are sequentially minimized, each

time followed by adding the attained objective value as a novel constraint for the next

optimization problem to ensure that high priority goal values will not be deteriorated

in the minimization of lower priority objective functions (see (Breedveld et al. 2009,

2012) for more details). The wish-list is generated in an iterative procedure, starting

with a first ‘guess’ of the wish-list by an experienced planner. This wish-list is then

used for automated plan generation for a small group of (5-10) patients, followed by

plan evaluation to update the wish-list for plan generation in a next iteration. This

process with repeated wish-list updates stops if no further enhancement of plan quality

is feasible. For groups of patients (e.g. all prostate patients treated with SBRT) this list is

fixed, i.e. for all patients in the group the plan is fully automatically generated with the

same wish-list.

As described in more details in Section 9.2, in this study, two versions of

Erasmus-iCycle were used, one for non-coplanar plan generation for a robotic system

equipped with a variable aperture collimator, the other for VMAT pre-optimization for

an Elekta linac with MLC. Using the above described iterative procedure in parallel for

the two Erasmus-iCycle versions, a single wish-list was generated for both robotic and

VMAT pre-optimization.

Table 9.2 shows the wish-list used for all robotic and VMAT automated plan

generations. All applied constraint and objective convex functions were used for the

automated multi-criterial plan generation. These functions were selected to generate

plans in line with the (not always convex) clinical planning aims (see Section 9.2.3). The

SE function (Sum of Exponentials) defined by the equation below is basically a sum

of exponentials of differences between attained voxel doses d j and Dc , a user-defined

critical dose.

SE = 1

m

m∑
j=1

expα(d j −Dc ) (9.1)

where m is the number of voxels in the structure and α is the sensitivity parameter.

For tumors, the parameter α is positive, and SE is equal to the Logarithmic Tumor

Control (LTCP), as introduced by Alber & Reemtsen (2007), with Dc equal to the
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Table 9.2: Applied wish-list for all study patients.

Constraints

Structure Type Limit Parameters

PT Vopt
a Max 61.5 Gy

Rectum Max 36.5b Gy

Rectum gEUDc 28 Gy α = 20

Rectum Mucosa Max 27 Gy

Overlap (Rectum, PTV+3mm) Max 38 Gy

Bladder Max 39.5 Gy

Bladder gEUD 30.7 Gy α = 20

Overlap (Bladder, PTV+3mm) Max 41.8 Gy

Urethra Max 50 Gy

Urethra gEUD 39 Gy α = 3

Penis Scrotum Max 1.5 Gy

PTV Shell 3 mm Max 38 Gy

PTV Shell 30 mm Max 20 Gy

Entrance Dosed Max 20 Gy

Objectives

Priority Structure Type Goal Parameters

1 PT Vopt _ SEe optimized f Dc = 37 Gy, α = 0.9, sufficient = as goal

2 PT Vopt _ SE 2.2 Dc = 57 Gy, α = 0.07, sufficient = 2.2

3 CTV ^ Min 34 Gy sufficient = 34 Gy

4 Rectum _ SE 0 Gy Dc = 28 Gy, α = -0.3

5 Bladder _ SE 0 Gy Dc = 34 Gy, α = -0.1

6 Rectum _ Mean 0 Gy

7 Bladder _ Mean 0 Gy

8 Urethra _ Mean 0 Gy

9 Dose Bathg _ Max 15 Gy

10 Left Femoral Head _ Max 24 Gy

Right Femoral Head _ Max 24 Gy
a PT Vopt is the PTV excluding overlaps with rectum, bladder and urethra.
b Maximum dose constraints were set lower than clinical requirements to account for voxel sampling for the optimizations.
c Generalized Equivalent Uniform Dose (Niemierko 1997).
d Dose in 2 cm thick layer inside the body contour.
e SE = Sum of Exponentials.
f Values are automatically set to ensure a PTV coverage of 95%, if feasible within the constraints, see text.
g Dose in patient volume in between shells at 3 cm from the PTV and 2 cm from the body contour.

prescribed tumor dose. The attractive characteristic of SE is that tumor underdosage

is heavily penalized, while overdose has a relatively low impact on the function value.

In Table 9.2, SE is used in priorities 1 and 2 to obtain clinically favorable PTV dose

distributions. To limit for each patient both positive and negative deviations from the

clinically requested 95% PTV coverage (V100% = 95%), the goal value for SE in priority

1 is set automatically (Table 9.2). To this purpose, for priority 1, two plans are first

generated with relatively small and large goal values, respectively. For both plans, the PTV

coverage is then calculated and the final goal value for SE is determined by exponential

interpolation. The aim of SE in priority 2 is creating a large dose inhomogeneity in the

PTV like in HDR brachytherapy.

For prostate SBRT, it is extremely important that especially the high doses in rectum

and bladder are avoided as much as possible. To this purpose, a SE function with

negative α is used in priorities 4 and 5, highly favoring avoidance of doses higher than

the defined critical values Dc (Table 9.2).
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Abstract

Purpose/Objective: Assess to what extent the use of automated treatment planning

would have reduced organ-at-risk dose delivery observed in the randomized HYPRO

trial for prostate cancer, and estimate related toxicity reductions. Investigate to what

extent improved plan quality for hypo-fractionation scheme as achieved with automated

planning can potentially reduce observed enhanced toxicity for the investigated

hypo-fractionation scheme to levels observed for conventional-fractionation scheme.

Material/Methods: For 725 trial patients, VMAT plans were generated with an algorithm

for automated multi-criterial plan generation (autoVMAT). All clinically delivered plans

(CLINICAL), generated with commonly applied interactive trial-and-error planning

were also available for the investigations. Analyses were based on dose-volume

histograms (DVH) and predicted normal tissue complication probabilities (NTCP) for

late gastrointestinal (GI) toxicity.

Results: Compared to CLINICAL, autoVMAT plans had similar or higher PTV coverage,

while large and statistically significant OAR sparing was achieved. Mean doses in the

rectum, anus and bladder were reduced by 7.8 ± 4.7 Gy, 7.9 ± 6.0 Gy and 4.2 ± 2.9 Gy,

respectively (p < .001). NTCPs for late grade ≥ 2 GI toxicity, rectal bleeding and stool

incontinence were reduced from 23.3 ± 9.1% to 19.7 ± 8.9%, from 9.7 ± 2.8% to 8.2

± 2.8%, and from 16.8 ± 8.5% to 13.1 ± 7.2%, respectively (p < .001). Reductions in

rectal bleeding NTCP were observed for all published Equivalent Uniform Dose volume

parameters, n. AutoVMAT allowed hypo-fractionation with predicted toxicity similar to

conventional-fractionation with CLINICAL plans.

Conclusions: Compared to CLINICAL, autoVMAT had superior plan quality,

with meaningful NTCP reductions for both conventional-fractionation and

hypo-fractionation schemes. AutoVMAT plans might reduce toxicity for

hypo-fractionation to levels that were clinically observed (and accepted) for

conventional-fractionation. This may be relevant when considering clinical use of the

investigated hypo-fractionation schedule with relatively high fraction dose (3.4 Gy).
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10.1 Introduction

Prostate cancer is the second most common cancer in men worldwide (Torre et al.

2015). External beam radiation therapy (EBRT) is one of the primary treatment

modalities for patients with localized or locally advanced prostate cancer (Resnick

et al. 2013; Hamdy et al. 2016). In the last decade, substantial improvements

in EBRT techniques have been made, resulting in significant improvements in the

treatment of prostate cancer patients (Peeters et al. 2006; Dearnaley et al. 2007;

Bekelman et al. 2011; Zelefsky et al. 2012). Dose escalation has significantly improved

treatment outcome in patients with localized prostate cancer (Peeters et al. 2006;

Dearnaley et al. 2007). However, this was often associated with a significant increase

in toxicity (Peeters et al. 2005; Dearnaley et al. 2007), including rectal bleeding, fecal

incontinence and changes in bowel habits (Michalski et al. 2010). Between 2007 and

2010, the randomized phase 3 multi-center HYPRO trial for intermediate- or high-risk

localized prostate cancer investigated whether hypo-fractionated EBRT (19 fractions

of 3.4 Gy) could improve relapse-free survival without increasing toxicity, compared to

conventionally-fractionated radiotherapy (39 fractions of 2.0 Gy) (Aluwini et al. 2015,

2016; Incrocci et al. 2016).

Since the end of patient accrual for the HYPRO trial, important improvements have

been reported in treatment planning, in particular related to automated treatment plan

generation. In Rotterdam, Erasmus-iCycle has been developed for fully automated,

multi-criterial generation of Pareto-optimal plans with clinically desired balances

between all treatment objectives (Breedveld et al. 2007, 2012). The optimized

Erasmus-iCycle plans are automatically re-constructed with the Monaco® treatment

planning system (TPS) (Elekta AB, Stockholm, Sweden) to generate clinically deliverable

plans. Compared to manual trial-and-error planning, automated planning has improved

plan quality and consistency and drastically reduced treatment planning workload (Voet

et al. 2013b; Sharfo et al. 2016; Della Gala et al. 2017; Heijmen et al. 2018).

Aluwini et al. (2016) observed enhanced late toxicity in the hypo-fractionation

arm of the HYPRO trial compared to conventional-fractionation. In this study,

Erasmus-iCycle/Monaco was used to automatically generate deliverable treatment

plans for HYPRO patients and compare them with the actually delivered, manually

generated plans. As hypo-fractionation has logistic advantages for both the patient and

the treatment center, we also investigated whether replacement of CLINICAL planning

for hypo-fractionation by automated planning could avoid toxicity increases relative to

accepted toxicity for conventional-fractionation with CLINICAL planning. Apart from

using dose-volume histogram (DVH) parameters, analyses were also based on calculated

normal tissue complication probabilities (NTCP) for late gastrointestinal (GI) toxicity.
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10.2 Materials and methods

10.2.1 Patients and clinical treatment plans

Between 2007 and 2010, in total 820 patients with intermediate- or high-risk prostate

cancer were included in the HYPRO trial by seven Dutch radiotherapy centers. Patients

were randomized to receive 78 Gy in 39 fractions (5fr/wk) (conventional-fractionation),

or 64.6 Gy in 19 fractions (3fr/wk) (hypo-fractionation) (Aluwini et al. 2015, 2016; Incrocci

et al. 2016). Three treatment groups were defined based on the risk of seminal vesicles’

involvement. For group 1, the clinical target volume (CTV) consisted of the prostate

only to be treated to the prescribed dose. For group 2, the prostate was treated to the

prescribed dose, while the seminal vesicles were treated to a lower dose. For group 3, both

the prostate and the seminal vesicles were treated up to the prescribed dose (Aluwini

et al. 2015). Patients were treated with a simultaneous-integrated-boost technique

(SIB), either for dose reduction in the seminal vesicles (group 2) and/or for delivery

of part of the dose with a reduced planning target volume (PTV) margin (all groups).

For the large target (PT V2), the prescribed dose was then reduced to 72.15 Gy in the

conventional-fractionation arm or 57.76 Gy in case of hypo-fractionation, instead of

78 Gy or 64.6 Gy as used for the boost (PT V1). Depending on the set-up verification

and correction strategy used in each participating institute, margins of 3–10 mm were

added to the clinical target volume (CTV) (equal in both groups), yielding the PTVs. For

the boost, it was allowed to reduce the margin toward the rectum to 0 mm. All centers

applied the same dose constraints. The rectal volume receiving ≥ 65 Gy (EQD2G y for

α/β = 3 Gy) had to be < 50%, and the anal mean dose < 60 Gy (EQD2G y ). For bladder and

femoral heads no constraints were specified (Aluwini et al. 2015).

A total of 725 HYPRO patients had evaluable clinical treatment plans, including

scans, doses, and contoured structures, and could be included in this study. 361 patients

were treated with conventional-fractionation (75 in group 1, 219 in group 2, and 67 in

group 3), and 364 patients were treated with hypo-fractionation (73 in group 1, 219

in group 2, and 72 in group 3). Of the included patients, 95.6% was treated using

intensity-modulated radiotherapy (IMRT) with 5–15 beams (median: 7 beams); the

remainder with volumetric-modulated arc therapy (VMAT). In all cases, a multi-leaf

collimator (MLC) with a leaf width of 1 cm was used. In 96.4% of the plans, 10 MV photon

beams were applied, in 3.2% 18 MV photon beams, and for the remainder, 6 MV photon

beams. The treatment plans used in this trial (‘CLINICAL’ plans) were generated with

conventional, interactive trial-and-error planning (designated in this paper by ‘manual

planning’), using the Monaco® or Pinnacle TPS.
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10.2.2 autoVMAT vs. CLINICAL

For each of the included patients, Erasmus-iCycle/Monaco was used to fully

automatically generate a treatment plan for a modern treatment technique and modern

equipment, i.e. VMAT at an Elekta Synergy® treatment machine (Elekta AB, Sweden),

equipped with an Agility™ MLC with 160 leaves of 0.5 cm in width (‘autoVMAT’). Like

for the vast majority of CLINICAL plans (above), a 10 MV photon beam was used. The

autoVMAT plans were compared with the CLINICAL plans.

Although most of the included HYPRO patients were treated with an IMRT plan

(above), for automated planning we chose for VMAT, as this is currently the common

treatment approach for prostate cancer in the Netherlands. For a sub-group of

60 patients, we investigated to what extent our conclusions regarding plan quality

differences between CLINICAL and automated planning depended on the difference in

treatment technique. For this analysis, we used a sub-group of 60 patients treated with

IMRT, consisting of 10 randomly selected patients for the 6 combinations of treatment

group/fractionation arm. Erasmus-iCycle/Monaco was also used to automatically

generate an IMRT plan for the clinical beam configuration (‘autoIMRT’). Because of

clinically applied 1 cm leaves (above), for the same sub-group of 60 patients, VMAT plans

for the MLCi2 collimator with a leaf width of 1 cm (Elekta AB, Sweden) were automatically

generated as well, and compared with the autoVMAT plans for the Agility™ MLC with 0.5

cm leaves. For all included patients, the automatically generated plan(s) had the same

clinical intent as the clinical plan, i.e., same fractionation, risk-group, etc.

Generally applied dosimetric parameters such as PTV coverage, near-minimum and

near-maximum PTV doses, and mean and maximum doses in organs-at-risk (OARs) were

used for plan evaluation and comparison. In addition, assuming an α/β-ratio of 3 Gy, we

evaluated the percentage of rectum volume receiving equivalent doses in 2 Gy fractions

(EQD2G y ) of more than 65 Gy and 75 Gy (V65G yE q and V75G yE q , respectively). The latter

parameters are associated with grade ≥ 2 GI toxicity and rectal bleeding (Michalski et al.

2010). Differences in predicted NTCPs for late GI toxicity were also quantified (see below).

To apply the models, for both fractionation schemes, rectal doses were first converted

into equivalent doses for 2 Gy fractions (EQD2G y ), using α/β = 3 Gy.

10.2.3 Hypo-fractionation with autoVMAT vs. conventional-

fractionation with CLINICAL Plans

For comparison of plans for the two fractionation schemes, all rectal and bladder doses

were first expressed in terms of EQD2G y using an α/β-ratio of 3 Gy. For the rectum, these

doses were then used to compare predicted NTCPs, V65G yE q , V75G yE q , and Dmean . For

the bladder, Dmean was calculated and compared.
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10.2.4 NTCP modeling for late GI toxicity

Aluwini et al. (2016) have described the late GI toxicity (follow-up > 3 months) as

observed in the HYPRO trial. Late toxicity was scored at 6 months and at 1, 2, 3, 4 and

5 years after treatment by case report form according to criteria from the Radiation

Therapy Oncology Group and the European Organization for Research and Treatment of

Cancer (RTOG/EORTC) (Cox et al. 1995) and by patients’ self-assessment questionnaires.

Details are provided in a previous publication (Aluwini et al. 2016).

NTCP models for toxicity observed in the HYPRO trial were generated for grade ≥ 2

late GI toxicity, stool incontinence, stool frequency, rectal bleeding and GI proctitis, using

delivered rectal dose distributions and reported toxicities of the included 725 HYPRO

patients. For NTCP modeling, all rectal DVHs were first expressed in terms of EQD2G y

using an α/β-ratio of 3 Gy, in order to combine patients from the two treatment arms in

the NTCP modeling. Rectum dosimetric parameters gEUD(n) with the volume-effect

parameter, n, ranging from 0 to 1 in steps of 0.01 were extracted from the converted

rectal DVHs. These dosimetric parameters, along with the clinical covariates (baseline

GI toxicity, diabetes, treatment group, Gleason, age, prostate volume, abdominal surgery,

etc.) were considered in the establishment of NTCP models with multi-variate logistic

regression, i.e.

N T C P = 1

1+e−s with s =β0
∑n

i=1βi .xi

with xi representing the different input variables and bi the corresponding regression

coefficients. For generation of all NTCP models we strictly followed the approach

by Cicchetti et al. (2016). Model parameters are presented in Table 10.1.

The derived model for rectal bleeding had EUD (n = 0.13) as the dosimetric input

variable (Table 10.1). In the literature, reported n values for rectal bleeding vary between

0.03 and 0.18 (Rancati et al. 2011; Gulliford et al. 2012). To investigate the impact of n

on differences between automated and manual planning in calculated NTCP-values, we

also derived two alternative NTCP-models from the clinical data, one fixing n at 0.03 and

the other for n = 0.18. For stool incontinence, rectal EUD (n = 0.20) fitted best the clinical

observations. In the literature n = 1 (mean dose) has been reported (Rancati et al. 2011).

Again, to explore the sensitivity on n, a separate NTCP-model for n = 1 was generated.

10.2.5 Automated treatment planning using Erasmus-iCycle/

Monaco

Automated plan generation with Erasmus-iCycle is based on a tumor site-specific

‘wish-list’ with hard constraints to be strictly obeyed, and planning objectives with

ascribed priorities, used to ensure clinically favorable trade-offs between treatment
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Table 10.1: NTCP model information for late GI symptoms.

Variable Coefficient p-value
Late GI Grade ≥ 2 Toxicity GOF (p = .465)
Baseline 2.083 .015
Diabetes 0.608 .012
T-Group 3vs12 0.406 .032
EUD(0.13) 0.084 < .001
Constant -6.362 < .001

Stool Incontinence GOF (p = .192)
Baseline 1.453 .082
Age 0.059 .001
Diabetes 0.572 .034
EUD(0.2) 0.089 < .001
Constant -10.579 <0.001

Rectal Bleeding GOF (p = .364)
EUD(0.13) 0.072 .033
Gleason -0.201 .147
Constant -5.025 .017

Stool Frequency GOF (p = .029)
Gleason 0.281 .073
Abdominal Surgery -0.936 .054
EUD(0.11) 0.069 .114
Constant -8.815 .002

Proctitis GOF (p = .332)
Prostate Volume 0.011 .075
Diabetes 1.203 .056
T-Group 2vs13 -0.917 .012
EUD(0.14) 0.096 .043
Constant -12.198 < .001

Abbreviations: NTCP = Normal Tissue Complication Probability, GI =
Gastro-Intestinal, T-Group 3vs12 = treatment group 3 vs. 1&2, T-Group 2vs13
= treatment group 2 vs. 1&3. GOF = Goodness of Fit, EUD = Equivalent Uniform
Dose.

goals in a multi-criterial optimization (Voet et al. 2013b; Sharfo et al. 2016; Della

Gala et al. 2017; Heijmen et al. 2018). In this study, two comparable wish-lists were

developed for automated plan generation, one for conventional-fractionation, the

other for hypo-fractionation. Conversion into deliverable clinical plans was performed

with Monaco®, version 5.11 (Elekta AB, Stockholm, Sweden). Achieving adequate

PTV coverage (i.e., V95% ≥ 99%) had highest priority in plan generation, followed by

minimization of the doses to the rectum, anus, bladder and femoral heads. The wish-list

used in this study is presented in Table 10.2. Dose calculations in Monaco® were

performed with a Monte Carlo dose engine using a 1% dose variance, and a dose grid

resolution of 3 mm. For VMAT plans, a maximum of 150 control points per arc was

allowed. Multi-criterial plan optimization with Erasmus-iCycle took between 15 and

60 min, depending on the patient geometry. Subsequent plan reconstruction with the

Monaco® TPS took between 10 and 30 min.

10.2.6 Statistical analysis

To assess statistical significance of observed differences in treatment plans, the paired

samples t-test was applied in the comparisons of autoVMAT vs. CLINICAL, and the
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Table 10.2: Applied wish-list for automatic VMAT plan generation for conventional- and
hypo-fractionated EBRT.

Constraints

Structure Type Limit

PT VP Max 105% of Dhi g h

PT VP Mean 101% of Dhi g h

PT VSV – PT VP+3mm Max 95% of Dhi g h

Rectum & Anus Max 102% of Dhi g h

PT VSV Shell 50 mm Max 50% of Dhi g h

Unspecified Tissues Max 105% of Dhi g h

Objectives

Priority Structure Type Goal Parameters

1 PT VP _ LTCP 0.8 Dhi g h = 78∗, 64.6† Gy, α = 0.8

2 PT VSV _ LTCP 0.4 Dl ow = 72.2∗, 57.8† Gy, α = 1

3 Rectum _ EUD 20 Gy k = 12

4 Rectum _ EUD 10 Gy k = 8

5 PT VSV Shell 5 mm _ Max 80% of Dl ow

Skin Ring 20 mm _ Max 20% of Dl ow

6 Rectum _ Mean 5 Gy

7 Anus _ Mean 5 Gy

8 Bladder _ Mean 5 Gy

9 PT VSV Shell 15 mm _ Max 50% of Dl ow

PT VSV Shell 25 mm _ Max 30% of Dl ow

10 Left & Right Femoral Head _ Max 50% of Dhi g h

Abbreviations: PT VP = planning target volume of the prostate, PT VSV = planning target volume of the seminal
vesicles. Dhi g h , Dlow = high and low prescribed doses, PT VP+3mm = a 3mm transition region within PT VSV ,
LTCP = Logarithmic Tumor Control Probability, EUD = Equivalent Uniform Dose, α = cell sensitivity, k = volume
parameter.
∗, †: Applied values for the conventional- and hypo- fractionation regimen, respectively.

independent samples t-test was used to compare hypo-fractionation with autoVMAT

with conventional-fractionation based on CLINICAL plans (SPSS® v.21; SPSS Inc.,

Chicago, USA). Differences were considered statistically significant for p < 0.05. Goodness

of fit analyses were performed to assess the quality of established NTCP-models, with p

> .05 pointing at adequate prediction performance.

10.3 Results

10.3.1 autoVMAT vs. CLINICAL

Differences between autoVMAT and CLINICAL in coverage of PT V1 and PT V2 were

generally small (Figure 10.1, Figure 10.2, and Table 10.3). Coverage of PT V1 by at least

95% of the prescribed dose was enhanced for autoVMAT, which was more pronounced

for patients treated in the hypo-fractionation arm (0.4 ± 1.6%, p < .001), compared to

the conventional-fractionation arm (0.1 ± 0.9% p = .005). For PT V2, dose coverage

by at least 95% of the prescribed dose was on average equivalent for the autoVMAT

and the CLINICAL plans in the hypo-fractionation arm (0.0 ± 0.7%, p = .213), but

statistically significantly increased with autoVMAT in the conventional arm (0.1 ± 1.1%,

p = .04). The near-minimum dose (D98%) in PT V1 was slightly higher with autoVMAT
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Figure 10.1: Comparisons of population-averaged dose-volume histograms for the
manually generated (CLINICAL) and automatically generated (autoVMAT) plans, for both
hypo-fractionation (left, 364 patients) and conventional-fractionation (right, 361 patients).

for both fractionation arms (0.1 ± 0.9 Gy, p = .022). In contrast, for PT V2, D98% was

statistically significantly reduced (-0.4 ± 1.9 Gy, p < .001). For the autoVMAT plans,

the near-maximum dose (D2%) in PT V1 was enhanced by 0.5 ± 1.1 Gy (p < .001).

Conformality was significantly better for autoVMAT, while the CLINICAL plans had better

PTV dose homogeneity (Table 10.3). Overall, observed homogeneity differences between

autoVMAT and CLINICAL are considered of minor clinical importance, certainly in the

context of the large differences observed for OARs, as described in the next paragraph.

AutoVMAT showed largely reduced OAR doses (Figure 10.1, Figure 10.2, and Table 10.3).

Figure 10.1 shows superiority of autoVMAT in population-averaged DVHs for rectum

anus and bladder. Mean doses in the rectum, anus and bladder were on average reduced

by 7.8 ± 4.7 Gy, 7.9 ± 6.0 Gy and 4.2 ± 2.9 Gy (p < .001), respectively. Rectum V65G yE q and

V75G yE q were reduced by 4.2 ± 3.9% and 1.5 ± 2.4% (p < .001), and maximum doses in the

left and right femoral heads by 8.3 ± 6.1 Gy and 9.1 ± 5.8 Gy (p < .001). Due to the reduced

dose delivery to the rectum in the autoVMAT plans, the rectal NTCPs were significantly

lower for all treatment groups in both fractionation arms (Figure 10.3 and Table 10.4).

Averaged over both fractionation arms and all treatment groups, NTCPs were reduced

from 23.3 ± 9.1% to 19.7 ± 8.9%, from 16.8 ± 8.5% to 13.1 ± 7.2%, from 9.7 ± 2.8% to 8.2 ±

2.8%, from 5.6 ± 2.9% to 4.9 ± 2.5%, and from 3.4 ± 3.3% to 2.6 ± 2.5% for late grade ≥ 2 GI

toxicity, stool incontinence, rectal bleeding, stool frequency, and proctitis, respectively.

The reported reduction of 1.5% (above) in rectal bleeding NTCP for n = 0.13 was lower for

n = 0.03 (0.8%) and higher for n = 0.18 (1.7%). For stool incontinence, n = 0.2 was found

for the HYPRO data, with the overall NTCP gain for autoVMAT of 3.7% as reported above.

When assuming n = 1 for stool incontinence as reported in the literature, the NTCP gain

was slightly lower, i.e. 3.2%. All reported differences were statistically significant. For

more details on NTCP comparisons, see Figure 10.3 and Table 10.4.
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10.3.2 autoVMAT vs. autoIMRT

PTV coverage for autoVMAT and autoIMRT were similar (0.0 ± 0.5%, p = .743).

Figure 10.4a shows for autoVMAT and autoIMRT, population-mean DVHs for PT V1,

PT V2, rectum, anus and bladder. Clearly the differences between autoVMAT and

autoIMRT in OAR doses are much smaller than differences between autoVMAT and

CLINICAL (compare Figure 10.1 and Figure 10.4a). Rectum and anus mean doses and

rectum V75G yE q were slightly (but not statistically significant) higher for autoIMRT; 0.3

± 0.9 Gy (p = .073), 0.1 ± 1.0 Gy (p = .712), 0.2 ± 0.8% (p = .282), respectively. Bladder

mean dose and rectum V65G yE q were also slightly enhanced for autoIMRT and this was

statistically significant; 0.9 ± 2.0 Gy (p = .014), and 0.4 ± 0.7% (p = .007), respectively.

10.3.3 0.5 cm leaves vs. 1 cm leaves

Differences in PTV coverage for autoVMAT with Agility™ MLC (i.e., 0.5 cm leaves) and

autoVMAT with MLCi2 (i.e., 1 cm leaves) were not significant (0.1 ± 0.4%, p = .19).

Figure 10.4b shows for the Agility™ and MLCi2 MLC, population-mean DVHs for PT V1,

PT V2, rectum, anus and bladder. The differences between Agility™ and MLCi2 in OAR

doses were minor. Rectum and anus mean doses and rectum V65G yE q , V75G yE q were not

statistically significant; 0.2 ± 0.7 Gy (p = .125), 0.1 ± 1.4 Gy (p = .828), 0.1 ± 0.8% (p = .696),

and 0.0 ± 0.6% (p = .771), respectively. While the difference in mean bladder mean dose

was small, it was statistically significant in favor of the Agility™ MLC; 0.4 ± 0.8 Gy (p =

.008).

10.3.4 Hypo-fractionation with autoVMAT vs. conventional-

fractionation with CLINICAL plans

As shown in Figure 10.3 and Table 10.4, for the CLINICAL plans, calculated NTCPs for

hypo-fractionation were higher than for conventional-fractionation. This is in line

with previous late toxicity analyses of the HYPRO trial (Aluwini et al. 2016). This

difference is also observed for the autoVMAT plans. Interestingly, delivered rectum

EQD2G y doses for hypo-fractionated treatment with autoVMAT plans are lower than for

conventional-fractionation with the CLINICAL plans: After converting delivered rectum

doses to EQD2G y , the population-average mean rectum dose for hypo-fractionated

autoVMAT plans was 28% lower than for conventional-fractionation with CLINICAL

plans (23.7 ± 6.9 Gy vs. 31.4 ± 7.6 Gy, p < .001). For rectum V65G yE q , the average

absolute reduction was 3% (11.3 ± 5.7% vs. 14.3 ± 5.8%, p < .001), whereas V75G yE q

slightly increased by 1.8% (4.8 ± 4.4% vs. 3.0 ± 3.2%, p < .001). For stool incontinence

this translated into a statistically significant lower NTCP for hypo-fractionation with

autoVMAT compared to conventional-fractionation with CLINICAL plans (relative
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(a)

Anus

Bladder

PTV 1

PTV 2

Rectum

(b)

Anus

Bladder

PTV 1

PTV 2

Rectum

Figure 10.4: (a) Comparisons of population-averaged dose-volume histograms (DVHs) for the
automatically generated VMAT and IMRT plans for 30 patients treated in the hypo-fractionation
arm (left) and 30 patients treated in the conventional-fractionation arm (right). (b) Comparisons
of population-averaged DVHs for automatically generated VMAT plans with the Agility™ MLC and
with the MLCi2 for 30 patients treated in the hypo-fractionation arm (left) and 30 patients treated
in the conventional-fractionation arm (right).
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reduction 12.6% for n = 0.2; p = .001). For the other symptoms there was no difference:

late grade ≥ 2 GI 0.4% (p = .901), rectal bleeding -0.9% (n = 0.13, p = .702), stool frequency

5.1% (p = .157), and for proctitis -4.1% (p = .580).

After converting delivered bladder doses to EQD2G y , population-average mean

bladder doses for hypo-fractionated autoVMAT plans were 13% lower than for

conventional-fractionation with CLINICAL plans (25.2 ± 12.0 Gy vs. 28.7 ± 12.4

Gy, p < .001). Therefore, also for GU toxicity there is an indication that the

combination of hypo-fractionation plus autoVMAT could be favorable instead of

conventional-fractionation with the CLINICAL plans.

10.4 Discussion

For each of the 725 HYPRO patients included in this study, Erasmus-iCycle/Monaco

was used to automatically generate a treatment plan for a modern treatment technique

and modern equipment, i.e. VMAT at an Elekta Synergy® treatment machine (Elekta

AB, Sweden), equipped with an Agility™ MLC with 160 leaves of 0.5 cm in width. With

similar PTV dose delivery, these autoVMAT plans had clearly superior OAR dose delivery

compared to the CLINICAL plans, resulting in clinically meaningful reductions in

calculated rectum NTCPs.

Most of the CLINICAL treatments were performed with IMRT and with MLCs with a

leaf width of 1 cm (Section 10.2). To exclude that the enhanced plan quality of autoVMAT

compared to CLINICAL was related to the choice of VMAT instead of IMRT, or 0.5 cm

vs. 1 cm, we performed two sub-group analyses. It was clearly demonstrated that these

technique differences could not explain the large improvements in plan quality with

autoVMAT (compare Figure 10.4a and Figure 10.4b with Figure 10.1).

Reported GI toxicity in the HYPRO trial was used to derive rectum NTCP models

applied in this study, including clinical covariates and an EUD volume parameter, n,

depending on the specific endpoint (Table 10.1). For rectal bleeding, n = 0.13 was found.

However, for this endpoint two alternative models were also generated with imposed

n-values of 0.03 and 0.18, as found in the literature (Rancati et al. 2011; Gulliford et al.

2012). For the whole range of investigated n-values, reduced NTCPs were found for

the autoVMAT plans. The advantage for autoVMAT increased with increasing n. In a

very recent inter-institutional analysis, Thor et al. (2018) emphasized the importance

of sparing the low- to intermediate- rectal dose regions to prevent late rectal bleeding

following prostate radiotherapy, resulting in an n-value of 0.3. With n = 0.3, the predicted

NTCP reductions with automated planning compared to manual planning would be

even bigger and more clinically meaningful.
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Care should be taken in the interpretation of the observed superiority of the

automatically generated plans. Configuration of the system for automated planning was

based on the planning constraints provided in the trial protocol and on application of

the ALARA principle, i.e. try to reduce doses in healthy tissues, and particularly OARs,

as much as possible. Also the clinical planning was based on the trial protocol and

Dutch planners are trained in working according to the ALARA principle. Apparently,

the common basis for automated and manual plan generation did not prevent large

quality differences. Superiority of the automatically generated plans may have been

caused by inherent advantages of automated planning for consistently finding optimal

solutions. The on average higher quality of autoVMAT plans could also have been

caused by variations in the skills of the planners who generated the CLINICAL plans, or

variations in the quality of CLINICAL plans due to variations in complexity of the cases.

Insufficient time in the clinical setting to obtain the best plans, or limited perseverance of

planning teams in always finding the best solution for each individual patient could also

have contributed. Patient inclusion for the HYPRO trial started in 2007. Therefore, other

potential explanations for the superiority of the recently generated autoVMAT plans are

the use of TPSs with less advanced options for generating the CLINICAL plans, or limited

experience in IMRT planning at the time of patient inclusion. However, to the best of our

knowledge, there are no publications demonstrating improved plan quality for prostate

IMRT in recent years due to more sophisticated planning tools or enhanced planning

experience. There is also no evidence that this occurred in the centers participating in

the HYPRO trial. Recent publications on cervical cancer and lung cancer have reported

superiority of automated planning with Erasmus-iCycle/Monaco compared to manual

planning, using the same, recent Monaco® version for both (Sharfo et al. 2016; Della Gala

et al. 2017). Heijmen et al. (2018) observed in an international validation study with

four European centers, superiority of automated planning for prostate cancer compared

to manual planning, both performed with the same Monaco® version. In another recent

study (Voet et al. 2014), we have compared for 30 prostate cancer patients autoVMAT

with manual planning by the most competent planner in our institute without any

time constraint. His task was to just do everything to generate the best possible plan

in line with our clinical practice. Interestingly, in that study, the manual planner did

on average obtain the same quality as autoVMAT. This is attributed to the non-clinical

setting for this study; only the most competent planner did the manual planning and he

could take all the time he needed to make the best possible plan. In the current study,

comparisons are made with realistic manual planning in a clinical setting, 7 instead of

1 center were involved, and conclusions were based on 725 patients (by far the largest

study on automated planning so far).

The HYPRO trial showed enhanced late toxicity for the investigated

hypo-fractionation schedule with relatively high fractions doses (3.4 Gy), compared
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to conventional-fractionation (Aluwini et al. 2016). Our simulations show that

automatically generated plans for the hypo-fractionation schedule could result in toxicity

levels, below or similar to those observed (and accepted) for conventional-fractionation.

Given the logistic and economic advantages of the more than 50% reduction in number

of treatment fractions with hypo-fractionation, for both the patient and the treating

institution, this observation on toxicity may be considered in discussions on clinical

usefulness of the investigated hypo-fractionation scheme. In these discussions, the

modest predictive accuracy of the applied NTCP models (see Table 10.1), as generally

observed in the literature on prostate cancer, has to be taken into account.

In this study, NTCP-models were used for plan evaluation. Possibly, direct use of

these models in plan optimization could result in further plan quality increases. Further

study on this is warranted.

In conclusion, in this study we have used automated planning to analyze late

toxicity in the randomized HYPRO trial, that compared hypo-fractionation with

conventional-fractionation for prostate cancer patients. Plans of 725 patients were

analyzed. For both fractionation schedules, autoplanning resulted in reduced OAR doses

and toxicity, compared to the trial results obtained with manual planning. Evidence was

obtained that autoplanning could reduce toxicity resulting from hypo-fractionation to

a level equivalent to that observed in the HYPRO trial for conventional-fractionation,

possibly allowing a reduction of 50% in treatment fractions while keeping toxicity below

the currently accepted level.
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Abstract

Background and Purpose: The TRENDY trial is an international multi-center phase-II

study, randomizing hepatocellular carcinoma (HCC) patients between transarterial

chemoembolization (TACE) and stereotactic body radiation therapy (SBRT) with a

target dose of 48-54 Gy in six fractions. The radiotherapy quality assurance (QA)

program, including prospective plan feedback based on automated treatment planning,

is described and results are reported.

Materials and Methods: Scans of a single patient were used as a benchmark case.

Contours submitted by nine participating centers were compared with reference

contours. The subsequent planning round was based on a single set of contours. A

total of 20 plans from participating centers, including 12 from the benchmark case, 5

from a clinical pilot and 3 from the first study patients, were compared to automatically

generated VMAT plans.

Results: For the submitted liver contours, Dice Similarity Coefficients (DSC) with the

reference delineation ranged from 0.925 to 0.954. For the GTV, the DSC varied between

0.721 and 0.876. For the 12 plans on the benchmark case, healthy liver normal-tissue

complication probabilities (NTCPs) ranged from 0.2% to 22.2% with little correlation

between NCTP and PTV-D95% (R2 < 0.3). Four protocol deviations were detected in the

set of 20 treatment plans. Comparison with coplanar autoVMAT QA plans revealed these

were due to too high target dose and sub-optimal planning. Overall, autoVMAT resulted

in an average liver NTCP reduction of 2.2 percent point (range: 16.2 percent point to -1.8

percent point, p = .03), and lower doses to the healthy liver (p < .01) and gastrointestinal

organs-at-risk (p < .001).

Conclusions: Delineation variation resulted in feedback to participating centers.

Automated treatment planning can play an important role in clinical trials for prospective

plan QA as sub-optimal plans were detected.
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11.1 Background

Quality assurance (QA) is essential to clinical trials involving radiation therapy, as

protocol violations may seriously impact trial outcome (Williams et al. 2007; Fairchild

et al. 2012; Weber et al. 2012; Fairchild et al. 2013; Ibbott et al. 2013; Ohri et al. 2013;

Moore et al. 2015). This holds for all trial aspects, including delineation (Steenbakkers

et al. 2006; Brouwer et al. 2012; Joye et al. 2014; Berry et al. 2016b) and planning (Nelms

et al. 2012; Berry et al. 2016a; Li et al. 2017).

The TRENDY trial (registered as NCT02470533 on https://clinicaltrials.gov/) is an

international multi-center clinical trial in which patients with hepatocellular carcinoma

(HCC) are randomized between transarterial chemoembolization (TACE) with drug

eluting beads in the standard arm and stereotactic body radiation therapy (SBRT) in the

experimental arm. Radiotherapy is delivered in six fractions with a total target dose of

48–54 Gy. The primary endpoint is time to progression. Secondary endpoints include

time to local recurrence, response rate (partial or complete), overall survival, toxicity

and quality of life. Patients are accrued from eleven centers in four different countries.

Radiotherapy is delivered in ten of these centers, all experienced with liver SBRT; patients

from one center are referred to Erasmus MC for radiotherapy.

Due to underlying liver disease (cirrhosis), the patient population in the TRENDY

trial is prone to developing hepatic toxicity after radiotherapy, and sparing of the healthy

liver is crucial in these patients (Dawson et al. 2002). As radiotherapy of the liver is

technologically challenging, an extensive QA program, comparable to that of other

recent radiotherapy trials on primary liver cancer (Dawson et al. 2012; Hong & Dawson

2015), has been developed. QA guidelines and recommendations are outlined in a

QA protocol, included in (Habraken et al. 2017) and summarized in Table 11.1. The

trial QA is coordinated by a QA team, consisting of two radiation oncologists and two

medical physicists from different participating centers. The QA team is supported by

two radiologists for advice on target definition. Prior to inclusion of patients, centers are

supposed to recently have had an external beam output audit. Also, they need to fill out

a trial-specific facility questionnaire explaining in detail technical aspects of the applied

procedures for treating HCC patients. In addition, centers have to prepare delineation

and treatment planning on a benchmark case (Melidis et al. 2014). During patient

accrual, the QA protocol accommodates patient-specific prospective feedback (prior to

treatment) on target definition, organ-at-risk (OAR) delineation and treatment planning.

It defines minor and major protocol deviations. When a major deviation is detected

during prospective monitoring by the QA team, the participating center needs to first

improve the contouring and/or planning before start of treatment. Retrospectively

detected major deviations have to be avoided for future patients from the same center.
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Table 11.1: Minor and major protocol violations.

PROTOCOL Minor deviation Major deviation

GTV definition

GTV is defined on a planning

breathhold CT (expiration phase)

or on a single breathing phase of

a 4D-CT, both acquired in a

hepatic arterial dominant phase

Non-compliance

Tumor delineation Generous

Liver, kidneys,

stomach, heart

and

Gallbladder

Full delineation

No doubt on minor

or major deviation in

planning criteria

(below)

Doubt on minor or

major deviation in

planning criteria

(below)

Spinal cord,

esophagus,

duodenum, and

bowel

Partial delineation including

tissue in high dose region
Non-compliance

Left adrenal gland

Only when the right adrenal

gland lies in the high-dose

region

Non-compliance

CTV-to-GTV

margin
0 mm Non-compliance

Reduction of PTV

margin to spare

OAR

Not allowed Non-compliance

Fractionation 6 fractions Non-compliance

PTV∗ 95% ≥ 48 Gy 93-95% ≥ 48 Gy < 93% ≥ 48 Gy

PTV Dmax ≤ 1.33 × D95%,PT V 1.33 × D95%,PT V < Dmax ≤ 1.4 × D95%,PT V Dmax > 1.4 × D95%,PT V

Liver-GTV Dmean ≤ 22 Gy Dmean > 22 Gy

Liver-GTV > 800 ml less than 23.4 Gy < 800 ml

Liver-GTV NTCP ≤ 5% 5% < NTCP < 10% NTCP ≥ 10%

Stomach/ Small

and large bowel
Dmax < 39 Gy, V30G y ≤ 5cc V>39G y < 1cc V>39G y ≥ 1cc

Esophagus Dmax ≤ 36 Gy V>36G y < 1cc V>36G y ≥ 1cc

Spinal cord Dmax < 24 Gy Dmax < 25.5 Gy Dmax ≥ 25.5 Gy

Kidney D2/3 < 19.2 Gy 19.2 Gy < D2/3 < 21 Gy D2/3 ≥ 21 Gy

Avoidable hot

spots outside PTV
Not allowed Non-compliance

∗ Whenever possible, it is highly recommended to aim at 95% of PTV ≥ 54Gy.

Minor deviations should be avoided when possible. For each submitted patient, a

volumetric-modulated arc therapy (VMAT) plan is generated at Erasmus MC on behalf

of the QA team, using fully automated multi-criterial plan generation (autoVMAT) (Voet

et al. 2014; Sharfo et al. 2016). AutoVMAT planning results are provided to the treating

center. The aim is to provide prospective feedback for as many patients as possible, but at

the very least for the first three patients from each center. Depending on feedback on the

first patients, subsequent patients can be reviewed either prospectively or retrospectively

(after start of treatment). To make prospective feedback practically feasible, participating

centers are invited to submit at least three days prior to the planned start of treatment

all images, contours and the treatment plan.

This paper contains quantitative analyses of the contouring and treatment planning

benchmark-case results and reports on the first experiences with treatment plan

feedback based on autoVMAT.
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11.2 Materials and Methods

11.2.1 Target definition and contouring guidelines

The target lesion(s) should be visible on contrast-enhanced CT imaging and are primarily

delineated on the arterial contrast phase of the CT-scan. Additional diagnostic imaging

(MR/PET) is recommended when available. In regions with poor visibility of tumor

edges, generous delineation is required to avoid tumor miss. General recommendations

for OAR delineation are outlined in the study protocol. Additional published guidelines

were supplied to support delineation (Jabbour et al. 2014). OARs that have to be fully

delineated in 3D are: liver, kidneys, stomach, heart and gallbladder. For the required

calculation of the liver normal-tissue complication probability (NTCP, see below), a

healthy liver structure has to be created, defined as the full liver minus the gross tumor

volume (GTV), and minus parts of the liver that are not functional such as regions

previously treated with radio-frequency ablation (RFA) (if present). Partial delineations

are allowed for spinal cord, duodenum, esophagus, and bowel (in case areas of the

small and/or large bowel are located close to the tumor or could be located in high dose

gradients).

11.2.2 Planning constraints and objectives

In treatment planning, the goal is to irradiate the full PTV with at least 48 Gy, or, if possible

within planning constraints, up to 54 Gy, in six fractions. General recommendations

for treatment planning and planning constraints are outlined in the trial protocol and

summarized in the QA protocol, where also minor and major deviations are defined. The

healthy liver is an important OAR. Several planning constraints are used to guarantee safe

liver dose delivery, in particular, NTCP ≤ 5%. An NTCP between 5% and 10% qualifies as

a minor deviation. For NTCP calculation, the healthy liver dose-volume histogram (DVH)

is first converted into a DVH for 1.5 Gy/fraction dose delivery in every voxel using α/β =

2.5 Gy. Then the NTCP is calculated using T D50/5 = 39.8 Gy, m = 0.12, n = 0.97 (Dawson

et al. 2002, 2006). A software implementation for NTCP calculation has been developed

and distributed among the participating radiotherapy centers. In addition, the average

dose to the healthy parts of the liver should be less than 22 Gy (Dawson et al. 2006) and,

based on (Son et al. 2010) and α/β = 3 Gy, at least 800 cc should receive less than 23.4 Gy.

11.2.3 Benchmark case

For the benchmark case, data from a 64-year-old male patient, treated at Erasmus MC,

was used. Initially, he had an HCC in segment V-VI, for which he underwent surgery.

Three years later, there was a 4 cm lesion visible on CT, compatible with HCC, close
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to the right branch of the portal vein. There were no enlarged lymph nodes, nor lung

metastases. The AFP blood level was 3. MRI showed a 4 cm lesion with wash-out

surrounded by a capsule, compatible with HCC. The tumor was located in segment V,

transition to VIII and toward segment IV.

In the delineation round, participating centers were asked to define the target (GTV),

and delineate the liver for this patient. Arterial and venous phase contrast CT-scans (with

2.5 mm slice separation), diagnostic MR images (with 2 mm and 7.7 mm slice separation),

and a description of the relevant medical history of the patient were provided. The

centers were asked to delineate the liver and GTV according to the trial protocol. The

contours were evaluated based on consensus among the medical doctors in the QA

team, supported by a radiologist for the GTV. Quantitative comparisons of 3D volumes

generated from submitted and reference contours, as defined by the QA team, were

based on; the volume difference, the average distance in 3D, the center-of-mass (COM)

shift, and the Dice Similarity Coefficient (DSC). The DSC of two volumes is defined as

the overlap, divided by the average volume.

In the subsequent planning round, the centers generated for the same patient a

treatment plan according to the study protocol, based on contours used for the initial

treatment of the patient at Erasmus MC. The results of the treatment planning for the

benchmark case were primarily evaluated based on the treatment planning protocol, see

the dosimetric parameters listed in Table 11.2. Also, correlations between the achieved

target dose and the NTCP and OAR doses were investigated.

11.2.4 Automated treatment planning

Based on the trial constraints and objectives, fully automated plan generation for HCC

was implemented in the in-house developed Erasmus-iCycle software for fully automatic,

prioritized multi-criteria optimization. Erasmus-iCycle was used to generate an

individualized planning template for fully automatic generation of a clinically deliverable

coplanar VMAT plan with the Monaco® TPS (Elekta AB, Stockholm, Sweden) (Voet et al.

2014; Sharfo et al. 2016). AutoVMAT was primarily used to assess the quality of treatment

planning, both for the benchmark case and for clinical trial patients. To this end, fully

automatically generated coplanar VMAT plans were compared to 20 treatment plans for

9 patients; 12 for the benchmark case (1 patient, see below), 5 from a clinical pilot study

(5 patients), and 3 from the first 3 patients included in the trial so far. AutoVMAT plans

were scaled to the clinical target dose (PTV-D95%, dose to 95% of the PTV). The target

dose for the benchmark case and one of the trial patients was 54 Gy in six fractions. For

the other 7 patients, it was around 48 Gy, also in six fractions.
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11.2.5 Dose escalation with autoVMAT

Since the trial protocol recommends to cover as much of the PTV as possible with 54 Gy

in six fractions, in addition, autoVMAT was also used to assess for how many patients

dose escalation to 54 Gy was possible without violating any planning constraint.

11.3 Results

11.3.1 Benchmark case – GTV and liver delineation

All ten participating radiotherapy centers completed the contouring. Two institutes

primarily contoured on the venous instead of the arterial contrast phase of the CT. All

contours were considered acceptable, although variation in both GTV and liver contours

was statistically significant (see below). Two axial CT slices with submitted contours are

shown in Figure 11.1, where also the reference contours are displayed. Several centers

delineated parts of the gallbladder, vena cava and diaphragm as liver.

Figure 11.1: Axial slices of the benchmark-case CT scan with liver contours (submitted: yellow,
dashed; reference: orange, solid) and GTV contours (submitted: pink, dashed; reference: purple,
solid).
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The results of the quantitative comparisons with the reference contours, are shown

in Figure 11.2. Submitted liver volumes are on average 101.4 cc = 8.0% larger than the

reference (range 2.2% to 12.0%, p < .001), while submitted GTVs are on average 12.6 cc =

24% smaller than the reference (range -2.8% to 43.2%, p < .001). The average distance in

3D between submitted and reference volumes ranges from 1.7 to 3.5 mm for the liver

and from 1.2 to 2.4 mm for the GTV. Center-of-mass shifts range from 0.8 to 2.4 mm and

from 1.7 to 4.6 mm, respectively. DSCs of submitted and reference volumes range from

0.925 to 0.954 for the liver and from 0.721 to 0.876 for the GTV.

11.3.2 Benchmark case – Treatment planning

Treatment planning results are summarized in Table 11.2. Two centers (III and VII)

did not meet the NTCP constraint initially and re-planned the benchmark case after

feedback had been provided. The revised plans are labeled III∗ and VII∗ respectively.

For reference, also an autoVMAT plan with a target dose of 54 Gy to 95% of the PTV was

generated, see Table 11.2.

PTV dose homogeneity and conformity vary, with some institutes aiming at a

high target dose allowing for large dose gradients in the GTV-PTV margin, and others

optimizing for a smoother, more homogeneous, dose distribution. Within the set of

12 plans for the benchmark case, all based on the same CT and structure set, there is

little correlation between PTV-D95% and the achieved NTCP value (R2 = 0.3, R2 < 0.1 for

the 10 protocol compliant plans), and hardly any between PTV-D95% and OAR doses

(R2 < 0.2 for esophagus, stomach, duodenum and bowel), see Figure 11.3. This suggests

that the observed differences in dose distribution, especially those within the sub-set

of protocol compliant plans, are largely due to variations in treatment planning and

treatment technique.

11.3.3 Plan QA with autoVMAT

Within the set of 20 plans, two major and two minor deviations were detected, all with

respect to the NTCP. With autoVMAT, one major NTCP deviation of 22.2% was reduced

to a minor deviation of 7.5%, while the other was reduced from 28.7% to 12.5%, which is

still not protocol compliant. For both these plans, the deviation was caused in part by the

dose to the PTV being higher than feasible within the NTCP constraint. The autoVMAT

plans could be scaled to fully compliant plans with NTCP values of 0.9% and 3.8%,

respectively, by reducing the PTV-D95% from 58.8 Gy to 54.0 Gy and from 50.6 Gy to 48.0

Gy. The major NTCP deviations were detected in one plan from the benchmark case and

one from the clinical pilot. No patients were treated with these plans. In addition, with

autoVMAT, two minor NTCP deviations of respectively 8.3% and 7.0%, one in another

176



Results

11

Figure 11.2: Differences between submitted contours and reference contours for all centers,
excluding Erasmus MC. Liver: orange, GTV: purple (COM = center of mass). Distances are based
on 3D volumes and the DSC of two volumes is defined as the overlap, divided by the average
volume.

Figure 11.3: (a) Liver-GTV NTCP (%) versus D95% for the PTV for 12 plans of the benchmark case.
Minor protocol deviations are represented in orange, major deviations in red, (b) Gastrointestinal
OAR doses versus D95% for the PTV for 12 plans of the benchmark case.
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Figure 11.4: (a) Liver NTCP for submitted treatment plans versus autoVMAT. Minor protocol
deviations are represented in orange, major deviations in red., (b) Gastrointestinal OAR doses for
submitted treatment plans versus autoVMAT.

plan from the benchmark case and one in another plan from the clinical pilot, could

be reduced to protocol compliant values of 2.5% and 3.8%, respectively, with the same

PTV-D95%.

Although some plans using substantially more modulation/monitor units (MUs)

and some non-coplanar (CyberKnife®) plans outperform the corresponding coplanar

autoVMAT plan, in most cases, autoVMAT resulted in a superior plan, with an average

NTCP reduction of 2.2 percent point (range: 16.2 percent point to -1.8 percent point, p =

.03), a lower mean dose to the healthy liver (p < .01) and lower doses to gastrointestinal

OARs (p < .001), see Figure 11.4. For 7 of the 20 plans, including 4 with a protocol

deviation, autoVMAT achieved a reduction of the liver NTCP by more than 2 percent

point without compromising any other OAR. A reduction of the gastrointestinal (GI)

maximum dose(s) of more than 5.0 Gy was achieved for 4 additional plans, without

sacrificing the NTCP or increasing the dose delivered to other OARs.

11.3.4 Potential for dose escalation analyzed with autoVMAT

For 7 out of the 9 patients considered here, the clinical target dose was around 48 Gy in

six fractions. Using autoVMAT, we investigated if dose escalation to 54 Gy in six fractions
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was possible within planning constraints for the OARs. For one patient, a target dose

larger than 48 Gy was not possible due to an overlap between the PTV and part of the

bowel. For another patient, it was not possible to achieve more than 48 Gy without

violating the NTCP constraint. For the other 5 patients that were clinically treated to

48 Gy, dose escalation to 54 Gy could be achieved with autoVMAT. In practice, however,

clinical considerations other than what can be achieved in treatment planning play a

role in deciding on target dose.

11.4 Discussion

As part of the TRENDY multi-center randomized trial, an extensive QA program has

been implemented, including a benchmark case and prospective (prior to treatment

delivery) and retrospective feedback on delineation and treatment planning. Prospective

and retrospective feedback during patient accrual promotes the quality and uniformity

of SBRT treatment in the trial, but has the possible disadvantage of the trial being less

representative for normal clinical practice, especially during the start-up phase when

revision of delineation and treatment planning is more likely to be required. Since both

the trial protocols, and all QA results are available, other centers should, however, be

able to reproduce all (future) trial results.

Submitted benchmark-case delineations were evaluated by comparison with a

reference, based on consensus within an expert panel. The submitted delineations

of liver and GTV are small in volume compared to the total volume represented by the

CT-scan, in which case the DSC becomes comparable to kappa values for inter-observer

variation in delineation (see Section 11.6), as reported for HCC in (Hong et al. 2014;

Jabbour et al. 2014; Gkika et al. 2017). Based on the widely accepted and used

interpretation of kappa values in inter-observer studies (Landis & Koch 1977; Allozi et al.

2010), we conclude that there is almost perfect agreement (DSC between 0.8 and 1.0)

between all submitted liver contour sets and six of nine GTV contour sets, and that there

is substantial agreement (DSC between 0.6 and 0.8) between the other three GTV contour

sets and the reference. The DSCs for the liver contours are comparable in magnitude

to the kappa values reported in inter-observer studies (Hong et al. 2014; Jabbour et al.

2014; Gkika et al. 2017). Both individual feedback and general recommendations, based

on the observed delineation variations, have been provided to participating centers.

Feedback on treatment planning was based both on the trial protocol and results

obtained with fully automated treatment planning. The added value of autoVMAT for

plan QA is twofold. It contributes to understanding the nature of protocol deviations in

treatment planning, which are often due to sub-optimal planning combined with (too)

much priority being given to target dose, or to some OAR(s) at the cost of others. In such
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cases, dosimetric autoVMAT results provide a solution approach, thereby reducing both

the number of deviations and patient loss in the trial. In addition, autoVMAT results

can be used to identify, quantify and monitor variations in protocol compliant plans,

even for an individual patient. Although re-planning is not mandatory in such cases,

this contributes to the objective and systematic evaluation of submitted treatment plans.

AutoVMAT results show what can be achieved in treatment planning, and individual

feedback based (in part) on these results, may promote the quality and uniformity of

treatment planning for future patients from the same center.

When more patients from multiple centers are included in the trial, automated

treatment planning will be applied to identify systematic variations in treatment

planning between participating centers and to monitor improvements in treatment

planning. Although it is expected that variation in submitted dose distributions is mostly

due to treatment planning, at this point it is, strictly speaking, not possible to separately

study the impact of treatment planning and treatment technique. In the longer run,

dedicated fully automated treatment planning adjusted to treatment delivery techniques

in participating centers could be implemented as a part of clinical trials.

As has been demonstrated previously, knowledge-based (Moore et al. 2015) and

automated treatment planning (Sharfo et al. 2018) may, in retrospect, reveal sub-optimal

treatment planning in clinical trials. To the best of our knowledge, the present

manuscript constitutes the first report on the use of automated treatment planning for

prospective and retrospective plan QA within a clinical trial (while patients are accrued).

We have demonstrated that, because of the quality and consistency of automatically

generated plans, they can assist in evaluating constraint violations in submitted plans

(maybe these can be avoided by changing the plan). Automated planning can also

identify sub-optimal treatment plans that do fulfill all constraints, but with PTV or OAR

dose delivery that could be made better with plan adjustments. Due to the automation,

fast feedback on plans submitted by participating centers is feasible.
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11.6 Derivation regarding Cohen’s kappa parameter and

the Dice Similarity Coefficient

11.6.1 Introduction and objective

Cohen’s kappa parameter (kappa) is the appropriate statistical measure to quantify the

variation in inter-observer delineation studies. Our study is based on a comparison with

reference contours, based on consensus within an expert panel, in which case the Dice

similarity coefficient (DSC) is more appropriate. The DSC of two volumes A and B is

defined as the overlap divided by the average volume, i.e., 2(A
⋂

B)/(A + B).

In cases in which delineated volumes are small compared to the total volume of

the scan, kappa becomes similar to the DSC. For kappa, a widely used and accepted

interpretation exists (Landis & Koch 1977; Allozi et al. 2010), which, in this case, can also

be applied to the DSC. Moreover, DSCs can be compared to values of kappa reported in

literature (Jabbour et al. 2014; Hong et al. 2014; Gkika et al. 2017).

11.6.2 Derivation

Consider two observers (I and II) delineating the same 3-dimensional structure as A and

B on the same image set of the same patient. Let V be the total scanned volume. The

relevant overlap volumes can be calculated as listed in the table below.

Delineated by I Not Delineated by I Total
Delineated by II A

⋂
B B - A

⋂
B B

Not Delineated by II A - A
⋂

B V – (A + B) + A
⋂

B V – B
Total A V - A

Here
⋂

denotes the overlap between A and B. Cohen’s kappa is defined as

κ= ρo −ρe

1−ρe
(11.1)

where ρo is the observed probability of agreement and ρe is the (hypothetical)

probability of chance agreement, as estimated based on the available data.

The observed probability of agreement is defined as the total volume delineated by

both observers A
⋂

B and the total volume not delineated by any of the observers V – (A +

B) + A
⋂

B, divided by the total volume V

ρo = A
⋂

B +V − (A+B)+ A
⋂

B

V
= 2(A

⋂
B)+V − (A+B)

V
(11.2)

The probabilities of observers I and II delineating a volume element are given by

A/V and B/V respectively, whereas the probabilities of the observers not delineating a
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volume element are given by given by (V-A)/V and (V-B)/V respectively. The probability

of chance agreement is equal to the probability of both observers delineating or not

delineating a volume, hence

ρe = A

V
∗ B

V
+ V − A

V
∗ V −B

V
= 2(A∗B)−V (A+B)+V 2

V 2 (11.3)

Combining all this, we find

κ= ρo −ρe

1−ρe
= 2V (A

⋂
B)−2(A∗B)

V (A+B)−2(A∗B)
(11.4)

which, in the limit of V much larger than A and B, reduces to the Dice similarity

coefficient 2(A
⋂

B)/(A+B), as quoted above.
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Discussion

12.1 Introduction

This thesis focuses on evaluation and application of automated treatment planning

in radiotherapy. Throughout this work, we demonstrated that automated treatment

planning based on Erasmus-iCycle has been able to produce a consistently higher

plan quality than commonly used manual trial-and-error planning. Furthermore,

automated planning was useful in decision-making regarding preference of one

treatment approach/technique over another, while largely avoiding bias as observed in

published studies based on manual planning. We also showed that Erasmus-iCycle may

be used as a tool to assure high plan quality in multi-institutional trials, even if a large

variation in treatment approaches, applied treatment planning systems (TPSs), etc. is

allowed. In this chapter, the performed studies are discussed in a broader context.

12.2 Automated treatment plan generation with

Erasmus-iCycle – an overview

Erasmus-iCycle has no CE-marking and is not applied in a direct way to generate

clinically deliverable plans. Instead, fully automated multi-criterial plan generation with

Erasmus-iCycle is always followed by re-construction of the Erasmus-iCycle plan in a

commercial TPS (generally Monaco®). Initially, such plan re-construction was performed

manually by generating a new plan in Monaco®, guided by the dose distribution
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obtained with Erasmus-iCycle. In 2012, Voet et al. (2013b) performed a prospective

study for head-and-neck cancer patients to evaluate this semi-automated treatment

planning approach. In their study, there was an overwhelming preference for the

semi-automatically generated plans compared to manually generated plans by the

dosimetrists. As described in chapter 6 of this thesis, this semi-automated planning

was also used for comparison of various IMRT and VMAT approaches for cervical

cancer. In 2014, Voet et al. (2014) presented a method for automated re-construction

of Erasmus-iCycle treatment plans in Monaco®, based on patient-specific Monaco®

planning templates that were automatically generated from Erasmus-iCycle dose

distributions. Because of the enhanced plan quality and the significant reduction

in workload compared to manual planning, Erasmus-iCylce/Monaco was then

introduced for fully automated clinical planning for head-and-neck cancer (also for

re-planning after anatomical changes during treatment) and prostate cancer, followed

by locally-advanced cervical cancer in October 2014 (Chapter 2), and advanced

non-small cell lung cancer in March 2016 (Della Gala et al. 2017). Due to the huge

reduction in manual planning workload, automated treatment planning opened new

doors for the extension of plan-libraries for plan-of-the-day adaptive radiotherapy in

locally-advanced cervical cancer (Nováková et al. 2017). In 2017, automatic treatment

plan generation with Erasmus-iCycle/Monaco was used for linac-based treatment of 291

head-and-neck cancer patients, 360 prostate cancer patients, 54 cervical cancer patients

(plan-of-the-day adaptive therapy with 2 or 3 plans/patient), and 219 NSCLC patients.

Unrelenting work is on-going to clinically introduce automated treatment planning for

other treatment sites such as Hodgkin’s lymphoma, breast cancer and rectal cancer.

In collaboration with the University Hospitals of Mannheim and Vienna, the

performance of Erasmus-iCycle/Monaco for fully automated multi-criteria VMAT

planning was validated for spinal metastases (Chapter 3), advanced gastric cancer

(Chapter 4), and sequential-boost whole pelvic prostate cancer (Chapter 5). In general,

the plan quality of the automatically generated plans was superior to the plans generated

by local expert dosimetrists in absence of time pressure. In a study by Heijmen et al.

(2018), the Erasmus-iCycle/Monaco planning approach was overall superior to routine

manual planning for prostate cancer patients treated in four leading European university

hospitals.

Recently, Erasmus-iCycle was configured and coupled to the clinical MultiPlan®

TPS for fully automated generation of clinically deliverable non-coplanar CyberKnife®

(CK) plans. This system was successfully tested for prostate SBRT (Chapter 9), and

vestibular schwannoma (Rossi et al. 2017). A dedicated (non-clinical) research version of

Erasmus-iCycle was developed for intensity-modulated proton therapy (IMPT), mainly

used to investigate mitigation of the impact of treatment uncertainties (Arts et al. 2017;

Bijman et al. 2017). Further development on this front is on-going. Automated planning
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for brachytherapy and for very high electron energy are also active fields of research at

Erasmus MC (Breedveld et al. 2019; Oud et al. 2020).

12.3 Automated planning for treatment technique

comparison

12.3.1 Bias reduction and enhancement of patient numbers

In clinical practice, appropriate choices between available delivery techniques, such

as VMAT or IMRT (Chapter 6), coplanar or non-coplanar (Chapters 7-9) (Voet et al.

2012, 2013a; Rossi et al. 2012), prone or supine (Heijkoop et al. 2016), or photons

versus protons (Arts et al. 2017; Bijman et al. 2017; Florijn et al. 2020) are essential

to maximize the treatment quality for individual patients and to make optimal use

of available resources. Generally, the performance of clinical studies to answer such

questions for patient populations is considered unfeasible. Alternatively, techniques can

be compared in treatment planning studies using planning CT data of a group of patients.

However, treatment planning studies based on manual trial-and-error planning may

suffer from considerable and often unknown bias. Sources of bias can be i) differences in

available planning skills for the investigated treatment techniques, ii) inconsistencies in

planning among patients, iii) use of different TPSs with more or less advanced planning

options, iv) upfront preference for one of the techniques. Moreover, because of the

workload in manual planning, plan numbers in these studies are generally low. When

using Erasmus-iCycle for automated multi-criterial planning in treatment technique

comparisons, bias can largely be reduced because i) the plan quality is not affected

by the skills of the dosimetrists, ii) Erasmus-iCycle can be used for planning for all

investigated treatment techniques using the same decision-making strategy (‘wish-list’),

iii) automated planning excludes upfront preferences, iv) due to the very limited manual

workload, large numbers of patients may be included.

12.3.2 Treatment technique decision-making for individual patients

Treatment technique/modality comparisons based on Erasmus-iCycle automated

planning can be incorporated into the decision-making process, allowing that the most

optimal, personalized treatment will be delivered to a specific patient. In this context,

we have recently performed a computer simulation study using automated treatment

planning to establish percentages of prostate cancer patients that might be treated with

a hypo-fractionation regimen, as a function of the accepted increase in normal tissue

complication probabilities (NTCPs) relative to conventional-fractionation (Bijman et al.

2018). 50% of the studied patient cohort could be treated with hypo-fractionated EBRT
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for an accepted increase in the gastrointestinal complications of less than 2.5% compared

to conventional-fractionation. Similarly, in view of the relatively high treatment costs and

limited capacity of proton therapy, automated treatment planning may be used to assist

in making choices, so that the treatment modality with the highest cost-effectiveness

will be applied. In the Netherlands, a patient-specific comparison between photon and

proton treatment is mandatory for specific tumor groups. Automated treatment planning

will enable objective and efficient treatment modality selection. Erasmus-iCycle was

used to automatically generate IMRT and IMPT plans for oropharyngeal, cervical and

endometrial cancer patients to determine which patients would benefit most from IMPT

compared to IMRT (van de Sande et al. 2016; Arts et al. 2017). In a recent study (Florijn

et al. 2020), Erasmus-iCycle was used to fully automatically generated IMPT, VMAT and

IMRT plan for skull-base meningioma patients with target diameter > 3 cm in order to

investigate the potential advantages for proton therapy. The results supported serious

consideration of IMPT for treatment, because of significantly reduced dose delivery to

the hippocampi and other critical organs. Ultimately, improved technique decisions will

improve patient care and allow effective and efficient use of available clinical resources.

12.3.3 Non-coplanar beam set-ups in SBRT

Coplanar VMAT with a single couch position is often considered an interesting treatment

option because of the involved short delivery times. On the other hand, because

of limited availability of beam angle optimization options in commercial treatment

planning systems, high quality comparisons between coplanar VMAT with non-coplanar

treatment are scarce. Erasmus-iCycle features integrated multi-criterial beam profile

and beam angle optimization. Based on obtained optimal beam angles and dose

distributions, high quality, clinically deliverable non-coplanar plans can then be

automatically re-constructed in Monaco® (see above). Using this planning approach, we

have demonstrated that non-coplanar beam arrangements can significantly improve

dose distributions when the tumor is wrapped around multiple OARs (Chapters 7-9).

The clinical value of non-coplanar treatment became especially clear for liver metastases

patients, allowing for dose escalation compared to coplanar VMAT plans (Chapter

7), and for prostate SBRT by enhancing OAR sparing with the robotic CyberKnife®

compared to VMAT treatment (Chapter 9). Notwithstanding the substantial gains in

average plan quality for non-coplanar treatment, large differences between patients

were observed, with some patients hardly gaining anything. Non-coplanar treatments

result in prolonged delivery times with an associated increased cost, an enhanced risk

of intra-fraction tumor motion and a potential loss in patient comfort. Indeed, in a

study on lung cancer SBRT, Rossi et al. (2016) observed an increased intra-fraction

tumor motion for non-coplanar IMRT with treatment times of on average 32 min
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compared to 12 min for VMAT. However, this increased intra-fraction motion could

be compensated by an increase in CTV-PTV margin of only 0.3 mm. A possible clinical

scenario could be to automatically generate for each individual patient a coplanar VMAT

plan and a non-coplanar plan. Based on differences in plan quality and treatment time,

individualized decisions could then be taken.

Another complimentary approach could be to reduce the number of couch positions

in non-coplanar treatment. In Chapter 7, we have proposed and tested a novel treatment

modality for liver metastases, designated VMAT+, that substantially reduced treatment

delivery times (∼65%) compared to multiple non-coplanar IMRT beams treatment,

while marginally sacrificing dose quality and maintaining possible dose escalation to

the target. For prostate SBRT, we developed a non-coplanar two-beam class solution to

complement the coplanar VMAT treatment, resulting in substantial plan quality gain

with a low increase in treatment delivery time (Chapter 8).

12.4 Mechanisms for obtaining high plan quality with

Erasmus-iCycle

Plan quality gains observed with Erasmus-iCycle automated planning are often larger

than reported for other systems such as the auto-planning module in Pinnacle (Philips)

and the knowledge-based automated planning module, as implemented in RapidPlan™

(Varian). In part, this can be explained from differences in approaching the multi-criterial

aspect of plan generation. Erasmus-iCycle is the only system that generates plans being

guaranteed Pareto-optimal for individual patients, resulting from the use of the 2pϵc

optimizer (Breedveld et al. 2009, 2012). In addition, differences also arise from different

approaches used for configuration of the systems. E.g., in RapidPlan™, achievable

DVHs are predicted using models describing relationships between achieved dose

and anatomy as observed in previous clinical plans, normally generated with manual

planning. Therefore, for new patients this system basically reproduces the quality of the

plans of previously treated patients. There is no inherent drive to exceed the quality of

the best manual plans used for training. In contrast to this so-called knowledge-based

approach, configuration of Erasmus-iCycle for a treatment site, i.e., generation of the

related wish-list, has an explicit drive to improve on the training plans. As visualized in

Figure 12.1, generation of the wish-list is an iterative process using typically 5 training

patients. In each iteration, plans are automatically generated based on a wish-list that is

updated based on the plan results obtained in the previous iteration. Initially, the aim

is always to re-produce the quality of the training plans, i.e., the clinical plan quality.

When that is achieved, the planning team defines specific targets for the next iterations
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definition of initial wish-list based on:
- planning protocol
- review of recent clinical plans
- discussions with clinicians and planners

for limited number of training patients (5-10):
automated plan generation with Erasmus-iCycle

based on current wish-list

update current 
wish-list

final wish-list = current wish-list

plan quality 
enhancement 

considered
feasible? 

evaluate plans

YES

NO

Figure 12.1: Scheme summarizing the tuning of a wish-list to be used by Erasmus-iCycle/Monaco.
In the tuning process the wish-list is iteratively improved, aiming at plan quality improvements for
the training patients. The wish-list updates aim at a final quality of automatically generated plans
that is superior to the quality of the 5-10 training plans. The involved wish-list updates can consist
of addition or removal of hard constraints or objectives, changes in constraint values or objective
goal values, and changes in objective priorities. Automated generation of 5-10 plans is the basis
for each wish-list update, allowing multiple updates without excessive workload.

to further improve. Due to the use of automated planning in the wish-list generation,

many iterations can be performed without excessive planning workload.

12.5 Automated treatment planning in clinical trials

In (randomized) clinical trials, the quality of treatment plans of enrolled patients may

be suboptimal (Abrams et al. 2012; Weber et al. 2012; Ohri et al. 2013; Moore et al.

2015; Sharfo et al. 2018). On one hand, this is not good for patients participating in

the trials since they may be vulnerable to excess risk of radiation-induced toxicity or a

reduced probability for curing the disease. On the other hand, this may also result in

debatable answers in studies comparing radiotherapy with other modalities, or studies

investigating enhanced toxicity when adding radiotherapy to the treatment. Eventually,

this may seriously affect the trial outcome. To avoid this, there is a strong need for

using automated treatment planning in (randomized) clinical trials when radiotherapy is

involved. However, full and fast introduction of high-quality automated planning may be

hampered by practical problems. In the meantime, automated treatment planning can

be used to verify individualized plan quality in clinical trials. In Chapter 11, automated

treatment planning with Erasmus-iCycle/Monaco was proposed for the ‘TRENDY’
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international multi-center randomized trial for hepatocellular carcinoma as part of

the quality assurance (QA) program, featuring prospective plan QA. Prior to the start of

treatment of a new trial patient in a participating center, a VMAT plan is automatically

generated at Erasmus MC. This VMAT plan is then sent to the treatment center. Based on

comparison with their own plan, the treating team can decide to adapt their treatment

plan if improvements seem possible and relevant. In the TRENDY trial, patients are

treated with a broad range of treatment techniques and equipment (depending on the

center), while the automatically generated plan is always for VMAT on an Elekta unit.

Therefore, direct use of the latter plan is not possible. Nevertheless, it allows comparison

of the local plan for the local treatment approach with a high quality VMAT plan. In

Chapter 10, we provided evidence that automated planning could substantially have

reduced the risk of late rectal toxicities in the randomized multi-center HYPRO trial.

In a follow-up analysis of the data presented in Chapter 10, large variations in clinical

plan quality amongst participating institutions were observed (not published), while the

automated plans benchmark showed a clear consistency in plan quality amongst patients

in the two arms of the trial. This shows that automated treatment planning and/or

automated plan QA might be required to better guarantee high quality treatment, make

the treatment amongst participating centers in multi-center trials more uniform, and

identify and correct sub-optimal treatment plans or protocol violations prospectively.

12.6 Current and future developments of automated

treatment planning

For all patients of a treatment group, automated treatment plan generation with

Erasmus-iCycle is based on an a priori defined generic ‘wish-list’ that represents a

fixed decision-making strategy. The challenge of wish-list creation is to find a general

configuration that results in high-quality, clinically acceptable plans for all patients in the

treatment cohort. Generation of a widely applicable wish-list is often not straightforward,

requiring substantial tuning (Figure 12.1) to obtain appropriate parameters, including

choice of hard constraints and objectives with their priorities, goal values for the

objectives, etc.. The effort required for creating a wish-list also depends on the experience

and skills of the involved team. Currently, simplification and automation of the wish-list

generation process is an active research area in our department. Moreover, automated

personalization of initial wish-list parameters during automated planning is being

explored as well (Rossi et al. 2018). With this approach, the actual parameters defined in

the wish-list become less critical, so tuning of the wish-list to make it applicable for all

patients will become easier and less time-intensive. Incorporation of clinically validated

NTCP models in plan optimization to directly steer the optimization of dose distributions
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has proven to be feasible in the TRENDY trial (Chapter 11). Further investigation on the

real clinical value of NTCP-based treatment planning optimization is a research topic at

our department.

As explained above, in our current work-flow automated generation of a clinically

deliverable VMAT/IMRT or CK treatment plan is performed in two steps: after

generation of the Erasmus-iCycle plan based on a tumor site-specific wish-list, this

plan is automatically re-constructed in our clinical TPS (Monaco® or MultiPlan®)

using patient-specific planning templates that are automatically created from the

Erasmus-iCycle plan. Generation of these templates is non-trivial because of

i) dissimilarities of the available cost-functions and their functionality between

Erasmus-iCycle and the clinical TPS, ii) differences in handling hard constraints and

objective priorities, iii) differences in the dose calculation engine (pencil beam vs. Monte

Carlo), and iv) plan quality loss between the fluence-optimized Erasmus-iCycle plan

and the deliverable, segmented plan in the clinical TPS. To minimize differences in the

dose calculation between Erasmus-iCycle and Monaco® (point iii above), especially

in low-density tissues like lung, we have recently coupled the fast Monte Carlo dose

calculation package (GPUMCD), as available in Monaco®, to Erasmus-iCycle. In a

separate project, Erasmus MC is collaborating with Elekta AB on the implementation

of Erasmus-iCycle functionality (i.e., automated multi-criteria optimization based on

wish-lists) in their TPS. An aim of this project is to have a smooth transition from

the multi-criterial fluence map optimization to the segmentation phase, reducing the

re-construction issues mentioned above. This would allow worldwide use of high-quality

automated multi-criterial planning with possibilities to exchange wish-lists between

centers for gradual improvement of treatment planning. In the end, this may also

contribute to more standardization in radiotherapy dose delivery.

Due to limitations of the two-step approach in our current automated planning

work-flow (above), it may not always be possible to fully re-produce Erasmus-iCycle

plans in the commercial TPS, possibly yielding a sub-optimal plan quality. In our

department, we have developed and implemented a QA tool to enable detection of

those outliers (Wang et al. 2017). Based on overlap volume histograms between OARs

and the PTV, deviations between realized and expected DVH parameters for OARs may

be detected and a warning for the need of manual fine-tuning of the plan may be given

in case of big variations.

Based on the applied wish-list and the selected beam geometry, Erasmus-iCycle

generates for each patient a single Pareto-optimal plan with trade-offs among treatment

objectives that are considered clinically favorable. For a specific patient, a physician

might be interested in evaluating different clinical trade-offs, like the balance between

target coverage and organ at risk sparing. Instead of generating another Pareto-optimal

plan (i.e., using another wish-list with different trade-offs), we have started a project
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that investigates Pareto-navigation in a small region in the solution space around the

Erasmus-iCycle plan, the so-called ‘wish-point’. The aim is to evaluate the navigation

tool in clinical practice. Observed deviations between final plans and wish-point plans

could result in changes in wish-lists.

Erasmus-iCycle uses the 2pϵ-constraint lexicographic optimization algorithm for

multi-criterial generation of a Pareto-optimal plan (Breedveld et al. 2009, 2012).

Although this algorithm ensures high quality plans, it requires many consecutive

minimizations of objective functions and therefore the calculation times may be in

the order of 2-4 hours for plan generations based on an extensive wish-list with many

OARs involved (e.g., for head-and-neck cancer patients). In recent years, our group has

developed and implemented a lexicographic reference point method (LRPM) which can

replace the 2pϵc optimization by a single optimization problem, thereby significantly

reducing the calculation times while maintaining the current high plan quality (van

Haveren et al. 2017). For prostate cancer patients, calculation times of ∼1 minute were

achieved and for head-and-neck cancer patients of ∼5 minutes (compared to 12.4 and

210 min with our current method). Due to these huge reductions in calculation times,

the LRPM approach allows for a more effective and time-efficient clinical work-flow,

and possibly in the near future fast and daily on-line treatment planning based on

the patient geometry of that day. The LRPM approach has also been investigated for

automatic re-optimization of IMPT treatment plans, taking 3 minutes only, thereby

making a big leap towards real-time adaptive proton therapy (Jagt et al. 2018, 2019).

Similar to the current wish-list approach in Erasmus-iCycle, the LRPM requires a set

of trade-off configuration parameters which should be determined per treatment site

in an iterative trial-and-error procedure. Unrelenting on-going research has recently

shown the feasibility to automate the optimization/tuning of these parameters and thus

drastically reducing the time and workload for configuration (van Haveren et al. 2019,

2020).

Recently, we have successfully expanded our automated multi-criterial planning

approach to dwell time optimization for high dose rate (HDR) brachytherapy

plans (Breedveld et al. 2018, 2019; Oud et al. 2020). Erasmus-iCycle was coupled to the

clinical Oncentra® TPS for generation of clinically deliverable plans. With this system we

achieved improved plan quality and shorter optimization times (∼1 sec) compared to

clinically delivered plans that were manually optimized. Recent investigations focused

on automated planning for locally-advanced cervical cancer patients (Oud et al. 2020).
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12.7 Role of automation of treatment planning in high-,

low- and middle-income countries

Cancer has been identified as the second leading cause of death among

non-communicable diseases (Hunter & Reddy 2013). According to the World Health

Organization (WHO), the global cancer incidence between 2015 and 2035 is predicted

to rise by ∼65% from 15 million to more than 24 million (Bray et al. 2018). Two-thirds

of the cases are expected in low- and middle-income countries (LMICs) (Bray et al.

2018). Because of its effectiveness and relatively low cost, radiotherapy is currently one

of the most widely used treatment options for cancer around the world. However, as

the incidence of cancer increases, the costs of diagnosis and treatment may become a

heavy burden, especially in LMICs where the required need for more radiation therapy

infrastructure and human resources (i.e., radiation oncologists, medical physicists,

and radiation therapy technologists) could become financially unbearable. Moreover,

required high-qualified medical, scientific and technical expertise is scarce in many

countries, which could restrict the number of patients who can benefit from high-quality

care. Automated treatment plan generation could possibly play an important role

in improving this situation. It could drastically reduce the number of well-trained

dosimetrists needed for large-scale generation of high-quality plans. Use of wish-lists

of more experienced centers could to a large extent circumvent the need for specific

expertise to generate them. Nevertheless, there are various challenges with this concept.

Just considering the planning as a black box may result in dangerous situations. For

safe usage, the local team has to be able to interpret generated plans and recognize

problematic cases. It should also be made sure that wish-lists generated elsewhere are

indeed applicable to the local situation, e.g., the effectiveness of a wish-list may depend

on the applied CTV-PTV margin.
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Summary

Erasmus-iCycle/Monaco has been developed and introduced at our institute for fully

automated multi-criterial treatment planning. This thesis focuses on 1) assessment of

the clinical advantages of automated treatment planning with Erasmus-iCycle/Monaco

compared to the conventional manual treatment planning (Chapters 2-5), 2) use of

automated treatment planning in decision-making on superiority of one treatment

approach/technique over another (Chapters 6-9), and 3) evaluation of the use of

automated treatment planning as a quality assurance tool in multi-institutional clinical

trials (Chapters 10 and 11).

In Chapter 2, we describe a validation study on the use of Erasmus-iCycle/Monaco for

fully automated generation of VMAT plan-libraries for plan-of-the-day (PotD) adaptive

radiotherapy in locally-advanced cervical cancer. For 34 cervical cancer patients (24

‘non-movers’ with, apart from the back-up plan, one IMRT plan, and 10 ‘movers’ with

a back-up plan and two IMRT plans) automatically generated dual-arc VMAT plans

(autoVMAT) were benchmarked against: 1) dual-arc VMAT plans generated manually by

an expert dosimetrist in absence of time pressure (manVMAT), 2) manually generated,

clinically delivered 9-beam static IMRT plans (CLINICAL), and 3) automatically

generated, fixed-beam IMRT-DMLC plans with 20 equi-angular beams (autoIMRT). All

treatment plans were visually inspected for clinical acceptability and compared regarding

differences in PTV coverage and doses in OARs. Furthermore, treatment delivery times of

the automatically generated VMAT and IMRT plans were compared. All generated plans

had a highly similar PTV coverage (V95% > 99.5%) and obeyed the clinical constraints.

After plan normalization for exactly equal median PTV doses in corresponding plans,

all evaluated OAR parameters in the autoVMAT plans were on average lower than in

the CLINICAL and manVMAT plans, showing average reductions in small bowel V45G y

(the highest prioritized OAR planning objective) of 34.6% (p < .001) and 30.3% (p < .001),

respectively. AutoIMRT reduced the small bowel V45G y by another 2.7% compared to

autoVMAT, at the cost of a prolonged delivery time. Compared to manual planning,

autoVMAT plans showed an enhanced positive impact for small bowel sparing for empty

bladder PTVs compared to full bladder PTVs, due to differences in concavity of the PTVs.
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Based on the results of this study, automated VMAT plan generation completely replaced

the previously applied 3D-CRT and IMRT techniques for treatment of cervical cancer

patients. This did not only result in a significant improvement in plan quality but also in

a major reduction in treatment delivery time from 12 minutes for IMRT to less than 5

minutes for VMAT, which limits the impact of intra-fraction bladder filling and patient

motion. Due to the achieved workload reduction with automated planning, extension of

plan-libraries for PotD adaptive radiotherapy has become feasible.

In Chapter 3, automated VMAT planning for spinal metastases was compared to

manual planning by expert dosimetrists in collaboration with the University Hospital of

Mannheim. Plans for 42 targets (22 at the level of the kidneys, 17 at the level of the lungs,

3 on both levels) were analyzed. Plans were compared with respect to target coverage,

OARs sparing and treatment time. All Erasmus-iCycle/Monaco plans were considered

clinically acceptable. Compared to manually generated plans, the PTV coverage and OAR

sparing were significantly improved at the expense of minimally increased treatment

delivery times (7% on average).

For postoperative adjuvant treatment of advanced gastric cancer, automatically

generated plans were compared to plans generated by expert dosimetrists in the

University Hospital of Mannheim (Chapter 4). For 20 patients, autoVMAT and

manVMAT plans were compared based on dose-volume histograms and predicted

normal tissue complication probability (NTCP) analyses. All plans were considered

clinically acceptable and had similar target coverage. With autoVMAT, substantial

improvements in OAR sparing, dose conformity and integral-dose were achieved.

This resulted in statistically significant reductions in predicted NTCPs for the left

and right kidney and the liver by on average 11.3%, 12.8% and 7%, respectively (p ≤
.001). AutoVMAT plans had a higher modulation degree which resulted in a prolonged

treatment delivery time compared to manVMAT of 19 seconds (p = .006).

In Chapter 5, automatically generated VMAT plans for whole-pelvic prostate

radiotherapy (WPRT) were compared to plans that were manually generated in the

University Hospital of Vienna by expert dosimetrists in the absence of time constraints.

Using a cohort of 5 training patients, the Erasmus-iCycle/Monaco system was configured

for the generation of autoVMAT plans for treatment with a sequential-boost technique,

and for a simultaneous-integrated-boost technique. The automated work-flow was

then evaluated for another cohort of 30 randomly selected patients by comparison

with the manually generated plans. For 27 of the 30 patients, the physician preferred

the autoVMAT plan over the manVMAT plan due to substantial improvements in OAR

sparing and dose conformity. On average, mean doses in rectum, bladder and small

bowel were reduced by 4.5 ± 2.2 Gy, 10.7 ± 3.2 Gy and 2.1 ± 1.2 Gy, respectively (all p <

.001). In addition, the planning workload per patient was reduced by > 70 minutes.
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Different treatment delivery strategies for locally-advanced cervical cancer patients

were compared in Chapter 6 using automated treatment planning. For 10 patients,

fully automated plan generation with Erasmus-iCycle was used to assist an expert

planner in generating five clinically deliverable plans with the Monaco® TPS: single-

and dual-arc VMAT plans, and IMRT plans with 9, 12, and 20 equi-angular beams. For

each patient, all plans were clinically acceptable with similar PTV coverage. OAR sparing

increased when going from 9 to 12 to 20 IMRT beams, and from single- to dual-arc VMAT.

12 and 20 beam IMRT plans were superior to both single- and dual-arc VMAT, with

substantial variations in gain in OAR sparing among the study patients. On the other

hand, delivery of VMAT plans was significantly faster than delivery of IMRT plans. This

complex trade-off between plan quality and treatment delivery is especially interesting

when fast multi-leaf collimators are available.

In Chapter 7, a novel fast treatment delivery approach, VMAT+, combining VMAT

with a few computer-optimized non-coplanar IMRT beams, was proposed and evaluated

for liver SBRT. For 15 patients with liver metastases, VMAT+ was investigated as an

alternative for i) dual-arc coplanar VMAT and ii) 25-beam non-coplanar treatment

with computer-optimized beam orientations (25-NCP). All plans were generated

fully automatically using Erasmus-iCycle/Monaco for delivery of the highest feasible

Biologically Effective Dose (BED). OAR doses, dose spillage, dose compactness, and

measured delivery times were evaluated. For 25-NCP and VMAT+, the maximum

achievable tumor BED was equal. Improvements in OAR sparing with 25-NCP were

generally modest and/or statistically insignificant, while treatment delivery times were

on average 20.5 minutes longer. VMAT resulted in a lower maximum achievable tumor

BED in 5 patients. Compared to VMAT, VMAT+ significantly improved OAR sparing,

dose compactness and intermediate-dose spillage, at the cost of a modest increase in

treatment delivery time (12.5 ± 3.8 min instead of 8.4 ± 2.3 min).

In Chapter 8, we used automated treatment planning with integrated multi-criterial

beam profile and beam angle optimization (BAO) to derive a two-beam non-coplanar

class solution (CS) to supplement coplanar VMAT for prostate SBRT. For 20 patients,

Erasmus-iCycle was first used to fully automatically generate VMAT plans supplemented

with five patient-specific computer-optimized non-coplanar IMRT beams (VMAT+5).

Based on an analysis of the most preferred non-coplanar beam directions in VMAT+5 of

the 20 patients, a class solution was derived to be applied for each patient. The VMAT+CS

plans were then compared to automatically generated i) dual-arc coplanar VMAT plans,

ii) VMAT+5 plans, and iii) 30-beam non-coplanar IMRT plans with computer-optimized

beam orientations (30-NCP). Differences in PTV coverage, OAR sparing, computation

time and treatment delivery time were quantified. Compared to VMAT, VMAT+CS

significantly reduced doses to rectum, bladder and the dose-bath. Mean relative

differences in rectum Dmean , D1cc , V40G yE q and V60G yE q were 19.4 ± 10.6%, 4.2 ± 2.7%,
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34.9 ± 20.3%, and 39.7 ± 23.2%, respectively (all p < .001). Moreover, VMAT+CS required

3% less MU on average, with a minor increase in total delivery time (11.0 ± 0.3 min

instead of 9.1 ± 0.7 min). The quality of VMAT+CS plans was similar to VMAT+5 plans,

while optimization times were reduced by a factor of 25 due to the avoidance of BAO.

Compared to 30-NCP, VMAT+CS was considered clinically equivalent with respect to

high doses in the rectum and bladder and much faster to deliver, while 30-NCP had a

more favorable dose bath but with much enhanced optimization and delivery times.

In Chapter 9, a fully automated treatment planning solution for robotic radiosurgery

was developed and evaluated for prostate SBRT. For this purpose, Erasmus-iCycle was

coupled to MultiPlan®, the TPS of the CyberKnife® system, to fully automatically generate

clinically deliverable non-coplanar plans (autoCK). The system was first validated

for 10 prostate SBRT patients by comparing autoCK plans to manually generated,

clinically delivered plans. Additionally, for 20 patients autoCK plans were compared to

automatically generated, clinically deliverable autoVMAT plans with CTV-PTV margins of

3 mm (as used for autoCK) and 5 mm (as clinically feasible on a standard linac). The same

wish-list was used for optimization of CyberKnife® and VMAT plans to maximally avoid

bias in plan generation. Manual and autoCK plans had equal PTV coverage and fulfilled

clinical requirements. With autoCK, sparing of the OARs was significantly improved

compared to manual plans with reductions in rectum V60G yE q and Dmean of 75% and

41%, (p ≤ .002), respectively. AutoCK and autoVMAT plans with 3 mm CTV-PTV margin

had similar PTV coverage, but the rectum dose was significantly lower in the autoCK

plans and the low dose bath was clearly reduced. For 18 of the 20 autoVMAT plans with

5 mm CTV-PTV margin,the PTV coverage was lower than requested (< 95%), while the

rectum doses were significantly higher. Clinician scoring underlined overall plan quality

superiority of autoCK plans. In case of a clinically acceptable VMAT plan, the reduced

treatment time could outweigh plan quality advantages of CyberKnife® treatment.

The extent to which automated treatment planning could have reduced OAR dose

delivery as observed in the randomized multi-institutional HYPRO trial, comparing

conventional and hypo-fractionated external beam radiotherapy for prostate cancer,

was investigated in Chapter 10. For 725 patients, differences in plan quality between

automatically generated VMAT plans (autoVMAT) and the manually generated, clinically

delivered plans (CLINICAL) were quantified using DVH parameters and NTCP models

for late gastrointestinal toxicity, derived from reported toxicities in the HYPRO trial.

Compared to CLINICAL, autoVMAT plans had similar or higher PTV coverage, while

large and statistically significant OAR sparing was achieved. Mean doses in the

rectum, anus and bladder were reduced by 7.8 ± 4.7 Gy, 7.9 ± 6.0 Gy and 4.2 ± 2.9

Gy, respectively (p < .001). The reduced rectum dose delivery resulted in significant

and meaningful reductions in NTCPs for late gastrointestinal toxicity grade ≥ 2,

rectal bleeding and stool incontinence. With autoVMAT, the predicted toxicity for
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hypo-fractionation could be reduced to levels that were clinically observed (and

accepted) for conventional-fractionation.

In Chapter 11, we investigated the use of automated treatment planning for

prospective feedback on plan quality in a multi-institutional randomized trial on

hepatocellular carcinoma. A total of 20 plans from participating centers, including

12 from a benchmark case, 5 from a clinical pilot, and 3 from the first patients enrolled

in the trial, were compared to automatically generated VMAT plans (autoVMAT). Four

protocol deviations were detected in the set of 20 treatment plans, related to violation of

the NTCP constraint imposed on the healthy liver. Overall, compared to the submitted

plans, autoVMAT resulted in an average liver NTCP reduction of 2.2% (range: 16.2%;

-1.8%, p = .03), and lower-doses to the healthy liver (p < .01) and gastrointestinal organs (p

< .001). Additionally, the potential for dose escalation with autoVMAT was investigated.

For 5 of the 7 patients who were clinically treated to 48 Gy, dose escalation to 54 Gy

was achieved with autoVMAT within planning constraints for the OARs. Currently, an

autoVMAT plan is generated prior to the start of treatment of every new trial patient as

benchmark for the treatment plan generated in the participating institute (prospective

plan QA). Based on a comparison of dose distributions, the participating center can

continue with the initially generated plan, or use the autoVMAT plan to further improve

their own plan.

In Chapter 12, automated treatment planning is discussed in a broader context.
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Samenvatting

Erasmus-iCycle / Monaco is ontwikkeld en geïntroduceerd in ons instituut voor het

volledig geautomatiseerd genereren van behandelplannen op basis van multi-criteria

optimalisatie. Dit proefschrift richt zich op 1) de evaluatie van klinische voordelen van

het geautomatiseerd berekenen van behandelplannen met Erasmus-iCycle / Monaco

in vergelijking met de conventionele aanpak van handmatig plannen (hoofdstuk 2-5),

2) het gebruik van geautomatiseerd plannen in de besluitvorming over superioriteit

van een behandelingsaanpak / -techniek ten opzichte van een andere (hoofdstuk 6-9),

en 3) evaluatie van het gebruik van geautomatiseerd plannen als hulpmiddel voor

kwaliteitsborging in multi-institutioneel klinisch onderzoek (hoofdstuk 10 en 11).

In hoofdstuk 2 beschreven we een validatieonderzoek naar het gebruik van

Erasmus-iCycle / Monaco voor het volledig geautomatiseerd maken van volumetrisch

gemoduleerde rotatietherapie (VMAT) plan-bibliotheken voor plan-van-de-dag (PotD)

-adaptieve radiotherapie bij lokaal uitgebreide baarmoederhalskanker. Voor 34 patiënten

met baarmoederhalskanker (24 ‘niet-bewegers’ met, afgezien van het back-up plan,

een intensiteitsgemoduleerd radiotherapie (IMRT) plan en 10 ‘bewegers’ met een

back-up plan en twee IMRT plannen) werden automatisch gegenereerde VMAT plannen

met een dubbele rotatie (autoVMAT) vergeleken met: 1) VMAT plannen met een

dubbele rotatie die handmatig werden gegenereerd door een ervaren planner zonder

tijdsdruk (manVMAT), 2) handmatig gegenereerde, klinisch toegepaste statische IMRT

plannen met 9-bundelrichtingen (KLINISCH) en 3) automatisch gegenereerde IMRT-

plannen gebruikmakend van dynamische multileaf segmentatie (DMLC) met een vaste

bundelopzet van 20 equidistante bundelhoeken (autoIMRT). Alle behandelplannen

werden visueel beoordeeld op klinische aanvaardbaarheid en vergeleken op basis

van verschillen in dekking van het ‘planning-target volume’ (PTV) en doses in de

risico-organen (‘organs-at-risk’, OARs). Bovendien werden de behandeltijden van de

automatisch gegenereerde VMAT- en IMRT plannen vergeleken. Alle gegenereerde

plannen hadden een zeer vergelijkbare PTV-dekking (V95% > 99,5%) en voldeden

aan de klinische eisen. Nadat de plannen waren genormeerd op exact gelijke

mediane PTV-doses bleken alle geëvalueerde OAR-parameters in de autoVMAT plannen
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gemiddeld lager te zijn dan in de klinische en manVMAT plannen, met een gemiddelde

afname in de dunne darm V45G y (OAR planningsdoel met de hoogste prioriteit) van 34,6%

(p < 0,001) en 30,3% (p < 0,001), respectievelijk. Wanneer autoIMRT werd vergeleken met

autoVMAT was de dunne darm V45G y nog eens 2,7% lager maar afgifte van deze plannen

vergde een veel langere behandeltijd. Vergeleken met handmatige dosisplanning werd

er voor autoVMAT plannen meer dunne darm sparing gezien voor lege blaas PTVs dan

voor volle blaas PTVs, door verschillen in de concaviteit van de PTVs. Op basis van de

resultaten van deze studie heeft geautomatiseerde VMAT planning de eerder toegepaste

3D-CRT (3D conformatie radiotherapie) en IMRT-techniek voor de behandeling van

patiënten met baarmoederhalskanker volledig vervangen. Dit resulteerde niet alleen

in een significante verbetering van de kwaliteit van de behandelplannen, maar ook in

een aanzienlijke afname van de behandeltijd van 12 minuten voor IMRT tot minder

dan 5 minuten voor VMAT, waardoor de invloed van intrafractionele blaasvulling en

beweging van de patiënt wordt beperkt. Vanwege de gerealiseerde werklastvermindering

met geautomatiseerde dosisplanning is uitbreiding van plan-bibliotheken voor PotD

adaptieve radiotherapie nu haalbaar geworden.

In hoofdstuk 3 werd geautomatiseerde VMAT-planning voor spinale metastasen

vergeleken met handmatige dosisplanning door ervaren planners in samenwerking

met het Academisch Ziekenhuis van Mannheim. Plannen voor 42 doelgebieden (22

op het niveau van de nieren, 17 op het niveau van de longen, 3 op beide niveaus)

werden geanalyseerd en vergeleken op basis van PTV dekking, afname van OAR doses en

behandeltijd. Alle Erasmus-iCycle / Monaco plannen werden als klinisch aanvaardbaar

beoordeeld. In vergelijking met de handmatige plannen waren de PTV dekking en

OAR-sparing aanzienlijk verbeterd, ten koste van een minimale toename in behandeltijd

(gemiddeld met 7%).

Voor postoperatieve adjuvante behandeling van vergevorderd maagkanker werden

automatisch gegenereerde plannen vergeleken met plannen gegenereerd door ervaren

planners in het Academisch Ziekenhuis van Mannheim (hoofdstuk 4). Voor 20 patiënten

werden de opties autoVMAT en manVMAT vergeleken op basis van dosisvolume

histogrammen (DVH) en de voorspelde kans op normale weefselcomplicatie (NTCP).

Alle plannen werden als klinisch aanvaardbaar beschouwd en hadden een vergelijkbare

dekking van het doelgebied. Met autoVMAT werden substantiële verbeteringen in

OAR-sparing, dosisconformiteit en integrale dosis bereikt. Dit resulteerde in een

statistisch significante afname van de voorspelde NTCPs voor de linker- en rechternier

en de lever met respectievelijk gemiddeld 11,3%, 12,8% en 7% (p ≤ 0,001). AutoVMAT

plannen hadden een hogere modulatiegraad, wat resulteerde in een 19 seconde (p =

0,006) langere behandeltijd dan voor manVMAT.

In hoofdstuk 5 werden automatisch gegenereerde VMAT plannen voor

prostaatpatiënten die ook op lymfklieren in het bekkengebied bestraald worden
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vergeleken met plannen die handmatig werden gemaakt door ervaren planners in

het Academisch Ziekenhuis van Wenen zonder tijdsbeperkingen. Aan de hand van

een groep van 5 trainingspatiënten werd het Erasmus-iCycle / Monaco-systeem

geconfigureerd voor het genereren van autoVMAT plannen voor behandeling met een

sequentiële boost techniek, en voor een simultaan geïntegreerde boost techniek. De

geautomatiseerde workflow werd vervolgens geëvalueerd voor een andere groep van

30 willekeurig geselecteerde patiënten en vergeleken met de handmatig gegenereerde

plannen. Voor 27 van de 30 patiënten gaf de arts de voorkeur aan het autoVMAT plan

boven het manVMAT plan vanwege aanzienlijke verbeteringen in de OAR-sparing en

dosisconformiteit. Gemiddeld over alle patiënten waren de gemiddelde doses in de

endeldarm, de blaas en de dunne darm verminderd met respectievelijk 4,5 ± 2,2 Gy, 10,7

± 3,2 Gy en 2,1 ± 1,2 Gy (alle p < 0,001). Bovendien werd de werklast per patiënt voor

dosisplanning met meer dan 70 minuten verminderd.

Verschillende behandelstrategieën voor patiënten met lokaal uitgebreide

baarmoederhalskanker werden op basis van geautomatiseerde dosisplanning vergeleken

in hoofdstuk 6. Voor 10 patiënten werden op basis van volledig geautomatiseerde

dosisplanning met Erasmus-iCycle gebruikt door een ervaren planner vijf klinisch

uitvoerbare behandelplannen gemaakt met het planningsysteem Monaco®: VMAT

plannen met een enkele en dubbele rotatie en IMRT plannen met 9, 12 en 20 equidistante

bundels. Voor elke patiënt bleken alle plannen klinisch acceptabel te zijn en was

de PTV-dekking vergelijkbaar. De OAR sparing verbeterde wanneer het aantal IMRT

bundels toenam van 9 naar 12 naar 20, en voor een VMAT plannen met een dubbele

in plaats van een enkele rotatie. IMRT plannen met 12 en 20 bundels waren superieur

ten opzichte van VMAT plannen met een enkele en met een dubbele rotatie, waarbij

de mate van verbetering in OAR-sparing sterk varieerde tussen de studiepatiënten.

Aan de andere kant was de afgifte van VMAT plannen aanzienlijk sneller dan die van

IMRT plannen. Deze complexe afweging tussen plankwaliteit en behandeltijd is vooral

interessant als er snelle multileaf collimatoren beschikbaar zijn.

In hoofdstuk 7 werd een nieuwe, snelle behandeltechniek, VMAT+, waarbij VMAT

wordt gecombineerd met een aantal computer-geoptimaliseerde niet-coplanaire

IMRT bundels, voorgesteld en geëvalueerd voor stereotactische bestraling (SBRT)

van gemetastaseerde levertumoren. Voor 15 patiënten werd VMAT+ onderzocht als

alternatief voor i) coplanaire VMAT met een dubbele rotatie en ii) niet-coplanaire

bestraling met 25 bundels met computer-geoptimaliseerde richtingen (25-NCP). Alle

plannen werden volledig automatisch gegenereerd met behulp van Erasmus-iCycle /

Monaco met als doel om een zo’n hoog mogelijke biologisch effectieve dosis (BED)

te bereiken. OAR-doses, dosis buiten het doelgebied, dosis compactheid en gemeten

behandeltijden werden vergeleken. Voor 25-NCP en VMAT+ was de maximaal haalbare

tumor-BED identiek. Verbeteringen in OAR-sparing met 25-NCP waren over het
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algemeen beperkt en/of statistisch niet significant, terwijl de behandeltijden gemiddeld

20,5 minuten langer waren. VMAT resulteerde bij 5 patiënten in een lagere maximaal

haalbare tumor-BED. In vergelijking met VMAT gaf VMAT+ een aanzienlijk verbeterde

OAR-sparing, dosis compactheid en minder dosis buiten het doelgebied, ten koste van

een beperkte toename in behandeltijd (12,5 ± 3,8 min in plaats van 8,4 ± 2,3 min).

In hoofdstuk 8 werd geautomatiseerde dosisplanning met geïntegreerde

bundelhoekoptimalisatie gebruikt om een standaardoplossing (‘class-solution’:

CS), bestaande uit twee niet-coplanaire IMRT bundels als aanvulling van coplanaire

VMAT, te ontwikkelen voor prostaat SBRT. Voor 20 patiënten werd Erasmus-iCycle

eerst gebruikt om volledig automatisch VMAT plannen te genereren die waren

aangevuld met vijf patiënt-specifieke, computer-geoptimaliseerde, niet-coplanaire

IMRT bundels (VMAT+5). Op basis van de meest geselecteerde niet-coplanaire

bundelrichtingen in deze 20 patiëntplannen werd een standaardoplossing met twee

vaste niet-coplanaire bundels afgeleid die vervolgens voor elke patiënt werd toegepast.

De VMAT+CS plannen werden vergeleken met i) coplanaire VMAT plannen met twee

rotaties, ii) VMAT+5 plannen en iii) niet-coplanaire IMRT plannen met 30 bundels

met computer-geoptimaliseerde bundelhoeken (30-NCP). Verschillen in PTV-dekking,

OAR-sparing, rekentijd en behandeltijd werden gekwantificeerd. Wanneer VMAT+CS

werd vergeleken met VMAT waren de doses in de endeldarm en de blaas, en het dosisbad

significant lager. Voor de endeldarm waren de verschillen in gemiddelde dosis, D1cc ,

V40G yE q en V60G yE q gemiddeld 19,4 ± 10,6%, 4,2 ± 2,7%, 34,9 ± 20,3%, en 39,7 ± 23,2%

lager (alle p < 0,001). Bovendien vereiste VMAT+CS gemiddeld 3% minder MU, met een

kleine toename in de totale behandeltijd (11,0 ± 0,3 min in plaats van 9,1 ± 0,7 min). Over

het algemeen was de kwaliteit van de VMAT+CS plannen vergelijkbaar met de VMAT+5

plannen, terwijl de rekentijden een factor 25 korter waren omdat hoekoptimalisatie

hierbij overbodig was. Vergeleken met 30-NCP werd VMAT+CS als klinisch equivalent

beoordeeld met betrekking tot hoge doses in de endeldarm en de blaas. Weliswaar was

het dosisbad gunstiger voor 30-NCP, maar de optimalisatie en afgifte van deze plannen

was veel tijdsintensiever.

In hoofdstuk 9 werd een volledig geautomatiseerde dosisplanningsmethode voor

robot-radiochirurgie beschreven en geëvalueerd voor prostaat SBRT. Voor dit doel werd

Erasmus-iCycle gekoppeld aan MultiPlan®, het planningsysteem van het CyberKnife®,

om volledig automatisch klinisch uitvoerbare niet-coplanaire plannen (autoCK) te

genereren. Het systeem werd eerst gevalideerd voor 10 prostaat SBRT patiënten, door

autoCK plannen te vergelijken met handmatig gegenereerde, klinisch gebruikte plannen.

Vervolgens werden autoCK plannen voor 20 patiënten vergeleken met automatisch

gegenereerde, klinisch uitvoerbare autoVMAT plannen met CTV-PTV marges van 3 mm

(zoals gebruikt voor autoCK) en 5 mm (zoals klinisch uit te voeren op een standaard

bestralingstoestel). Voor de optimalisatie van het CyberKnife® plan en het VMAT plan
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werd dezelfde iCycle ‘wishlist’ gebruikt, om bias bij het genereren van plannen zo goed

mogelijk te vermijden. Handmatige en automatische gegenereerde CK plannen hadden

een gelijke PTV-dekking en voldeden beide aan de klinische eisen. Met autoCK werden

de OARs aanzienlijk beter gespaard in vergelijking met de handmatige gegenereerde

plannen, met een afname in de V60G yE q en gemiddelde dosis in de endeldarm van

respectievelijk 75% en 41%, (p ≤ 0,002). AutoCK en autoVMAT plannen met een 3 mm

CTV-PTV-marge hadden een vergelijkbare PTV-dekking, maar de dosis in de endeldarm

was aanzienlijk lager in de autoCK plannen en het bad met lage dosis was duidelijk

kleiner. Voor 18 van de 20 autoVMAT plannen met 5 mm CTV-PTV marge was de PTV

dekking lager dan gewenst (< 95%), terwijl de dosis in de endeldarm aanzienlijk hoger

was. Artsen beoordeelden de plankwaliteit van de autoCK plannen over het algemeen als

superieur. In geval van een klinisch acceptabel VMAT plan kan de verkorte behandeltijd

opwegen tegen de voordelen van de CyberKnife-behandeling.

In hoofdstuk 10 werd onderzocht in welke mate de OAR-dosisafgifte die werd

waargenomen in de gerandomiseerde, multi-institutionele HYPRO-studie, waarin

conventionele en hypo -gefractioneerde externe radiotherapie voor prostaatkanker

werden vergeleken, kon worden verlaagd met geautomatiseerde dosisplanning. Voor

725 patiënten werden de verschillen in plankwaliteit tussen automatisch gegenereerde

VMAT plannen (autoVMAT) en de handmatig gegenereerde, klinisch toegepaste plannen

(CLINICAL) gekwantificeerd aan de hand van DVH-parameters en NTCP-modellen voor

late gastro-intestinale toxiciteit die waren gebaseerd op de gerapporteerde toxiciteit in

de HYPRO-studie. In vergelijking met CLINICAL hadden de autoVMAT plannen een

vergelijkbare of hogere PTV-dekking, terwijl grote en statistisch significante verbetering

in OAR-sparing werd bereikt. De gemiddelde doses in de endeldarm, de anus en de blaas

werden verlaagd met respectievelijk 7,8 ± 4,7 Gy, 7,9 ± 6,0 Gy en 4,2 ± 2,9 Gy (p < 0,001). De

verminderde dosis in de endeldarm resulteerde in een significante en klinisch relevante

afname in de NTCPs voor late gastro-intestinale toxiciteit graad ≥ 2, rectale bloeding

en incontinentie. Met autoVMAT kon de voorspelde toxiciteit voor hypofractionering

worden verlaagd tot niveaus die klinisch werden waargenomen (en geaccepteerd) voor

de conventionele fractionering.

In hoofdstuk 11 hebben we het gebruik van geautomatiseerde dosisplanning

onderzocht om prospectief terugkoppeling te geven over plankwaliteit in een

multi-institutioneel gerandomiseerd onderzoek naar hepatocellulair carcinoom. 20

dosisplannen van deelnemende centra (12 plannen van een benchmark casus, 5 klinische

testplannen en 3 plannen voor de eerste patiënten die deelnamen aan de studie) werden

vergeleken met automatisch gegenereerde VMAT plannen (autoVMAT). Voor deze 20

plannen werden vier afwijkingen van het studieprotocol gevonden die betrekking hadden

op een overschrijding van de maximale NTCP-waarde die werd toegestaan voor de

gezonde lever. Ten opzichte van de ingediende plannen was de gemiddelde NTCP voor
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de lever in de autoVMAT plannen 2,2% lager (bereik: 16,2%, -1,8%, p = 0,03) en werd er

ook minder dosis afgegeven in de gezonde lever (p < 0,01) en in de gastro-intestinale

organen (p < 0,001). Tevens werd de mogelijkheid van dosisescalatie met autoVMAT

onderzocht. Voor 5 van de 7 patiënten die klinisch werden behandeld met 48 Gy kon met

autoVMAT een dosisverhoging naar 54 Gy worden bereikt, binnen de planningseisen

voor de OARs. Momenteel wordt voorafgaand aan de start van de behandeling voor

elke nieuwe studiepatiënt een autoVMAT plan gegenereerd als benchmark voor het

behandelplan dat in het deelnemende instituut wordt gemaakt (prospectieve plan QA).

Op basis van een vergelijking van de dosisverdelingen kan het deelnemende centrum

besluiten om door te gaan met het initieel gegenereerde plan, of kan het autoVMAT plan

worden gebruikt om het eigen plan verder te verbeteren.

In hoofdstuk 12 wordt geautomatiseerde dosisplanning besproken in een bredere

context.
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