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Chapter 1

General introduction

Radiotherapy, or radiation therapy, is an important pillar of cancer therapy in

which ionizing radiation is applied to the patient [1, 2]. The aim is to use the

ionizing radiation to damage the DNA of cancerous tissue leading to cellular

death [3]. Radiotherapy can be given with intent to cure (curative). Addition-

ally, radiotherapy can also be applied with a palliative intent, where cure is not

possible, to achieve long-term local control with postponement of toxic systemic

treatments or for symptomatic relief. Radiotherapy can also be applied as an ad-

juvant treatment in which radiotherapy is applied combined with another type of

treatment such as surgery, chemotherapy, hormonal therapy and other systemic

therapies.

In external beam radiotherapy (EBRT) a pre-defined dose distribution is given

to the tumor and surrounding tissue with a linear accelerator through a high

energy megavoltage (MV) photon beam [4]. Higher doses to the tumor often

result in higher tumor control probabilities (TCP) [5]. To avoid unnecessary high

dose levels in healthy tissue while achieving high dose levels in the target, dose is

delivered through multiple beam angles using a cross-fire technique. As such, the

beams traverse the body and dose is deposited along the beam trajectory which

cause cell damage of healthy tissue outside of the tumor [3]. EBRT is therefore

often delivered through fractionated treatment schemes to allow normal tissue to

recover [6, 7].

Prior to dose delivery, the treatment is prepared by acquiring pre-treatment imag-

ing of the patient. Typically these are computed tomography (CT) and magnetic

resonance (MR) scans and sometimes positron emission tomography (PET) scans.

On these scans the physician can identify relevant anatomical structures, such as

the target and surrounding organs. From the CT scan additional physical prop-

erties such as the electron density (ED) of tissues can be derived which are used

for accurate dose calculations. A physician delineates the gross tumor volume
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(GTV), which is the visible part of the tumor, as well as surrounding organs at

risk (OARs). In case the tumor has microscopic tumor spread, a clinical target

volume (CTV) is defined as an expansion of the GTV. In addition to the GTV or

CTV, a planning target volume (PTV) margin is added to account for geometric

inaccuracies and uncertainties such as machine uncertainties, delineation inaccu-

racies, patient setup errors, as well as potential target motion throughout dose

delivery. The exact margin is often determined on population statistics [8].

The PTV is thus required to ensure that even given all geometric uncertainties, the

target is receiving the prescribed dose. The PTV often overlaps with surrounding

OARs which, as a result, may also receive high amounts of radiation [9]. This

makes it ever desirable to reduce the margin, which is often done through image-

guidance or the use of fixation devices, such as masks for inter- and intra-fraction

motion or abdominal corsets for intra-fraction motion [10,11].

Based on the pre-treatment imaging and the delineations a radiotherapy treat-

ment plan is generated using a treatment planning system (TPS). A plan is created

to deliver the prescribed dose in Gray (Gy) to the treatment volume, without vi-

olating tolerance levels of surrounding OARs. A dose engine is used to calculate

the delivered dose to the patient, taking into account the electron densities and

properties of the linear accelerator such as the beam energy, angle, shape and in-

tensity profiles [12]. For conformal radiotherapy a treatment plan is created using

forward planning in which the operator creates a treatment plan by modifying

the angles and shapes of each beam [13]. Modifying the shape can be done using

a multi-leaf collimator (MLC), which is mounted on the linear accelerator. This

process is highly dependent on the skill and experience of the human operator.

Treatment planning for intensity modulated radiotherapy (IMRT) [3, 14], which

allows for non-uniform beam profiles, is often performed in an inverse manner [15].

The operator defines a set of planning objectives for the target, as well as dose

constraints for the surrounding tissues. The TPS then iteratively changes shape

and intensity of the beam to create a treatment plan that satisfies all of these

planning aims. The resulting treatment plan is converted to a set of machine ac-

tions which allow the linear accelerator to deliver the radiotherapy treatment as

intended. The need to deliver high doses to the tumor and to spare surrounding

tissue as much as possible to reduce the probability for toxicity and other adverse

effects, makes certain trade-offs unavoidable.

In the last decade automated treatment planning solutions were introduced [16–

21]. This increases the efficiency and reduces inter- and intra-planner variabil-

ity [22]. Automated treatment planning also allows for efficient generation of

a library of plans [23]. For the latter, multiple plans are generated based on
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General introduction

expected variations in the patient anatomy and the best suitable plan can be se-

lected based on online image guidance [24, 25]. In addition to direct clinical use,

automated radiotherapy treatment planning algorithms have also been applied

to supportive tools such as plan quality assessment and verification. It can also

be used to predict what type of dose distribution can be achieved for a certain

patient [26–28].

Image-guided radiotherapy

In the past decades image-guided radiotherapy (IGRT) has vastly developed and

it is currently indispensible in modern radiation therapy [3,29]. In IGRT, image-

guidance is used to improve the precision and accuracy of treatment delivery.

Linear accelerators are equipped with special imaging technology that enables

the operator to visualize the tumor before, or even during treatment delivery,

while the patient is positioned on the treatment table. With image guidance,

the acquired images can be compared to reference images and adjustments to

the patient position can be made in order to more precisely target the tumor

and avoid OARs. IGRT increases accuracy, which as a result may facilitate a

PTV reduction and decreases dose to the OARs, while maintaining or improving

TCP.

Most modern radiotherapy systems are equipped with cone-beam computed to-

mography (CBCT) systems. Volumetric scans are reconstructed making use of

kV-imaging systems mounted on the rotating gantry. This makes it possible to

acquire 3D images with CT-like contrast while the patient is on the table [30].

These scans can be used to adapt the patient position accordingly, but yield poor

quality compared to a diagnostic CT and is not suitable for on-line delineating or

accurate tissue identification, in particular not for soft-tissues.

To accurately identify the target and correct the position of the patient using

CBCT, it may be desirable to make use of surrogates such as fiducial mark-

ers [31, 32]. These surgically implanted markers are landmarks to facilitate cor-

rect localization of the tumor. The use contributes to precise and accurate dose

delivery and can greatly reduce the PTV margin, but is however invasive and

cause additional burden for the patient. Another surrogate method is to make

use of bony anatomy or other anatomic landmarks in the vicinity of the target.

When the target is however not connected to these landmarks, movement may be

independent and this method contains more uncertainties, which leads to larger

PTV margins [33].
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MRI is gaining a more important role in modern day radiotherapy. In recent

years, MRI-guided radiotherapy systems became commercially available and are

nowadays used in clinical practice for image guidance purposes [34–36]. MRI

yields a superior soft-tissue contrast compared to CBCT, which means that both

the tumorous tissue and surrounding OARs can more clearly be visualized [37,38].

Further benefits are that MRI acquisition does not require ionizing radiation and

that imaging of the patient anatomy can be acquired with different contrast and

dynamics and in any desired orientation. Also, the trade-off can be made freely

between spatial and temporal resolution.

MR-guided online adaptive radiotherapy

The research described in chapter 3 – 7 of this thesis is conducted for the 1.5T

MR-linac machine. The 1.5T MR-linac is a radiotherapy system which has been

designed and developed at the radiotherapy department of the University Medical

Center Utrecht (Utrecht, The Netherlands) in collaboration with Philips (Best,

The Netherlands) and Elekta AB (Stockholm, Sweden). The 1.5T MR-linac,

is commercialized by Elekta as the Unity. It consists of a MRI system with

a field strength of 1.5T surrounded by a ring-shaped gantry on which a 7 MV

linear accelerator has been placed. Active shielding coils in the magnet avoid

interference between the main magnetic field and the linear accelerator, while a

beam window, allows for an irradiation field of 22cm in cranial caudal and 57cm

in lateral direction at the isocenter of the system. The 7 MV flattening filter free

(FFF) photon beam is shaped by a MLC with 80 leaf pairs. The first patients

were treated on this system in May 2017 [36].

The 1.5T MR-linac system can provide diagnostic quality imaging of the patient

anatomy before, during and after dose delivery. The superior soft tissue quality

that the 1.5T MR-linac provides good visualization of the patient anatomy and

allows for online delineation of the target and surrounding OARs. Being able

to accurately identify the target and surrounding tissues, does not only allow

for more precise patient position, but opens up opportunities for plan adapta-

tion [39] and motion characterization. MR imaging prior to dose delivery can

yield high spatial resolution anatomical images. The pre-treatment delineations

can be propagated to the daily MRI using deformable image registration and/or

can be adjusted when necessary. The updated anatomical information can then

be used as input for adaptive treatment planning, in which the treatment plan

can be shifted towards the current patient position or be partially or completely

re-optimized as is also described in chapter 3.
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Stereotactic body radiation therapy of lymph

node oligometastases

Local treatment of lymph node oligometastases is commonly performed using

stereotactic body radiation therapy (SBRT) [3]. SBRT is a minimally invasive

therapy in which experience has primarily been gained for inoperable patients

with liver and lung oligometastases [40,41]. In SBRT a relatively high irradiation

dose is delivered in a limited number of fractions to the target in a highly confor-

mal manner with steep dose gradients to achieve good sparing of the OARs [42,43].

Recently SBRT is also commonly applied as standard clinical care for the treat-

ment of lymph node [44–46], adrenal gland [47, 48] or bone oligometastases [49].

Treatment of individual metastatic lesions is being used to treat patients with lim-

ited metastatic disease as a means to improve progression-free- or overall survival

and delay systemic therapies without compromising the quality of life.

In the majority of the patients treated for lymph node oligometastases, the af-

fected lymph nodes originate from prostate cancer and have a low alpha/beta

ratio [50]. Because of this a high biological effective dose (BED) can be achieved

of >100 Gy which is associated with improved local control [51]. In general, SBRT

of lymph node oligometastases also gives relatively low toxicity. Because of these

properties, systemic treatment for this patient group can be delayed with approx-

imately 8-13 months [52,53] and therewith maintaining the patients quality of life

by avoiding androgen deprivation therapy (ADT) related side-effects [54].

SBRT of lymph node oligometastases has been mainly applied using CBCT im-

age guidance or CyberKnife systems with fractionation schedules ranging from

55–10Gy to 112–24Gy [55] and is sometimes combined with fiducial marker im-

plantation for enhanced target visualization [56, 57]. Based on our own institu-

tional clinical experience lymph node oligometastases are poorly visible on CBCT

in about 30% of all cases. Poor target visibility will require larger treatment mar-

gins to prevent under-dosage and may thereby be more limited by dose tolerance

levels of surrounding OARs. The combination of small soft-tissue targets, high

dose levels and steep dose gradients may therefore benefit from MR-guided on-

line adaptive radiotherapy. The improved soft tissue contrast allows for online

delineation of the target and OARs and to use these daily delineations for online

adaptive treatment planning to get a more accurate treatment plan.

5



Thesis Outline

The aim of this thesis is to investigate novel treatment planning strategies for

radiotherapy treatment planning and MR-guided online plan adaptation. The

chapters in this thesis cover automated treatment planning (Chapter 2), MR-

guided online plan adaptation possibilities for the 1.5T MR-linac (Chapter 3) and

simulation, implementation and dosimetric evaluation of MR-guided treatment of

lymph node oligometastases (Chapter 4-7).

Chapter 2 describes the development and clinical introduction of an automated

treatment planning. A two-phased planning and optimization workflow was devel-

oped to automatically generate 77Gy 5-field simultaneously integrated boost in-

tensity modulated radiation therapy (SIB-IMRT) plans for prostate cancer treat-

ment. Moreover, a retrospective planning study was performed in which auto-

matically and manually generated treatment plans were compared.

The promise of the MR-linac is that one can visualize all anatomical changes

during the course of radiotherapy and hence adapt the treatment plan in order to

always have the optimal treatment. Yet, there is a trade-off to be made between

the time spent for adapting the treatment plan against the plan quality, which

expires over time. In Chapter 3 the various daily plan adaptation methods will be

presented and applied on five cases with varying levels of inter-fraction motion,

regions of interest and target sizes: prostate, rectum, esophagus and lymph node

oligometastases (single and multiple target). The plans were evaluated based on

the clinical dose constraints and the optimization time was measured to give an

insight of the plan adaptation possibilities of the 1.5T MR-linac and the previously

described trade-off.

In Chapter 4 the dosimetric impact of online replanning as a method to correct

for inter-fraction anatomical changes for SBRT of lymph node oligometastases on

the 1.5T MR-linac is investigated. Pre-treatment plans were created with 3 and

8mm PTV margins reflecting our clinical practice for lymph nodes with good and

poor visibility on CBCT. The dose–volume parameters of the pre-treatment plans

were evaluated on daily anatomy as visible on the repeated MRIs and compared

to online replanning.

Because the previous chapter showed beneficial dosimetric parameters of online

replanning, Chapter 5 focuses on determining the optimal plan adaptation ap-

proach for MR-guided SBRT treatment of lymph node oligometastases on the

1.5T MR-linac. Using pre-treatment CT and repeated MR data, six different

methods of plan adaptation were performed on the daily MRI and contours. To
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determine the optimal plan adaptation approach, the adapted plans were eval-

uated using clinical dose criteria and the time required for performing the plan

adaptation.

Chapter 6 and 7 describe the evaluation of the clinical treatments. In Chap-

ter 6 the dosimetric differences between the first clinical treatments of lymph

node oligometastases on the 1.5T MR-linac in which a completely new plan was

generated based on the daily patient anatomy and contours compared to only

correcting for the daily position of the patient are described. Additionally the

PTV margin needed for adequate target-coverage was re-evaluated. The GTV

coverage for the plans was evaluated by comparing the dose on both the online

planning MRI, acquired at the start of the treatment fraction, as well as the

post-delivery MRI, acquired after dose delivery. In Chapter 7 a target coverage

and dose criteria based evaluation of the clinically delivered online adaptive radio-

therapy treatment compared with conventional CBCT-linac plans was performed.

The clinically delivered MR-linac plans were compared with the, otherwise given,

conventional treatment by calculation of the CBCT-linac plans on the daily pa-

tient anatomy.

Finally, Chapter 8 presents a summary of the work conducted in this thesis and

a general discussion regarding automated treatment planning, MR-guided online

adaptive radiotherapy, treatment of lymph node oligometastases on the 1.5T MR-

linac and future perspectives.
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Chapter 2

Development and clinical

introduction of automated

radiotherapy treatment planning for

prostate cancer

The following chapter is based on:

Dennis Winkel, Gijsbert H. Bol, Bram van Asselen, Jochem Hes, Vincent Scholten,

Linda G.W. Kerkmeijer, Bas W. Raaymakers

Physics in Medicine & Biology (2016) Vol. 61, p.8587-8595
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Abstract

To develop an automated radiotherapy treatment planning and optimization work-

flow to efficiently create patient specifically optimized clinical grade treatment

plans for prostate cancer and to implement it in clinical practice a two-phased

planning and optimization workflow was developed to automatically generate

77Gy 5-field simultaneously integrated boost intensity modulated radiation ther-

apy (SIB-IMRT) plans for prostate cancer treatment. A retrospective planning

study (n=100) was performed in which automatically and manually generated

treatment plans were compared. A clinical pilot (n=21) was performed to inves-

tigate the usability of our method. Operator time for the planning process was

reduced to<5min. The retrospective planning study showed that 98 plans met all

clinical constraints. Significant improvements were made in the volume receiving

72Gy (V72Gy) for the bladder and rectum and the mean dose of the bladder and

the body. A reduced plan variance was observed. During the clinical pilot 20

automatically generated plans met all constraints and 17 plans were selected for

treatment. The automated radiotherapy treatment planning and optimization

workflow is capable of efficiently generating patient specifically optimized and im-

proved clinical grade plans. It has now been adopted as the current standard

workflow in our clinic to generate treatment plans for prostate cancer.
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Introduction

In western countries, intensity modulated radiation therapy (IMRT) [58] is a fre-

quently applied form of external beam radiation therapy to treat patients with

prostate cancer. IMRT enables accurate dose delivery by a cumulative dose dis-

tribution, while sparing the adjacent healthy tissue. The main parameters that

have to be taken into account for IMRT to create suitable treatment plans are

the number of beams, their geometrical orientation and the intensity modulation.

Because there always is a trade-off between target coverage and sparing of the

surrounding tissues and organs at risk (OAR), radiotherapy treatment planning

is a multicriterial optimization problem. In practice the problem is more subtle

than just meeting the target coverage constraints and sparing of the OAR’s as

some structures are more sensitive to radiation than others and sparing of one

OAR may be more important than another.

Having control over multiple aspects such as the number and configuration of

beams, optimizer settings and cost functions, dosimetrists aim to create the most

optimal plan with regard to clinical objectives and constraints. One of the most

difficult challenges in treatment planning is that good solutions heavily depend on

these objectives and constraints. In clinical practice, optimization of objectives

and constraints is often a time-consuming task based on trial-and-error. Although

plan generation often starts with a generic template, patient specific tailoring is

required. This yields a plan which meets the clinical objectives and constraints,

but there can exist a variation between the quality of these plans and the process

is operator dependent [59,60]. A part of these variations may be related to differ-

ences in knowledge and experience of dosimetrists. Another part can be caused

by a lack of human or technological resources, which limits the time available for

treatment planning or prevent new treatment techniques to be implemented.

We hypothesize that introducing automated radiotherapy treatment planning will

increase consistency, improve plan quality and reduce workload. This means that

operators have more time to work on more demanding IMRT plans. As prostate

cancer has the highest incidence of all types of cancer in male patients, a high

gain in efficiency can be achieved by reducing the time required for plan creation.

Automated treatment planning is a strong tool to use for offline or online plan

adaptation. It is also a requirement to make optimal use of novelty techniques

such as the MR-linac [61–63].

In this study an automated radiotherapy treatment and optimization workflow

was developed to provide an efficient and consistent solution for the creation of

radiotherapy plans. The automated treatment planning and optimization work-

flow was applied to prostate cancer. Plan viability was retrospectively evaluated
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and a clinical pilot was run to investigate the value of our automated radiotherapy

treatment and optimization workflow in clinical practice.

Methods and materials

Automated treatment planning workflow

An automated radiotherapy treatment planning workflow was developed based on

the treatment planning system Monaco by Elekta AB (Stockholm, Sweden) with

the use of Elekta’s research automation toolkit which functions as an API enabling

our software to communicate with the Monaco user interface. This new framework

is able to generate radiotherapy treatment plans without any user interaction

using patient specific optimization (Figure 2.1). During phase one, the fluence

and weights are optimized to get an optimal dose distribution. Phase two focuses

on finding optimal field shapes and takes into account accelerator restrictions such

as the multi leaf collimator (MLC) and gantry movements. After each phase, the

current state is evaluated and, if dose requirements are not met, constraints are

changed. The constraints are changed by using fixed predetermined step sizes.

By varying these step sizes among the different target volumes and OAR, priority

can be given to reach more sparing of certain structures.

The goal of phase one is to meet a guaranteed coverage of the target volumes.

An initial phase one optimization is run, after which the dosimetric values are

evaluated. If the target coverage does not meet set requirements, both target

volume cost functions are tightened and OAR cost functions are loosened and

phase one re-optimization occurs. As soon as the requirements are met or when

the maximum amount of iterations is reached, an initial phase two optimization

is performed. The goal of phase two is to reach optimal sparing of the OAR,

while maintaining an acceptable coverage of the target volumes. This is done

iteratively by tightening the cost functions for the organs at risk, based on dose-

volume histogram (DVH) values, and re-optimizing phase two. This loop will

attempt multiple different solutions and will continue until the maximum amount

of iterations has been reached. By using this loop in combination with small

step-sizes, a lot of different options are explored and the best plan can be se-

lected for treatment. A graphical representation of this workflow is depicted in

Figure 2.1.
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Figure 2.1: Graphical representation of the automated treatment planning workflow.

Retrospective planning study

To investigate the viability of automated treatment plans for prostate cancer,

a retrospective planning study (n=100) was performed. Included were patients

which were treated with a prescribed dose of 70Gy to the planning target volume

(PTV), which includes the corpus of the prostate, the seminal vesicles and the

GTV, with an 8mm margin. A simultaneous integrated boost (SIB) of 77Gy was

given to the extended boost volume (EBV). The EBV consists of the corpus of the

prostate and the gross tumour volume (GTV) with an 8mm margin in ventral,

right, left and caudal direction with full exclusion of the rectum and bladder.

Delineated OARs were the rectum, bladder, femoral heads and sphincter. To

make a reliable comparison, the same dose criteria were maintained for automated

treatment planning (Table 2.1). All plans were generated using 5 evenly spaced

beams (Table 2.2). The maximum amount of segments was kept at 60. All other

sequencing settings and parameters were also kept the same.

13



Table 2.1: Clinical dose criteria for SIB-IMRT prostate plans as used in the evaluation of the auto-
matically generated and clinical treatment plans.

Structure Constraint

EBV V73.15Gy>99%

PTV V66.5Gy>99%

Rectum V72Gy<5%

V50Gy<50%

Bladder V72Gy<10%

Sphincter Dmean<37Gy

Femoral heads Dmax<50Gy

Table 2.2: Beam orientations used for both automatically and manually generated treatment plans.

Beam Gantry (deg) Collimator (deg)

1 40 0

2 100 3

3 180 6

4 260 354

5 320 357

Plan generation and evaluation

For all 100 cases an automated treatment plan was generated retrospectively

and evaluated to see if the dose criteria were met. The same was done for the

clinical treatment plans. The most important dosimetric measures were compared

between the automatically generated and clinical plans. The time needed for

manual treatment plan generation was measured to indicate the gain in time

efficiency by planning automatically. All automated treatment plans were based

on the same set of beam angles and sequencing settings. No alterations were made

for any case. The maximum amount of loops was set to 15 for both phase one

and two.

Clinical pilot

A prospective pilot study (n=21) was conducted in our clinic, in which the

dosimetrist started the automatic planning process. If a plan was considered

as an optimal plan, it was proposed for treatment. If not, an additional manual

plan was made by the dosimetrist. The decision to make an additional man-

ual plan was based on the knowledge and experience of the dosimetrist whether

improvement was possible. Both plans were then reviewed by the radiation on-

cologist and clinical physicist and the most optimal clinical plan was selected for
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treatment (Figure 2.2). The radiation oncologist and clinical physicist were aware

which plan was automatically generated and which was created manually.

Figure 2.2: (A) Dose distribution in transversal plane of an automatic plan and (B) a manual plan.
(C) The dose-volume histograms of these dose distributions.

Results

Retrospective planning study

The individual results for each of the 100 retrospectively performed automatic

plans show that for 98 plans (98%) all clinical dose constraints are met. For

the two plans that violated the clinical dose constraints, the constraints for the

V72Gy and V50Gy of the rectum were not met. The target coverage was always

reached. The dose constraints for the bladder, sphincter and femoral heads were

not violated.

15



From the manually planned treatment plans, 86 met the clinical dose constraints.

For two plans the V72Gy constraint on the rectum was not met. In two plans

the V50Gy constraint on the rectum was not met and for one plan both rectum

constraints were not met. In five plans the constraints set for a minimum target

coverage of the EBV and PTV were not met. The remaining four plans that

violated the dose criteria failed on a combination of one or more of the target

coverage constraints and the V72Gy and V50Gy constraints for the rectum. The

two patients of which the automated plan did not meet all dose criteria, the

manual plans also did not meet all dose criteria.

Dosimetric comparison of automated plans and clinical

plans

A comparison of the dosimetric values of both automatically generated plans and

manually generated plans from the clinic show that on average the automatically

generated plans yield significantly better sparing of the OARs (Table 2.3). Both

the target coverage, maximum dose and mean for the EBV and PTV are similar

for both types of plans. Significant improvements are observed in the V72Gy of the

rectum and bladder. Automatically generated plans also show a reduced mean

dose for the bladder and the body (Figure 2.3). Automatically generated plans

also show a lower variance.

Table 2.3: Dosimetric values for both the automatically and manually generated treatment plans
(n=100). p-value obtained with paired t-test.

Structure Parameter Autoplanning Clinic p-value

Maximum dose (Gy) 80.9±0.4 81.6±0.9 <0.001

Mean dose (Gy) 77.4±0.1 77.2±0.2 <0.001

V73.15Gy (%) 99.4±0.2 99.2±0.3 <0.001

PTV V66.5Gy (%) 99.2±0.1 99.2±0.3 0.304

Rectum Mean dose (Gy) 37.2±5.2 37.5±5.6 0.177

V72Gy (%) 1.8±1.2 2.7±1.3 <0.001

V50Gy (%) 31.4±9.1 31.4±9.2 0.735

Sphincter Mean dose (Gy) 19.6±9.8 20.6±9.5 0.005

Bladder Mean dose (Gy) 35.1±8.9 37.1±9.5 <0.001

V72Gy (%) 2.8±1.6 4.6±2.4 <0.001

Body Mean dose (Gy) 6.4±1.1 6.7±1.1 <0.001
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Figure 2.3: Graphical representation of the most relevant dosimetric results. Each figure represents
a comparison between both the automatically generated plan and the manual plan.

Clinical pilot

Out of the 21 automatically generated treatment plans, 20 met all clinical dose

constraints. For 12 cases an additional manual plan was created. In 17 cases the

17



radiation oncologist and clinical physicist selected the automatically generated

plan for treatment. In the 4 cases where the manual plan was preferred, there

were only small differences between the automatically and manually generated

plans.

Planning-time comparison

The average time required to manually create a treatment plan is 2hours. With

automated treatment planning the required operator time for plan generation

has reduced to 5min, as the dosimetrist is only required to start the automated

planning process and evaluate the resulting plan. The average time for automated

plan generation is 90.1±19.2min. These measurements have been performed on

our clinical workstations. Comparable measurements on more dated hardware has

shown that the hardware capacity has significant influence on the speed of our

automated treatment planning system. The calculation time for both the phase

1 and the phase 2 optimization loops scale linearly with the number of loops that

are required. Moreover, the complexity of the patient anatomy and the amount

of weight put on the cost functions will also influence the calculation time.

Discussion

In the present study we showed that automatically generating radiotherapy treat-

ment plans for prostate cancer is feasible. Almost all automatically generated

plans meet the clinical dose constraints and are therefore suitable for treatment.

Because of the systematic approach the resulting plans show a lower variance

and a higher plan consistency can be achieved, eliminating the inter- and intra-

dosimetrist variability. This means that the automatically generated plans are

more consistent than manually generated plans. The systematic approach used

during automated treatment planning and optimization eliminates the variability

as a result of differences in knowledge and experience of dosimetrists. The large

reduction in manual interaction also greatly increases efficiency.

The plans that do not meet clinical dose constraints are close to a clinically

acceptable plan, which will make them useable for warm start optimization, in

which a dosimetrist can make adjustments to the plan using the current state as

starting point. Making use of warm start optimization planning techniques will

also be more time efficient compared to starting from scratch.

As in any treatment planning process there is trade-off between target coverage

and dose to the OARs. There is however also a trade-off between the dose in one
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organ at risk, with respect to the other. In prostate planning specifically, a lower

dose to the rectum can be achieved by allowing more dose to the bladder and

vice-versa. In current practice this is a choice which is often made implicitly by

dosimetrists. For automated planning however, it is very important to make these

choices beforehand, as well as getting a complete set of requirements which a final

plan must meet, including soft constraints. To reach these requirements patient

specific optimization is performed via the phase 1 and 2 iterations. The better the

requirements are formulated, the more satisfactory the resulting treatment plans

will be. Criteria must be set explicitly and may not be dependent of radiation

oncologist’s preference.

This study is focused on prostate cancer and shows that this method of automated

treatment planning and optimization is suitable for clinical practice. While keep-

ing in mind that prostate is a relatively simple tumour site in terms of anatomy,

there is a potential of expanding this technique to other tumour sites. Non-

cylindrical tumour sites, such as the breasts, or tumour sites with a large number

of organs at risk, such as head-and-neck, will likely be a more complex chal-

lenge. Head and neck [16, 18, 19], breast [20, 21], prostate [17] and other tumour

sites [64–66] have been previously investigated using a large variety of automated

treatment planning techniques. Expanding automated treatment planning to-

wards tumour sites with a large patient population will benefit efficiency and

might as well increase plan quality and consistency. Exploring automated treat-

ment planning for bone metastases or the bladder has already shown promising

results.

Our experiments showed that often phase 1 passes on the first iteration. Increasing

the amount of iterations in phase two to more than 15 did not result in any

significant improvement in plan quality, but does increase the runtime. This is

however expected to be site specific. The small step size and systematic approach

used during optimization means that a lot of different plan options are explored.

While running through the phase two optimization loop, the initial phase 2 plan is

saved and is compared against every new plan resulting from following iterations.

If the new plan is better, it will be saved and used as the current best plan. This

way the best plan will be kept, regardless of the amount of iterations that are

used.

In addition to being an asset for clinical use, increasing the efficiency and plan

quality, automated treatment planning can also be of great use for research pur-

poses. Planning studies comparing different beam setup, delivery methods such

as volumetric modulated arc therapy (VMAT) or other parameters can be per-

formed on large study sets, while not being extremely labour-intensive. By using
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automatic plan generation more reliable comparisons can be made.

Considering the delivery efficiency of VMAT compared with that of IMRT, VMAT

may be the preferred delivery technique for treating prostate cancer [67]. This

study was performed based on IMRT plan delivery to make a fair comparison

with the clinical workflow. Our automated planning and optimization workflow is

however also capable of automatically generating VMAT plans and initial plans

look promising.

For novel techniques such as the MR-Linac, which can track the patient’s anatomy

during radiation, real-time automated plan adaptation is necessary to take full

advantage of its capabilities. The automated planning and optimization workflow

presented in this study can generate new plans on demand, however our results

show that it currently takes too long to use for full online replanning where ideally

new plans should be generated within minutes. It can however, having diagnostic

quality patient anatomy data available daily, be used for inter-fractional plan

adaptation which can lead to a significant reduction in dose to the organs at

risk [68]. Online adaptation methods are commercially available which are feasible

for routine clinical practice [34]. Future plans include expansion of our current

automated planning and optimization workflow with online adaptation to be able

to perform this automatically.

Conclusion

An automated radiotherapy treatment planning and optimization workflow was

developed to create patient specifically optimized treatment plans for prostate

cancer which are suitable for clinical treatment. Treatment plans are more con-

sistent, are associated with a lower dose to the OAR for most parameters and a

large gain in time efficiency has been achieved. Automated treatment plan gen-

eration has now been adopted as the current standard workflow in our clinic to

generate treatment plans for prostate cancer. Future work will include expanding

our automated treatment planning to other tumour sites and develop other auto-

mated radiotherapy workflows, as well as reducing the time for automated plan

generation.
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Unity MR-linac concept
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Abstract

Background and purpose

The promise of the MR-linac is that one can visualize all anatomical changes

during the course of radiotherapy and hence adapt the treatment plan in order to

always have the optimal treatment. Yet, there is a trade-off to be made between

the time spent for adapting the treatment plan against the dosimetric gain. In this

work, the various daily plan adaptation methods will be presented and applied

on a variety of tumour sites. The aim is to provide an insight in the behavior of

the state-of-the-art 1.5T MRI guided on-line adaptive radiotherapy methods.

Materials and methods

To explore the different available plan adaptation workflows and methods, we

have simulated online plan adaptation for five cases with varying levels of inter-

fraction motion, regions of interest and target sizes: prostate, rectum, esophagus

and lymph node oligometastases (single and multiple target). The plans were

evaluated based on the clinical dose constraints and the optimization time was

measured.

Results

The time needed for plan adaptation ranged between 17 and 485 seconds. More

advanced plan adaptation methods generally resulted in more plans that met the

clinical dose criteria. Violations were often caused by insufficient PTV coverage

or, for the multiple lymph node case, a too high dose to OAR in the vicinity of

the PTV. With full online replanning it was possible to create plans that met all

clinical dose constraints for all cases.

Conclusions

Daily full online replanning is the most robust adaptive planning method for

Unity. It is feasible for specific sites in clinically acceptable times. Faster methods

are available, but before applying these, the specific use cases should be explored

dosimetrically.
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Introduction

In the UMC Utrecht, together with Elekta AB. (Stockholm, Sweden) and Philips

(Best, The Netherlands) a hybrid 1.5T MRI linac (MR-linac) has been devel-

oped, built and clinically introduced [62, 36, 63]. This system has evolved to the

Elekta Unity system and has been clinically introduced with the treatment of

oligometastatic lymph nodes in 2018 [69].

The MR-linac design is a linear accelerator with integrated 1.5T MRI func-

tionality, the proof of concept of this system is presented in Raaymakers et al.

(2009) [63]. The goal of such integration is to enable soft-tissue contrast MR imag-

ing directly from the treatment table to visualize all anatomical changes during

the course of radiotherapy. MRI can be used to capture both inter-fraction motion

but also intra-fraction motion [70]. These data can be applied in many ways as

input for adaptive radiotherapy. Daily MRI can be used for soft-tissue based po-

sition verification or daily replanning, beam-on MRI can be used for time resolved

dose accumulation [71] or real-time replanning [72].Finally, repeated anatomical

and functional MRI can be used for treatment response assessment [73,74].

Using repeated MRI data for adaptive radiotherapy requires to interpret it, which

typically means propagating the contours from the (pre-treatment) reference data

to the latest timepoint by image registration. This image registration is often an

ill-posed problem which requires tumour site specific quality assurance to warrant

realistic results [75]. The first release of Unity provides different means for daily

adaptive, MRI based radiotherapy, as the treatment is initialized daily, manual

inspection is used to validate the contouring. Also, the concept of Unity is that

every treatment fraction requires a treatment plan adaptation, so for every treat-

ment fraction, a choice between the various adaptation modes has to be made.

The treatment plan adaptation strategies will be detailed below in the methods

section. They can be divided into two main categories, being ‘adapt-to-position’

(ATP) and ‘adapt-to-shape’ (ATS). For ATP no daily delineation is needed nor

possible, only the (isocenter) position is updated in the pre-treatment CT, while

for ATS the daily MRI can be re-contoured to be used for adapting the treatment

plan.

The promise of the MR-linac is that one can visualize all anatomical changes

during the course of radiotherapy and hence adapt the treatment plan in order to

always have the optimal treatment. This should lead to better target conformality

and lower normal tissue involvement. Yet, there is a trade-off to be made between

the time spent for adapting the treatment plan against the dosimetric gain. In this

work, the various daily plan adaptation methods will be presented and applied

on a variety of tumour sites. Both the dosimetric consequences as well as the
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time such adaptation takes will be reported. The aim is to provide an insight

in the current behavior of the state-of-the-art 1.5T MRI guided on-line adaptive

radiotherapy methods.

Methods

Pre-treatment preparation

Prior to treatment on the 1.5T MR-linac a pre-treatment CT and MRI were

acquired. A special table overlay was used for CT scan acquisition, to enable

reproducible positioning of the RF coil and approximative patient set-up using

specific couch index points. The target and organs at risk were contoured by a

radiation oncologist on the pre-treatment imaging data. A pre-treatment plan is

then generated using the Monaco 5.4 (Elekta AB, Stockholm, Sweden) treatment

planning system (TPS).

Adaptive treatment planning

Each treatment fraction starts with the acquisition of an online MRI. The pre-

treatment CT, contours and plan, together with the online MRI are used as input

to adapt the plan for that specific session. Performing plan adaptation on the

Unity system can be performed through two different workflows using the Monaco

TPS: adapt to position (ATP) and adapt to shape (ATS) (Figure 3.1).

The ATP workflow allows for plan adaptation based on the online patient position.

The pre-treatment CT is matched with the online MRI through rigid registration.

Based on this rigid registration, the isocenter position in the reference data is

updated. The pre-treatment plan is then recalculated or reoptimized to reproduce

or improve the target coverage from the pre-treatment plan through one of the

available plan adaptation methods. Recalculating or reoptimizing the plan is

performed on the pre-treatment CT and contours. This implies, no contours need

(and can) be edited, as the original contours will be used for the adapted plan.

The second workflow, adapt to shape (ATS), allows for plan adaptation based

on the new patient anatomy and the plan is optimized on the daily MRI and

adapted contours. Again, the first step is that the pre-treatment CT and online

planning MRI are registered. The pre-treatment contours are then automatically

propagated by deformable registration onto the online planning MRI. If deemed

necessary, contours are edited by a radiation oncologist. Electron densities (ED)
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Figure 3.1: Schematic overview of the differences between the MR-linac Unity “adapt to shape”
method in which online plan adaptation is performed on the new patient anatomy and optimized
on the daily MRI and adapted contours, and the “adapt to position” method in which online plan
adaptation is performed based on the new patient position and optimized on the pre-treatment CT
and contours. Using the “adapt to position” method, rigid registration can be performed on the
entire image sets, or using a clipbox around a region of interest.

were assigned per structure based on the average electron density value of the

corresponding contour on the pre-treatment CT. This last step is important, be-

cause the plan is then recalculated or reoptimized on the online planning MRI

and adjusted contours. Optimization in the ATS workflow is performed based on

the pre-treatment planning objectives. Similar to ATP, the ATS workflow offers

multiple options for plan recalculation or reoptimization.

Calculation and optimization methods

Overall, online MR-guided adaptive treatment planning on the 1.5T MR-linac

allows for six different plan adaptation methods:

A Original Segments

B Adapt Segments

C Optimize Weights from segments

D Optimize Weights from fluence
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E Optimize Weights and Shapes from segments

F Optimize Weights and Shapes from fluence

The Original Segments (A) method makes use of the segments and monitor units

(MUs) from the pre-treatment plan. Herewith, the original plan is calculated

on the pre-treatment CT (ATP) or daily MRI (ATS). The Adapt Segments (B)

method shifts the segments from the pre-treatment plan relative to the isocen-

ter, based on the registration between the pre-treatment and online images, using

Segment Aperture Morphing (SAM) [10]. Using the resulting segments and the

original segment weights, the dose is then recalculated. Both Optimize Weights

(C,D) methods are based on optimizing the weights of the segments for the new

patient position or daily anatomy by adjusting the amount of MUs. Method C

optimizes the weights, using the set of segments from the pre-treatment plan after

SAM. With method D the segments from the pre-treatment plan are discarded.

The fluence is first reoptimized and a new set of segments is created. The new

set of segments is then further optimized using segment weight optimization. The

same distinction applies for both Weights and Shapes (E,F) methods. Either the

pre-treatment segments are used (after SAM) for weight and shape optimization

(method E), or the pre-treatment segments are discarded a dose fluence reopti-

mization is performed. The adjusted or new set of segments is then reoptimized

for the new patient position or daily anatomy situation using both segment weight

optimization. This method optimizes the amount of MUs per segment and further

optimizes the segment shapes.

In general this means that for methods A, B, C and E, the segments from the

pre-treatment plan are used for input (Figure 3.2). For method D and F, a new

set of segments is created based on the reoptimized fluence. Method F, in which

first the fluence is reoptimized and segmented and after which segment weight

and shape optimization is performed, is equal to full online replanning. The ATP

workflow does not offer the option to start with a fluence optimization. This

implies that the ATP workflow only offers methods A, B, C and E. Again, note

that for ATP, the plan adaptation is done on the pre-treatment CT, i.e. for E the

plan on the original CT with the original contours is reoptimized solely for the

updated isocenter position.

Plan exploration

To explore the different available plan adaptation workflows and methods, we

have simulated online plan adaptation using the clinical system for five cases
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Figure 3.2: Schematic overview of the segment changes for the different plan recalculation and
reoptimization methods available in the treatment planning software for the 1.5T MR-linac. A
different background color (e.g. red or yellow) in the Beam’s eye view (BEV) indicates a different
segment weighting. When performing plan adaptation methods using optimize weights (method
D) or optimize weights and shapes (method F) starting with full fluence optimization, the original
segments are discarded and new initial plan segmentation is performed.

with varying levels of inter-fraction motion, regions of interest and target sizes:

prostate, rectum, esophagus and lymph node (LN) oligometastases (single and

multiple target). A pre-treatment CT and clinical plan were used to adapt the

plan to the daily anatomy, as visible on MR-imaging. The datasets were registered

to each other through rigid registration using a clipbox around the PTV. For

the ATP workflow the optimization method to reproduce goal dose was used.

The resulting plans were recalculated on the daily anatomy as visible on the

online planning MRI. For the ATS workflow, the patient contours were manually

corrected by a radiation oncologist. The plans were evaluated based on the clinical

dose constraints and the optimization time was measured.
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Results

The time needed for reoptimization using the available methods in the ATP work-

flow ranged between the 18 and 376 seconds (Table 3.1). Generally, a more com-

plex patient anatomy led to longer reoptimization times. Method A and B did not

result in plans that met the clinical dose constraints, see Table 3.1. With method

C, only for the single LN case the adapted plan met all dose criteria. For the rec-

tum case, the criteria were met when evaluating on the pre-treatment contours,

but after recalculating the dose on the daily anatomy, violations were observed.

For method E, the rectum and esophagus plans also met all dose criteria when

evaluating on the pre-treatment contours, but showed violations after recalcula-

tion on the daily MR anatomy. The single LN plan met all dose criteria.

Table 3.1: Optimization time required for online plan optimization for the 1.5T MR-linac. A red
background indicates one or more dose constraints were violated. Orange depicts all criteria were met
on the pre-treatment data, but not when evaluating on the daily anatomy. Green depicts all criteria
were met. Method A – F describe: A the original segments, B adapt segments, C optimize weights
from segments, D optimize weights from fluence, E optimize weights and shapes from segments and
F optimize weights and shapes from fluence, respectively.

With the ATS workflow, reoptimization time was longer than for ATP and ranged

between 17 and 485 seconds (Figure 3.3). Method A did not result in any plans

that met the clinical dose criteria. Using method B, C and D, it was possible

to create plans that met all clinical dose criteria for the single LN case, but not

for prostate, rectum, esophagus and the multiple LN case. Using method E it

was possible to create plans that met all criteria for rectum, esophagus and the

single LN case. With method F, which is essentially full online replanning, it was

possible to create plans that met all clinical dose constraints for all cases used in

this study. Violations for other methods were often caused by insufficient PTV

coverage or, for the multiple lymph node case, a too high dose to OAR in the

vicinity of the PTV. In Figure 3.4 the dose distributions for the various adaptive

modi are shown for the prostate case. It can be seen that, looking at the 80%

dose-level, each results in different dose distributions.
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Figure 3.3: Recalculation or optimization time required for plan adaptation for the methods available
in the adapt to position (ATP) and adapt to shape (ATS) workflows. Method A – F describe: A
the original segments, B adapt segments, C optimize weights from segments, D optimize weights
from fluence, E optimize weights and shapes from segments and F optimize weights and shapes from
fluence, respectively.

Figure 3.4: Prostate case with the resulting dose distributions for the adapt to position (ATP) and
adapt to shape (ATS) workflows. Method A – F describe: A the original segments, B adapt segments,
C optimize weights from segments, D optimize weights from fluence, E optimize weights and shapes
from segments and F optimize weights and shapes from fluence, respectively.

Discussion

The ATP based plan adaptations are faster than ATS based methods. However,

the ATP methods lack target coverage, even for small anatomical variations. For
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this study we have used the current clinical CBCT-linac PTV margins. Using

smaller margins, target coverage after ATP based plan adaptation is expected to

be further reduced. Moreover, the ATP results are standardly presented by calcu-

lations on the pre-treatment reference data and this might not be representative

for the actual anatomy as can be seen for the rectum and esophagus examples

by the orange boxes in (Table 3.1); the ATP may report agreement with treat-

ment planning constraints but when recalculating on the daily MRI, violations

are seen.

The only method that passed all treatment planning constraints on the daily MRI

was method F in the ATS workflow. This result was expected as this equals daily

full replanning. One conclusion is that if the time for this method is considered

acceptable, ATS with method F is the most robust adaptation. Yet, this approach

requires on-line contour review or online contour editing which further adds to the

overall required time. When only small anatomical changes are expected or rela-

tively large intra-fraction motion could be induced by the increased initialization

time, ATP might be preferred. Given the dosimetric results for the examples in

this work, and the difference in time spent on method C, i.e. segment weight opti-

mization, relative to A and B, ATP plus method C seems the minimal adaptation

mode to use.

The choice between method C and E for ATP, i.e. reoptimizing just segment

weights or also reoptimizing the segment shapes, depends on the tolerance for

errors. Errors induced by any method can be quantified by recalculation using

the daily MRI. If the error is too large, an offline replanning could be consid-

ered in order to mitigate, or at least minimize, the overall treatment dose viola-

tion. This approach might be acceptable for hyper-fractionated treatments. For

hypo-fractionated treatments the investment into full daily replanning is better

justified.

Within the Unity workflow, it is also possible to combine ATS and ATP. For in-

stance, the treatment is initialized using full replanning, i.e. ATS using method

F, but prior to beam delivery, a second MRI is acquired and if the anatomy is

changed during the preparation, ATP is used to quickly adapt to the (probably

small) anatomical change. In UMC Utrecht, this is the approach for our prostate

treatments on Unity: ATS using method F is potentially followed by ATP with

segment weight optimization if the prostate has shifted. Again, offline dose re-

construction can be done to verify accuracy of this approach.

A small disadvantage of ATS is that its MRI based reoptimization is done using

bulk densities. However, this does not significantly influence the dose calculation

accuracy when adequate bulk assignments are made [76]. For several cases this
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might have a larger effect in which case electron densities assignment should

be considered more carefully. In particular structures with high densities or air

cavities with the influence of the electron return effect [77,78].

The examples in this work are quite heterogeneous to show the mechanisms of

the various workflows and adaptation methods. Before introducing a new patient

category with a specific fractionation scheme on the Unity, a careful evaluation

of the various options has to be made to choose the appropriate trade-off. For

oligometastatic lymph node treatments with 5x 7 Gy, this is done in Winkel et

al. (2019) [79,80].

Future work is on intra-fraction plan adaptation, where the ultimate goal is to

get to real-time plan adaptation while accounting for the dose delivered so far.

Kontaxis et al. [81] presented a loop that enables such continuous reoptimization

during beam delivery. Basically the approach mentioned above, where dosimetric

errors are revealed by offline recalculation are a first, very simple, yet feasible,

implementation of such loop. A next step could be to also allow, for instance,

intra-fraction ATP.

The computational time associated with the different methods will decrease with

increasing computer power and smarter algorithms. In a research setting, full

replanning can already be done in approximately 1 minute [82]. Solid contour

propagation and reliable quality assurance for this are key to speed up full re-

planning approaches [83].

Conclusion

Daily full online replanning is the most robust adaptive planning method for

Unity. It is for specific sites feasible in clinically acceptable times. Faster methods

are available, but before applying these, the specific use case should be explored

dosimetrically.
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Abstract

Purpose

Online 1.5T MR imaging on the MR-linac gives better target visualization com-

pared to CBCT and facilitates online adaptive treatment strategies including daily

replanning. In this simulation study the dosimetric impact of online replanning

was investigated for SBRT of lymph node oligometastases as a method for cor-

recting for inter-fraction anatomical changes.

Methods

Pre-treatment plans were created for 17 pelvic and para-aortic lymph nodes, with

3mm and 8mm PTV margins reflecting our clinical practice for lymph nodes

with good and poor visibility on CBCT. The dose-volume parameters of the pre-

treatment plans were evaluated on daily anatomy as visible on the repeated MRIs

and compared to online replanning.

Results

With online MRI-based replanning significant dosimetric improvements are ob-

tained for the rectum, bladder, bowel and sigmoid without compromising the

target dose. The amount of unintended violations of the dose constraints for tar-

get and surrounding organs could be reduced by 75% for 8mm and 66% for 3mm

PTV margins.

Conclusions

The use of online replanning based on the actual anatomy as seen on repeated

MRI compared to online position correction for lymph node oligometastases SBRT

gives beneficial dosimetric outcomes and reduces the amount of unplanned viola-

tions of dose constraints.
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Introduction

Image-guided radiation therapy (IGRT) has become increasingly important in

modern radiotherapy to reduce the effect of treatment variations, such as setup

errors and geometric variations of the target volume and organs at risk (OAR).

Currently most modern radiotherapy treatment systems are equipped with cone-

beam computed tomography (CBCT) to visualize the tumour [84]. CBCT has

greatly contributed to precision radiotherapy for sites in which the tumour is

clearly visible on CBCT, however it yields relatively poor soft tissue contrast.

The lack of soft tissue contrast can make it difficult to accurately identify the

target and surrounding OARs for soft tissue targets; therefore bony anatomy or

artificial markers are frequently used as a surrogate for position verification [33,

31,32]. These procedures still result in quite large planning target volume (PTV)

margins [46] or are invasive with additional burden for the patient.

Magnetic resonance imaging (MRI) guided radiotherapy treatment systems are

commercially available and used in clinical practice and allow improving plan

quality through online adaption [35, 34, 85]. With the 1.5T MR-linac [61], diag-

nostic quality images are available of the actual patient anatomy during treatment

and MR-guided online adaptive workflows can be used [36]. Based on our institu-

tional clinical experience, lymph node oligometastases are often small with mean

gross tumour volumes (GTV) of < 3 cc, (as defined by expert radiation oncolo-

gists) and are poorly visible on CBCT in about 30% of all cases. The superior

soft tissue contrast of online MR-images gives a better visibility of the target and

surrounding OAR when compared to CBCT [37] which will potentially help to

reduce the PTV margins.

For treatment of lymph node oligometastases, stereotactic body radiation therapy

(SBRT) [86,40,87] is an often applied technique in which a relatively high amount

of dose is delivered in few fractions with a very steep dose gradient [43]. In current

clinical practice of SBRT for these targets inter-fraction motion is accounted for

by online couch translation and (sometimes) small table rotations. Online couch

translations account for rigid motion of the target, but do not deal with non-rigid

changes of the PTV such as changes in size or shape. Differences between the

planned and delivered dose after position corrections can also occur because of

changes in the physical path and changes in tissue attenuation relative to the orig-

inal plan [88]. When treating these tumours on the MR-linac, one can account for

geometric variations of the target and OARs, as well as changes in the physical

path and tissue attenuation. To accomplish this for external beam radiother-

apy, online replanning is the optimal approach to fully incorporate all available

anatomical data provided on the MR-linac and to deliver a highly conformal dose
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to the tumour, while optimally sparing the OARs.

A recent study on SBRT for the treatment of oligometastatic disease of the ab-

domen and central thorax has shown that a combination of high dose, few fractions

and a steep dose gradient improves with adaptive treatment on MR guided radio-

therapy systems in terms of precise and conformal dose delivery and preventing

potentially toxic violations of dose constraints [89]. Similar benefits could poten-

tially be achieved with full online replanning of lymph node oligometastases for

the pelvic and para-aortic region. By performing full online replanning a new

plan is created on the daily anatomy while the patient is on the table, without

making use of a pretreatment plan. Further dosimetric benefits could potentially

be gained by a reduction of the PTV, because of better target visualization when

treating on an MR-linac for lymph node oligometastases with poor visibility on

CBCT. MRI guidance is already commonly applied in brachytherapy to minimize

dose differences, which can occur between planning and irradiations [90].

This study is a R-IDEAL [91] stage 0 study in preparation of a clinical workflow for

the treatment of lymph node oligometastases on the 1.5T MR-linac.R-IDEAL is a

framework for systematic clinical evaluation of technical innovations in radiation

oncology such as the MR-linac. Stage 0 covers all preparatory work needed before

the innovation is ready for clinical use. In this study we investigate whether online

replanning for SBRT of lymph node oligometastases on the 1.5T MR-linac yields

beneficial dosimetric values compared to online position correction as performed

on CBCT-linacs in current clinical practice.

Methods

Patient data characteristics

For this simulation study 17 pelvic and para-aortic pathological lymph nodes

were included from 5 female patients with locally advanced cervical cancer. The

patients had 2, 2, 4, 8 and 1 pathologic lymph nodes, respectively. The lymph

node locations are spread relative to each other and are representative for lymph

node oligometastases as treated in our clinic. All patients gave written informed

consent for the use of their scans for research purposes. All patients had undergone

pre-treatment and repeated MR imaging, suitable for radiotherapy, on a 1.5T

Philips Ingenia (Best, The Netherlands) before and during the first three weeks

of curative chemo-radiotherapy treatment. During imaging acquisition the rectum

was required to be as empty as possible. In case of a significant presence of gas

and faeces with a rectum diameter > 4cm the patient was asked to empty the
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rectum, or the rectum was deflated using a rectal cannula. For each patient, pre-

treatment data and one inter-fraction dataset obtained during the course of EBRT

were used with MRI-based delineations of lymph node GTV(s) and surrounding

OAR (bladder, rectum, bowel bag, sigmoid, cauda equina and femoral bones).

The mean GTV (in this case also demarcating the clinical target volume) of the

lymph nodes was 2.5 ± 2.8cc (range, 0.4 – 15.8cc), based on expert delineations.

There were no exclusion criteria.

Plan generation

For each lymph node five plans were generated to simulate the different treatment

approaches: 1) pre-treatment plan with a 3 mm PTV margin and 2) calculated

on daily anatomy after position correction, 3) pre-treatment plan with a 8 mm

PTV margin and 4) calculated on daily anatomy after position correction, and

5) complete new plan generated on the daily anatomy (full online replanning).

By means of these five plans the dosimetric situation of the current CBCT-linac

treatment can be estimated (comparisons plan 1 and 2; or plan 3 and 4). In ad-

dition, the potential dosimetric benefit of a MR-linac treatment can be evaluated

using plan 2 and 5, and using plan 4 and 5.

All plans were generated with a prescribed dose of 5x 7Gy to 95% of the PTV

using the Monaco treatment planning software (TPS) research version 5.19.03d

by Elekta AB (Stockholm, Sweden). To do a clean comparison of our technique

we have eliminated differences in machine characteristics by creating all plans

with the 7MV FFF beam model of the Elekta MR-linac and the 1.5T magnetic

field in superior-inferior patient direction which is present when treating patients

on the MR-linac. The dose constraints (Table 4.1) used for the OAR are consid-

ered hard dose constraints. OAR dose was attempted to be as low as possible,

while maintaining adequate target coverage. Plan quality was evaluated by a

multi-disciplinary SBRT oligo lymph node clinical team consisting of a radiation

therapist, physicist and physician. Seven non-uniform beam orientations were

used for these plans and were selected individually for each PTV to optimally

account for patient anatomy and the location of the PTV. Unfavourable beam

angles due to couch characteristics or the location of the cryostat were avoided.

The statistical uncertainty for the Monte Carlo dose calculations was 3% per

control point and the calculation grid size was 3mm. The maximum amount of

segments per plan was 45 with a minimum area of 1.5cm2 and width of 0.5cm.
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Table 4.1: Clinically dose criteria for SBRT lymph node oligometastases treatment plans used for
plan evaluation.

Structure Constraint

PTV V35Gy > 95%

Dmax < 135%

Bladder1,2 V38Gy < 0.5 cc

V18.3Gy < 15 cc

Bowel1 V35Gy < 0.5 cc

V25Gy < 10 cc

Rectum3 Dmax < 40 Gy

V35Gy < 1 cc

Sigmoid3 Dmax < 40 Gy

V35Gy < 1 cc

1. UK SABR consortium guide-
lines 2016

2. Grim et al, 2011 [92]

3. In-house clinical constraints

Generation of pre-treatment plans on the planning CT

Two pre-treatment plans were created for each lymph node, with a 3mm as well

as with a 8mm PTV margin and a prescription dose of 5x 7Gy to 95% of the PTV.

The center of the PTV was set as plan isocenter. Using these margins we simulate

cases of both good and poor visibility. In our current clinical protocol a CBCT

simulation is performed in the pre-treatment preparation phase. A physician

determines whether the lymph node oligometastases is well visible or not. A

PTV margin of 8 mm is used for poorly visible lymph nodes (Figure 4.1) and 3

mm for visible lymph nodes. Using a vacuum cushion for immobilization, these

PTV margins are considered to be sufficient to handle patient setup, intra-fraction

motion and machine related uncertainties [93,94,55,95].

Generation of plans by recalculating on the daily anatomy

As a simulation of current clinical practice, we calculated daily dose-volume his-

togram (DVH) parameters twice for each lymph node by calculating the dose of

the pre-treatment plans with 3mm and 8mm PTV margins on the daily anatomy.

To simulate the daily anatomy, a MRI dataset (Philips Ingenia, 1.5T, mDIXON

3D FFE T1W, flip angle 10◦, TE1/TE2 = 1.6/3.9ms, TR = 5.7ms, reconstructed

voxel 1.05·1.05·2.5mm3, FOV 552·552·300mm3) obtained at least one week into

treatment was used. The target and the OARs were manually contoured. Elec-

tron density information was taken into account by matching and deforming the

initial planning CT to the MRI data (Figure 4.2). In our clinic CBCT-based
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Figure 4.1: Transversal CBCT image (top and left) and a transversal T2-weighted mDIXON water
image (bottom and right) of the same patient. The lymph node in the left iliac region is poorly visible
on the CBCT and would therefore be treated with a 8mm PTV margin to sufficiently incorporate
uncertainties, especially position verification.

online correction is performed by matching using a 0.5cm mask around the GTV

or a clipbox with nearby structures for lymph nodes with good or poor visibility

respectively. To simulate the online correction protocol we assumed that the ref-

erence point of this correction is equal to the center of the PTV and placed the

plan isocenter at the center of the PTV according to the daily anatomy.
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Figure 4.2: Pre-treatment T1-weighted mDIXON water MRI (A) and pre-treatment CT (B) data.
MRI data obtained in-between fractions (C) and a deformed CT (D) based on the MRI data used
to simulate daily patient anatomy. The target lymph node is visible in red. Large inter-fraction
differences can be observed with regards to the location of large bowel (green contours), bladder
(yellow contours), rectum (blue contours) and sigmoid (purple contours).

Generation of a new plan on the daily anatomy

To simulate replanning in a full-online workflow for the MR-linac, one new fully

optimized treatment plans was created for each lymph node using daily target

and OAR definitions based on the simulated daily patient anatomy. The used

beam angles for online replanning were equal to those in the pre-treatment plan.

For these plans a PTV margin of 3mm was applied, simulating the good visibility

of lymph nodes on MRI. As the 1.5T MR-linac only allows for movement in

superior-inferior direction, the isocenter is fixed in the center of the bore for the

other directions. The isocenter position in the superior-inferior direction is set as

close to center of the PTV as possible.

Evaluation

To estimate the dosimetric situation of the current CBCT-linac treatment and to

evaluate the dosimetric impact of online replanning for the MR-linac all plans were

evaluated using the target and OAR dose criteria. The plans with 8mm and 3mm

PTV margins were both compared with online replanning using a 3mm PTV
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margin, simulating treatment with good visibility of lymph nodes on the MR-

linac. The DVH parameters for the PTV, rectum, bladder, bowel and sigmoid

were compared between the initial plans simulated on the daily anatomy and the

online plans. The PTV was evaluated using the PTV margin as was used during

planning. The reference plans were evaluated using the original pre-treatment

contours. The simulation plans using online translation or full-online replanning

were evaluated using the contours from the simulated daily anatomy. Significance

of these differences was determined using Wilcoxon matched-pairs signed rank

tests. Results were considered significant with a p-value < 0.05.

Results

When a 3mm PTV margin was taken, it was possible to create pre-treatment plans

that met clinical dose criteria for all 17 lymph nodes: all plans had adequate target

coverage and did not violate OAR dose constraints. When the pre-treatment plans

were evaluated after rigid table correction using daily anatomical contours from

the repeated MRIs, 6 plans failed to meet all criteria. In 2 plans the V35Gy of

the bowel was violated with 2.1 and 9.1cc. In one plan the V25Gy of the bowel

was violated with 21.9cc. In 1 plan the V35Gy and Dmax (highest measured

dose in a voxel) of the sigmoid were violated with 1.8cc and 44.7Gy respectively.

PTV coverage was insufficient in 3 plans with a V100% in the range of 86.2-94.0%

(should be > 95%). GTV coverage was sufficient for all plans.

When a 8mm PTV margin was used, 12 of the 17 created pre-treatment plans met

all dose criteria. When evaluating these plans on the anatomy as visible on the

repeated MRIs this amount decreased to 8. Of these cases, 2 both violated dose

constraints for the OARs and had insufficient PTV coverage with 89.7 and 94.8%

of the prescribed dose instead of > 95% as intended. Two plans violated both

the V35Gy and V25Gy of the bowel with 24.6 and 48.4cc for one plan and 7.9 and

16.9cc for the other plan. The V35Gy of the bowel was violated with 0.9cc for one

plan. For one plan the V18.3Gy of the bladder was violated with 17.5cc. Two plans

violated both the V35Gy and Dmax of the sigmoid with 1.1cc and 43.0Gy for one

plan and with 2.5cc and 43.8Gy for the other plan. The V35Gy of the sigmoid was

violated with 6.1cc for one plan. One plan did not have adequate PTV coverage

with 89.9%. GTV coverage was sufficient for all plans. The dosimetric violations

occurred in 4 out of 5 patients.

Full online replanning, simulating MR-linac treatment, resulted in a reduction of

violations to the OARs. The number of instances of violation was reduced from

6 to 2 (66%) and 8 to 2 (75%) for lymph node oligometastases with a 3mm and

8mm margin, respectively. The two plans that did not meet requirements during
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replanning violated the V35Gy of the bowel with 0.5 and 1cc (Figure 4.3). In

these cases the target position was closer to the bowel for the simulated daily

anatomy compared to the situation at initial treatment planning, which caused

large overlap between the rectum and PTV.

Figure 4.3: Number of plans (N=17) that passed or failed based on dose criteria for the initial
plan, the initial plan calculated on the daily anatomy and full online replanning (simulating MR-linac
treatment).

A comparison of DVH parameters between pre-treatment plans calculated on the

simulated repeated MRI anatomy and online replanned plans shows that online

replanning yields significant dosimetric benefits for OAR dose (Figure 4.4). For

the pre-treatment plans made with a 3mm PTV margin, the mean dose was

significantly reduced for the bladder, bowel, rectum and sigmoid (Table 4.2). The

maximum dose and D2cc of the bladder and the D2cc of the rectum were also

significantly reduced. For pre-treatment plans made with a 8mm PTV margin,

online replanning shows additional dosimetric benefits apart from the significant

reductions already present with the 3mm PTV margin (Table 4.3). The V25gy for

the bowel was significantly reduced. The maximum dose and D2cc for the bowel
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and sigmoid was also significantly lower.

Figure 4.4: Sample DVH (A) and dose distributions of 8mm PTV (B/dashed line) and 3mm PTV
(C/solid line) reference plans on the daily anatomy after position correction and full online replanning
(D/dotted line). Anatomical contours are shown for PTV (red), large bowel (green) and sigmoid
(purple).

Discussion

Inter-fraction motion of pelvic lymph nodes can occur with translations ranging

between 7-30 mm based on pre-treatment CT imaging and CT imaging during

treatment [96]. The current clinical protocol in which online correction is per-

formed based on CBCT images is sufficient to correct for translations. It does

not however account for changes in size and shape of the target and OARs, which

can vary significantly over the course of treatment [97]. A correlation is found

between volume changes of organs at risk and target shifts [98]. This can result

in rotations of the targets which, when ellipse-shaped, can largely differentiate

from the pre-treatment situation. In current clinical practice rotations are not

often corrected for. In Figure 4.2 a substantial discrepancy can be seen between

the state of the internal organs on the pre-treatment MRI and the pre-treatment

CT. This example emphasizes the advantage of correcting for inter-fraction organ

motion; also in other studies daily plan adaptation has been shown to improve

dose volume parameters [99–103]. With the use of online replanning a completely

new daily treatment plan can be created, which accounts for deformations of the

PTV, as well as the actual OAR location.
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Table 4.2: Dosimetric outcomes for lymph node oligometastases with a 3mm CTV-PTV
margin.

Structure Parameter PlanPT3mm PlanPC3mm PlanMRL p-value

PTV V35Gy (%) 98.0 [95.1 – 100] 96.6 [86.2 – 100] 97.8 [92.5 – 100] 0.82

Bladder V38Gy (cc) 0.0 [0 – 0.1] 0.0 [0 – 0.1] 0 >0.99

V18.3Gy (cc) 0.9 [0 – 5.8] 0.4 [0 – 5.1] 0.1 [0 – 0.9] 0.50

Dmean (Gy) 1.2 [0.2- 3.4] 1.0 [0.2 – 3.6] 0.6 [0.1 – 2.7] <0.01*

Dmax (Gy) 13.1 [0.4 – 40.7] 10.5 [0.5 – 40.3] 9.0 [0.2 – 37.4] <0.01*

D2cc (Gy) 7.2 [0.5 – 24.5] 5.9 [0.4 – 23.6] 4.9 [0.1 – 22.0] 0.02*

Bowel V35Gy (cc) 0.0 [0 – 0.1] 0.7 [0 – 9.1] 0.1 [0 – 1.0] 0.50

V25Gy (cc) 0.2 [0 – 1.9] 1.7 [0 – 22.0] 0.6 [0 – 6.4] 0.13

Dmean (Gy) 0.6 [0.2 – 19.3] 1.2 [0.1 – 5.0] 0.7 [0.1 – 1.6] <0.01*

Dmax (Gy) 22.9 [9.1 – 36.7] 19.3 [0.7 – 46.2] 18.0 [0.8 – 39.5] 0.35

D2cc (Gy) 14.9 [5.7 – 24.9] 13.2 [0.4 – 41.7] 11.8 [0.3 – 37.3] 0.22

Rectum V35Gy (cc) 0 0 0 -

Dmean (Gy) 0.8 [0.2 – 2.2] 0.6 [0.1 – 1.6] 0.4 [0.1 – 2.0] 0.01*

Dmax (Gy) 5.1 [0.4 – 14.4] 4.7 [0.2 – 16.8] 3.9 [0.3 – 10.3] 0.74

D2cc (Gy) 3.7 [0.4 – 12.2] 3.2 [0.2 – 11.9] 2.0 [0.2 – 9.6] 0.02*

Sigmoid V35Gy (cc) 0.0 [0 – 0.1] 0.1 [0 – 1.8] 0.0 [0 – 0.5] 0.13

Dmean (Gy) 3.0 [0.4 – 10.2] 2.8 [0.6 – 5.5] 2.1 [0.5 – 5.3] <0.01*

Dmax (Gy) 13.1 [1.0 – 36.7] 21.0 [6.7 – 44.7] 19.2 [6.7 – 38.4] 0.05

D2cc (Gy) 7.5 [0.7 – 16.6] 13.1 [4.8 – 34.4] 12.4 [3.7 – 32.2] 0.15

Dosimetric outcomes (mean and range) for the pre-treatment plans (PT) for lymph
node oligometastases with a 3mm CTV-PTV margin, their respective simulations on
daily anatomy after online position correction (PC) and replanning on the MR-linac
(MRL). p-value obtained using Wilcoxon matched-pairs signed rank tests (p < 0.05
is significant and denoted with an asterix).

Online replanning reduces the amount of unplanned violations to the OARs.

When moving from online position correction to online replanning, the number of

instances of violation to the OARs can be significantly reduced, both for lymph

nodes with good and poor visibility on CBCT. It can therefore be advocated to use

online replanning to take non-rigid anatomical changes into account. The largest

benefit is reached for lymph nodes that are poorly visible on CBCT. The superior

soft tissue contrast on the MR-linac will allow for a considerable reduction of the

PTV margin ( i.e. reduction from 8 to 3mm in this particular situation), which

importantly reduces the overlap between PTV and OARs.

A large variety of dose and fractionation schemes are currently being used for

SBRT treatment of lymph node oligometastases varying between 5x 5Gy and

1x 24Gy [55]. A smaller PTV margin, as well as full-online replanning may

allow for dose escalation and hypofractionation. Dose escalation is regarded to be

desirable, in order to achieve improved and durable local control [104, 105]. On
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Table 4.3: Dosimetric outcomes for lymph node oligometastases with a 8mm CTV-PTV
margin.

Structure Parameter PlanPT8mm PlanPC8mm PlanMRL p-value

PTV V35Gy (%) 98.2 [96.5 – 100] 97.4 [89.0 – 100] 97.8 [92.5 – 100] 0.67

Bladder V38Gy (cc) 0 0.0 [0 – 0.4] 0 0.50

V18.3Gy (cc) 3.69 [0 – 18.27] 2.2 [0 – 21.3] 0.1 [0 – 0.9] 0.13

Dmean (Gy) 1.8 [0.2 – 6.4] 1.6 [0.2 – 6.9] 0.6 [0.1 – 2.7] <0.01*

Dmax (Gy) 14.8 [0.4 – 38.0] 13.3 [0.5 – 39.1] 9.0 [0.2 – 37.4] <0.01*

D2cc (Gy) 11.6 [0.3 – 35.5] 9.4 [0.4 – 36.0] 4.9 [0.1 – 22.0] <0.01*

Bowel V35Gy (cc) 0.4 [0 – 4.0] 2.0 [0 – 24.7] 0.1 [0 – 1.0] 0.13

V25Gy (cc) 2.4 [0 – 19.4] 4.2 [0 – 48.4] 0.6 [0 – 6.4] 0.03*

Dmean (Gy) 0.8 [0.3 – 3.0] 1.7 [0.1 – 7.1] 0.7 [0.1 – 1.6] <0.01*

Dmax (Gy) 29.8 [16.0 – 40.1] 23.1 [1.2 – 45.5] 18.0 [0.8 – 39.5] <0.01*

D2cc (Gy) 21.1 [11.8 – 36.8] 16.2 [0.6 – 41.5] 11.8 [0.3 – 37.3] <0.01*

Rectum V35Gy (cc) 0 0 0 -

Dmean (Gy) 1.3 [0.2 – 4.2] 1.1 [0.1 – 4.5] 0.4 [0.1 – 2.0] <0.01*

Dmax (Gy) 6.4 [0.5 – 17.4] 5.6 [0.3 – 16.8] 3.9 [0.3 – 10.3] 0.03*

D2cc (Gy) 4.5 [0.5 – 13.2] 3.7 [0.2 – 13.4] 2.0 [0.2 – 9.6] <0.01*

Sigmoid V35Gy (cc) 0.1 [0 – 0.9] 0.6 [0 – 6.1] 0.0 [0 – 0.5] 0.06

Dmean (Gy) 4.7 [0.8 – 20.4] 4.4 [1.4 – 10.2] 2.1 [0.5 – 5.3] <0.01*

Dmax (Gy) 15.3 [3.7 – 40.3] 26.4 [12.2 – 43.8] 19.2 [6.7 – 38.4] <0.01*

D2cc (Gy) 10.9 [2.1 – 31.5] 17.9 [3.9 – 36.8] 12.4 [3.7 – 32.2] <0.01*

Dosimetric outcomes (mean and range) for the pre-treatment plans (PT) for lymph
node oligometastases with a 8mm CTV-PTV margin, their respective simulations on
daily anatomy after online position correction (PC) and replanning on the MR-linac
(MRL). p-value obtained using Wilcoxon matched-pairs signed rank tests (p < 0.05
is significant and denoted with an asterix).

the interfraction CBCTs the visibility of the target and OARs are not sufficient

to perform these analyses. The improved target structure visibility with the

MR-linac, combined with online replanning could also provide opportunities for

hypofractionation, without the need for invasive marker placement procedures,

compared with hypofractionated SBRT using the CyberKnife [106, 56]. Future

clinical trials must show whether dose escalation and hypofractionation is possible

and whether this results in clinically relevant endpoints. SBRT treatment of

lymph node oligometastases on the MR-linac using online replanning therefore

opens up possibilities for dose escalation, without increasing the risk on OAR

dose constraint violations.

For the purpose of this study we have only simulated online replanning on daily

anatomy for one fraction, for which it yields significantly better dosimetric values.

This shows that online replanning for high dose single-fraction SBRT of oligo

lymph nodes is required to achieve a lower dose to the OARs while maintaining
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adequate target coverage. The exact benefit for treatment with multiple fractions

is yet to be investigated for lymph node oligometastases. Dosimetric benefits are

however expected during the whole course of treatment as the daily anatomy is

optimally taken into account with daily online replanning or similar daily plan

adaptation approaches [107, 108]. Based on these promising results, a clinical

workflow for the 1.5T MR-linac is being developed for treatment of lymph node

oligometastases in the near future.

For our simulations we have considered each pathological lymph node as an in-

dividual target with an individual treatment plan. Based on clinical experience

about 25% of all patients present with multiple lymph node oligometastases which

are mostly treated simultaneously using one treatment plan [109]. Independent

inter-fraction motion between multiple lymph node targets can occur [110]. When

multiple lymph node oligometastases are treated simultaneously, the inter-fraction

motion of the targets relative to each other cannot always be accurately corrected

for by translations. The dosimetric benefit of online replanning for this group is

therefore expected to be even larger than in the current study. Future studies are

necessary to determine the exact dosimetric benefit.

The amount of patients included in this study is limited because of the field-of-

view of the MRI-datasets. More data would be beneficial to obtain more robust

results. However we do believe that our study shows clear qualitative findings and

gives us confidence to apply our proposed methodology in R-IDEAL stage 1/2a

studies in which expected outcomes are proof of concept, technical improvements,

feasibility and safety. After these studies we aim to work towards single-fraction

radiotherapy treatment of these targets.

This study solely focuses on the application of online replanning for SBRT of

lymph node oligometastases in the pelvic and para-aortic region. However, these

results could also be indicative for other tumour sites, which present with inter-

fraction variability of target size, shape and location of OARs in the proximity of

the target. As PTVs were very small within this study, with an average PTV is 4.4

2.7cc (range, 1.6 – 10.3cc), and a smilar workflow was used as in the first-in-man

study [36], online replanning based on the Monaco TPS could be performed in

a timely manner suitable for online treatment. Full online replanning is the pre-

ferred method, as it optimally takes daily anatomy information into account. For

larger PTVs it might not be possible to perform online replanning in a timeframe

suitable for online adaptive treatment therefore other adaptation techniques will

be needed such as virtual couch shift (VCS) which corrects for translations and

rotations [111]. Further research will be performed to investigate opportunities

for dose escalation and hypofractionation, as well as online replanning for multiple
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targets.

Conclusion

The use of online replanning for SBRT of lymph node oligometastases on the MR-

linac yields beneficial dosimetric values compared to CBCT-based online position

correction using couch translations. Online replanning reduces the number of

unplanned violations of dose constraints for surrounding OARs. The proposed

method for online replanning is most beneficial for lymph nodes poorly visible

on CBCT, as for these targets both margin reduction and online replanning are

applied, however dosimetric improvements remain present for lymph nodes with

good visibility on CBCT.
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Chapter 5

Evaluation of plan adaptation

strategies for stereotactic

radiotherapy of lymph node

oligometastases using online

magnetic resonance image guidance

The following chapter is based on:

Dennis Winkel, Gijsbert H. Bol, Anita M. Werensteijn-Honingh, Ilse H. Kieke-

bosch, Bram van Asselen, Martijn P.W. Intven, Wietse S.C. Eppinga, Bas W.

Raaymakers, Ina M. Jürgenliemk-Schulz, Petra S. Kroon

Physics and Imaging in Radiation Oncology (2019) Vol. 9, p.58-64
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Abstract

Background and purpose

Recent studies have shown that the use of magnetic resonance (MR) guided online

plan adaptation yields beneficial dosimetric values and reduces unplanned viola-

tions of the dose constraints for stereotactic body radiation therapy (SBRT) of

lymph node oligometastases. The purpose of this R-IDEAL stage 0 study was to

determine the optimal plan adaptation approach for MR-guided SBRT treatment

of lymph node oligometastases.

Materials and methods

Using pre-treatment computed tomography (CT) and repeated MR data from five

patients with in total 17 pathological lymph nodes, six different methods of plan

adaptation were performed on the daily MRI and contours. To determine the

optimal plan adaptation approach for treatment of lymph node oligometastases,

the adapted plans were evaluated using clinical dose criteria and the time required

for performing the plan adaptation.

Results

The average time needed for the different plan adaptation methods ranged be-

tween 11 and 119 seconds. More advanced adaptation methods resulted in more

plans that met the clinical dose criteria [range, 0-16 out of 17 plans]. The results

show a large difference between target coverage achieved by the different plan

adaptation methods.

Conclusions

Results suggested that multiple plan adaptation methods, based on plan adap-

tation on the daily anatomy, were feasible for MR-guided SBRT treatment of

lymph node oligometastases. The most advanced method, in which a full online

replanning was performed by segment shape and weight optimization after flu-

ence optimization, yielded the most favourable dosimetric values and could be

performed within a time-frame acceptable (< 5 minutes) for MR-guided treat-

ment.
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Introduction

Image-guided radiation therapy (IGRT) [29] has vastly developed over the past

decades and is currently indispensible in modern radiation therapy to reduce the

effect of setup errors and geometrical variations of the target volume and organs

at risk (OARs). To visualize the target volume and surrounding tissues prior to

treatment, techniques such as portal imaging and cone-beam computed tomogra-

phy (CBCT) are often used [84, 112]. These techniques have greatly contributed

towards precision radiotherapy, but yield relatively poor soft tissue contrast which

can make it challenging to accurately identify the target. To resolve this prob-

lem bony anatomy or implanted fiducial markers are often used as surrogate for

position verification of the target [31,33,32].

Magnetic resonance (MR) guided radiotherapy systems are becoming increasingly

available and are introduced in clinical practice [34–36]. Compared to linear accel-

erators with CBCT, these MR-guided systems provide a better soft tissue contrast

which allows incorporation of more detailed patient anatomical information in

the radiotherapy treatment plan [38,37]. One of these MR-guided systems is the

1.5T MR-linac, which is able to provide diagnostic quality imaging of the patient

anatomy during radiation therapy [113]. This enables accurate identification of

the target volume, as well as the OARs and other surrounding tissues, and offers

opportunities for online plan adaptation using the actual patient anatomy [39].

However, to be able to perform plan adaptation on the actual patient anatomy,

multiple additional, and potentially time-consuming, steps are required. After

obtaining online imaging, it must be registered with pre-treatment imaging. De-

formable image registration is required to propagate the contours, after which

they must be evaluated and potentially corrected. Because a new plan is created,

plan quality assurance (QA) should be performed prior to delivery [36,114].

Local treatment of lymph node oligometastases is commonly performed using

stereotactic body radiation therapy (SBRT) [46, 115, 116]. In SBRT a relatively

high irradiation dose is delivered in a limited number of fractions to the target in

a highly conformal manner with steep dose gradients to achieve good sparing of

the OARs [42,43]. To keep treatment volumes as small as possible and minimize

the amount of normal tissue that is irradiated, good target visualization during

treatment is necessary in SBRT [117]. When using SBRT for the treatment of

lymph node oligometastases good online target visualisation is needed to deal

with inter-fraction changes in shape and size of the target and OARs and dif-

ferent positions of the target relative to OARs [97]. MR-guided online adaptive

radiotherapy is clinically deliverable and safe and allows for dose escalation and

OARs sparing compared to non-adaptive abdominal SBRT [118].
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Recent studies have shown that the use of MR-guided online plan adaptation,

taking daily anatomical variations into account, yields beneficial dosimetric values

and reduces the amount of unplanned violations of the dose constraints [117,89].

While the dosimetric benefit is already shown, there are multiple approaches for

MR-guided online plan adaptation, based on contours generated on the daily

anatomy, to be explored.

Although it is evident that a high plan quality is always preferred, time is also

a limiting factor to keep total treatment time within 45 minutes, which is con-

sidered acceptable. With this in mind, online plan adaptation should preferably

be performed within five minutes. The purpose of this R-IDEAL stage 0 [91]

study was to evaluate different plan adaptation strategies to determine the op-

timal plan adaptation approach for MR-guided SBRT treatment of lymph node

oligometastases.

Materials and Methods

Patient data

Pre-treatment computed tomography (CT) and sequential magnetic resonance

imaging (MRI) data from five female patients with locally advanced cervical can-

cer with in total 17 pelvic and para-aortic pathological lymph nodes was used.

All patients were treated with chemoradiation with curative intention and an

additional MRI was acquired during the first three weeks of treatment. This pa-

tient data, which was used as a test case, did not contain real oligometastatic

state. Because of the palliative intent of this treatment, we don’t want to place

any additional load on patients with lymph node oligometastases with additional

imaging. It is expected for lymph nodes and surrounding OARs to behave similar

in oligometastatic state. MRI was acquired on a 1.5T Philips Ingenia using a

mDIXON 3D FFE T1W sequence ( flip angle 10◦, TE1/TE2 = 1.6/3.9ms, TR =

5.7ms, reconstructed voxel 1.05·1.05·2.5mm3, FOV 552·552·300mm3) during free

breathing and was used for delineation. Patient preparation and motion manage-

ment was equal for all image acquisition. The acquisition time (approximately six

minutes) and image quality of these scans are comparable to the 1.5T MR-linac

(Unity, Elekta AB, Stockholm, Sweden). All lymph node metastases and OARs

on the pre-treatment CT and MRI scans were delineated by an experienced ra-

diation oncologist treating lymph node oligometastases. The mean gross target

volume (GTV) of the lymph nodes was 2.5 ± 2.8 cm3 (1 SD) [range, 0.4 – 15.8

cm3]. All patients gave written informed consent.
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Pre-treatment plan generation

A pre-treatment plan for each of the 17 individual lymph nodes was generated

on the pre-treatment CT with a prescribed dose of 5x7Gy to the target, using a

3mm isotropic planning target volume (PTV) margin which will be used in our

clinical protocol. Using a vacuum cushion for immobilization, these PTV margins

are considered to be sufficient to handle patient setup, intra-fraction motion and

machine related uncertainties [36, 95, 94, 55, 93, 119]. All plans were generated

using Monaco (Version 5.40.00 build 19, Elekta AB, Sweden) treatment planning

software (TPS) with the MR-linac machine model and a 1.5T magnetic field in

superior-inferior patient direction. The hardware used consists of an Intel Xeon

E5-2960 CPU, 128GB RAM and two Nvidia Quadro GP100 GPU’s. OAR dose

was lowered as much as possible, while maintaining a sufficient PTV coverage

of V35Gy > 95%. Clinical dose criteria for the OARs were based on the UK

SABR consortium guidelines (2016) (Table 5.1). The plans were generated for

intensity modulated radiotherapy (IMRT) with a maximum of 45 segments and

a minimum of five monitor units per segment. Seven gantry angles were selected

depending on the location of the target [120]. For left sided targets, the following

gantry angles were used: 0◦, 30◦, 60◦, 90◦, 114◦, 144◦ and 174◦. For right sided

targets, the used gantry angles were mirrored: 0◦, 330◦, 300◦, 270◦, 246◦, 216◦

and 186◦. All dose calculation was performed using the GPUMCD [121] dose

engine available in Monaco TPS with a statistical uncertainty of 3% per control

point. A calculation grid size of 3mm was used to increase optimization speed,

which was resampled by the TPS to a grid size of 1mm for accurate dosimetric

evaluation after optimization.

Table 5.1: Clinical dose criteria for SBRT lymph node oligometastases plans for 5 fractions as used
in the evaluation of the treatment plans, based on the UK SABR consortium guidelines (2016).

Structure Constraint

Planning target volume
V35Gy > 95%

Dmax < 47.25 Gy

Bladder
V38Gy < 0.5 cm3

V18.3Gy < 15 cm3

Bowel, rectum, sigmoid
V35Gy < 0.5 cm3

V25Gy < 10 cm3
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Plan adaptation strategies

Plan adaptation was performed using the plan from the pre-treatment CT and

daily MRI and contours. Both data sets were automatically registered with each

other by rigid registration based on mutual information [122] and the contours

were automatically propagated by deformable registration using the Monaco TPS.

Electron densities were assigned per structure based on the average ED value of

the corresponding contour on the pre-treatment CT. No overrides were used for

structures for either the pre-treatment CT and daily MR. After these steps it

was possible to perform plan adaptation on the new anatomy using one of the

following six plan adaptation methods available in the adapt to shape workflow,

which enables online plan adaptation on daily contours (Figure 5.1):

A Original Segments

B Adapt Segments

C Optimize Weights from segments

D Optimize Weights from fluence

E Optimize Weights and Shapes from segments

F Optimize Weights and Shapes from fluence

The Original Segments (A) method makes use of the segments and monitor units

(MUs) from the pre-treatment plan, and only the plan isocenter is modified. Here-

with, the original plan is calculated on the daily anatomy. The Adapt Segments

(B) method shifts the segments from the pre-treatment plan relative to the isocen-

ter, based on the registration between the pre-treatment and online images, using

Segment Aperture Morphing (SAM) [75]. Using the resulting segments, the dose

is calculated on the daily anatomy. Both Optimize Weights (C,D) methods are

based on optimizing the weights of the segments for the daily anatomy by ad-

justing the amount of MUs. Method C optimizes the weights, using the set of

segments from the pre-treatment plan after SAM. With method D the fluence is

first re-optimized and a new set of segments is created. The new set of segments is

then further optimized using segment weight optimization. The same distinction

applies for both Weights and Shapes (E,F) methods. Either the pre-treatment

segments are used (after SAM) for weight and shape optimization (method E), or

a fluence re-optimization is performed and the new set of segments is optimized

for the daily anatomy situation using both segment weight optimization, adjusting

the amount of MUs, and segment shape optimization. So for method A, B, C and

E, the segments from the pre-treatment plan are used for input and for method
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Figure 5.1: Schematic overview of the segment changes for the different plan adaptation methods
available in the treatment planning software for the 1.5T MR-linac for plan adaptation on the daily
anatomy and contours. A different background color (e.g. red or yellow) in the Beam’s eye view
(BEV) indicates a different segment weighting. When performing plan adaptation methods using
optimize weights (method D) or optimize weights and shapes (method F) starting with full fluence
optimization, the original segments are discarded and new initial plan segmentation is performed.

D and F, a new set of segments is created based on the re-optimized fluence.

Method F, in which first the fluence is re-optimized and segmented and after-

wards segment weight and shape optimization is performed, is equal to full online

replanning. The plan is optimized towards the original planning constraints. No

additional manual planning was performed.

Evaluation

To determine the optimal plan adaptation approach, the plans were evaluated

based on the optimization time required for the plan adaptation and the clinical

dose criteria (Table 5.1) for the PTV coverage and surrounding OARs: bladder,
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bowel, rectum and sigmoid. The average time required for plan adaptation will

be reported with one standard deviation (SDV).

Results

The median PTV on the daily MR was 99% [range, 90% - 105%] of the PTV

on the pre-treatment CT. The average calculation time needed for the different

plan adaptation methods ranged between 11 and 119 seconds. More advanced

adaptation methods resulted in more plans that met the clinical dose criteria

[range, 0-16 out of 17 plans](Figure 5.2). The results showed a difference between

target coverage achieved by the different plan adaptation methods (Figure 5.3).

Differences in dose to the OARs between the pre-treatment plan and different plan

adaptation methods occurred. The largest differences occurred using method A.

Methods B-F showed large similarities (Figure 5.4). Finally, the times for plan

adaptation increased when more complex plan adaptation methods were used (

Figure 5.5).

For the pre-treatment plans 16 out of 17 (94%) met all clinical dose criteria. For

one plan it was not possible to achieve sufficient target coverage, without violating

dose criteria for the OARs. This particular plan resulted in a PTV V35Gy of 84%.

The median PTV V35Gy for all pre-treatment plans was 99% [84 – 100%].

Plan adaptation using method A: the Original Segments method did not result

in any plans that met clinical dose criteria. The target coverage was poor with

a median PTV V35Gy of 32 [0 – 77%]. In addition, violations to the OARs were

present. One plan had violations of both the D0.5 cm3 and D15 cm3 of the bladder

with 38.2Gy and 18.7Gy, respectively. The same plan also had a violation of the

D0.5cm3 of the sigmoid with a value of 36.3Gy. Two other plans had a violation

of the D0.5 cm3 of the bowel with values of 36.5Gy in one plan and 36.2Gy in the

other plan. Performing plan adaptation using this method took on average 11 ±
3s.

Using the Adapt Segments method (method B) did not result in any plans that

had sufficient target coverage, however the coverage was higher compared to the

previously described Original Segments method with a median PTV V35Gy of 92%

[71 – 95%]. Although target coverage was insufficient in all plans, 11/17 (65%)

of the plans had a PTV V35Gy of > 90% and were thereby close to an acceptable

target coverage of > 95%. The clinical dose criteria for the OARs were met in all

17 plans. Using this method plan adaptation took 11 ± 2s on average.
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Figure 5.2: Number of plans (N=17 lymph nodes) that met all dose criteria based on the UK
SABR consortium guidelines and a prescribed dose of V35Gy > 95% for plan adaptation on the daily
anatomy and contours for the 1.5T MR-linac. Method A – F describe: A the original segments, B
adapt segments, C optimize weights from segments, D optimize weights from fluence, E optimize
weights and shapes from segments and F optimize weights and shapes from fluence, respectively.

The Optimize Weights from segments method (method C) resulted in 12/17 (71%)

plans that met all clinical dose criteria. In four plans the PTV V35Gy was insuf-

ficient with values of 80%, 90%, 92% and 94%. One of these plans also had a

violation of the D0.5cm3 of the bowel with a value of 35.6Gy. The remaining plan

that did not meet the clinical dose criteria had a violation of the maximum dose

in the PTV which was 47.7Gy. The average time for plan adaptation using this

method was 19 ± 3s.

With method D, the Optimize Weights from fluence method, 14/17 (82%) plans

met all clinical dose criteria. Three plans violated the dose criteria with regards

to the target coverage with a PTV V35Gy of 71%, 91% and 93%. The clinical

dose constraints for the OARs were not violated. Using this method for plan

adaptation took 25 ± 5s on average.

Plan adaptation with the optimize weights and shapes method (method E), using

the original segments, resulted in 15/17 (88%) plans that met all clinical dose
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Figure 5.3: Boxplot of the target dose coverage (N=17 lymph nodes) described as planning target
volume (PTV) V35Gy in % for plan adaptation on the daily anatomy and contours for the 1.5T
MR-linac. The 95% line depicts the minimum target coverage following the clinical dose constraints.
The bars show the upper and lower quartiles. The whiskers show the minimum and maximum
values, excluding outliers which are denoted with an asterisk. Method A – F describe: A the original
segments, B adapt segments, C optimize weights from segments, D optimize weights from fluence,
E optimize weights and shapes from segments and F optimize weights and shapes from fluence,
respectively.

criteria. The two plans that did not meet the clinical dose criteria had insufficient

target coverage with a PTV V35Gy of 81% and 94%. As for the previous method,

no violations of the clinical dose constraints for the OARs were found. Plan

adaptation using this method took 112 ± 26s on average.

Using the optimize weights and shapes method (method F), after full fluence re-

optimization, 16/17 (94%) of all plans met clinical dose criteria. One plan, which

did also not meet sufficient target coverage during pre-treatment planning, did not

meet the constraint for the PTV V35Gy with a value of 69%. Using this method,

which is a full online replanning, optimization took 119 ± 22s on average.
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Figure 5.4: Boxplot of the dose difference between pre-treatment and adapted plan on the 1.5T
MR-linac based on daily anatomy for each method (N=17 lymph nodes). The bars show the upper
and lower quartiles. The whiskers show the minimum and maximum values, excluding outliers which
are denoted with an asterisk. Method A – F describe: A the original segments, B adapt segments,
C optimize weights from segments, D optimize weights from fluence, E optimize weights and shapes
from segments and F optimize weights and shapes from fluence, respectively.

Discussion

This study shows that it is feasible to perform online plan adaptation for MR-

guided SBRT treatment of lymph node oligometastases using different plan adap-

tation methods. The Original Segments method (method A) did not result in

suitable plans, which was expected because even the slightest positioning error

or inter-fraction motion with regards to the pre-treatment plan would mean that

the treatment plan would no longer correctly align with the PTV. The Adapt

Segments method (method B) did yield improved target coverage compared to

the Original Segments method, however for all cases this was below clinical crite-

ria. This can be explained by changes in target size and shape, which for small

targets can have a large impact on relative target coverage. These methods could

however perform well enough for treatment sites with little inter-fraction motion

and in which the patient can be accurately positioned to limit systematic error.

Regardless, random error will remain and may influence the performance.

61



Figure 5.5: Boxplot of the measured time in seconds for each different plan adaptation method
(N=17 lymph nodes) for plan adaptation on the daily anatomy and contours for the 1.5T MR-
linac. The bars show the upper and lower quartiles. The whiskers show the minimum and maximum
values, excluding outliers which are denoted with an asterisk. Method A – F describe: A the original
segments, B adapt segments, C optimize weights from segments, D optimize weights from fluence,
E optimize weights and shapes from segments and F optimize weights and shapes from fluence,
respectively.

Both weight optimization and weight and shape optimization allow the use of the

original segments (method C and E), or to re-optimize the fluence and perform an

initial segmentation prior to these optimizations (method D and F). Comparing

these options show that using a fluence re-optimization results in more favourable

dosimetric values. This was expected as with this method it is possible to more

accurately incorporate the daily target definition.

Using weight optimization could be suitable for treatment sites with little inter-

fraction motion and large treatment volumes in which more advanced methods

take too long. As this method does not alter the shape of the segments, changes

in size and shape of the target are not accounted for. Therefore it might be less
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suitable for tumor sites in which large inter-fraction changes can occur such as

cervix [98] or prostate [123]. Plan adaptation using segment shape and weight

optimization yields the best results.

Method F is equal to a full online replanning on the actual anatomy which was also

done during the 1.5T MR-linac first-in-man study [36]. Full online replanning, in

which a completely new plan is generated on the daily anatomy without taking

pre-treatment data into account, is the preferred method, as it optimally takes

daily anatomy information into account. Although this method takes relatively

long (on average two minutes) compared to the first four methods described in this

study, applying this strategy for daily online replanning of lymph node oligometas-

tases is feasible time-wise when comparing to implementations of online adaptive

radiotherapy by other institutions [114]. It is important to reduce the time be-

tween daily image acquisition and start of the treatment as organ motion may

increase over time [124] and to ensure patient comfort.

For one particular plan it was not possible to meet the clinical dose criteria during

pre-treatment planning. It was not able to obtain sufficient PTV coverage, due to

overlap of the PTV and OAR adjacent to the target. Performing plan adaptation

for this particular situation did also not result in acceptable treatment plans,

this resulting in the outliers presented in Figure 5.3. The close vicinity of OAR

relative to the target, and therewith inability to create an acceptable treatment

plan, may be indicative for the inability to create acceptable plans during online

adaptive treatment.

The main challenge of plan adaptation for lymph node oligometastases is to

achieve sufficient PTV coverage, which was not always possible using the faster

plan adaptation methods. For treatment of lymph node oligometastases, in which

the targets are relatively small, this can be explained as even a slight misalignment

between the treatment plan and the target will have a relatively large impact. For

other sites with larger target volumes, this is expected to be less problematic, and

the faster plan adaptation methods might perform sufficiently. This will need to

be investigated in tumour site specific studies.

A limitation of this study is that the patient data consisted only of female pa-

tients who underwent chemo-radiotherapy. The chemo-radiotherapy might result

in larger changes of the target volume and shape between pre-treatment and online

imaging compared to patients which are being treated for oligo metastatic disease

in our clinic. However, the latter patient group does not receive additional imag-

ing. Because of the palliative intent of this treatment, we do not want to place any

additional load on these patients. Regardless, the positive treated lymph nodes

of the patient group we used is representative for the position of lymph node
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oligometastases in the pelvic area as treated in our clinic. As it is expected for

lymph nodes and surrounding OARs to behave similar in oligometastatic state we

believe that the data is suitable to perform this analysis and gives us confidence

to further implement this in our clinical workflow.

The clinical dose criteria for the OARs used in this study primarily focus on high

dose regions, where most toxicity occurs [114]. Looking more closely at the pre-

treatment and adapted plans, it can be seen that due to steep dose gradients,

high dose regions only occur in the close vicinity of the target. For this reason it

appears sufficient to limit the online re-contouring to a small region, as has been

observed and proposed in several recent studies [125, 126]. Such an approach

can lead to a reduction in total treatment time or may free up additional time for

other processes such as plan adaptation and allow for fast adaptive replanning [85].

Limiting the online re-contouring of OAR to a small region requires the use of

absolute dose constraints.

Recent studies have shown initial benefits and feasibility of MR-guided online

adaptive radiotherapy. A case study by Tyran et al. showed the necessity of

online plan adaptation for all fractions because of inter-fraction motion of the

stomach [127]. A phase I trial on MR-guided online adaptive radiotherapy for the

treatment of oligometastatic or unresectable primary malignancies of the abdomen

resulted in online adaptive replanning for 81/97 fractions to due to initial plan

violation of OAR constraints (61/97) or opportunity for PTV dose escalation

(20/97) [118].

For specific tumour sites in which plan adaptation has to be performed on larger

target volumes, calculation time will increase, dependant on which plan adapta-

tion method is used. This could potentially mean that the methods which include

segment shape optimization will no longer be feasible within a time-span suit-

able for online adaptive treatment and that therefore another method must be

used. Increasing optimization time potentially increases temporally dependant

intra-fraction motion, requiring either larger treatment margins, motion mitiga-

tion protocols or additional plan adaptation [128, 129]. A combination of large

deforming target volumes, OARs in the vicinity of the target and the presence of

inter-fraction motion might therefore be challenging. The most suitable methods

and limitations for online plan adaptation are best investigated per treatment

type. Ideally, a combination of real-time intra-fraction MRI, automatic contour-

ing, tracking and real-time adaptive replanning should be utilized to fully benefit

from MR guidance [130,72].

In conclusion, multiple plan adaptation methods, based on plan adaptation on the

daily anatomy, are feasible for MR-guided SBRT of lymph node oligometastases.
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The most advanced method, in which a full online replanning is performed by

segment shape and weight optimization after a full fluence optimization, performs

as good as pre-treatment planning, yields the most favourable dosimetric values

and can be performed within a time-frame acceptable for MR-guided treatment.
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Appendix

Supplementary Figure 5.1: Overview of the planning target volume (PTV) in cm3 on the pre-
treatment and the online imaging. The PTV on the online imaging was on average 99 ± 4% [range,
90 - 105%] of the PTV on the pre-treatment imaging.
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Supplementary Figure 5.2: Sample dose distributions of the pre-treatment plan and adapted plans
using methods A – F for the case in which it was not possible to satisfy clinical dose criteria.
Anatomical contours are shown for the PTV (red), bowel (green) and sigmoid (blue). Method A – F
describe: A the original segments, B adapt segments, C optimize weights from segments, D optimize
weights from fluence, E optimize weights and shapes from segments and F optimize weights and
shapes from fluence, respectively.
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Chapter 6

Individual Lymph Nodes: “See it and

Zap it”

The following chapter is based on:

Dennis Winkel, Anita M. Werensteijn-Honingh, Petra S. Kroon, Wietse S.C. Ep-

pinga, Gijsbert H. Bol, Martijn P.W. Intven, Hans C.J. de Boer, Louk M.W.

Snoeren, Jochem Hes, Bas W. Raaymakers, Ina M. Jürgenliemk-Schulz

Clinical and Translational Radiation Oncology (2019) Vol. 18, p.46-53
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Abstract

Background and purpose

With magnetic resonance imaging (MRI)-guided radiotherapy systems such as the

1.5T MR-linac the daily anatomy can be visualized before, during and after radi-

ation delivery. With these treatment systems, seeing metastatic nodes with MRI

and zapping them with stereotactic body radiotherapy (SBRT) comes into reach.

The purpose of this study is to investigate different online treatment planning

strategies and to determine the planning target volume (PTV) margin needed for

adequate target coverage when treating lymph node oligometastases with SBRT

on the 1.5T MR-linac.

Materials and methods

Ten patients were treated for single pelvic or para-aortic lymph node metastases

on the 1.5T MR-linac with a prescribed dose of 5x7Gy with a 3mm isotropic

GTV- PTV margin. Based on the daily MRI and actual contours, a completely

new treatment plan was generated for each session (adapt to shape, ATS). These

were compared with plans optimized on pre-treatment CT contours after correct-

ing for the online target position (adapt to position, ATP). At the end of each

treatment session, a post-radiation delivery MRI was acquired on which the GTV

was delineated to evaluate the GTV coverage and PTV margins.

Results

The median PTV V35Gy was 99.9% [90.7-100%] for the clinically delivered ATS

plans compared to 93.6% [76.3-99.7%] when using ATP. The median GTV V35Gy

during radiotherapy delivery was 100% [98-100%] on the online planning and post-

delivery MRIs for ATS and 100% [93.9-100%] for ATP, respectively. The applied

3mm isotropic PTV margin is considered adequate.

Conclusions

For pelvic and para-aortic metastatic lymph nodes, online MRI-guided adaptive

treatment planning results in adequate PTV and GTV coverage when taking the

actual patient anatomy into account (ATS). Generally, GTV coverage remained

adequate throughout the treatment session for both adaptive planning strategies.

“Seeing and zapping” metastatic lymph nodes comes within reach for MRI-guided

SBRT.
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Introduction

In recent years, stereotactic body radiotherapy (SBRT) has developed into stan-

dard clinical care for patients with oligometastases in many centers [51,131,132].

Based on the oligometastatic disease paradigm [133], treatment of individual

metastatic lesions is being used to treat patients with limited metastatic disease to

postpone the start of systemic therapies and ideally improve the progression-free

survival or overall survival without compromising the quality of life [51–53,134].

Experience with minimally invasive therapies such as stereotactic body radio-

therapy (SBRT) as alternative to surgery has mainly been gained for inoperable

patients with liver and lung oligometastases [135–140]. However, SBRT has since

been incorporated in standard clinical care for lymph node and bone oligometas-

tases [141–143] and is also being used for oligometastases located in adrenal

glands [144, 145]. The minimally invasive nature of SBRT can be an advantage

compared with surgical resection [51, 135], especially for small target structures

such as metastatic lymph nodes.

With prostate specific membrane antigen positron emission tomography (PSMA-

PET) small metastatic nodes can be detected in a very early stage with less than

10 mm and even less than 5 mm short axis diameter [146]. In the majority of

patients treated with SBRT for oligometastatic lymph nodes, the affected nodes

originate from prostate cancer and like the primary tumors, have a low alpha/beta

ratio [50]. This is considered one of the reasons for responding very well to SBRT,

with local control being achieved in 98.1% of patients in a pooled analysis [55].

For oligometastases from other origins, a biological effective dose >100Gy is also

thought to be beneficial for achieving local control [51], but this will require a

higher dose per fraction. In general, toxicity for SBRT of lymph node oligometas-

tases is reported being mild, with on average 3% acute grade 2, 1% late grade

2, 0.3% acute grade 3 and 0.4% late grade 3 toxicity [131]. For prostate can-

cer oligometastases, SBRT can delay the start of androgen deprivation therapy

(ADT) with approximately 8 – 13 months [52,141], thereby hopefully maintaining

the patient’s quality of life and avoiding the side effects of ADT such as sexual

dysfunction [54].

SBRT for oligometastases has mainly been applied with cone beam computed to-

mography (CBCT) linear accelerators (linacs) or CyberKnife, with fractionation

schedules ranging from 5x 5-10 Gy to 1x 12-24 Gy [55]. Single fraction SBRT

has been used in some centers, in several cases aided by fiducial marker implan-

tation [56,57,147–149]. To our knowledge, peer reviewed reports on the accuracy

of lymph node targeting with CBCT are lacking. However, in our own clinical

routine about 30% of metastatic lymph node (as detected by diagnostic PET-CT
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and MRI) are poorly visible on CBCT [117]. Compared to CBCT, magnetic res-

onance imaging (MRI) provides superior visualization of soft tissue targets with

metastatic lymph nodes being one example [37].

The combination of online MRI for target and organ at risk (OAR) delineation, full

online treatment planning and MRI for position verification is realized in the 1.5T

MR-linac (combined 1.5T MR scanner and linear accelerator, Unity, Elekta AB,

Stockholm, Sweden) [36,69]. New treatment plans based on the actual anatomy as

depicted on MRI can be generated for every treatment fraction and online position

verification is based on MRI information. The anatomy can be visualized during

radiotherapy delivery (beam-on MRI) and after radiation delivery. With these

facilities on board seeing the metastatic nodes with MRI and zapping them with

SBRT comes into reach, as does high dose single fraction SBRT without fiducial

markers. Furthermore, the daily anatomy of nearby OAR can easily be taken

into account for daily treatment planning [69], which may decrease treatment

related toxicity and increase the number of patients eligible for single fraction

treatments [117,150,89].

However, despite the expected gain there are still uncertainties with regard to

1.5T MR-linac treatments in general and for lymph node metastases SBRT in

particular. The clinically used PTV margin is still based on experiences at CBCT-

linac, intra-fraction analyses using diagnostic MRIs and MR-linac commissioning

data. In addition, the quality of inter-fraction correction with the 1.5T MR-linac

with the two distinct online planning workflows: ‘adapt to position’ (ATP) and

‘adapt to shape’ (ATS) has not been investigated based on clinical data. The

dosimetric effects of these different planning strategies may significantly affect

the treatment benefit of online MRI guidance.

The objective of this manuscript is to demonstrate how close we are to “see it and

zap it” when treating lymph node oligometastases in the pelvis and para-aortic

region with SBRT on the 1.5T MR-linac. Focus will be on 1) the suitability

of ATS and ATP for correcting for inter-fraction motion and 2) the feasibility

of delivering the dose adequately with ATS and ATP with a pre-defined PTV

margin of 3 mm.

Methods

Patient characteristics

Ten patients were treated for single pelvic lymph node oligometastases on the 1.5T

MR-linac (Unity, Elekta AB, Stockholm, Sweden) at our institute between August
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2018 and February 2019. The metastatic lymph nodes were located in the pelvic

region for seven patients, the other three patients had para-aortic lymph nodes

(at the levels of L2-Th12 vertebral bodies). The patients with para-aortic lymph

nodes received a 4D CT to assess whether the breathing induced target motion

amplitude was within limits. For eight patients, the metastatic nodes originated

from prostate cancer and were detected using Gallium-68 PSMA PET scans.

The primary tumor was rectal or esophageal cancer for two patients, diagnosis

of these lymph nodes was based on 2-deoxy-2-fluorine-18-fluoro-D-glucose PET

((18)FDG-PET). The metastatic lymph nodes were diagnosed within median 49

months [range 18 - 159] after initial diagnosis of the primary tumor. All patients

have provided written informed consent for using their data as part of an ethics

review board approved observational study. The median short-axis diameter of

the metastatic lymph nodes was 7.5 mm [5.3 – 21.3 mm].

Clinical treatment

Pre-treatment preparation consisted of MR imaging followed by CT-based treat-

ment planning using the anatomical information of the registered MRI. For pre-

treatment CT scan acquisition a special table overlay was used to enable patient

set-up using specific couch index points. By doing so the position of the patient

along the length of the couch is known and reproducible between the CT scan

and each MRI based treatment session [69]. To reduce eventual motion, patients

with lymph node metastases in the pelvic region were immobilized using a vac-

uum mattress (BlueBAG, Elekta AB, Stockholm, Sweden) with both hands on

the chest and the elbows along the body. The patients with affected nodes in the

para-aortic region were treated whilst wearing an abdominal corset [10] with the

arms along the body.

Nodal targets were treated with a GTV-PTV margin of 3 mm. For each pa-

tient, a seven-beam IMRT pre-treatment plan [120] was created using Monaco

TPS (Elekta AB, Stockholm, Sweden), taking into account the presence of the

1.5T magnetic field. For patients treated with the arms along the body, beam

angles were selected such that the beams would not traverse the arms. OAR dose

was lowered as much as possible, while maintaining a sufficient PTV coverage of

V35Gy>95% and a Dmax between 120-135%. Clinical dose criteria for the OARs

were based on the UK SABR consortium guidelines (2016) (Table 6.1).

With online MR imaging as provided in the 1.5T MRI-linac, the pre-treatment

plan can be adapted by either 1) taking the new target position into account

(adapt to position, ATP) and optimizing on the pre-treatment CT and contours
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Table 6.1: Clinical dose criteria

Structure
Offline constraints

(pre-treatment plan)
online constraints

Planning target volume
V35Gy > 95%

D0.1 cm3 < 47.25 Gy

V35Gy > 95%

D0.1 cm3 < 47.25 Gy

Aorta V53Gy < 0.5 cm3 V53Gy < 0.5 cm3

Bladder
V38Gy < 0.5 cm3

V18.3Gy < 15 cm3
V38Gy < 0.5 cm3

Bowel bag + colon
V32Gy < 0.5 cm3

V25Gy < 10 cm3
V32Gy < 0.5 cm3

Duodenum + stomach
V35Gy < 0.5 cm3

V25Gy < 10 cm3
V35Gy < 0.5 cm3

Esophagus
V34Gy < 0.5 cm3

V27.5Gy < 5 cm3
V34Gy < 0.5 cm3

Kidney V16.8Gy < 67% V16.8Gy < 67%

Nerve root + sacral plexus V32Gy < 0.1 cm3 V32Gy < 0.1 cm3

Rectum + sigmoid
V32Gy < 0.5 cm3

Dmax < 40 Gy
V32Gy < 0.5 cm3

Spinal cord Dmax < 28 Gy Dmax < 28 Gy

Ureter Dmax < 40 Gy Dmax < 40 Gy

after a rigid registration and translation or 2) using the new patient anatomy

(adapt to shape, ATS) and optimizing on the daily image and adapted contours

(Figure 6.1). For our clinical treatments plan adaptation was performed using

the ATS workflow. During each treatment session, a daily MRI was acquired.

Contours were automatically deformed. If necessary, the contours of the target

lymph node(s) and OARs within 2 cm of the PTV(s) were manually adapted by

a radiation oncologist [69]. Based on the daily MRI and the adapted contours, a

completely new treatment plan was generated using segment shape and weight op-

timization based on a newly optimized fluence [80]. Radiation delivery according

to the new plan was performed after MRI based position verification by repeated

MRI radiation delivery was performed.

After each treatment session offline assessment of the intra-fraction motion was

performed by recalculating the GTV coverage on the actual anatomy as seen on

the post-delivery MRI, which was acquired on average 31:03 ± 3:40 minutes after

the online planning MRI. Contouring of the GTV on the post-delivery MRI was

performed by a single observer. Inter-observer contouring variation is considered

negligible for these small and well visible lesions.
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Figure 6.1: Schematic overview of the differences between the MR-linac Unity “adapt to shape”
method in which online plan adaptation is performed on the new patient anatomy and optimized
on the daily MRI and adapted contours, and the “adapt to position” method in which online plan
adaptation is performed based on the new patient position and optimized on the pre-treatment CT
and contours. Using the “adapt to position” method, rigid registration can be performed on the
entire image sets, or using a clipbox around a region of interest [151].

Retrospective analyses

ATS versus ATP based plan adaptation

To investigate the suitability for correcting for inter-fraction motion the dosimet-

ric impact of plan adaptation based on the new patient position (ATP) versus plan

adaptation using the daily anatomic information and contours (ATS) was evalu-

ated. An additional plan was retrospectively created for each treatment fraction

using the ATP workflow with segment shape and weight optimization. Because

the resulting dose-volume histogram parameters for an ATP plan are based on

the pre-treatment CT contours and may essentially give a false representation of

the actual situation, these plans have additionally been calculated on the daily

MRI and contours. The GTV and PTV coverage was then compared for each of

these 3 plans; the clinically delivered ATS plans, the ATP plans and the ATP

plans calculated on the daily anatomy.

GTV target coverage analysis

To determine whether dose coverage was sufficient during treatment and if PTV

margins were adequate, the GTV coverage for the clinically delivered (ATS) plans

and the ATP plans was evaluated. This was done by evaluating the dose on both
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the online planning MRI, acquired at the start of the treatment fraction, as well

as the post-delivery MRI, acquired after dose delivery.

PTV margin determination

The PTV margin was re-evaluated using data of these first 10 patients with single

lymph node metastases treated on the MR-linac. The margin MPTV required to

ensure a minimum dose to the GTV of 35 Gy for 90% of the patients was calculated

using the Van Herk recipe [8] given by:

MPTV = αΣ + βσ − βσρ (6.1)

with α = 2.5, β = 0.84 and σρ = 3.2 mm. A β value of 0.84 was used assuming

a stereotactic treatment with a plateau-prescription dose ratio of 1.25 and maxi-

mum short axis diameter of the GTV > σ. σρ defines the standard deviation that

describes the width of an idealized Gaussian penumbra for the total dose distri-

bution in water, which was approximately valid because electron densities were

assessed to electron density of water except for the bones [69]. σ =
√
σ2
intra + σ2

ρ

defines the total random error and Σ =
√

Σ2
intra + Σ2

MV−MRI + Σ2
MRI the to-

tal systemic error. This recipe is still adequate for hypo-fractionated treatments

when σintra << σρ [152] and the effective systematic and random errors are

used [153]. Delineations errors were not taken into account assuming that the

physician includes the GTV generously as had been decided by forehand. The

different error sources were also assumed to be statistically independent and nor-

mally distributed.

Both ΣMV−MRI and ΣMRI were based on 3D vector measurements in our clinic.

The contributions to the systematic errors were assumed isotrope. ΣMV−MRI =

0.3/
√

3 mm was obtained from Raaymakers et al. [36] which defines the global

error between the machine and MRI coordinate system. ΣMRI = 0.84/
√

3 mm

was determined during commissioning and describes the maximum residual ge-

ometric errors after gradient non-linearity correction within a 200 mm diameter

spherical volume (DSV). This was measured on a large geometric fidelity phantom

as described in Tijssen et al [154]. To obtain the systematic (Σintra) and random

(σintra) group error due to intra-fraction motion, the distance in center of grav-

ity of both GTV delineations, on the online MRI and post treatment MRI, was

calculated for all five fractions of each patient. The intra-fraction deviations were

then defined as the distance in center of gravity divided by two. The methodol-

ogy given in Stroom and Heijmen. [155] was used to determine the group mean

M (mean-of-means), systematic group error (defined as the standard deviation

of the means) and random group error (defined as the root-mean-square of the
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standard deviations). The effective systematic error and effective random error

were equal to the derived systematic and random error because the errors due to

intra-fraction motion were already based on only 5 fractions. In case the group

mean M significantly differed from zero, M was added to margin

Results

ATS versus ATP plan adaptation

The clinically delivered ATS plans show the highest PTV coverage with a median

V35Gy of 99.9% [90.7-100%] and GTV coverage with a median V35Gy of 100%

[99.7-100%]. For 9 fractions, PTV coverage was reduced during online planning

to meet OAR constraints. The ATP plans, evaluated on the pre-treatment CT,

also show sufficient target coverage with a median PTV V35Gy of 98.5% [91.0-

99.9%] and GTV V35Gy of 100% for all fractions. However, after calculating the

ATP plans on the new MRI based anatomy and contours, the PTV coverage is

significantly lower (p-value ¡0.01, Wilcoxon matched-pairs signed rank test) with

a median PTV V35Gy of 93.6% [76.3-99.7%] and a median GTV V35Gy of 100%

[93.9-100%]. Additionally, a larger variance between target coverage is observed (

Figure 6.2). If an OAR dose constraint violation occurred, the violation was with

a maximum of 2 Gy or 0.2 cc for both methods.

Figure 6.2: Boxplot of the target dose coverage (N = 50 fractions) described as planning target
volume (PTV) and gross target volume (GTV) V35Gy in % for the adapted treatment plans. The
bars show the upper and lower quartiles. The whiskers show the 5-95 percentiles. Outliers are
denoted with an asterisk. The target coverage for the adapt to shape plans is evaluated on the daily
MRI. The target coverage for the adapt to position (CT) plans is evaluated on the pre-treatment
CT and the target coverage for the adapt to shape (MRI) plans is evaluated on the daily MRI.
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GTV target coverage analysis

For the clinically delivered ATS plans the median GTV V35Gy was 100% [99.7-

100%] and the median GTV Dmean was 42.3 Gy [37.6-44.7 Gy] on the online

planning MRI. On the post-radiation delivery MRI the median GTV V35Gy was

100% [98.0-100%] and the median GTV Dmean was 42.2 Gy [37.9-44.7 Gy] (Fig-

ure 6.3). For 45 of the 50 fractions (90%) the GTV V35Gy on the post-delivery

MRI remained 100%. For one patient, a slight reduction of the GTV coverage

was necessary during online treatment planning for 3 fractions due to the dose

constraint for the sacral plexus in the vicinity of the target. For the ATP plans

the median GTV V35Gy was 100% [93.9-100%] and the median GTV Dmean was

41.6 Gy [39.0-43.6 Gy] on the online planning MRI. On the post-radiation delivery

MRI the median GTV V35Gy was 100% [93.4-100%] and the median GTV Dmean

was 41.5 Gy [38.9-43.7 Gy]. For 35 of the 50 fractions (70%) the GTV V35Gy was

100% on the post-delivery MRI. Figure 6.4 shows a visual example.

Figure 6.3: Boxplot graph of the GTV coverage (N = 50) described as V35Gy in % and Dmean in
Gy for the clinically delivered (ATS) plans and the ATP plans. The bars show the upper and lower
quartiles. The whiskers show the minimum and maximum values, excluding outliers (1.5 times the
interquartile range) which are denoted with an asterisk. The coverage is evaluated on the daily MRI.

PTV margin analyses

The systematic and random intra-fraction displacement errors were respectively

0.31 and 0.27 mm in AP-direction, 0.54 and 0.23 mm in CC-direction and 0.22

and 0.33 mm in LR-direction. Only in AP-direction the group mean M (mean-

of-mean) was significantly different from zero. The targets moved systematic in

posterior direction during the individual MR-linac treatments. The group mean

M was 0.33 mm in AP-direction, -0.07 mm in CC direction and 0.04 mm in LR-

direction. The required PTV margin was estimated being 1.5 mm in LR-direction,

1.8 in AP-direction and 1.9 in CC-direction, respectively. Figure 6.5 shows two
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examples of intra-fraction motion.

Figure 6.4: Sample case with intra-fraction expansion of the bladder due to increased filling. Visible
are the 35 Gy dose level (red), the PTV (blue) and the actual location of the GTV (green) for the
ATP plan on the online planning MRI (A) and the post-delivery MRI (B) and the ATS plan on the
online planning MRI (C) and the post-delivery MRI (D). The GTV V35Gy remained 100% for the
clinically delivered (ATS) plan. For this particular case the increasing bladder filling and GTV shift
resulted in a small reduction of GTV V35Gy from 100% to 97.5% with the ATP plan.

Figure 6.5: Example cases intra-fraction target motion of lymph node oligometastases in the pelvic
(A) and para-aortic (B) region. Visible are the post-delivery MRIs with the online planning GTV
(green) and the GTV as observed on the post-delivery MRI (red).
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Discussion

MRI guided radiotherapy has been established during the last two decades. Broad

clinical implementation has been realized for brachytherapy indications, mainly

cervix and prostate [156–158]. Clinical gain of MRI guided brachytherapy in terms

of local control and survival, not to the cost of treatment related morbidity, has

been demonstrated for all stages of advanced cervical [159, 160] and for prostate

cancer [161]. In parallel, MRI guidance has become clinically available for ex-

ternal beam radiotherapy (EBRT) in 2014 with the combination of a 0.3T MRI

and 60 Cobalt radiotherapy device as realized in MRidian [162]. Since 2017 the

combination of a 1.5T MRI and 7MV linear accelerator is available, bringing new

opportunities for MRI guided high accuracy radiotherapy [36]. Since July 2018

this radiotherapy system is increasingly available for clinical routine treatments,

starting in Europe and North-America with potential for global spread.

In our institute first clinical treatments on the 1.5T MR-linac were performed for

patients with single oligometastatic lymph nodes in pelvis and para-aortic region.

All nodes were well visible on the MRIs taken for treatment planning and position

verification. The nodes were treated with SBRT (5x 7 Gy) and the ATS online

planning option, which allows to correct for inter-fraction motion by full online

treatment planning based on the actual anatomy. All treatment planning aims

were met for 40 out of 50 fractions. For 10 fractions the PTV coverage had to

be sacrificed slightly in order to meet the hard constraints for OAR adjacent to

the nodes and in 3 of these fractions the GTV coverage of the online plan was

slightly less than intended (minimum 99.7%). In case the ATP workflow had been

used online optimization would have been performed on the pre-treatment patient

anatomy. In this case our treatment planning aims would have been met for only

19 out of 50 fractions and the GTV V35Gy was reduced to 93.9% in the worst

case.

These clinical results show the additional dosimetric benefit of adaptive MRI-

guided radiotherapy with online treatment planning based on the actual patient

anatomy. In case of (hypo)-fractionated treatment approaches eventual inter-

fraction anatomical changes can be accounted for. Because the ATS workflow is

relatively labour-intensive compared to ATP, future studies will aim at predicting

for which patients ATS would be most beneficial, and for whom ATP would also

provide sufficient target coverage.

When evaluating the dose distributions of the online treatment plan on the

anatomy of the post-treatment anatomy the chosen isotropic PTV margin of 3

mm turned out being adequate for treating single lymph nodes in the pelvis and

para-aortic region on the MR-linac with the ATS treatment planning option. A
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limitation of this method is that potential system errors (e.g. MV-MR misalign-

ments) are not accounted for. The PTV margin has to account for system errors as

well as intra-fraction target motions and was therefore re-evaluated. Based on the

Van Herk recipe [8] an isotropic PTV margin of 2 mm would have been adequate

in all three directions in our series. However, noting the limitations of the recipe

for SBRT treatments, very small tumors and higher density structures [152, 163]

we will still use a PTV margin of 3 mm for this particular indication in further

treatments.

Within the group of oligometastatic nodal disease gain in terms of PTV mar-

gin reduction and less dose to the surrounding is especially expected for multiple

metastatic lesions. In this situation daily treatment planning according to the

daily anatomy might attenuate the effect of relative position shifts of the individ-

ual nodes relative to each other due to the changes of surrounding organs. Position

shifts of pelvic lymph nodes are caused by movements and volume changes of the

surrounding organs [93] and are not comparable to the intra-fraction motions

of thoracic and abdominal lymph nodes, which are mainly affected by breath-

ing [164, 165]. Dosimetric gain of 1.5T MR-linac treatments is also expected in

other tumor sites with potentially large inter and intra-fraction motion and sub-

stantial deformations such as prostate [166], cervix [167], and rectum [168].

A factor with potential impact on the PTV-margin is the time needed for an en-

tire MR-linac treatment procedure. On-couch time for single lymph node SBRT

is currently between 30-45 minutes in our clinical routine. The majority of this

time is occupied by treatment planning and radiation delivery with IMRT, which

is considerably longer than the few minutes being needed to deliver a VMAT plan

as available for CBCT machines. However, when comparing the CBCT-linac sin-

gle plan option for all treatment fractions with the daily treatment plan option of

the 1.5T MR-linac we see dosimetric gain for target and/or OARs [151]. Further

PTV margin reduction and dosimetric gain of MR-linac treatments is to be ex-

pected with intended machine and software updates. Less time consuming MRI

protocols and treatment planning algorithms, VMAT instead of IMRT, tumor

tracking during irradiation are among the options currently being developed.

Gain for our patients will include improved comfort through further hypo-fractionation

with single fraction treatments on the MR-linac being aimed at as final goal. Due

to the excellent soft tissue contrast of MRI treatment margins can be small, fidu-

cial marker implantation as applied by others for position verification purposes

can be avoided [56, 57]. Clinical gain in terms of tumor related outcome such

as local control, prolonged survival, later onset of systemic treatment as well as

morbidity and quality of life is yet to be established.
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Our study is limited by the relatively low number of cases available for the retro-

spective evaluation of ATS and ATP planning approaches and the margin analysis.

The nodes, which are mainly originating from prostate cancer were detected by

PSMA-PET, reflect small volume targets and essential volume reductions during

the course of treatment are not expected [97]. Regardless of these limitations,

the here presented findings correspond to earlier reported pre-clinical investiga-

tions [117,80] and validate our current treatment approach.

In conclusion, metastatic lymph nodes in the pelvis and para-aortic region can

be treated on the 1.5T MR-linac within an acceptable time frame for the whole

treatment procedure. We can effectively perform MRI based online treatment

planning taking into account the actual patient anatomy and deliver the intended

dose to the targets using small but adequate treatment margins. We feel that we

are close to “See it and Zap it” with single fraction treatments including MRI

based tumor tracking as final goal.
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Abstract

Background and purpose

Patients were treated at our institute for single and multiple lymph node oligometas-

tases on the 1.5T MR-linac since August 2018. The superior soft-tissue contrast

and additional software features of the MR-linac compared to CBCT-lincas allow

for online adaptive treatment planning. The purpose of this study was to per-

form a target coverage and dose criteria based evaluation of the clinically delivered

online adaptive radiotherapy treatment compared with conventional CBCT-linac

plans.

Materials and methods

Patient data was used from 14 patients with single lymph node oligometastases

and 6 patients with multiple (2-3) metastases. All patients were treated on the

1.5T MR-linac with a prescribed dose of 5x7Gy to 95% of the PTV and a CBCT-

linac plan was created for each patient. The difference in target coverage between

these plans was compared and plans were evaluated based on dose criteria for

each fraction after calculating the CBCT-plan on the daily anatomy. The GTV

coverage was evaluated based on the online planning MRI and the post-delivery

MRI.

Results

For both single and multiple lymph node oligometastases the GTV V35Gy had

a median value of 100% for both the MR-linac plans and CBCT-plans pre- and

post-delivery and did not significantly differ. The percentage of plans that met

all dose constraints was improved from 19% to 84% and 20% to 67% for single

and multiple lymph node cases, respectively.

Conclusions

Target coverage and dose criteria based evaluation of the first clinical 1.5T MR-

linac SBRT treatments of lymph node oligometastases compared with conven-

tional CBCT-linac treatment shows a smaller amount of unplanned violations

of dose criteria. The GTV coverage was slightly, but not significantly, improved.

Benefit is primarily gained in patients treated for multiple lymph node oligometas-

tases: geometrical deformations are then accounted for, dose can be delivered in

one plan and margins are reduced.
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Introduction

In recent years stereotactic body radiation therapy (SBRT) has become the stan-

dard treatment option for the treatment of patients with lymph node oligometas-

tases in many centers [51, 131]. SBRT allows for the delivery of a relatively high

amount of dose in few fractions with a very steep dose gradient [43] and is often

given to postpone the start of systematic therapy and improve progression-free or

overall survival without compromising the quality of life [52,53]. In the majority

of the patients treated for lymph node oligometastases the affected nodes origi-

nate from prostate cancer and have a low alpha/beta ratio [50]. This means that,

through SBRT, a high biologically effective dose (> 100Gy) can be given which

is associated with high local control [55].

For accurate dose delivery, image-guided radiotherapy (IGRT) has become in-

creasingly important for target visualization

During SBRT of lymph node oligometastases on CBCT-linacs, inter-fraction mo-

tion is accounted for by couch translations and sometimes also for rotations. These

translations and rotations can compensate for rigid target motion, but not for

non-rigid changes of the target such as changes in size or shape. Additionally,

it is not possible to account for anatomical changes in the location of the tar-

get and OARs, as well as path length changes and tissue attenuation. This can

cause differences between the planned dose and delivered dose after position cor-

rection [88]. Therefore using position verification and correction procedures, but

not optimally taking the new patient anatomy into account, may still result in

unplanned violations of dose constraints [89, 117]. Additionally, it may result in

underdosage of the PTV prior to delivery, which in turn can cause underdosage

of the GTV due to intra-fraction motion.

Inter-fraction variations of soft tissue targets can be more optimally dealt with

using MR-guided radiotherapy systems such as the 1.5T MR-linac (combined

1.5T MR scanner and linear accelerator, Unity, Elekta AB, Stockholm, Swe-

den) [36, 113]. This system provides diagnostic quality imaging of the patient

anatomy before and during treatment, which allows for MR-guided online adap-

tive workflows [169]. In August 2018, SBRT of lymph node oligometastases on the

1.5T MR-linac has commenced within our institute using online MRI-based de-

lineation of the target and OARs, full-online replanning and MRI based position

verification [69].

A R-IDEAL [91] stage 0 study simulating the dosimetric impact of online replan-

ning for SBRT of lymph node oligometastases on the 1.5T MR-linac compared
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to online position correction showed beneficial dosimetric outcomes and a re-

duction of unplanned violations of dose constraints [117]. The purpose of this

study was to perform a target coverage and dose criteria based evaluation of the

clinically delivered online adaptive radiotherapy treatment compared with con-

ventional CBCT-linac plans.

Methods

Patient characteristics

Patients were treated at our institute for single and multiple lymph node oligometas-

tases on the 1.5T MR-linac (Unity, Elekta AB, Stockholm, Sweden) since August

2018. For this study, patient data was used from 14 patients with single lymph

node oligometastases and 6 patients with multiple (2-3) metastases located in the

pelvic and para-aortic region (Table 7.1).

Table 7.1: Patient data characteristics

Single lymph node oligometastases patients (N=14)

CBCT-linac MR-linac

GTV [cc] 0.53 [range, 0.15 – 6.83]

∆ GTV Pretreatment – Rx [cc] 0.01 [range -2.25 – 0.82]

PTV margin [mm] 3 (N=10), 8 (N=4) 3 (N=14)

Multiple lymph node oligometastases patients (N=6)

CBCT-linac MR-linac

GTV per patient [N] 2 (N=3), 3 (N=3)

GTV [cc] 0.36 [range, 0.08 – 1.49]

∆ GTV Pretreatment – Rx [cc] 0.01 [range, -1.04 – 0.29]

PTV per patient [N] 1 (N=1), 2(N=4), 3 (N=1) 2 (N=3), 3 (N=3)

PTV margin [mm] 3 (N=8), 5 (N=2), 8 (N=3) 3 (N=15)

Treatment plans per patient (N) 1 (N=4), 2 (N=2) 1 (N=6)

Clinical treatment

Pre-treatment CT and MR imaging were acquired for each patient and registered.

To provide reproducibility of the patient position along the length of the couch

between the pre-treatment CT scan and each MRI based treatment session, the

pre-treatment CT was acquired using a special table overlay to enable patient set-

up using specific couch index points [69]. To reduce potential motion, patients
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with lymph node metastases in the pelvic region were initially immobilized using

a vacuum mattress (BlueBAG, Elekta AB, Stockholm, Sweden) with both hands

on the chest and the elbows along the body. Two more recent patients were

not treated in a vacuum mattress, due to a change in common practice. The

patients with affected nodes in the para-aortic region were treated whilst wearing

an abdominal corset with the arms along the body [10].

All patients were treated on the 1.5T MR-linac with a prescribed dose of 5 x

7Gy to 95% of the PTV. For each patient, a six-, seven- or ten-beam MR-linac

IMRT pre-treatment plan was created with a GTV-PTV margin of 3mm using

Monaco TPS (Elekta AB, Stockholm, Sweden), taking into account the presence

of the 1.5T magnetic field. For patients treated with the arms along the body,

beam angles were selected such that the beams would not traverse the arms.

Additionally a CBCT-linac VMAT back-up plan was created for each patient.

A radiation oncologist determined whether the lymph node oligometastases were

well visible or not on CBCT. A PTV margin of 8mm was used for poorly visible

lymph nodes and 3mm for visible lymph nodes [117]. For patients with multiple

lymph node oligometastases, the plans consisted of one, two or three PTV’s. For

the CBCT-linac plans, a medical physicist and radiation oncologist decided on

one or two separate plans, placement of the isocenter, depending on the specific

anatomical situation of the patient and PTV margins. OAR dose was lowered as

much as possible, while maintaining a sufficient PTV coverage of V35Gy >95%

and a Dmax between 120-135%. Clinical dose criteria for the OARs were based

on the UK SABR consortium guidelines (2016) (Table 7.2).

During each online treatment session the adapt to shape (ATS) workflow was

followed to allow for adaptive treatment planning [169]. A daily MRI was acquired

onto which the pre-treatment contours were automatically deformed. If necessary,

the contours of the target lymph node(s) and OARs within 2 cm of the PTV(s)

were manually adapted by a radiation oncologist [69]. Based on the daily MRI

and adapted contours, a new plan was created [79]. Radiation delivery according

to the new plan was performed after MRI based position verification. After each

treatment session offline assessment of the intra-fraction motion was performed

by recalculating the GTV coverage on the actual anatomy as seen on the post-

delivery MRI. Contouring of the GTV on the post-delivery MRI was performed

by multiple observers. Inter-observer contouring variation on MRI is considered

negligible for these small and well visible lesions.
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Table 7.2: Clinical dose criteria

Structure
Offline constraints

(pre-treatment plan)
online constraints

Planning target volume
V35Gy > 95%

D0.1 cm3 < 47.25 Gy

V35Gy > 95%

D0.1 cm3 < 47.25 Gy

Aorta V53Gy < 0.5 cm3 V53Gy < 0.5 cm3

Bladder
V38Gy < 0.5 cm3

V18.3Gy < 15 cm3
V38Gy < 0.5 cm3

Bowel bag + colon
V32Gy < 0.5 cm3

V25Gy < 10 cm3
V32Gy < 0.5 cm3

Duodenum + stomach
V35Gy < 0.5 cm3

V25Gy < 10 cm3
V35Gy < 0.5 cm3

Esophagus
V34Gy < 0.5 cm3

V27.5Gy < 5 cm3
V34Gy < 0.5 cm3

Kidney V16.8Gy < 67% V16.8Gy < 67%

Nerve root + sacral plexus V32Gy < 0.1 cm3 V32Gy < 0.1 cm3

Rectum + sigmoid
V32Gy < 0.5 cm3

Dmax < 40 Gy
V32Gy < 0.5 cm3

Spinal cord Dmax < 28 Gy Dmax < 28 Gy

Ureter Dmax < 40 Gy Dmax < 40 Gy

Retrospective analyses

Comparison of MR-linac and CBCT-linac plans

The differences in target coverage between the clinically delivered MR-linac and

the CBCT-linac plans were compared for each treatment session. Additionally, the

plans were evaluated based on the clinical dose criteria for the target coverage and

OAR dose. The CBCT-linac plan was calculated on the daily MRI and contours

from the online treatment. The electron density information was retained by

matching and deforming the initial planning CT to the daily MRI data. In our

clinic, CBCT-based online correction is performed by matching using a 0.5cm

mask around the GTV or a clipbox with nearby structures for lymph nodes with

good or poor visibility, respectively. To simulate the online correction protocol

we assumed that the reference point of this correction is equal to the center of

the PTV and placed the plan isocenter at the center of the PTV according to

the daily anatomy. For multiple PTV’s, the isocenter was placed as was done in

the pre-treatment planning of the CBCT-linac plans. If CBCT-linac treatment

would be performed with two plans, the doses were summed. The plans were

evaluated using the clinical dose constraints and compared based on PTV and

GTV coverage.
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Intra-fraction GTV coverage analysis

To determine whether dose coverage was sufficient during treatment and if PTV

margins were adequate, the GTV coverage for the clinically delivered (ATS) plans

and the CBCT-linac plans were evaluated. This was done by evaluating the dose

on both the online planning MRI, acquired at the start of the treatment fraction,

as well as the post-delivery MRI, acquired after dose delivery.

Results

Pre-delivery target coverage comparison and dose

constraint based evaluation

For single lymph node oligometastases the clinically delivered MR-linac plans

had a median GTV V35Gy value of 100% [99.7-100%] compared to 100% [98.7-

100%] for the CBCT-linac plans. As could be expected, the PTV V35Gy was

significantly higher (p-value <0.01) with a median of 100% [90.7-100%] compared

to 94.9% [47.7-100%] for the CBCT-linac plans. All dose criteria were met for the

MR-linac plans in 59/70 (84%) fractions. Violations occurred with a maximum of

3Gy or a maximum PTV V35Gy reduction of 4.3%. For the CBCT-plans all dose

criteria were met in 13/70 (19%) fractions. Violations occurred with a maximum

of 2.5Gy or 0.1cc for OARs and a maximum PTV V35Gy reduction of 47.3%.

For multiple lymph node oligometastases the clinically delivered MR-linac plans

had a median GTV V35Gy value of 100% [100-100%] compared to 100% [8.9-100%]

for the CBCT-linac plans. Also here the PTV V35Gy was significantly higher (p-

value <0.01) with a median of 100% [93.4-100%] compared to 94.7% [31.6-100%]

for the CBCT-linac plans. All dose criteria were met for the MR-linac plans in

20/30 (67%) fractions. Violations occurred with a maximum of 0.5Gy or 0.1cc

for OARs and a maximum PTV V35Gy reduction of 1.6%. For the CBCT-plans

all dose criteria were met in 6/30 (20%) fractions. Violations occurred with a

maximum of 0.5Gy or 0.7cc for OARs and a maximum PTV V35Gy and GTV

V35Gy reduction of 64.4% and 86.1%, respectively. These results are summarized

in Figure 7.1.

GTV intra-fraction target coverage analysis

For the clinically delivered single lymph node oligometastases plans the median

GTV V35Gy was 100% [99.7–100%] and the median GTV Dmean was 43.0Gy
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Figure 7.1: Boxplot of the target dose coverage described as planning target volume (PTV) and
gross target volume (GTV) V35Gy in % for the adapted treatment plans. The bars show the upper
and lower quartiles. The whiskers show the 5-95 percentiles. Outliers are denoted with an asterisk.
The dotted line for the PTV graph (left) denotes the minimal required coverage according to the
dose constraints.

[37.6–46.1Gy] on the online planning MRI. On the post-radiation delivery MRI

the median GTV V35Gy was 100% [98.0–100%] and the median GTV Dmean was

42.9Gy [37.9–45.8Gy]. For 62 of the 70 fractions (89%) the GTV V35Gy on the

post-delivery MRI remained 100%. For one patient, a slight reduction of the

GTV coverage was necessary during online treatment planning for 3 fractions due

to the dose constraint for the sacral plexus in the vicinity of the target. For the

CBCT-linac plans the median GTV V35Gy was 100% [98.7–100%] and the median

GTV Dmean was 44.5Gy [41.6–46.8Gy] on the online planning contours. On the

post-radiation delivery contours the median GTV V35Gy was 100% [72.4–100%]

and the median GTV Dmean was 44.5Gy [37.2–46.2Gy]. For 56 of the 70 fractions

(80%) the GTV V35Gy was 100% on the post-delivery contours (Figure 7.2).

The clinically delivered multiple lymph node plans showed a median GTV V35Gy

of 100% [100–100%] and the median GTV Dmean was 43.5Gy [39.8–46.3Gy] on the

online planning MRI. On the post-radiation delivery MRI the median GTV V35Gy

was 100% [57.7–100%] and the median GTV Dmean was 43.2Gy [35.8–46.1Gy]. For

63 of the 75 targets (84%) the GTV V35Gy on the post-delivery MRI remained

100%. For the CBCT-linac plans the median GTV V35Gy was 100% [8.9–100%]

and the median GTV Dmean was 44.2Gy [33.4–46.7Gy] on the online planning

contours. On the post-radiation delivery contours the median GTV V35Gy was

100% [0–100%] and the median GTV Dmean was 43.7Gy [32.4–46.4Gy]. For 61 of

the 75 targets (81%) the GTV V35Gy was 100% on the post-delivery contours (

Figure 7.3).
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Figure 7.2: Boxplot graph of the GTV coverage and mean GTV dose of single lymph node oligometas-
tases described as V35Gy in % and Dmean in Gy for the clinically delivered MR-linac plans and the
CBCT-linac evaluated on pre- and post-delivery contours. The bars show the upper and lower
quartiles. The whiskers show the 5-95 percentiles. Outliers are denoted with an asterisk.

Figure 7.3: Boxplot graph of the GTV coverage and mean GTV dose of multiple lymph node
oligometastases described as V35Gy in % and Dmean in Gy for the clinically delivered MR-linac plans
and the CBCT-linac evaluated on pre- and post-delivery contours. The bars show the upper and
lower quartiles. The whiskers show the 5-95 percentiles. Outliers are denoted with an asterisk.

Discussion

Within this study we have compared the target coverage of the clinically delivered

online adaptive radiotherapy treatment with the CBCT-linac VMAT plans for

patients with both single or multiple lymph node oligometastases and evaluated

the plans based on the clinical dose criteria. Our results show no significant
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difference between the GTV coverage and mean GTV dose between the MR-linac

and the CBCT-linac plans. Even though the PTV coverage was significantly

higher for the MR-linac plans, which corresponded to earlier findings [117], the

GTV remained adequately covered for most fractions. Because the post-delivery

GTV coverage for the CBCT-linac plans was also evaluated on the post MR-linac

delivery MRI, this potentially shows a worst-case scenario. The CBCT-linac plans

are VMAT plans which have lower delivery times and less intra-fraction motion

might be expected. In addition to the longer delivery times, the entire workflow for

MR-linac treatment is also longer than CBCT-linac treatment. This means that

the benefit with regards to improved GTV coverage for the group of single lymph

node oligometastases for this particular seems limited. In cases where target

coverage and OAR constraints are more demanding such as hypo-fractionated

treatments, benefit could however be obtained.

A benefit for treatment of multiple lymph node oligometastases is present in cases

with large deformation of the patient anatomy and can additionally be explained

by independent inter-fraction motion of the targets, which may occur [110]. Posi-

tion correction through couch translations may therefore not always be sufficient.

This can be seen in particular for one fraction in a patient receiving simultaneous

treatment of three lymph node metastases. While GTV coverage was adequate

in four fractions with a V35Gy of 100% for all targets, one target would receive

only a GTV V35Gy of 8.9% and 0% in one fraction in the pre- and post-delivery

situation, respectively (Figure 5). This is caused by independent motion of the

targets due to deformation of the patient anatomy. Roper et al. [170] have shown

that in general, the risk of compromised coverage increased with decreasing tar-

get volume, increasing rotational error and increasing distance between targets.

This also corresponds with the relatively large distance and distal position of this

particular target to the other two targets for this particular case. Although in

general excellent plan quality and clinical efficiency can be reached with single-

isocenter treatment of multiple targets [171], rotational errors cannot be ignored

for high precision treatment, especially when the distance between a target and

the isocenter is large [172]. Treating multiple lymph node oligometastases on

the 1.5T MR-linac means that the use of multiple plans and larger margins to

account for rotational uncertainties are no longer required. The improved soft

tissue contrast on MR also eliminates the need for larger PTV margins.

The possibility for accurate dose delivery using an online MR-guided adaptive

workflow in which the patient anatomy is fully taken into account to mitigate for

inter-fraction motion opens up further opportunities. One of such opportunities

is improved patient comfort through hypo-fractionation and potentially single

fraction treatment of lymph node oligometastases. While at this moment different
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Figure 7.4: Pre-treatment, pre-delivery and post-delivery example of a multiple lymph node
oligometastases case with three targets. Visible are the two most distal GTVs (blue and green)
the 35Gy dose level (red). Geometrical variations would have led to under-dosage (V35Gy of 8.9%)
of the distal GTV (blue) when using the CBCT-linac plan in the pre-delivery situation and under-
dosage (V35Gy of 0%) in the post-delivery situation, regardless of the use of a 8mm PTV margin.
GTV coverage remained adequate with a V35Gy of 100% for the MR-linac plans, using 3mm PTV
margins.

hypo-fractionated schemes are already being applied [55], this is sometimes done

using fiducial marker implantation which is invasive for the patient [106,56]. The

superior soft-tissue contrast provided by MR-guidance might eliminate the need

for such fiducial markers. Other opportunities for dosimetric improvements are

expected in other tumor sites with the potential for large inter-fraction motion and

anatomical deformations such as cervix [167], prostate [166] and rectum [168].
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With online MR-guided adaptive radiotherapy being a relatively new technique,

its distinct features already show to be able to effectively deal with day-to-day ge-

ometrical deformations of the target and surrounding OARs. Further research and

technical improvements are expected to make this technique even more versatile

and allow for various methods of dose delivery, intra-fraction plan adaptation [72]

and adequate tissue tracking. Increased delivery speed will reduce the window

of intra-fraction motion and may therefore also lead to further margin reduction.

While it is currently possible to perform full online replanning in approximately

one minute [82], computer power is also expected to grow over the years, de-

creasing computational time for some of these techniques. Additionally, it is

important to have reliable quality assurance and contour propagation [83].These

developments may further contribute towards precise and patient-specific treat-

ments.

Our results also show that with the use of MR-linac online plan adaptation,

the amount of unplanned violations of dose constraints can be reduced, which

corresponds to earlier studies [117, 89, 118]. A limitation of this study, is that

OARs were only evaluated based on the dose constraints. Further research should

be conducted to investigate the impact of daily online adaptive replanning on the

OAR dose more thoroughly. Additionally, clinical outcomes such as improved

local control, prolonged survival and later onset of systemic treatment are yet to

be determined.

Conclusion

Target coverage and dose criteria based evaluation of the first clinical 1.5T MR-

linac SBRT treatments of lymph node oligometastases compared with conven-

tional CBCT-linac treatment shows a smaller amount of unplanned violations

of dose criteria. The GTV coverage was slightly, but not significantly, improved.

Benefit is primarily gained in patients treated for multiple lymph node oligometas-

tases: geometrical deformations are then accounted for, dose can be delivered in

one plan and margins are reduced.
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Chapter 8

Summary and general discussion

Summary

Treatment planning is an important aspect of radiotherapy to make sure ade-

quate target coverage is achieved, without compromising tolerances of surround-

ing healthy tissue. Automated treatment planning has contributed to reduced

variance and higher efficiency and plays a role in certain supporting aspects such

as quality assurance and decision making. Image guided radiotherapy (IGRT)

ensures accurate delivery of the treatment plan on the intended location. The

introduction of MR-guidance in radiotherapy has shifted the paradigm and, com-

pared to conventional radiotherapy treatment, opened up numerous opportunities

for online treatment planning and plan adaptation based on the actual patient

anatomy.

In Chapter 2 a two-phased planning and optimization workflow was developed

to automatically generate 77Gy 5-field simultaneously integrated boost intensity

modulated radiation therapy (SIB-IMRT) plans for prostate cancer treatment. A

retrospective planning study (n=100) was performed in which automatically and

manually generated treatment plans were compared. A clinical pilot (n=21) was

performed to investigate the usability of our method. Operator time for the plan-

ning process was reduced to<5 min. The retrospective planning study showed

that 98 plans met all clinical constraints. Significant improvements were made

in the volume receiving 72Gy for the bladder and rectum and the mean dose of

the bladder and the body. A reduced plan variance was observed. During the

clinical pilot 20 automatically generated plans met all constraints and 17 plans

were selected for treatment. The automated radiotherapy treatment planning

and optimization workflow is capable of efficiently generating patient specific, op-

timized and improved clinical grade plans. It was adopted as the current standard

workflow in our clinic to generate treatment plans for prostate cancer.
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The promise of the MR-linac is that one can visualize all anatomical changes

during the course of radiotherapy and hence adapt the treatment plan in order to

always have the optimal treatment. Yet, there is a trade-off to be made between

the time spent for adapting the treatment plan against the plan quality, which can

expire over time. In Chapter 3, the various daily plan adaptation methods were

presented and applied on five cases with varying levels of inter-fraction motion,

regions of interest and target sizes: prostate, rectum, esophagus and lymph node

oligometastases (single and multiple target). The plans were evaluated based

on the clinical dose constraints and the optimization time was measured. The

time needed for plan adaptation ranged between 17 and 485s. More advanced

plan adaptation methods generally resulted in more plans that met the clinical

dose criteria. Daily full online replanning is the most robust adaptive planning

method for Unity. It is feasible for specific sites in clinically acceptable times.

Faster methods are available, but before applying these, the specific use cases

should be explored dosimetrically.

Chapter 4 investigated the dosimetric impact of online replanning for SBRT of

lymph node oligometastases as a method for correcting for inter-fraction anatomi-

cal changes. Pre-treatment plans were created for 17 pelvic and para-aortic lymph

nodes, with 3 and 8mm PTV margins reflecting our clinical practice for lymph

nodes with good and poor visibility on CBCT, respectively. The dose–volume pa-

rameters of the pre-treatment plans were evaluated on the daily anatomy as visible

on the repeated MRIs and compared to online replanning. With online MRI-based

replanning significant dosimetric improvements are obtained for the rectum, blad-

der, bowel and sigmoid without compromising the target dose. The amount of

unintended violations of the dose constraints for target and surrounding organs

could be reduced by 75% for targets with a 8mm margin on a CBCT-linac and

66% for targets with a 3mm PTV margin on CBCT-linac when applying online

replanning. The use of online replanning based on the actual anatomy as seen on

repeated MRI compared to online position correction for lymph node oligometas-

tases SBRT gives beneficial dosimetric outcomes and reduces the amount of un-

planned violations of dose constraints.

In Chapter 5 we determined the optimal plan adaptation approach for MR-guided

SBRT treatment of lymph node oligometastases. Using pre-treatment computed

tomography (CT) and repeated MR data from five patients with in total 17 patho-

logical lymph nodes, six different methods of plan adaptation were performed on

the daily MRI and contours. To determine the optimal plan adaptation approach

for treatment of lymph node oligometastases, the adapted plans were evaluated

using clinical dose criteria and the time required for performing the plan adapta-

tion. The average time needed for the different plan adaptation methods ranged
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between 11 and 119s. More advanced adaptation methods resulted in more plans

that met the clinical dose criteria [range, 0–16 out of 17 plans]. The results show

a large difference between target coverage achieved by the different plan adapta-

tion methods. Results suggested that multiple plan adaptation methods, based

on plan adaptation on the daily anatomy, are feasible for MR-guided SBRT treat-

ment of lymph node oligometastases. The most advanced method, in which a full

online replanning was performed by segment shape and weight optimization after

fluence optimization, yielded the most favorable dosimetric values and could be

performed within a time-frame acceptable (<5 min) for MR-guided treatment.

Chapter 6 assesses the clinically applied adaptive planning strategy and the plan-

ning target volume (PTV) margin needed for adequate target coverage when

treating lymph node oligometastases with SBRT on the 1.5T MR-linac. Also,

the results are compared to a simpler patient position based plan adaptation

method to show that incorporating daily patient anatomy is necessary. Ten pa-

tients were treated for single pelvic or para-aortic lymph node metastases on the

1.5T MR-linac with a prescribed dose of 5x7Gy with a 3mm isotropic GTV- PTV

margin. Based on the daily MRI and actual contours, a completely new treat-

ment plan was generated for each session (adapt to shape, ATS). These were

compared with plans optimized on pre-treatment CT contours after correcting

for the online target position (adapt to position, ATP). At the end of each treat-

ment session, a post-radiation delivery MRI was acquired on which the GTV was

delineated to evaluate the GTV coverage and PTV margins. The median PTV

V35Gy was 99.9% [90.7–100%] for the clinically delivered ATS plans compared to

93.6% [76.3–99.7%] when using ATP. The median GTV V35Gy during radiother-

apy delivery was 100% [98–100%] on the online planning and post-delivery MRIs

for ATS and 100% [93.9–100%] for ATP, respectively. The applied 3mm isotropic

PTV margin is considered adequate. For pelvic and para-aortic metastatic lymph

nodes, online MRI-guided adaptive treatment planning results in adequate PTV

and GTV coverage when taking the actual patient anatomy into account (ATS).

Generally, GTV coverage remained adequate throughout the treatment session for

both adaptive planning strategies. The ATS plans however, showed more cases

in which the planning aims were met.

In Chapter 7 the target coverage and dose criteria of the rst 1.5T MR-linac SBRT

treatments of single and multiple lymph node oligometastases were evaluated and

compared to conventional CBCT-linac treatment. Patient data was used from 14

patients with single lymph node oligometastases and 6 patients with multiple (2-3)

metastases. All patients were treated on the 1.5T MR-linac with a prescribed dose

of 5x7Gy to 95% of the PTV and a CBCT-linac plan was created for each patient.

The dosimetric differences between these plans were compared for each fraction
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after calculating the CBCT-plan on the daily anatomy. The GTV coverage was

evaluated based on the online planning MRI and the post-delivery MRI. For both

single and multiple lymph node oligometastases the GTV V35Gy had a median

value of 100% for both the MR-linac plans and CBCT-plans pre- and post-delivery

and did not signicantly dier. The percentage of plans that meet all dose constraints

was improved from 19% to 84% and 20% to 67% for single and multiple lymph

node cases, respectively. Target coverage and dose criteria based evaluation of

the rst clinical 1.5T MR-linac SBRT treatments of lymph node oligometastases

compared with conventional CBCT-linac treatment shows a smaller amount of

unplanned violations of dose criteria. The GTV coverage was slightly, but not

signicantly, improved. Benet is primarily gained in patients treated for multiple

lymph node oligometastases: geometrical deformations are accounted for, dose

can be delivered in one plan and margins are reduced.

Automated treatment planning and dierent MR-guided online plan adaptation

strategies were discussed. The work conducted in this thesis also contains the

introduction of SBRT of lymph node oligometastases on the 1.5T MR-linac by

simulation of the potential dosimetric gain, determining the most appropriate

plan adaptation strategy and by evaluating the treatments against the conven-

tional CBCT-linac treatment and alternative strategies. Essentially, this thesis

describes a possible blueprint for the introduction of new MR-guided online adap-

tive treatments on the 1.5T MR-linac.

General discussion

Automated treatment planning

Over the last few years, developments and innovations in the field of automated

radiotherapy treatment planning has led to improved efficiency and quality of ra-

diotherapy treatment planning [13,15,22]. The work presented in chapter 2 shows

that automatically generating radiotherapy treatment plans for prostate cancer

is feasible. Even though we have only focused on prostate cancer for this specific

work, automated radiotherapy treatment planning is currently being performed

in clinical practice for a wide array of treatment sites including more complex

situations such as in head-and-neck [16, 18, 19], breast [20, 21] and prostate [17]

radiotherapy. At this moment automated treatment planning is used in the UMC

Utrecht to create a library of plans for bladder cancer.

Because of the systematic approach of automated treatment planning, a large

benefit is that it will decrease inter- and intra-dosimetrist variability resulting
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in a lower variance and a higher plan consistency. Almost all generated plans

meet clinical dose constraints and in many cases can produce plans which are

equal or better when compared to manually generated treatment plans [173,174,

174–176, 64]. The automated nature of this process, greatly reducing operator

time, strongly increases efficiency, which is a big driving force for these type

of innovations. A challenge of the systemic approach of automated treatment

planning comes in play when dealing with the trade-off between target coverage

and dose to the surrounding OARs. In current practice it is often an implicit

choice made by the dosimetrist to further reduce dose to a certain OAR, by in

turn allowing additional dose in another OAR. For automated planning however, it

is very important to objectify the plan requirements. The better the requirements

are formulated, the more satisfactory the resulting treatment plans will be. It is

crucial that the team of radiation oncologists involved comes to a consensus and

describes objective and explicit criteria. A wish-list implementation such as used

in iCycle is a good example of objectified plan requirements [64].

Because treatment planning is multi-objective, with a trade-off between target

dose and OAR sparing, one should find a Pareto optimal solution in which neither

of the objectives can be improved, without degrading the other. This principal

that is also used in iCycle [64], is also inherently implemented in the automated

treatment planning workflow presented in Chapter 2. The dose to the OARs

is aimed to be lowered as much as possible, while maintaining adequate target

coverage.

The reduced operator time in automated treatment planning also allows for ef-

ficient generation of a library of plans [23]. Multiple plans are generated based

on expected variations in the patient anatomy and the best suitable plan can be

selected based on online image guidance [24, 25]. Other than direct use for clin-

ical purposes, automated radiotherapy treatment planning algorithms have also

been applied to supportive tools such as plan quality assessment and verification

or to predict what type of dose distribution can be achieved for a certain pa-

tient [24,25]. Being able to predict what type of dose distribution can be achieved,

through techniques such as deep learning [177], may also function as a decision

making support tool in selecting the most optimal treatment for a patient, e.g.

photon or proton therapy [178], making automated treatment planning a versatile

technology in clinical practice. In addition to benefits for clinical practice, auto-

mated radiotherapy treatment planning can also be used for research purposes.

By automating certain aspects of the treatment planning process it is possible

to efficiently and without bias compare different treatment planning approaches

using large sets of patient data to get reliable results [16, 179, 180]. A potential

use case for automated treatment planning in relation to new developments in
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online MR-guided adaptive treatment planning is determining the most optimal

plan adaptation strategy by trying many different methods on a large amount of

patient data.

It is known that plan quality in manual treatment planning is highly depen-

dent on the skill and experience of the dosimetrist, but one should realize that

the implementation of automated treatment planning also requires a high level

of knowledge regarding treatment planning and preferably site-specific planning

experience to be able to optimally implement and configure the automated treat-

ment planning system. This also applies to selecting the plan requirements and

the order of priorities in wish-list type optimizations. A suboptimally functioning

automated treatment planning solution will result in treatment plans that are in-

ferior compared to manual planning and will essentially, because of the systematic

approach, introduce additional systematic error in the treatments by producing

plans that are of lesser quality than what could be achieved. Therefor it is impor-

tant that the development, configuration and implementation of such automated

treatment planning solutions is conducted in close collaboration with physicists,

dosimetrists and physicians.

In the future, the amount of automated treatment planning solutions will likely

increase. As the amount of manual planning work decreases, the dosimetrist

might lose their skills and experience with regards to certain type of treatment

plans. Dosimetrists will not become completely redundant, but their role will

change. Instead of generating bulk treatment plans, they are likely to generate

class solutions for automated planning. Then, automated treatment planning

will most likely be applied to handle less complex and frequent types of treatment

planning, freeing up the dosimetrists to spend more time on more complex and

demanding cases. On the path towards frequent automated treatment planning,

automated treatment planning can and will function as benchmark to increase

overall plan quality and consistency.

MRI-guided radiotherapy

MRI guided radiotherapy has been established during the last two decades and

since then broad clinical implementation for brachytherapy indications, mainly

prostate and cervix [158,157,156], has been realized. In parallel, MRI guidance has

become clinically available for EBRT in 2014 with the combination of a 0.35T MRI

and 60 Cobalt radiotherapy device as realized in MRidian [162]. Since 2017 the

combination of a 1.5T MRI and 7MV linear accelerator is available, bringing new

opportunities for MRI guided high accuracy radiotherapy [36]. Since July 2018
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this radiotherapy system is increasingly available for clinical routine treatments,

starting in Europe and North-America with potential for global spread.

MRI guided radiotherapy has certainly introduced a new era in IGRT because of

the many advantages offered by MRI guidance. Conventional IGRT methods are

often used to match the patient to a previously acquired image of the anatomy

prior to treatment and still heavily relies on effective patient immobilization. The

superior soft tissue contrast of MRI compared to CBCT makes it possible to

accurately identify and delineate target structures and OARS [37]. This will give

major advantages in areas in which soft tissue is involved such as the abdomen.

Additionally MRI can be used to quantify motion.

Being able to accurately identify and delineate target structures and OARs dur-

ing treatment makes it possible to incorporate daily patient anatomy in online

adaptive treatment planning, rather than matching the patient with a previously

acquired image of the anatomy and a previously generated treatment plan. By

fully incorporating the daily anatomy of the patient, inter-fraction motion can be

dealt with efficiently. Good results have been achieved in terms of improved tar-

get coverage and a reduction of unplanned violations of dose criteria [89,118,127]

as can also be seen in Chapter 7 of this thesis. Dealing with inter-fraction motion

may also allow for PTV margin reduction which in its turn may allow for further

dose escalation in specific treatment sites.

These novel MR-guided systems allow for imaging of the patient during beam de-

livery. By real-time monitoring of the patient anatomy it will be possible to react

to unexpected events through exception gating and potentially supports tumor

tracking. Gating can effectively deal with intra-fraction motion by only delivering

the dose when the target position is within a pre-defined threshold [162,181–183].

With tumor tracking the radiation beam will essentially follow the target by shift-

ing the MLC and make treatment times shorter than with gating [184,185]. These

techniques should be further developed and are essential for hypo-fractionated

treatments. Another big advantage of beam-on MRI is that currently offline dose

reconstruction can be performed, which shall ultimately also become possible

during delivery and be incorporated in real-time plan adaptation [72].

Another distinct advantage of MRI guidance is that it allows for functional imag-

ing during the course of radiotherapy treatment. The future of MRI guidance

combined with functional imaging may potentially allow incorporation of func-

tional data to not only adapt the treatment plan based on anatomical changes,

but also based on differences in treatment response [186]. For example the use of

the apparent diffusion coefficient (ADC) which can be obtained diffusion-weighted

imaging may provide both qualitative and quantitative information which can be
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used to identify early treatment response and predict local recurrence [187, 188].

If this technique is combined with real-time adaptive plan optimization, it would

open up a whole new level of precision and personalization in radiotherapy [189].

Even though the use of MRI guidance yields distinct advantages over other meth-

ods of IGRT, several challenges remain. MRI does not give electron density

properties such as CT techniques. This can however be compensated for with the

use of model based pseudo CT generation [190] or deep learning [191]. Fraction

times for MR-guided treatment are relatively long, compared to CBCT-guided

treatment. This is caused by additional steps in the online workflow such as de-

lineating the online patient anatomy. Although this is largely done by automated

deformable contour propagation, small edits by the physician are often required.

To speed up this process, online re-contouring of the OAR is often limited to

a small region around the target [125, 126]. This problem can be further ad-

dressed by robust contour propagation and reliable quality assurance [83]. Other

time-costly factors include independent dose calculations or slower dose delivery

because of lower dose rates or delivery techniques. Longer fraction times may

cause additional challenges for tumor sites in which large intra-fraction motion

may be expected [166–168]. With intra-fraction plan adaptation, this will not be

a hurdle anymore, except for patient comfort.

Online plan adaptation

Based on pre-delivery MRI acquisition it is possible to perform online plan adap-

tation while the patient is on the treatment table, as described in Chapter 3.

Several different planning strategies have been previously described such as the

Virtual Couch Shift (VCS) method in which the dose is transformed to the daily

anatomy based on the daily rigid transformation [111]. Plan adaptation on the

1.5T MR-linac is possible through two different approaches. In the first approach

the treatment plan is adapted to the new patient position (adapt to position,

ATP) and re-optimized on the pre-treatment imaging. The second method is

done by incorporating the daily MRI and adapted contours (adapt to shape,

ATS). The re-optimization is then performed on the daily MRI. In Chapter 3 it

became apparent that there is a trade-off between the time needed for online plan

adaptation against the plan quality, which expires over time due to intra-fraction

motion. In particular, calculation times are longer for larger target volumes and

more complex anatomies.

Although it might seem preferable to always incorporate as much daily informa-

tion as possible, this might not always be viable. Using the ATS workflow requires
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deformable contour propagation and potentially manual editing of the contours.

Followed by full online replanning with segment shape and weight optimization,

the time required might be of such length that for specific cases with large intra-

fraction motion the anatomical situation between acquiring the daily MRI used

for plan adaptation and the anatomy at the time of beam delivery might have

significantly changed. Additionally, incorporating the daily anatomy might not

even give a significant advantage over using the ATP workflow for treatment sites

in which little inter-fraction variation is expected.

Daily online replanning seems feasible in clinically acceptable times, but one

should investigate the most suitable approach per use case and will depend on

several factors such as the complexity of the anatomy and the inter- and intra-

fraction motion [166–168]. Additionally, it is also possible to look for hybrid plan

adaptation solutions, where two steps of plan adaptation are being applied before

dose delivery. A more time-consuming ATS workflow can be utilized to deal with

larger inter-fraction motion, followed by an ATP step to account for the intra-

fraction motion that occurred during the process of contour propagation, contour

editing and re-optimization. Such approach is currently being applied within our

institute for MR-linac prostate treatments. In practice the pre-treatment plan

is used as input for the online plan adaptation. A first intra-fraction implemen-

tation could be to also allow, for instance, intra-fraction ATP, where based on

the imaging acquired during dose delivery, the decision can be made to adapt the

dose to a modified patient position. This can further be improved by warping the

delivered dose of previous fractions and incorporate it in dose calculations for the

subsequent fractions [81]. This however requires accurate dose reconstruction and

accumulation. Also this is essential for intra-fraction plan adaptation, where the

ultimate goal is to get to real-time plan adaptation while accounting for the dose

delivered so far. Kontaxis et al. [81] presented a loop that enables such continuous

re-optimization during beam delivery.

With online MR-guided plan adaptation being a relatively new technique, its dis-

tinct features already yield benefit. Nowadays it is possible to accurately deal

with inter-fraction motion in a clinical setting by taking advantage of the su-

perior soft-tissue contrast of MRI-guidance and the therefrom derived technical

advantages and possibilities. Further research and technical improvements will

make this technique even more versatile and allow for various methods of dose

delivery, intra-fraction plan adaptation [72] and adequate tissue tracking. Real-

time dose accumulation and reconstruction will be used as an input for further

inter- and intra-fraction plan adaptation [72,71]. Proof of concept has shown the

viability of many of these advances. While it is essentially already possible to

perform full online replanning in approximately one minute [82], computer power
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is also expected to grow over the years, decreasing computational time even. Ad-

ditionally, advances towards reliable quality assurance and contour propagation

are being made [83]. This facilitates objective, and potentially, automated evalua-

tion of contour propagation, such advancements are required to get to automated,

real-time, adaptive radiotherapy.

MRI-guided SBRT of lymph node oligometastases

SBRT of lymph node oligometastases benefits from the superior soft-tissue con-

trast, which often forms a challenge in the lower abdominal region. In this thesis

SBRT of lymph node oligometastases on the 1.5T MR-linac has showed improved

target coverage and a reduction of unplanned violations of OARs. This benefit

can be seen both for lymph nodes with good and poor visibility on CBCT. It

can therefore be advocated to use online replanning to take non-rigid anatomical

changes into account.

As investigated in Chapter 4, large benefit can be reached for lymph nodes that

are poorly visible on CBCT. The superior soft tissue contrast on the MR-linac

will allow for a considerable reduction of the PTV margin (i.e. reduction from 8 to

3mm in this particular situation), which importantly reduces the overlap between

PTV and OARs. The improved target structure visibility with the MR-linac,

combined with online replanning could also provide opportunities for hypofrac-

tionation, without the need for invasive marker placement procedures, compared

with hypofractionated SBRT using the CyberKnife [56,106]. SBRT treatment of

lymph node oligometastases on the MR-linac using online replanning therefore

opens up possibilities for dose escalation, without increasing the risk on OAR

dose constraint violations. Further studies must be conducted to show whether

dose escalation and hypofractionation are possible. Ultimately, this treatment is

performed in a single fraction, but this still requires technical developments such

as intra-fraction plan adaptation and faster dose delivery to either deal with the

increased window for intra-fraction motion, or reduce the total treatment time.

The latter must also be considered for patient comfort. While hypo-fractionated

treatment improves patient comfort, longer-term clinical outcomes such as im-

proved local control, prolonged survival and later onset of systemic treatment are

yet to be determined.

Improved target coverage can already be observed for single target cases, however

the benefit for multiple lymph node oligometastases is largest. This can poten-

tially be explained by independent inter-fraction motion of the targets, which

may occur [110]. Position correction through couch translations may therefore

108



C
h

a
p

ter
8

Summary and general discussion

not always be sufficient. This is caused by independent motion of the targets due

to geometrical changes of surrounding organs. Roper et al. have shown that in

general, the risk of compromised coverage increased with decreasing target vol-

ume, increasing rotational error and increasing distance between targets [170].

This also corresponds with the relatively large distance and distal position of this

particular target to the other two targets for this particular case. Although that

in many cases good plan quality and clinical efficiency can be reached with single-

isocenter treatment of multiple targets [171,109,192], rotational errors cannot be

ignored for high precision treatment, especially when the distance between a tar-

get and the isocenter is large [172]. More deformation of the patient relative to the

pre-treatment situation, will result in insufficient target coverage as is presented

in Chapter 7. This can however be adequately dealt with using MR-guided online

adaptive planning strategies.

It is clear that for treatment sites in which large anatomical deformations can

occur, such as multiple lymph node oligometastases, benefit is evident. The effect

of online adaptive planning on the OAR dosis is still to be further investigated.

The whole treatment can be performed within an acceptable time frame for the

whole procedure [69]. MRI-guided plan adaptation has been efficiently performed

taking into account the actual patient anatomy and deliver the intended dose to

the targets using small but adequate treatment margins.

Overall conclusion

In conclusion, automated treatment planning and several methods of online plan

adaptation to account for inter-fraction motion were discussed. The most suitable

methods were explored for different type of treatment sites. Single lymph node

oligometastases was a good starting point as these are typically relatively small

and approximately rigid. This easens and speeds up the contour propagation and

editing as well as on-line treatment planning. The first treatments showcased

the clinical feasibility of true online, MRI guided radiotherapy to account for

inter-fraction variability. Cases with multiple lymph node oligometastases have

offered insights on more deforming targets. With future developments, lymph

node oligometastases might be treated in 1 fraction with intra-fraction adaptive

radiotherapy. This thesis is essentially a blueprint for the introduction of new and

more complex treatment sites on the 1.5T MR-linac. Exciting times are ahead

for technological and clinical advances in radiotherapy.
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Ter voorbereiding van een radiotherapiebehandeling worden er CT en MRI beelden

gemaakt van de patiënt, waarop het doelgebied en andere belangrijke weefsels wor-

den ingetekend. Op basis hiervan wordt er een dosisplan gemaakt. Dosisplanning

is een belangrijk aspect waarmee gezorgd wordt dat er voldoende dosis aan de

tumor wordt gegeven zonder dosislimieten van gezonde weefsels rond de tumor

te overschrijden. Automatische dosisplanning heeft bijgedragen aan een reductie

in variantie en een hogere efficiëntie en speelt een ondersteunende rol in verschil-

lende aspecten van de radiotherapie, zoals kwaliteitsbewaking en besluitvorming.

Beeldgestuurde radiotherapie zorgt voor het nauwkeurig afstralen van de dosis op

de juiste locatie. De introductie van MRI-gestuurde radiotherapie heeft gezorgd

voor een verschuiving in de wereld van radiotherapie en biedt, vanwege verbeterd

contrast tussen zachte weefels, vele nieuwe mogelijkheden voor online dosisplan-

ning en planadaptatie gebaseerd op de actuele anatomie van de patiënt.

In hoofdstuk 2 is er een uit twee fasen bestaand dosisplanning- en optimalisatie

systeem ontwikkeld om automatisch 77Gy 5-velden intensiteitsgemoduleerde ra-

diotherapie (intensity modulated radiotherapy, IMRT) plannen te maken waar-

bij verschillende gebieden met verschillende doseringen (simultaneous integrated

boost, SIB) bestraald worden voor de behandeling van prostaatkanker. Een retro-

spectieve planningsstudie was uitgevoerd, waarin voor een set van 100 patiënten

het automatisch gegenereerde dosisplan vergeleken was met het werkelijk afges-

traalde klinische plan. Vervolgens was er een klinische pilotstudie uitgevoerd

waarin de plannen prospectief werden vergeleken om te bruikbaarheid van het

systeem te onderzoeken. De tijd nodig voor handmatige handelingen in het plan-

ningsproces was gereduceerd tot <5 minuten. De retrospectieve planningsstudie

liet zien dat voor 98 plannen alle klinische dosiscriteria behaald waren. Voor

de blaas en het rectum waren er significante reducties van het volume dat 72Gy

ontving. De variantie tussen de plannen was gereduceerd. Tijdens de klinis-

che prospectieve pilot voldeden 20 van de 21 plannen aan alle dosiscriteria en
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waren er 17 geselecteerd voor behandeling. Het automatische dosisplanning- en

optimalisatie systeem is in staat om op efficiënte wijze patiëntspecifieke, geopti-

maliseerde en verbeterde plannen te genereren van klinische kwaliteit. Het was

gëıntroduceerd als de standaard optie dosisplanning voor prostaatkanker in de

kliniek.

De belofte van de MRI-gestuurde lineaire versneller (MR-linac) is dat het alle

anatomische veranderingen tijdens de radiotherapiebehandeling kan visualiseren

en het dosisplan daarop aan kan passen om de patiënt een verder geoptimaliseerde

bestraling te kunnen geven. Er is echter altijd een evenwichtige wisselwerking

tussen hoeveel tijd je aan het adapteren van het plan besteedt en de plankwaliteit,

welke kan afnemen over tijd door veranderingen in de anatomie tijdens de planadap-

tatie. In hoofdstuk 3 worden de verschillende methoden voor dagelijkse planadap-

tatie gepresenteerd en toegepast op vijf verschillende casussen met variërende

anatomische doelgebieden en tumorgroottes: prostaat, rectum, slokdarm en lym-

feklier oligometastasen (enkele en meerdere). De plannen werden geëvalueerd aan

de hand van de klinische dosiscriteria en de tijd nodig voor planoptimalisatie

was gemeten. De tijd welke nodig was voor planadaptatie zat tussen de 17 en

485 seconden. De meer geavanceerde planadaptatiemethoden resulteerden over

het algemeen in meer dosisplannen welke voldeden aan de klinische dosiscriteria.

Dagelijks volledig online herplannen is de meest robuuste planadaptatiemethode

voor de Elekta Unity, wat mogelijk is voor verschillende doelgebieden in klinisch

acceptabele tijden. Snellere methoden zijn beschikbaar, maar voor deze toe te

passen is het verstandig deze eerst dosimetrisch verder te verkennen.

Hoofdstuk 4 beschrijft de dosimetrische impact van het online herplannen voor de

stereotactische behandeling van lymfeklier oligometastasen als een methode om

te corrigeren voor anatomische veranderingen tussen de bestralingen door. Dosis-

plannen zijn gemaakt voor 17 lymfeklieren in het bekken en para-aortische gebied

met zowel een 3mm als een 8mm planning target volume (PTV) marge. Deze

marge wordt toegepast rondom het klinische doelgebied om eventuele bewegingen

van de tumor en patiënt en overige onnauwkeurigheden op te vangen. Dit re-

flecteert het huidige klinische beleid waarin 3mm wordt toegepast op klieren welke

goed zichtbaar zijn op cone-beam computed tomography (CBCT) scans en 8mm

voor klieren welke slecht zichtbaar zijn. De dosis-volume histogram parameters

van de dosisplannen zijn geëvalueerd op de dagelijkse anatomie zoals zichtbaar in

de herhaalde MRI-scans en vergeleken met online herplannen. Online herplannen

gebaseerd op de MRI beelden zorgde voor significante dosimetrische verbeterin-

gen voor rectum, blaas, darmen en sigmoid zonder verslechtering van de dosis in

het doelgebied. De hoeveelheid onbedoelde overschrijdingen van dosiscriteria in

het doelgebied en de risico organen was gereduceerd met 75% voor doelgebieden
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met een 8mm PTV marge en 66% voor doelgebieden met een 3mm PTV marge

op een CBCT gestuurde lineaire versneller (CBCT-linac) wanneer online herplan-

nen werd toegepast. Het gebruik van online herplannen gebaseerd op de actuele

anatomie zoals zichtbaar op de herhaalde MRI scans geeft goede dosimetrische

uitkomsten en reduceert het aantal onbedoelde overschrijdingen van dosiscriteria

in vergelijking met het reguliere positie correctie protocol.

In hoofdstuk 5 wordt de meest optimale aanpak voor planadaptatie voor MRI-

gestuurde stereotactische behandeling van lymfeklier oligometastasen op de 1.5T

MR-linac vastgesteld. Er is gebruik gemaakt van CT beelden van voor de be-

handeling en herhaalde MRI beelden van vijf patiënten met in totaal 17 patholo-

gische lymfeklieren. Op deze opnieuw ingetekende MRI beelden zijn zes verschil-

lende methoden van planadaptatie toegepast. Om de meest optimale methode te

bepalen zijn de plannen vergeleken op klinische dosiscriteria en de vereiste tijd

om het planadaptatie uit te voeren. De gemiddelde tijd bedroeg tussen de 11

en 119 seconden. De meer geavanceerde adaptatiemethoden resulteren in meer

plannen welke voldoen aan de klinische dosiscriteria. De resultaten laten grote

verschillen zien in de dosisdekking van het doelgebied tussen de verschillende

methoden. De resultaten laten daarnaast zien dat verschillende methoden voor

planadaptatie, gebaseerd op adaptatie op de dagelijkse anatomie van de patiënt,

toepasbaar zijn voor MRI-gestuurde stereotactische behandeling van lymfeklier

oligometastasen. De meest geavanceerde methode, in welke een volledige her-

planning wordt uitgevoerd middels het optimaliseren van de segmentvormen en

-gewichten na een volledige heroptimalisatie van de fluentie, zorgt voor de meest

gunstige dosimetrische waarden en kan uitgevoerd worden binnen een tijdsspan

(<5 minuten) welke acceptabel is voor MRI-gestuurde behandelingen.

Hoofdstuk 6 evalueert de klinisch toegepaste planadaptatiestrategie en de PTV

marges welke noodzakelijk zijn voor adequate dosisdekking van het doelgebied

voor de behandeling van lymfeklier oligometastasen op de 1.5T MR-linac. Daar-

naast zijn de resultaten vergeleken met planadaptatie gebaseerd op enkel de

nieuwe positie van de patiënt om aan te tonen dat rekening houden met de actuele

anatomie van de patiënt noodzakelijk is. Tien patiënten zijn behandeld voor enkel

of meervoudige lymfeklier oligometastasen in het bekken of para-aortische gebied

op de 1.5T MR-linac met een voorgeschreven dosis van 5 x 7Gy en een 3mm

isotrope PTV marge. Voor elke fractie was er een plan gegenereerd middels de

adapt-to-shape (ATS) procedure, waarbij het plan aangepast wordt op de nieuwe

anatomie en intekeningen zoals zichtbaar op de direct daarvoor gemaakte MRI

beelden van de patiënt. Deze zijn vergeleken met plannen welke aangepast zijn via

de adapt-to-position (ATP) procedure, waarin planadaptatie plaatsvindt op basis

van de nieuwe positie van de patiënt. Hierbij wordt er geen rekening gehouden
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met de huidige anatomie van de patiënt. Aan het einde van elke bestralingsfractie

waren er nieuwe MRI beelden gemaakt waarop het zichtbare deel (gross tumor

volume, GTV) van de tumor werd ingetekend om de dosisdekking van het GTV en

te evalueren of de toegepaste PTV marge voldoet. De mediaan van het volume van

de PTV welke minimaal 35Gy kreeg (V35Gy) was 99.9% [90.7–100%] voor de klin-

isch afgestraalde ATS plannen vergeleken met 93.6% [76.3–99.7%] voor de ATP

plannen. De mediaan van de GTV V35Gy tijdens behandeling was respectievelijk

100% [98–100%] op de MRI voor bestraling en MRI na bestraling voor ATS en

100% [93.9–100%] voor ATP. De toegepaste 3mm isotrope PTV marge was ade-

quaat. Voor gemetastaseerde lymfeklieren in het bekken en para-aortale gebied

zorgt MRI-gestuurde radiotherapie met planadaptatie op de huidige anatomie van

de patiënt voor adequate dosisdekking van het GTV en het PTV. Over het al-

gemeen bleef de dosisdekking van het GTV adequaat gedurende de behandeling

voor zowel ATS als ATP-gebaseerde planadaptatie, maar waren er door gebruik

van de ATS procedure meer fracties waar aan alle dosiscriteria voldaan werd.

In hoofdstuk 7 worden de dosisdekking en dosiscriteria van de eerste 1.5T MR-

linac stereotactische behandelingen voor enkele en meerdere lymfeklier oligometas-

tasen geëvalueerd en vergeleken met de situatie wanneer deze patiënten op een con-

ventionele CBCT-linac behandeld zouden zijn. Hiervoor is gebruikgemaakt van

patiëntdata van 14 patiënten met enkele lymfeklier oligometastasen en 6 patiënten

met meerdere (2-3) metastasen. Alle patiënten zijn behandeld op de 1.5T MR-

linac met een voorgeschreven dosis van 5 x 7Gy op 95% van het PTV. Daarnaast

was er voor elke patiënt een CBCT-linac dosisplan gemaakt. De dosimetrische

verschillen tussen deze plannen werden vergeleken voor elke fractie na berekening

van het CBCT-plan op de dagelijkse patiëntanatomie. De dosisdekking van het

GTV was geëvalueerd op basis van de MRI beelden gemaakt direct voorafgaand

aan de bestraling en de MRI beelden direct na bestraling. Voor zowel de enkele

als meerdere lymfeklier oligometastasen had de GTV V35Gy een mediaan van

100% voor zowel de MR-linac als de CBCT-linac dosisplannen voorafgaand en

na bestraling. Hierin zijn geen significante verschillen gevonden. Het percentage

plannen dat voldeed aan alle dosiscriteria was respectievelijk verbeterd van 19%

naar 84% en van 20% naar 67% voor enkele en meerdere lymfeklieren oligometas-

tasen. Evaluatie van de dosisdekking en de dosiscriteria voor de eerste klinis-

che 1.5T MR-linac stereotactische behandelingen van lymfeklier oligometastasen

vergeleken met conventionele CBCT-linac behandelingen laten een kleinere ho-

eveelheid overschrijdingen van de dosiscriteria zien. De dosisdekking van het GTV

was vergelijkbaar. Voordeel is voornamelijk behaald voor patiënten welke behan-

deld worden voor meerdere lymfeklier metastasen: er wordt rekening gehouden

met geometrische deformaties, dosis kan afgestraald worden in één plan en marges
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zijn gereduceerd.

Automatische dosisplanning en verschillende MRI-gestuurde planadaptatiemeth-

oden zijn besproken. Het werk beschreven in dit proefschrift bevat daarnaast

de introductie van stereotactische behandeling van lymfeklier oligometastasen op

de 1.5T MR-linac door het simuleren van de potentiele dosimetrische winst, het

bepalen van de meest geschikte planadaptatiestrategie en door het evalueren van

de behandelingen ten opzichte van de conventionele CBCT-linac behandeling en

alternatieve strategieën. Essentieel gezien beschrijft dit proefschrift een mogelijke

blauwdruk voor de introductie van nieuwe MRI-gestuurde adaptieve behandelin-

gen op de 1.5T MR-linac.
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