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Abstract

The radiotherapy workflow for prostate cancer is associated with systematic uncertainty
stemming from the registration between the computed tomography (CT) and magnetic
resonance (MR) images. A radiotherapy workflow based solely on MR imaging (MRI),
called an MRI-only workflow, has been suggested as a means of eliminating this uncer-
tainty. The aim of the work presented in this thesis was to validate and clinically
implement an MRI-only workflow for prostate cancer.

Several aspects of the implementation of an MRI-only workflow have been investigated
in the work presented in this thesis. In the registration process between MR and CT
images using fiducial markers, the observer bias was found to displace the estimated
target position by up to 3 mm, compared to the clinical baseline. The delineated
prostate volume was, on average, 18% smaller in the MRI-only delineation procedure
than in dual-modality delineation. If this difference is not accounted for, a reduction
in the treated volume could arise in the implementation of an MRI-only workflow.
Both registration and target delineation uncertainties manifest as systematic deviations
for each patient in the dual-modality workflow, which are eliminated in an MRI-only
workflow. MRI-only treatment planning employing the synthetic CT (sCT)-genera-
tion software MriPlanner™, was validated in a multi-centre/multi-vendor study. The
method was found to be robust for a variety of MRI vendors, magnetic field strengths,
prescriptions and treatment planning strategies. In the spring of 2017, the first MRI-
only-based treatment in Sweden using this software was delivered in a clinical study in
Lund. A total of 39 patients were treated in this study using a prospective implementa-
tion approach together with an MRI-only workflow. Using a new single-sequence
strategy, image registration between different image volumes was eliminated. One
patient was excluded due to obesity. CT imaging was included in the workflow for
quality assurance (QA) purposes. Acceptance criteria for dose calculations were
confirmed within a 2% dose deviation and 98% gamma pass rate. Fiducial marker
identification was successfully performed with 100% detection accuracy using MR
images. Patient set-up verification was performed, and was within 2 mm of the CT-
based set-up verification for most patients.

In the clinical use of an MRI-only workflow there will be no need for CT imaging. An
sCT QA method using cone beam CT (CBCT) images was developed to completely
remove the need for CT imaging in a clinical MRI-only workflow. CBCT images
successfully replaced the CT images in the suggested QA method for sCT images. In
conclusion, the work presented in this thesis demonstrates that an MRI-only workflow
for radiotherapy of prostate cancer can be clinically implemented.
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Populirvetenskaplig sammanfattning

Stralbehandling 4r dll for atc skada cancerceller, men dven friska celler omkring
behandlingsomradet riskerar att paverkas. Detta kan leda till biverkningar av olika grad
och utstrickning. Urininkontinens och problem med mag- och tarm-kanalen ir tva
biverkningar som kan uppkomma under eller efter stralbehandling av prostatan. For
att minska risken for biverkningar ir det viktigt att bilderna som anvinds for ate
bestimma var strilningen ska triffa ar av hog kvalitet. I det traditionella arbetsflodet
for strilbehandling 4r det vanligt att magnetresonans (MR)-bilder och bilder frin en
datortomograf (CT) anvinds. For prostatacancer ger MR-bilder ett utmirke underlag
till att bestimma storlek och lidge pé prostatan och omkringliggande stralkinsliga organ.
CT-bilderna anvinds som underlag fr berikning av hur strilningen fordelas i kroppen,
sd att ritt dos stralning ges till prostatan medan strilkinsliga organ undviks sd mycket
som mojligt. Detta arbetsflode innebir att patienten genomgir tvad undersokningar
infor sin strilbehandling. Detta ir inte bara tidskrivande, utan introducerar 4ven ett
osikerhetsmoment da information frain MR-bilder méste overforas till CT-bilder.

Syftet med denna avhandling har varit att utveckla och implementera ett nytt arbets-
flode for stralbehandling av prostatacancer dir enbart MR-bilder anvinds. Det ir
virdefullt f6r bade patient och klinik att CT-undersokningen utesluts och ersitts med
endast MR-undersékning. Osikerheter fran att anvinda tva bildtekniker frsvinner och
sjukhuspersonalen far arbeta med de bilder som pa bista sitt visar kroppens anatomi
kring bickenomradet dir prostatan finns. D4 stralbehandlingssystemen ér vana vid att
anvinda CT-bilder i sina berdkningar uppkommer en rad utmaningar nir enbart MR-
bilder skall anvindas. Undersokningar av det traditionella arbetsflodet gjordes for att
pa bista sitt kunna utveckla det nya arbetsflodet. Vid den traditionella anvindningen
av CT- och MR-bilder i kombination pévisades en osikerhet i hur bilderna registreras
till varandra. Detta riskerade att placera prostatan fel under strilbehandlingen. Vi
upptickee ocksa att onkologer uppskattade att prostatans volym var mindre di CT-
bilderna togs bort ut arbetsflédet. En minskning av volymen ir positiv, men om den
bortses frin d& det nya arbetsflodet implementeras, riskerar man att oavsiktligt behandla
en for liten volym.

MR-bilder kan inte anvindas for berikning av strilning utan kriver att bilderna pa
konstgjord vig omvandlas till att efterlikna CT-bilder, s kallade syntetiska CT-bilder.
I en studie dir fyra av Sveriges universitetssjukhus medverkade undersoktes en metod
for detta. Studien var framgingsrik och visade att syntetiska CT-bilder pd ett mycket
bra sitt kunde anvindas for berikning av strilning. Till f6ljd av denna studie
utvecklades ett nytt arbetsflode for att behandla prostatapatienter vid Skénes
Universitetssjukhus i Lund. I en klinisk studie levererades den forsta behandlingen med
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detta nya arbetsflode i Sverige varen 2017 i Lund. Totalt behandlades 39 av 40 studie-
patienter med det nya arbetsflddet. En patient fick uteslutas ur studien pd grund av
overvikt. En metod for att undersoka kvaliteten pé syntetiska CT-bilder utvecklades for
att sikerstilla att de nya behandlingarna kunde levereras pé ett sikert sitt.

Sammanfattningsvis visar arbetena presenterade i denna avhandling att patienter med
prostatacancer kan fi stralbehandling planerad endast med MR-bilder. Det nya
arbetsflodet leder till minskade osikerheter och har potential att vara tids- och
kostnadseffektive. Arbetena lade grunden dill att vi kunde behandla Sveriges forsta
patient med detta arbetsfldde pé ett sikert sitt. I framtiden hoppas man att tekniken
kommer anvindas rutinmissigt for strilbehandling av prostatapatienter och leda till en
effektivare stralbehandling med mindre biverkningar. Arbete fortgar ocksd med att
mojliggdra arbetsflodet for fler diagnoser, exempelvis hjarntumorer.
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CBCT
CT
CTV
DVH
DRR
ED
EPID
GRE
HU
LEOV
MEGRE
MR
MRI
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PET
PTV
QA
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sCT
SD
TPS
UTE

X1v

Cone beam CT

Computed tomography
Clinical target volume

Dose volume histogram
Diagnostic reconstructed radiographs
Electron density

Electronic portal imaging device
Gradient echo

Hounsfield unit

Large field of view

Multi-echo gradient echo
Magnetic resonance

Magnetic resonance imaging
Organs at risk

Positron emission tomography
Planning target volume
Quality assurance

Region of interest

Synthetic CT

Standard deviation

Treatment planning system
Ultrashort echo time
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1 Introduction

Magnetic resonance (MR) images are preferred for prostate target delineation due to
their superior soft tissue contrast (Salembier et al., 2018). The use of MR images show
smaller inter-observer variations (Milosevic et al., 1998, Parker et al., 2003) and smaller
target volumes compared to computed tomography (CT) images (Hentschel et al.,
2011, Rasch et al.,, 1999, Seppala et al., 2015, Smith et al., 2007, Tzikas et al., 2011),
and play an important role in the radiotherapy workflow for prostate cancer. The
advantages of MR imaging (MRI) in radiotherapy have led to solutions facilitating the
integration of MRI in radiotherapy. Examples of adaptions advantageous for radio-
therapy include flat table tops for patient immobilization in the MR scanner, and bore
sizes of 70 cm. This enables identical patient immobilization during MR imaging and
treatment. CT images, which provide information in terms of Hounsfield units (HU),
are traditionally used for treatment planning, dose calculation and patient set-up. In
such dual-modality workflows, image registration is required to relate the CT images
to the MR images, which introduces systematic uncertainties (Nyholm et al., 2009).

A number of sources of uncertainty in the radiotherapy workflow have been given by
the TAEA (IAEA, 2016). No single value can be used as a measure of the accuracy
required in radiotherapy, as it depends on various factors, and varies between hospitals.
It is thus recommended that all types of radiotherapy is administered as accurately as
reasonably achievable. Recent developments of radiotherapy of prostate cancer involves
steeper dose gradients and higher fractionation doses (Widmark et al., 2019), which
places higher demands on the accuracy and precision of the delivered dose.

An MRI-only workflow has been suggested as a means of reducing the systematic
uncertainties associated with the dual-modality workflow required when using both
MR and CT images. As well as offering reduced systematic uncertainties, MRI-only
workflows have the potential to be more time- and cost-efficient. However, there are a
number of challenges in applying an MRI-only workflow, such as patient immobiliza-
tion in the MR scanner, geometric uncertainties in MR images and motion during
MRI. Estimation of the electron density (ED) from MR images, referred to as synthetic
CT (sCT) images, and capability of radiotherapy and MRI are also challenges in the
clinical implementation of an MRI-only workflow (Schmidt and Payne, 2015).



In the papers presented in this thesis, several aspects of implementing an MRI-only
workflow have been investigated. The observer bias in a commonly used registration
approach for MR and CT images, using fiducial markers in the prostate, was
investigated (Paper I), and the impact on the prostate target delineation process when
transitioning from dual-modality to an MRI-only delineation procedure was investi-
gated (Paper III). MRI-only treatment planning employing a commercial sCT-
generation method (MriPlanner™), was validated in a multi-centre/multi-vendor study
(Paper IV). Based on experiences from previous studies (Papers III and IV), an MRI-
only workflow was implemented (Paper II). The feasibility of an MRI-only workflow
in a clinical setting and the acceptance criteria for future implementations were then
investigated. Finally, a sCT quality assurance method using cone beam CT images was
investigated (Paper V), to completely remove the need for CT images in a future clinical
MRI-only prostate radiotherapy workflow.



2 Aims

The overall aim of the work presented in this thesis was to clinically implement an
MRI-only workflow for radiotherapy of prostate cancer. To this end, several aspects of
an MRI-only prostate cancer radiotherapy workflow were investigated and validated.

The specific goals of each study were:

® (o investigate inter-observer image registration bias in the dual-modality

workflow (Paper I),

e to implement an MRI-only workflow and lay the groundwork for the
establishment of acceptance criteria for future implementation (Paper II),

® to investigate the impact on the target delineation process when transitioning
from a dual-modality to an MRI-only workflow (Paper III),

e to validate MRI-only treatment planning using a commercial sCT-generation

method (Paper IV), and

® (o investigate a quality assurance method for sCT images in the clinical use of
an MRI-only workflow (Paper V).






3 Clinical implementation of an

MRI-only workflow

3.1 The motivation

Three major benefits of an MRI-only workflow, which excludes CT imaging, have been
identified in literature: 1) time- and cost-efficiency, 2) lower doses of ionizing radiation,
and 3) reduced systematic uncertainties (Jonsson et al., 2019).

Time savings of approximately 15 minutes have been reported in the treatment of
prostate cancer using an MRI-only workflow as a result of eliminating CT imaging
(Tyagi et al., 2017a). Additional time could potentially be saved as delineation of the
target is performed directly on the MR images without the need for registration to CT
images. However, the introduction of new techniques with increased complexity could
lead to an increase in the cost of quality assurance (QA) (IAEA, 2016). This should also
be taken into account when performing cost analyses of MRI-only workflows. In a
failure mode and effects analysis of the potential implementation of an MRI-only
prostate cancer radiotherapy workflow, it was concluded that a QA programme for
MRI-only specific tasks was an important risk mitigation tool (Kim et al., 2019).

The dose from a single CT examination is approximately 1-4 ¢cGy within the scanned
volume (IAEA, 2016). This can be considered small compared to the total dose
delivered to a prostate cancer patient during radiotherapy, which is typically several Gy.
Despite being mentioned as an advantage in MRI-only workflows, the advantage to the
patient can be questioned. The dose reduction would be of greater importance when
adaptive strategies are desired and several imaging sessions are used during the course
of treatment. Furthermore, the exclusion of an imaging session could be of great
personal value for the patient. Although they are important, and the subject of many
interesting discussions, these benefits were not investigated in this thesis.

In the dual-modality workflow, the registration between the CT and MR images may
affect the delineation of the treatment volume. Image registration uncertainties have
been identified as the main factor contributing to systematic uncertainties in the dual-
modality workflow, and were estimated to be 2 mm (Nyholm et al., 2009). Automatic



image registration such as mutual information and marker registration using, for
example, fiducial markers, are common approaches for the registration of CT and MR
images in the radiotherapy workflow for prostate cancer patients. Several studies have
been carried out on image registration methods used in the planning of radiotherapy
for prostate cancer. Some of these studies are summarized in Table 1.

Table 1. Studies on various image registration approaches used in planning the treatment of
prostate cancer presented in the literature.

Reference Type of study No. of Main results
patients
(McLaughlin et al., Comparison of 5 Estimated uncertainty ~2 mm
2004) automatic MI* for both methods.
registration and seed Repeated M registration
registration average random error: 0.3° and
0.7 mm
(Huisman et al., Comparison of a 21 Precision better than 2 mm: 86%
2005) landmark- and surface- for surface-based and 42% for
based method for gold landmark-based methods.
fiducial marker Time required: 5 min for surface-
registration based and 2 min for landmark-
based.
Observer dependency included
(Roberson et al., Comparison of 12 Registration error ~2 mm for
2005) automatic Ml both methods.
registration and seed Time for Ml <30 min.
registration
(Vidakovic et al., Comparison of 3 Overall Ml accuracy (visual
2006) automatic Ml assessment): 1.5 mm.
registration and Comparable root mean square
independent for the two methods.
registration
(Nyholm et al., Literature review - Estimated uncertainty in CT-MR
2009) image registration: 2.0 mm
(Seppala et al., Comparison of gold 30 Average gold seed displacement
2015) fiducial marker between gold fiducial marker
registration and registration and correction
prostate border based on the prostate border
registration was 0.5-0.9 mm.
(Korsager et al., Comparison of 30 Dice similarity index: 0.87 (0.77-
2016) automatic Ml 0.95)
registration and Sensitivity: 0.87 (0.74-0.95)
landmark registration Translational and rotational
differences: 1.66-1.93 mm (0.00-
9.57) and 1.51-3.93° (0.00-14.19)
(Wegener et al., Gold fiducial marker 10 Average deviation: 1.9 mm (1.2-

2019)

registration accuracy
measured by two
operators

2.9)

*MI — mutual information



The point match registration approach in Eclipse™ supplied by Varian Medical
Systems (Palo Alto, California, USA), currently in use at Skine University Hospital for
prostate cancer patients, was investigated in the first study (Paper I). The image
registration routinely created in the clinic was used as the baseline, and the potential
observer bias in the approach was investigated. Assuming that the prostate was
delineated strictly on the MR images, and then extrapolated to the CT images using
the created registrations, a structure misplacement of up to 3 mm was observed
compared to the clinical baseline. This observer bias was of the same order of magnitude
as image registration uncertainties reported in previous studies (Table 1). In previous
studies the method’s uncertainty was investigated in a single-mode approach, or
between multiple image registration approaches. None of these studies reported the
observer bias in comparison to a clinical situation. Manual image registration is com-
monly used as the baseline for comparison, which is observer dependent. Furthermore,
manual image registration often involves a different method from that investigated in
the study, for example, when an automatic method is investigated. It is common to use
one particular method for the registration of CT and MR images at each clinic. The
specific image registration uncertainty at a clinic would thus be better represented by
the inter-observer variation in the image registration method used, and not by compar-
ing two methods. However, comparison with another image registration approach is
important when a new approach is introduced.

Observer differences are in radiotherapy commonly interpreted as random errors.
However, in the case of CT to MR image registration, observer bias becomes a system-
atic deviation for each patient, since this image registration is only performed once.
This systematic uncertainty is related to the imaging, the registration approach and the
observer, which has systematic effects on the estimated target position in the CT
images. This uncertainty is eliminated in a single-modality workflow. A reduction in
the target margin should theoretically be possible in an MRI-only workflow thanks to
the superior soft tissue contrast of MRI and the elimination of CT imaging. However,
the margin should only be reduced after careful consideration and evaluation of the
clinical impact.

The advantages of MRI-only workflows have given rise to a large number of
publications on ways in which they can be implemented in radiotherapy clinics. Studies
have been published on MRI-based dose calculations, as well as patient set-up strategies
(Edmund and Nyholm, 2017, Johnstone et al., 2018), and on the clinical implementa-
tion of MRI-only workflows for prostate cancer radiotherapy (Bird et al., 2019).



3.2 Clinical implementations

MRI-only workflows have been clinically implemented at a number of radiotherapy
centres around the world (Table 2). The term ‘clinical implementation of an MRI-only
workflow’ in this thesis refers to a workflow that has been developed and used to deliver
radiotherapy to one or more patients.

Table 2. Clinical implementation of MRI-only workflows for prostate cancer radiotherapy pre-
sented in the literature.

Reference Type of study No. of Centre
patients
treated
(Christiansen et al., 2017)  Workflow 1 Odense University
demonstration Hospital
Odense, Denmark
(Tyagi et al., 2017a) Workflow 42 Memorial Sloan Kettering
demonstration Cancer Center
New York, USA
(Tenhunen et al., 2018) Workflow and 125 Helsinki University
clinical Hospital
experience Helsinki, Finland
(Kerkmeijer et al., 2018) Workflow - University Medical Center
demonstration Untecht
Utrecht, The Netherlands
(Persson et al., 2018a, Prospective 39 Skane University Hospital
Persson et al., 2020) study Lund, Sweden
(Greer et al., 2019) Prospective 25 Calvary Mater Newcastle
study, Hospital
multicentre Newcastle, Australia

Liverpool Hospital Cancer
Therapy Centre
Sydney, Australia

The implementation of any new workflow must be preceded by evaluation and
validation. Dosimetric evaluation and, in some cases, evaluation of the geometric
accuracy of MRI and patient set-up strategies have been performed. These evaluations
are further discussed in sections 4.1-4.5.

The studies listed in Table 2 include demonstrations of workflows (Christiansen et al.,
2017, Tyagi et al., 2017a, Kerkmeijer et al., 2018), as well as clinical experience
(Tenhunen et al., 2018) and prospective implementations (Persson et al., 2018a, Greer
etal., 2019, Persson et al., 2020). A comparison of early clinical data between an MRI-
only cohort and a dual-modality cohort, has also been presented (Tenhunen et al.,
2018). In contrast to the workflow demonstrations and clinical experience, we chose to



investigate a prospective implementation approach, where CT imaging was included in
the workflow (Paper II). The first MRI-only-based treatment in Sweden using this
approach was delivered in Lund in the spring of 2017 (Persson et al., 2018a, Persson
et al., 2020). The prospective approach was also adopted at another clinic in Australia
(Greer et al., 2019).

A widespread implementation of an MRI-only workflow would benefit from recom-
mended acceptance criteria for different parts of the workflow. Greer et al. (2019)
verified specific tasks in the workflow, and treatment was delivered only if the
acceptance criteria were within specified limits. When comparing the CT and sCT dose
distributions, the acceptance criteria of an isocenter dose deviation below 2% and a
2%/2 mm gamma pass rate above 90% were satisfied for all 25 patients in the study.
Fiducial marker identification on MR images was within the 1 mm acceptance
criterion, compared to the position of the fiducial markers in the CT images. However,
these authors did not specify how the acceptance criteria were determined.

In the present work (Paper II), a CT examination was included in the workflow to
enable validation during implementation and retrospective investigation of the
acceptance criteria. This was the first MRI-only workflow to incorporate sCT images
generated with the MriPlanner software (Spectronic Medical AB, Helsingborg,
Sweden). Fiducial marker identification was achieved with a maximum difference of
2.2 mm compared to the positions in the CT images. Dose differences were below 2%
of the prescribed dose, and the 2%/2mm global gamma pass rates were above 98%.
The results obtained in this study support the dose deviation acceptance criterion of
2% used by Greer et al. (Greer et al., 2019). The suggested gamma pass rate acceptance
criterion of 90% was easily achieved in both prospective studies as all the patients
reached a 98% pass rate. Fiducial marker identification is dependent on the method of
identification used, as well as the slice thickness, and acceptance criteria should be based
on local routines. The study presented in Paper II demonstrated the feasibility of
excluding CT imaging and implementing an MRI-only prostate cancer radiotherapy
workflow.
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4 The MRI-only prostate cancer
radiotherapy workflow

Sections 4.1-4.5 describe an MRI-only workflow for prostate cancer radiotherapy, in
which the CT examination has been excluded. The workflow is illustrated in Figure 1.

1. MR imaging

2. Target and OAR
delineation

3. Treatment
planning

4. Patient set-up
verification

5. Quality

assurance

Figure 1. lllustration of the MRI-only workflow described in this thesis. The workflow includes five
steps: 1. MR imaging, 2. delineation of the target and organs at risk (OAR), 3. treatment planning,
4. patient set-up verification and 5. quality assurance. This workflow is the result of several studies
presented in this thesis, and other studies not included in this thesis.
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4.1 MR imaging

In contrast to radiological examinations in which the aim is to establish a diagnosis, the
MR images acquired in the planning of radiotherapy are used to determine the extent
of the disease to be treated. Based on the determined treatment volume and the organs
at risk (OAR), an individual treatment plan is drawn up for each patient. In an MRI-
only workflow, MR is the single imaging modality used for treatment planning.

4.1.1 Patient immobilization

The first task is to position the patient correctly in the MR scanner prior to imaging.
The positioning of the patient should be performed in a reproducible manner, enabling
the same position to be used during treatment at the linear accelerator. Immobilization
devices can be used for this purpose, which, for prostate cancer patients, often include
feet and knee-supports, a thin mattress and a head support. The primary goal of immo-
bilization is to limit potential patient motion and to reduce positioning errors (Verhey,

1995).

The MR scanner is customized with a flat table top and receiver coil bridges to enable
patient immobilization for radiotherapy. The flat table top with indexing enables the
use of radiotherapy fixation devices and allows replication of the patient’s position at
the time of treatment. Coil bridges are used to lift the coils from the surface of the
patient, to avoid impact on the body contour. Placing the coils directly on the patient
surface increase the signal to noise ratio compared to if coil bridges are used. However,
coil bridges are often used to achieve a consistent patient geometry throughout the
workflow (Sun et al., 2015). The use of coil bridges can be avoided by using an immo-
bilization mould specific to each patient, enabling placement of the coil directly on the
mould surface (Tyagi et al., 2017a). Lightweight flexible coils, such as the AIR™ Coils
provided by GE Healthcare (Chicago, Illinois, USA), are another alternative as they
should be light enough not to disturb the patients’ surface contour.

Skin marks are used to define the image origin during treatment planning, and to align
the patient on the treatment couch. These are made on the skin using a pen or tattoo
ink to identify the position of the image origin during MR imaging. This is aided by
an external laser system. In the MRI-only workflow, these marks must be visible in the
MR images, while not introducing artefacts in the MR images. Capsules containing oil
or water can be used for this purpose. Commercial products are also available, for
example, “PinPoint for image registration 128” (Beekley Medical, Bristol, Connecticut,

USA).
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4.1.2 The MRI examination protocol

The primary goal of the MRI examination protocol is to produce images for target and
OAR delineation, treatment planning, fiducial marker identification and patient set-
up verification. To obtain the image information required for these tasks, several MRI
sequences are used. An MRI-only MRI examination protocol for prostate cancer
patients was developed and tested (Paper II). In this MRI examination protocol (shown
in Figure 2), all final decisions were made in the geometry of a large field of view
(LFOV) MR image, without the use of image registration. Fiducial marker identifica-
tion and target and OAR delineation were performed in the LFOV MR images, guided

by support sequences acquired directly prior to and after the LFOV sequence.

Figure 2. MR images acquired with the MRI examination protocol described in Paper Il. The
images were used for: 1. target delineation support, 2. primary image for target and OAR
delineation, treatment planning and fiducial marker identification, 3. fiducial marker identification
support, and 4-5. target delineation support.

The LFOV MR images were used for sCT generation in the workflow. To enable sCT
generation and dose calculations, the MR images had to cover the body contour of the
patient. It was also necessary to include the target area and the relevant OAR. The
sequences used for sCT generation in the pelvis are typically a DIXON or a T2 SPACE
sequence (Bird et al., 2019). A DIXON sequence acquires images with two different
echo times and generates in-phase and out-of-phase images. Water-only and fat-only
images are then derived from this single sequence and used for sCT generation (Tyagi
et al., 2017b). The preferred images for delineation of the prostate are currently T2-
weighted MR images, as stated in the ESTRO SCROP consensus guidelines on CT-
and MRI-based target volume delineation for primary radiation therapy of localized
prostate cancer (Salembier et al., 2018). It is therefore advantageous to use a T2-
weighted MRI sequence for sCT generation, as it allows target and OAR delineation
and treatment planning in the same geometry.

Fiducial marker identification has been recognized as one of the greatest challenges in
MRI-only workflows (Tenhunen et al., 2018, Tyagi etal., 2017a). Correct and accurate
identification of the fiducial markers is important. Fiducial markers are often made of
gold, which gives no expected useful nuclear magnetic resonance signal (Zangger and
Armitage, 1999), causing them to appear as dark signal voids in MR images. This is a
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T2* effect induced by disturbance of the local magnetic field homogeneity by the gold
fiducial markers (Schieda et al., 2015). Calcifications and vessels in the prostate have a
similar appearance to gold fiducial markers in MR images (Dinis Fernandes et al., 2017,
Ghose et al., 2016, Gustafsson et al., 2017a), which may lead to difficulties in
distinguishing between the markers and other structures in the prostate. Gradient echo
(GRE) sequences, which are sensitive to T2* (Schieda et al., 2015), can be used to
increase the sensitivity to susceptibility differences in the image, and improve the visu-
alization of gold fiducial markers in MR images (Port and Pomper, 2000).

The detection accuracy in the manual gold fiducial marker identification method
described in Paper II was 100%. In this study, a multi-echo gradient echo (MEGRE)
sequence (Figure 3) was used to aid the manual determination of the spatial positions
of the centre of mass of the gold fiducial markers in the LFOV MR images. The signal
void from a gold fiducial marker in the transverse slice is round in the MEGRE images,
and the area of the void increases more rapidly with increasing echo time, than the
signal from calcifications (Gustafsson et al., 2017a). The positions of the gold fiducial
markers in the CT images were considered the true positions and were compared with
the positions of the gold fiducial markers identified manually in the MRI-only
workflow. The maximum difference between the centroid of the three gold fiducial
marker in the CT images and the MR images was 2.2 mm. This difference is roughly
the same as the MEGRE image slice thickness, i.e. 2.5 mm. Identification of the gold
fiducial markers was restricted to one physical slice of the MR images, and not between
the slices. Thus, differences of the same order as the MEGRE image slice thickness were
expected, when compared to the CT images.

Figure 3. One image slice through the centre of the prostate where a fiducial marker is indicated
by the white arrow. The size of the signal void resulting from the fiducial marker increases with
increasing echo time. Echoes 1-4 are shown in the first row, from left to right, and echoes 5-8 in
the second row, from left to right.
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Although manual identification of gold fiducial markers is accurate, it is also time
consuming. Automatic methods have therefore been developed to save time and
resources, as well as to reduce inter-observer differences (Dinis Fernandes et al., 2017,
Ghose et al., 2016, Gustafsson et al., 2017a, Maspero et al., 2017b). However, none of
them has yet exhibited 100% detection accuracy, but until such time as they do, they
could be useful as efficient decision making tools.

4.1.3 The geometric accuracy of MRI

In order to use MR images in radiotherapy planning, high geometric accuracy in the
images is needed. Geometric distortions of MR images can be caused by imperfections
in the static magnetic field and the gradient linearity. These distortions are often
referred to as system-induced distortions. The patient can also cause distortions,
referred to as patient-induced distortions. Patient-induced distortions are caused by the
spatial distribution of differences in magnetic susceptibility within the patient, which
may disturb the magnetic field (Schmidt and Payne, 2015). This can cause distortions
in the shape of the object, which are pronounced in the interface between two materials
(Fransson et al., 2001). Both system- and patient-induced geometric distortions are
undesirable, especially in images intended for use in radiotherapy planning, and must
therefore be minimized.

Geometric distortions can be reduced by using magnetic field shimming (Fransson et
al., 2001) and a high acquisition bandwidth (Adjeiwaah et al., 2018). Vendor-specific
distortion correction can also be used to correct for gradient non-linearity in two and
three dimensions (Wang et al., 2004). In the implementation of MRI-only workflows,
it is important to evaluate the potential geometric distortions in the MRI acquisition
sequences used for treatment planning and target delineation. Training of staff in the
use of MRI will play a significant role in the implementation of MRI-only workflows,
and has been identified as important in risk mitigation (Kim et al., 2019). The risk of
unintentional changes in MRI parameters can be reduced by training MR technicians.
The MRI acquisition parameters can be automatically checked to ensure that they are
as specified in the protocol, as described in Paper II.

System-specific geometric distortions were evaluated for the sequence used for the sCT
generation described in Papers II, IV and V (Gustafsson et al., 2017b). The mean
percentage dose difference was less than 0.02% for isodose levels of 0-100%,
normalized to 78 Gy. Patient-specific geometric distortions have been reported to result
in a relative dose difference of <0.5% in the planning target volume (PTV) (Adjeiwaah
et al., 2018). After vendor-specific geometric corrections, the patient-induced
distortions were greater than the system-induced distortions. The effects were, however,
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small when a high acquisition bandwidth of 488 Hz/pixel was used. Given this, the
effects of patient-induced geometric distortions were assumed to be small in the
sequence described in Papers II, IV and V, where a bandwidth of 390 Hz/pixel was
used.

Lee et al. (2003) investigated radiation treatment planning for prostate cancer and
quantified geometric distortions in a FLASH 3D sequence, earlier found to be suitable
for prostate delineation. They concluded that the geometric distortions increased with
radial distance from the image centre, which will be important when using MRI-only
protocols for prostate cancer where LFOV are needed. They found distortions in the
prostate volume to be acceptable, since the prostate did not extend far away from the
image centre. The impact of geometric distortions on the body outline and OAR
should be greater than that on the prostate, due to their position relative to the centre
(Lee et al., 2003). This was investigated by our group, and we found that the mean
magnitude of geometric distortions of both the prostate and OAR were less than 0.01
mm. The distortions in the body outline were larger, but still less than 0.44 mm (mean)
in all directions (Gustafsson et al., 2017b). In conclusion, patient- and system-induced
geometric distortions can be assessed in prostate cancer patients, and reduced to a level
at which they have negligible dosimetric impact.

4.1.4 Patient-related motion during MRI

Despite the many advantages of MRI, one obvious disadvantage is the significantly
longer imaging acquisition time compared to CT imaging. A CT image can be acquired
in a few seconds, while several minutes are often required for an MRI examination
protocol for prostate cancer patients, during which sequences are acquired for multiple
purposes. During this time, there is a risk of movement of the patient and of the internal
anatomy of the patient.

Motion of the prostate is well known, and has several different causes (Langen and
Jones, 2001). The major causes of prostate motion are rectum activity (Stroom et al.,
2000), bladder filling, and patient motion, due either to the movement of external body
parts, such as the legs, or internal movements such as muscle clenching (Nederveen et
al., 2002). The effect of respiration on prostate motion has been found to be negligible
when the patient is in the supine position (Dawson et al., 2000, Nederveen et al.,

2002).

The position of the prostate has been shown to drift over time, and changes in the
internal anatomy have been reported to affect the prostate location over a short time
(Ballhausen et al., 2015). Several studies have reported movement of the prostate over
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time, the general consensus being that the longer the duration of treatment, the higher
the risk of movement. For treatment durations exceeding 4-6 minutes, repositioning of
the patient has been recommended (Cramer et al., 2013). It has also been suggested
that limiting the treatment time could be beneficial in reducing uncertainties due to
organ motion during hypo-fractionated radiotherapy (Gladwish et al., 2014).

The problems associated with prostate motion have been extensively investigated in
relation to radiotherapy treatment delivery, but very little attention has been paid to
motion during imaging for treatment planning. This is probably because the image
acquisition time is short in CT imaging, which is traditionally used in radiotherapy
planning. Motion between sequences in the MRI examination protocol becomes more
important in an MRI-only workflow. In a study based on the same MRI examination
protocol and patient cohort as described in Paper II in this thesis, our group has
investigated the motion of the prostate and OAR during MRI (Persson et al., 2018b).
Two LFOV MRI sequences were obtained, separated by approximately 30 minutes,
while the patient was resting in the MR scanner. Deformable image registration was
also used to investigate the variation in internal anatomy during the 30 minute rest
period. The results showed that the position of the prostate changed during the MRI
examination protocol and the volume of the bladder and rectum varied.

The use of several types of MR images for different purposes in an MRI-only workflow
may be disadvantageous, due to the risk of motion between image acquisition and the
introduction of systematic uncertainties. MRI sequences should thus be acquired in
close succession to minimize the impact of motion between sequences. In the study
described in Paper II, the gold fiducial marker identification, target and OAR delinea-
tion, and treatment planning tasks, were all performed in the LFOV images. This was
enabled by using support images that guided the respective task in the LFOV images.
The support sequences were acquired immediately before or after the LFOV sequence
in the MRI examination protocol. This limited the risk of motion between image
acquisitions in the MRI examination protocol, and excluded all types of image
registration, in the treatment preparation phase of the workflow. However, the effects
of motion are not eliminated during the MRI examination protocol by this strategy,
and requires attention throughout the workflow. Tyagi et al. (2017) suggested registra-
tion between different MR images as an alternative method of dealing with motion
between sequences in the MRI examination protocol, (Tyagi et al., 2017a). This
required the frame of reference of the MRI examination protocol to be separated, and
the images were registered with dedicated software. Using this strategy, they were able
to use different MR images for target and OAR delineation, and treatment planning.
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4.2 Target and OAR delineation

When all necessary pre-planning imaging has been performed, the next task is to define
the volume to be irradiated. If target delineation is performed on an image not primarily
used for treatment planning, systematic uncertainties may be introduced due to patient-
related motion between acquired sequences. It is therefore of great importance to
delineate the target and OAR in the same geometry as that in which the treatment plan
will be drawn up. This can be done by delineation directly on the MR images used for
sCT generation, as described in Paper II, or by registration of the different MR images
into a common frame of reference (Tyagi et al., 2017a).

4.2.1 Volume definition and margins

According to ICRU report 50 (ICRU, 1993), the gross tumour volume is the volume
in which the density of malignant cells is highest. This includes the primary tumour,
with or without metastatic lymph nodes, and distant metastases. The clinical target
volume (CTV), is the gross tumour volume including structures with clinically
suspected involvement that have not been proven. The PTV, is an expansion of the
CTV and is a purely geometric concept. The PTV margin is added to the CTV to
include potential uncertainties arising from random and systematic errors in the radio-
therapy workflow. This can be mathematically expressed in several ways, but the van
Herk formula (van Herk et al., 2000) is commonly used (Equation 1).

M=2X+0.70 (1)

The required margin (M) is a combination of the total standard deviation of systematic
() and random errors (o). This equation is valid under the assumption that a
minimum dose of 95% to the CTV will be valid for 90% of a population, and should
be considered a lower limit for safe radiotherapy.

Common PTV margins for prostate cancer patients are between 3 and 10 mm,
depending on the level of sophistication of the method used for alignment of the
patient, patient positioning and monitoring during treatment (Yartsev and Bauman,
2016). Daily re-planning and live soft tissue monitoring during treatment delivery
enable the use of small margins. Small margins, -3 mm, have been used to treat prostate
cancer patients with the MR-linac (Bruynzeel et al., 2019). The OAR of prostate cancer
patients include the urinary bladder, the rectum, anal canal, penile bulb and femoral
heads (Widmark et al., 2019). According to ICRU report 50, OAR are normal tissues
that significantly influence the way in which the treatment plan is designed and/or the
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prescribed dose. Radiation to the OAR is associated with radiotherapy-induced toxicity,
such as defecation urgency, diarrhoea, faecal incontinence, proctitis and rectal bleeding
(Olsson et al., 2018). Since most OAR are located close to or partially included in the
PTV, such as the rectum, the dose to the OAR should be kept as low as reasonably
practicable during treatment planning.

Any source of uncertainty should be removed or reduced to ensure high-precision
radiotherapy. As can be seen from the van Herk formula, systematic uncertainties have
a greater impact on the required PTV margin than random uncertainties. Random
uncertainties, such as day-to-day variations in patient set-up, blur the dose distribution
in all patients, and might result in under-dosage of the CTV. A purely systematic
uncertainty, such as the delineation uncertainty, affects all treatment fractions through-
out the course of treatment in an identical way for some patients (van Herk, 2004).
This leads to an unknown shift of the dose distribution, relative to the CTV. While
large random variations cause moderate under-dosage for most of the patient
population, large systematic variations cause significant under-dosage in some patients
(van Herk et al., 2000). Both variations are thus undesirable, but systematic variations
may have a greater impact on individual patients. The van Herk formula assumes that
several fractions are used, and that the mean random error is zero. If only a few fractions
are used, as in hypo-fractionated radiotherapy, the van Herk formula must be adjusted.

4.2.2 The use of MR images for target delineation

The use of MR images reduces inter-observer variability in the delineation of the
prostate (Milosevic et al., 1998, Parker et al., 2003). The use of MR images has also
resulted in better definition of the prostate apex, than when using CT images (Debois
etal., 1999). Several studies have shown that the delineated prostate volume was smaller
when using MR images than when using CT images (Hentschel et al., 2011, Rasch et
al., 1999, Seppala et al., 2015, Smith et al., 2007, Tzikas et al., 2011). In these studies,
the ratio between the CT- and MR-delineated volumes ranged from 1.16 to 1.5. A
smaller delineated prostate volume leads to a smaller irradiated volume, and hence a

potentially reduced dose to the surrounding OAR (Figure 4).
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Figure 4. Delineated target structures, CTV (red) and PTV (blue), on a LFOV image, visualized in an
image slice through the centre of the prostate volume. The OAR visualized include the bladder
(yellow), rectum (brown) and femoral heads (green).

Training and the application of guidelines have been identified as important tools to
reduce inter-observer variability in the delineation process (Segedin and Petric, 2016).
In the ESTRO ACROP consensus guidelines on CT- and MRI-based target volume
delineation for primary radiation therapy of localized prostate cancer (Salembier et al.,
2018), T2-weighted MRI was stated as currently being the best modality for prostate
delineation. These guidelines cover target and OAR delineation for the CT-only
workflow and the dual-modality workflow with MR and CT images. Gold fiducial
marker registration of the CT and MR images is suggested when using a dual-modality
workflow, followed by extrapolation of the MR-delineated prostate volume to the CT
images. Using this method, the delineated prostate volume in the dual-modality
workflow should be the same as in the MRI-only workflow, since the target is extrapo-
lated to the MR images if no other adjustment is applied.

The hypothesis that the delineated prostate volume is the same in dual-modality as in
an MRI-only workflow was tested in the study presented in Paper III. The alternative
hypothesis was that the oncologist would adjust the prostate volume to the CT
geometry, resulting in a larger dual-modality prostate volume, than in the MRI-only
workflow. In this study, the prostate was delineated by the same oncologist in the dual-
modality workflow and the corresponding MRI-only workflow. The ratio between the
CT- and MR-delineated prostate volumes was found to be 1.22, which is within the
range of 1.16 to 1.5 reported in previous studies However, in these previous studies
delineation was performed on MR or CT images separately, and not in comparison to
the dual-modality workflow, as in our study. Our results showed that in the dual-
modality workflow the clinicians delineated with respect to the CT images, as well as
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the MR images. This adjustment can be explained by imperfect registration between
the CT and MR images and variations in the volume of the rectum and bladder, which
were accounted for in the delineation. This shows that the alternative hypothesis was
valid, and that the assumption that the dual-modality and MRI-only delineated
prostate volume were the same was not valid. Based on the findings of the present study,
it is therefore recommended that each clinic carefully reviews their target delineation
process using MR images prior to a transition from dual-modality to an MRI-only
workflow.

4.3 Treatment planning

When the target and OAR have been defined in the MR geometry, the next task in the
MRI-only workflow is treatment planning. A crucial task in the MRI-only workflow is
the generation of sCT images (Figure 5). These images are used primarily for two
purposes: 1) to enable conversion to ED used for absorbed-dose calculations during
treatment planning, and 2) to create reference images for patient set-up verification
prior to treatment. Important considerations in the choice of sCT image generation
method are the time required for acquisition of the sCT MRI sequence, the amount of
manual work, the accuracy required compared to CT-based dose calculations, and the
clinical availability of the method. In the optimal implementation of an MRI-only
workflow, the sCT-generation method should be included seamlessly in the existing
workflow, without increasing the amount of manual work or time.

Figure 5. A LFOV T2-weighted MR image (left) and the sCT (right) generated from it using
MriPlanner (Spectronic medical AB, Helsingborg, Sweden).
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4.3.1 Basic principles of a synthetic CT

The concept of using MR images for treatment planning in radiotherapy has been
investigated since the 1990s. The first studies presenting the feasibility of MRI-only
treatment planning used bulk density strategies, where a water-equivalent HU value
was assigned to the entire patient volume. Assigning a homogeneous value of attenua-
tion inside the head in MR images in the cranial region resulted in dose differences of
less than 2% compared to dose calculations based on CT images (Schad et al., 1994).
A similar method of water-equivalent assignment for conformal radiotherapy has also
been presented for prostate cancer patients (Lee et al., 2003). In this study, two bulk
density strategies were investigated: assigning a water-equivalent value of 0 HU to the
complete CT images, or a combination of assigning an average bone density of 320
HU to manually delineated bones and water equivalent to the rest of the body. Lee et
al. (2003) also applied water and bone density assignments to MR images for five
patients, and successfully demonstrated the feasibility of MRI-based treatment
planning.

One drawback of bulk density water assignment to the entire patient volume is the lack
of references for patient set-up verification, as there is no information on the bone
anatomy. Manual delineation of the bones would enable set-up references (Lee et al.,
2003), as was later demonstrated by Chen et al. (Chen et al., 2004). Diagnostic recon-
structed radiographs (DRR) were generated based on MR images by assigning a bulk
density value of 2.0 g/cm’ to manually delineated bony structures in the pelvic area.
Although this provided references images for patient set-up, manual delineation is time
consuming, and not favourable in the clinical setting.

Since these initial steps towards MRI-based dose calculations, there has been a rapid
increase in the number of sCT-generation methods published (Edmund and Nyholm,
2017, Johnstone et al., 2018). Methods have been developed from basic bulk-density
assignments to more modern generation methods, in which multiple or continuous
density values are assigned to the MR images. These modern generation methods
provide images which are today commonly called pseudo-CT images, substitute CT
images or, as in this thesis, synthetic CT images.

4.3.2 Generation methods

Modern sCT-generation methods can be classified into two main categories: voxel- and
atlas-based methods, each with subgroups where different methodologies are applied.
Various sCT-generation methods are presented in the reviews by Edmund et al. (2017)
and Johnstone et al. (2018), using categorization into atlas, voxel and hybrid methods
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(consisting of a combination of atlas- and voxel-based methods). Johnstone et al. (2018)
define bulk density techniques as a method category (as described in section 4.3.1). The
atlas- and voxel-based methods are presented below.

Atlas-based methods

Atlas-based methods make use of registered CT and MR images from patients forming
an atlas. The atlas works as a dictionary, providing the best CT representation for new
MR images. Atlas-based methods rely on the registration of the existing MR images in
the atlas to new MR images. This is required to determine the relation between MR
intensities and the corresponding CT values. The concept of an average atlas technique
has been proposed for prostate radiotherapy (Greer et al., 2011). In their workflow, an
average atlas was created from a population of prostate cancer patients by registration
of the corresponding MR images. The MR images in the average atlas were deformably
registered to the new MR images, and the prostate and OAR were automatically
defined. After manual adjustment of the delineated structures, when necessary, EDs
were mapped to the MR images using the known deformation, and a corresponding
average CT atlas. This method belongs to the single-atlas category where either one
patient, or an average patient created from multiple MR and CT image pairs, is used.

Multi-atlas methods have also been presented, using multiple MR and CT image pairs.
The MR images for each patient in the atlas are registered to the new MR images. A
voxel patch comparison, normalization and similarity weighting were then used to
estimate the HU of the new MR images (Dowling et al., 2015). This method falls
under the sub-category of pattern recognition and patch-based methods. Since voxel
information was used to create the final sCT images, this sub-category of generation
methods is partially voxel-based. Nevertheless, generation relies on a registered atlas, in
contrast to purely voxel-based methods, where accurate image registration is not
necessary (Dowling et al., 2015, Jonsson et al., 2013).

Atlas-based methods often require a single standard MRI sequence, thus imaging is
relatively short and uncomplicated. However, atlas methods can be developed using
images from multiple MRI sequences. The use of an atlas also enables automatic
delineation of structures, which can further optimize the workflow and reduce inter-
observer delineation variability (Johnstone et al., 2018). Problems associated with atlas
methods are related to aberrant patient anatomies that deviate from the atlas, either in
terms of weight or due to anatomical abnormalities (Dowling et al., 2015). Since these
methods also rely on image registration, they can be considered contradictory, since the
reduction in systematic image registration uncertainties is one of the main reasons for
using MRI-only workflows.
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Voxel-based methods

Voxel-based methods rely on the intensities in MR images from one or several MRI
sequences. Standard MRI sequences or ultrashort echo-time (UTE) sequences can be
used. UTE sequences allow better imaging of bones, as they have a short T2* relaxation
time, but has only been used in brain (Edmund and Nyholm, 2017, Johnstone et al.,
2018). The use of standard MRI sequences has been demonstrated in prostate cancer
patients (Kapanen and Tenhunen, 2013). Using a T1/T2 -weighted GRE sequence
allowed a model of the relation between MR intensity and HU values to be created
based on 40 randomly chosen bone voxels in MR and CT images from ten patients.
After manually delineating the bones in the MR images, the bony structures were
divided into 16 subgroups and their mean MR intensities were converted into HU
using the model. The remainder of the body was assumed to be water equivalent. This
model was later developed to include the relationship between MR intensity and HU
for tissues other than bone, such as muscle and fat, and urine (Korhonen et al., 2014).

Accurate image registration of the new MR images is not required in voxel-based
methods (Dowling et al., 2015, Jonsson et al., 2013). Atypical anatomy is better
accounted for than in atlas-based methods. The use of UTE images has made automatic
classification of cortical bone possible. However, these sequences are considered special-
ized, and not typically part of the clinical MRI examination protocol. One concern
when using standard MRI sequences is the difficulty in differentiating between bone
and air, requiring manual delineation of bony structures in many cases. Manual
delineation can be time consuming and is therefore undesirable in the clinical setting.
One drawback of using multiple sequences in voxel-based approaches is the longer

scanning time, which increases the risk of motion between sequences (Johnstone et al.,
2018).

Deep learning

Deep learning is a subfield within machine learning in artificial intelligence. Deep-
learning approaches in general consist of multiple-layer networks; convolutional neural
networks and generative adversarial networks, being two examples that have been used
in radiotherapy applications (Sahiner et al., 2019). Mathematical models are created
using these types of network and the network learns to capture and represent
relationships between the input and output. Deep learning approaches for sCT genera-
tion have emerged in recent years. In these approaches, the network is trained to learn
the relationship between CT and MR images. The input to the network is an MR
image, and the output the corresponding CT image created by the network (i.e. an sCT
image). The first demonstration of a deep learning convolutional neural network for
sCT image generation was presented in 2017 (Han, 2017). Synthetic CT images were
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created in seconds using rigidly registered CT and MR images of the brain from 18
patients. Although the method was restricted to a single slice, the training material was
limited, and no dosimetric evaluation was made, it demonstrated the feasibility of fast
sCT image generation using a convolutional neural network. Following this, methods
for deep-learning sCT image generation for the male pelvis have been presented and
dosimetrically evaluated for radiotherapy of patients with prostate cancer (Chen et al.,
2018, Maspero et al., 2018).

After successfully training a network, sCT image generation is very fast, and training
does not have to be repeated. However, networks that rely on image registration in the
training data are sensitive to misalignments between the CT and MR images.
Misalignment in the training data will lead to inaccuracy in the method, as it has been
trained to make a false prediction (Han, 2017). Deep learning are restricted to the way
in which training of the network is performed and the quality of the training data. A
network can only produce sCT images if the input MR images resemble the training
material used in the network. One attractive application of sCT deep-learning
approaches is the MR-linac, where the sCT images are required instantly after MR
imaging (Arabi et al., 2018).

Commercial solutions

The decision regarding which sCT image generation method should be used in the
implementation of an MRI-only workflow is important. Hospitals require that
products used in the clinical workflow must be developed by the hospital itself, are used
within a research project, or are clinically approved. Commercialization of a product
can make the process of implementation more straight forward, since this means that
the product are distributed and managed by a company. Approval of medical equip-
ment is given by Conformité Europeéne approval (CE marking), or the US Food and
Drug Administration (FDA approval). Commercialization and regulatory approval
increases the potential of a wide spread adoption of MRI-only.

The majority of published sCT-generation methods have been developed in-house.
This means that the software and/or underlying source code belongs to a research group
within, or associated with, a hospital, and the methods have been developed and tested
within approved research studies. It is difficult for hospitals to implement methods
developed at other hospitals, and commercial solutions are more commonly used. Four
out of the six implementation studies in Table 1 (Christiansen et al., 2017, Tyagi et al.,
2017a, Kerkmeijer et al., 2018, Persson et al., 2018a) employed one of the two
commercially available sCT-generation methods, MRCAT™ (Philips, Helsinki,
Finland) or MriPlanner™ (Spectronic Medical AB, Helsingborg, Sweden).
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Philips was the first company to introduce a commercial sCT solution called MRCAT
(Kahler et al., 2015). The initial version of this generation method performed tissue
classification based on a DIXON sequence. The new MR images were divided into five
tissue types: air, water, fat, cortical bone and spongy bone, using automatic, model-
based segmentation. This method belongs to the voxel-based methods, but also adopts
a bulk density approach. The workflow and dosimetric evaluation of MRCAT were
presented by several groups in 2017 (Tyagi et al., 2017b, Christiansen et al., 2017,
Kemppainen et al.,, 2017). This was later followed by the commercialization of
MriPlanner, which was the sCT-generation method used in the studies described in
Papers II, IV and V. This multi-atlas-based sCT-generation method with a statistical
decomposition algorithm, was first described by Siversson et al. (Siversson et al., 2015).
In this method, deformable image registration is followed by multiple segmentations.
Candidate sCT images are created by applying deformation to candidate CT images in
the atlas. The candidate sCT images are then fused together voxel-wise by calculation
of the weighted median HU, and a final sCT image is created.

Both MRCAT and MriPlanner are dependent on segmentation, as well as several image
registrations. Since MRCAT is supplied by an MR-scanner vendor, sequence for sCT
generation, as well as the sCT generation itself, are available directly in the MR scanner.
This method is thus preferable and easily adopted by hospitals with Philips MR
scanners. In contrast to MRCAT, MriPlanner is MR-vendor independent, meaning
that it can be used with MR scanners from different vendors (Paper IV). The conditions
for the widespread implementation of MRI-only workflows with this technique are
thus better, although the software is not supplied ready to use with the MR scanner, as
in the case of MRCAT for Philips users.

4.3.3 Treatment planning using a synthetic CT image

Since treatment planning is traditionally based on the use of CT images acquired with
a CT scanner, the treatment planning system (TPS) does not completely comply with
the use of MR images (Schmidt and Payne, 2015). In MRI-only workflows, the sCT
images generated are imported into the TPS, and should ultimately be used in the same
manner as normal CT images. In an MRI-only-compatible TPS, the sCT images would
be used in the background, for QA purposes, and the MR images should be the primary
images used for treatment planning. However, this is not possible in most TPSs today,
and sCT images are therefore used as the primary images. This means that the sCT
images are visible throughout the treatment planning procedure, and the MR images
are not used after delineation. The target and OAR are transferred to, or created directly
on, the sCT images (Figure 6).
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Figure 6. Target, including the CTV (red) and PTV (blue), and OAR including the bladder (yellow),
rectum (brown) and femoral heads (green), created directly on sCT images. A treatment plan is
created according to the prescribed dose and clinical DVH criteria, resulting in a calculated dose
matrix. The image on the right shows a dose matrix overlaid on an sCT image through the central
slice of the prostate, with a dose ranging from 0 Gy (light blue) to 78 Gy (dark red).

There are some general differences in the use of sCT images and CT images in a TPS.
In the studies described in Papers II, IV and V, the TPS Eclipse from Varian Medical
Systems was used. Factors that are affected when Eclipse is used are the position of the
couch structure, user origin definition, ED conversion and the creation of reference
images for patient set-up. The general differences, compared to CT-based treatment
planning, are presented below. Other factors may come into play when other TPSs are
used, but only the Eclipse TPS is considered in this thesis.

Couch position

The insertion of a virtual couch in the TPS enables correction for the attenuation of
radiation by the treatment couch, making the dose calculations more accurate. The
virtual couch is usually placed at a distance corresponding to the thickness of the
support used for patient immobilization during CT imaging. The threshold can be
adjusted in CT images to enable visualization of the patient immobilization device and
the CT couch. The virtual couch can then be inserted at the correct distance from the
body. The MR couch is poorly visible or not visible at all in MR images, depending on
the sequence used. The couch is not represented in the generation of sCT images, and
the distance between the patient’s body contour and the MR couch must be known.
An MRI sequence can be added for couch visualization to obtain the correct distance,
but this prolongs the MRI examination protocol, and is therefore undesirable. The
most convenient way to account for attenuation in the couch is to use the same immo-
bilization device for all patients, thus standardizing the distance between the patient
and the couch. Prostate cancer patients normally lie on a thin mattress during MRI
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examination and treatment, and its thickness can be used as the distance at which the
virtual couch should be placed beneath the patient.

Definition of the user origin

In the TPS, the intersection of the marks made on the patient’s skin during patient
immobilization is defined as the image origin, commonly called the user origin.
Knowing the distance between the user origin and the treatment plan isocentre helps
when positioning the patient correctly for pre-treatment imaging. The marks on the
skin can be visually represented in CT images by placing highly attenuating material

over them. In MR images, liquid markers such as “PinPoint for image registration 128”
(Beekley Medical, Bristol, Connecticut, USA), can be used (Figure 7). Tattooless
radiotherapy workflows have also been presented, where no skin marks are used.

Figure 7. The definition of the user origin in CT images is based on the use of high-density objects
placed on the surface of the patient (red circles, left image). In MRI, liquid markers can be used for
user origin definition. In the MR image on the right the “PinPoint for image registration 128"
marker has been used which has a doughnut shape, forming a distinctive valley in the middle (red
circles, right image).

ED conversion

To enable dose calculation, the HU in the sCT images must be converted to ED. This
is done using conversion curves, based on HU with corresponding ED values, for
different materials (Kn6os et al., 1986). Conversion curves can be based on theoretical
values published in the literature, or on measurements performed at the CT scanners
used for treatment planning at the hospital. The conversion curve is inserted in the
TPS, allowing the absorbed dose to be calculated. Different strategies can be used for
HU to ED conversion in MRI-only workflows. Either the same calibration curve as for
CT-based treatment planning can be used (Christiansen et al., 2017, Tyagi et al.,
2017a), or a calibration curve from the vendor of the sCT-generation method can be
applied (Kemppainen et al., 2017). HU to ED conversion has been reported as a
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confounding factor in MRI-only workflows (Maspero et al., 2017a). A relative dose
difference of 0.7%=0.2% was seen as a result of using the clinical conversion curve,
rather than the vendor supplied curve for MRCAT. It is thus important to validate the
HU to ED curve intended for treatment planning in the MRI-only workflow. The
clinical HU to ED conversion curve was used in the studies described in Papers II, IV

and V.

Reference images for patient set-up verification

Treatment planning includes generating reference images for patient set-up verification
prior to treatment delivery. Depending on the set-up verification strategy chosen, the
sCT images or 2D-based DRR from the sCT images can be used (Kemppainen et al.,
2018, Korhonen et al., 2015, Tyagi et al., 2017b). MR images have also been used
directly and displayed at the treatment unit (Wyatt et al., 2019). When the sCT images
are used directly, either the bony structures or the identified fiducial markers are used.
When DRR are used, a pair of images is generated from the sCT images in the TPS.
For prostate cancer patients, where fiducial markers are commonly used for patient set-
up, the fiducials must be represented in the DRR. This can be done in two ways: by
delineating the fiducials and representing them as structures in the DRR, or by repre-
senting the marker coordinates as physical objects in the images (Figure 8).
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Figure 8. DRR created from sCT images and CT images. Fiducial markers were inserted into the
patient, seen as spherical objects in the sCT-DRR (left), which have been burnt into the sCT image.
In the CT-DRR (right) the fiducial markers are seen as cylindrical objects representing the artefacts
from the fiducial markers in the CT image.
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4.3.4 Validation of synthetic CT images for treatment planning

The validation of sCT images for treatment planning has traditionally been performed
using the CT images as the ground truth. Comparisons of dose distributions, HU
values and bone segments are commonly used (Edmund and Nyholm, 2017). Since the
primary objective of sCT images is to create a foundation for treatment planning and
calculate the dose, the main interest lies in the dosimetric accuracy of the sCT images.
The dosimetric accuracy in this case refers to the difference between dose distributions
resulting from calculations using CT images and sCT images. The dose distribution
obtained from CT images is considered the true value in the comparison. There is con-
siderable variation in the methods used for comparison in published papers on sCT-
generation methods, and there is no consensus on how sCT-generation methods should

be validated.

The MR-Only Prostate External RAdiotherapy (MR-OPERA) study (Paper IV)
validated the multi-atlas method presented by Siversson et al. (Siversson et al., 2015).
This study was the first multi-centre study to validate an sCT-generation method for
treatment planning. Four hospitals, two MR vendors (Siemens and GE), field strengths
of 1.5 T and 3 T, and a total of 170 prostate cancer patients were included in the study.
Validation was performed as follows.

The target and OAR were delineated on the CT images.

A CT treatment plan was created and the dose distribution calculated.
sCT images were registered and resampled to the CT geometry.

The sCT images were imported into the TPS.

The CT treatment plan was transferred to the sCT images.

A R e

The sCT dose distribution was calculated with fixed plan parameters.
7. The resulting CT and sCT dose distributions were compared.

Each hospital followed steps 1-7, and their clinically created CT treatment plans were
recalculated on generated sCT images for their own patients. The calculated CT and
sCT dose distributions were compared using DVH comparison for targets and OAR
and gamma analysis. The mean dose differences between the CT and sCT dose
distributions were less than 0.3% of the prescribed dose for all investigated dose criteria.
The median dose differences at the four hospitals were similar, with maximum differ-
ences of less than 1.5% of the prescribed dose for target and OAR mean doses. The
mean gamma pass rate was greater than 97% for a global gamma criterion of 1%/1mm,
using a 15% dose cut-off. Similar results were obtained in the implementation study
described in Paper II, where the maximum dose differences were less than 2% of the
prescribed dose, after correction for rectal gas. Gamma pass rates were above 98% for
a global gamma criterion of 2%/1mm using a 15% dose cut-off. This is in line with
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previously published results on synthetic CT generation methods for prostate, where
the dosimetric accuracy ranged from 0.0 to 2.0% for voxel- and atlas-based methods
(Edmund and Nyholm, 2017, Johnstone et al., 2018). Bulk density approaches in
general show higher deviations, of up to 9.7% in the target volume, depending on the
HU assignments. Assigning a combination of water and bone HU values instead of
solely water equivalent HU has consistently shown better dosimetric accuracy. The
commercial software MRCAT showed good dosimetric accuracy for prostate cancer
patients, with maximum differences of about 2%, and gamma pass rates above 93%
(1%/1mm) and 99% (2%/1mm) (Christiansen et al., 2017, Kemppainen et al., 2017,
Tyagi et al., 2017b). Deep-learning-based approaches have also shown good dosimetric
accuracy between CT and sCT dose distributions. Reported maximum deviations in
DVH parameters are below 2.5% (Maspero et al., 2018), and gamma pass rate above
98% for a gamma criterion of 1%/1mm (Chen et al., 2018).

Considerations and potential pitfalls

The treatment plan created for the validation of sCT images for treatment planning
should reflect the treatment technique and prescription to be used in clinical routine.
A conventional three-field treatment technique will be affected by the anatomy in the
radiation pathway, while a volumetric modulated radiation therapy plan, in which the
radiation is spread over 360 degrees, may be affected differently. The use of different
types of radiation in the workflow, such as photons or protons, may also affect the dose
comparison between CT and sCT dose distributions differently. The feasibility of a
prostate. MRI-only workflow for proton treatment planning, currently in use for
photon treatment planning, was recently evaluated, showing promising results
(Aramburu Nunez et al., 2020).

Registration is needed to transfer the treatment plan from the CT to the sCT images.
This image registration can be either deformable or rigid, and can be performed directly
in the TPS or using external software. Deformable image registration acts on each voxel
of the image volume, depending on the algorithm used, and deforms one image to fit
a reference. Deformable image registration can create very exact registration between
images, but can also introduce non-realistic deformation of the images. For example, if
deformation of the bones is allowed, a generation error in a bone segment of the sCT
images can be masked by the deformable registration. Rigid image registration can be
performed using three or six parameters, i.e. translational directions only, or both
translation and rotation. Rigid registration acts on the complete image volume and
moves the image around a fixed point, instead of deforming individual voxels.
Differences in body contours are maintained in rigid image registration, which can
affect the dose comparison.
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If image registration is performed in the TPS, extra attention must be paid to the
transfer of the treatment plan using the image registration. Plan transfers in TPS are
often performed in translational directions only. As a result, the treatment plan will
only be transferred using the translational directions of the image registration, neglect-
ing any rotation in the registration matrix. This will result in a slightly rotated treatment
plan compared to the image volume, if a six-parameter rigid image registration has been
used. This mainly affects dose comparisons in areas away from the registration centre.

In dose comparisons between the CT and sCT dose distributions, it is important to
consider the impact of slice thickness and voxel size in the CT and sCT images. One
strategy for DVH comparison is to transfer the target and OAR volumes from the CT
images to the sCT images. If the two images have different voxel sizes, the transferred
volumes will change slightly to fit the new image geometry. This will affect the DVH
comparison in a manner depending on the magnitude of the volume change. An
alternative solution is resampling into a common voxel size, prior to transferring the
target and OAR and dose recalculation. The dose matrices can also be resampled with
external software, enabling DVH comparison with the same volumes.

The impact of patient repositioning between CT and MR imaging sessions is a problem
often discussed in connection with the validation of sCT-generation methods. To
minimize this bias, deformable image registration can be used prior to re-calculation of
the treatment plan (Kemppainen et al., 2017). A simpler strategy is to assign an outer
body contour corresponding to the CT images to the sCT images. This can be done by
replacing any areas containing air inside the CT body contour with water, and
removing tissue outside the CT body contour. This correction strategy was successfully
demonstrated in Paper IV, where the median and maximum differences for the cor-
rected sub-population were reduced (Figure 9).
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Figure 9. Demonstration of the body contour correction used in the study presented in Paper IV.
The outer body contour of the CT images was overlaid on the original sCT images (bottom left).
Any air inside the CT contour or soft tissue outside the CT contour (indicated by the blue arrows)
was replaced with water or removed, resulting in a body-corrected sCT image (bottom right). The
dose comparison for a population of 28 patients is shown in the box plots. The original sCT-CT dose
comparison is shown on the left and the body-corrected sCT-CT dose comparison on the right. (The
figure is adapted from Fig. 3 in Paper IV).

The internal anatomy of the patient may also change between the CT and MR imaging
sessions. This was seen in three patients in the study described in Paper II. The initial
dose comparison between CT and sCT dose distributions for these patients showed
differences exceeding 4% of the prescribed dose, to either the target area or the rectum.
After further investigation, this was found to be caused by rectal gas in close proximity
to the CTV in all three patients. In the sCT-generation method used in this study, air
is represented by soft tissue in MR images. This is motivated by the fact that air cavities
are unlikely to appear in the same place during each fraction of the treatment. When
creating or recalculating the treatment plan using CT images, large air cavities should
be noted and the impact on the dose comparison investigated.
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4.4 Patient set-up verification

Prior to treatment delivery, the patient set-up must be verified, based on registration
between the reference images and the pre-treatment images acquired with the treatment
unit. This ensures alignment of the patient to the plan isocenter, and is usually called
image-guided radiotherapy.

Prior to pre-treatment imaging, the patient is aligned using the skin marks created
during MR imaging. Surface guidance is an alternative to skin marks. Using surface
guidance, more information on patient posture was obtained for breast cancer patients,
where optical light was projected onto the surface of the patient (Kugele et al., 2019).
Skin marks have not previously been considered a reliable representation of the position
of internal structures in the pelvic area (Verhey, 1995). Recommendations on image
guidance for prostate cancer treatment are given in the ESTRO ACROP consensus
guidelines on the use of image-guided radiation therapy for localized prostate cancer
(Ghadjar et al., 2019). These guidelines state that patient set-up with laser and surface
systems could be used as a complement, but cannot completely replace image-guided
radiation therapy. Furthermore, they recommend that image guidance should be per-
formed based on the prostate itself, preferably using fiducial markers and CT-based
imaging. Cone beam CT (CBCT) imaging is an example of CT-based pre-treatment
imaging. Electronic portal imaging devices and kV images are alternatives to this,
however, their use in the detection of prostate deformation and rotation may be limited.
Daily imaging is recommended in the guidelines, due to the benefits regarding rectal
toxicity and biochemical progression-free survival, compared to weekly imaging
protocols (de Crevoisier et al., 2018). A daily correction strategy is more efficient in
reducing both random and some systematic errors, compared to a weekly schedule. It
has also been suggested that the PTV margin should be adapted based on the set-up
strategy used, and kept to a minimum by daily correction strategies and tracking

(Ghadjar et al., 2019).

4.4.1 Set-up verification in an MRI-only workflow

Patient set-up verification in an MRI-only workflow does not differ in principle from
that in the dual-modality workflow. The aim is to position the patient correctly relative
to the treatment plan isocentre and reduce systematic and random errors. Using the
set-up strategy of choice, the sCT or MR images are used, instead of the conventional
CT images. The patient set-up can be verified using fiducial markers, bony anatomy or
soft tissue.
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Two approaches have been demonstrated using bony anatomy for patient set-up in
MRI-only workflows. In the first, the sCT-DRR generated were registered to kV
images (Kemppainen et al., 2018), while in the second, sCT images were registered to
CBCT images (Korhonen et al., 2015). Soft tissue CBCT image registration has also
been presented, where the MR images were imported into the treatment unit by
changing the image modality DICOM tag in the MR images to “CT”. This enabled
visualization of the MR images at the treatment unit, and the CBCT images could then
be registered to the MR images (Wyatt et al., 2019). Automatic registration of MR and
CBCT images has been hampered by insufficient bony tissue representation in the MR
images, which caused system warnings (Korhonen et al., 2015). Non-compliance of the
patient in bowel preparation prior to MR and CT imaging has been reported to cause
systematic differences, which affected the initial registration between CT and MR
images in the anterior-posterior direction in one patient. After exclusion of this patient,
similar margins were found for CT-CBCT and MR-CBCT set-up strategies (Doemer
etal., 2015).

If fiducial markers are used for patient set-up verification, they must be represented in
the sCT images. This can be achieved by using the positioning of markers identified in
the MR images, and representing them as a physical object or a structure (Paper II).
Tyagi et al. (2017b) investigated fiducial marker registration to kV and CBCT images.
The fiducial markers were segmented in the fiducial marker identification sequence and
the regions of interest were transferred to the sCT images. The markers were also burnt
into the sCT images by assigning the voxels in the regions of interest a HU value of
3000. A similar approach was used recently, where delineation of the identified markers
was used as the reference for patient set-up with kV or CBCT images (Greer et al.,
2019). Prior to the implementation of an MRI-only workflow, the chosen set-up
strategy should be validated before the CT images are completely excluded from the
workflow.

4.4.2 Validation of MRI-only set-up strategies

In comparison to the number of studies published on sCT generation and the
geometric and dosimetric evaluation of these methods, the number of studies investi-
gating patient set-up accuracy in MRI-only workflows is small. Only a few set-up
studies were identified in the reviews by Johnstone et al. and Bird et al. (Bird et al,,
2019, Johnstone etal., 2018). Validation of MRI-only set-up strategies has traditionally
been performed with CT images. In this case, the set-up accuracy refers to the difference
in registration to the pre-treatment images, performed with sCT (or MR) and CT
images. CT image registration is considered the true value in the comparison. As in the
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validation of treatment planning, validation of set-up strategies may be influenced by
factors other than the quality of the sCT images. Registration methods used for set-up
verification may be automatic, manual, or a combination. If performed manually,
image registration may be influenced by an inter-observer bias, while automatic image
registration can be influenced by the choice of registration parameters and regions
included in the registration. Differences between MRI-only and CT-based set-up
verification are also influenced by the image used for registration, i.e. sSCT or MR
images.

In general, the validation of an MRI-only based set-up strategy can be performed using

the following steps.

1. Registration between sCT/MR images and CT images.

2. Registration of sCT/MR images and CT images, or corresponding DRR, to
the pre-treatment images (Figure 10).

3. Comparison of calculated couch shifts between image registrations.

Sagittal view Coronal view
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Figure 10. Fiducial marker registration using a CT-DRR (sagittal view A, coronal view C) compared
to an sCT-DRR (sagittal view B, coronal view D) (A-D images with a 50% image blend between DRR
and kV-images in the module used for offline review). Corresponding DRR without a kV image
blend for CT-DRR (sagittal view E, coronal view G) and sCT-DRR (sagittal view F, coronal view H) are
also shown.

In one of the first studies to investigate the potential of MRI-based patient set-up for
prostate cancer patients, a density of 2 g/cm’ was assigned to the delineated bones
(Chen et al., 2004). The bones delineated on the MR images were within 2-4 mm of
those in the CT-DRR. This study did not validate the use of the DRR in a set-up
strategy by performing an actual image registration. Other studies have since been
presented in which different MRI-only set-up strategies for prostate cancer have been
validated. Korhonen et al. (2015) investigated patient set-up using the bony anatomy
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in both CBCT images and planar images. Registration of CT-DRR and heterogeneous
sCT-DRR to kV images resulted in differences of less than 2.8 mm between the two
registrations. The mean differences between sCT-based and CT-based patient set-ups
using CBCT images were less than 1.2 mm, but depended on the strategy and anatomy
included in the CBCT image registration. In two of the nine CBCT set-up strategies
evaluated, no outliers were found, whereas the remaining seven strategies had outliers
that exceeded 3 standard deviations (SD). These outliers were excluded from the CBCT
image registration results. MR-CBCT image registrations in general showed more
outliers than sCT-CBCT image registration. Doemer et al. (2015) reported the maxi-
mum mean difference in their MR-CBCT patient set-up to be -0.15+0.25 cm in the
anterior-posterior direction. This is in accordance with the results given by Korhonen
et al. (2015), but without outlier exclusion. Manual alignment, as used by Doemer et
al. (2015), could potentially reduce the number of outliers. Whyatt et al. (2019) found
that manual MR-CBCT image registration in general differed from CT-based image
registration by less than 3.3 mm. Differences in rectal filling between images was the
cause of one outlier.

Kemppainen et al. (2018) and Tyagi et al. (2017b) both validated MRCAT for patient
set-up verification. Kemppainen et al. found mean differences of less than 0.5 mm for
a kV set-up strategy, and found both systematic and random uncertainties. They
concluded that if the registration errors between CT and MR images in the dual-
modality workflow were greater than 1.7, 1.5 and 1.1 mm (in the vertical, longitudinal
and lateral directions), MRCAT could be considered more accurate in terms of total
accuracy. Tyagi et al. found maximum differences of less than 2 mm in kV and CBCT
image set-up strategies. Prostate rotation between images was found to cause significant
differences. Deep-learning approaches have also been investigated in the context of
patient set-up verification, showing mean translational vector distances of less than 0.6
mm for CBCT image registrations (Fu et al., 2019). In summary, patient set-up using
bone and soft tissue in sCT and MR images for prostate cancer patients has been shown
to be clinically feasible.

Fiducial markers are most common and one recommended set-up strategy for prostate
cancer patients (Ghadjar et al., 2019). This could explain the small number of sCT-
generation methods evaluated for MRI-only patient set-up. Patient set-up strategies
using fiducial markers does not rely on the performance of the sCT image generation,
but identifies their origins much earlier in the workflow, i.e. during MRI. The accuracy
of the fiducial marker set-up strategy is determined by how well the fiducial markers
can be identified in the MR images. This was briefly discussed in the section 4.1.2, and
is an important task in the MRI-only workflow.
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The use of fiducial markers for patient set-up verification was investigated together with
an automatic CBCT image set-up strategy using bone (Paper II). The maximum
difference between CT and sCT image registrations for the CBCT image set-up
strategy was less than 2 mm for all but one patient. In this case, it was hypothesized
that the larger difference was caused by difference in rotation of the patient during CT
and MR imaging. Differences in the fiducial marker registrations using DRR registered
manually by one observer towards kV images were less than 2 mm. The inter- and
intra-observer variations in the set-up strategies were not considered in this thesis.
Furthermore, only translational directions were included in the investigated image
registrations. Rotational differences could also be important, and should be considered
if rotational correction strategies are to be used, as when using a 6-dimensional
treatment couch.

4.5 Quality assurance in clinical routine

The clinical MRI-only workflow illustrated in Figure 1 is a simplified version, intended
to provide an overview. In reality, many steps are required to evaluate the performance
of a radiotherapy workflow. The terms “quality assurance” and “quality control” are
often used when discussing the radiotherapy workflow. QA concerns all aspects of the
radiotherapy process, and includes processes to ensure consistency and safe delivery of
the prescribed dose. Quality control is a specific part of this process, where the actual
quality of the performance is measured and compared to a standard (IAEA, 2005). For
the sake of simplicity, the term QA will be used in the rest of this section to refer to the
overall process, as well as individual parts of the process.

As described in sections 4.3 and 4.4, CT images have constituted an important founda-
tion in the validation of sCT-generation methods. Both MRI-only dose calculations
and set-up strategies have been validated using comparison towards CT images.
Comparison towards CT images, i.e CT-QA, has also been used in prospective
implementations (Paper II). In Paper II, the CT-QA was used as a final step in the
implementation of the workflow to verify fiducial marker identification as well as the
sCT dose calculations. All patients in the study passed the CT-QA within acceptable
levels. Electronic checklists were also used as guidance, and for error prevention, and
all the checklists could be successfully completed for all patients in the study.
Nevertheless, there is still room for patient-specific QA in the MRI-only workflow. It
could be argued that the performance of the sCT-generation method should be verified
according to an established standard, for the same reasons that QA is performed on the
CT scanners used for radiotherapy. However, there is no known standard for QA of
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the different tasks in the MRI-only workflow, and individual hospitals will employ their
own criteria until standards are established.

When the MRI-only workflow has been implemented and is ready for routine clinical
use, there will be no need for CT imaging, and the CT-QA will thus not be included.
A substitute to the CT-QA will therefore be needed to enable patient-specific QA. A
CT-independent QA method for error detection in sCT images used for treatment
planning is presented in Paper V. The intention was to present a clinically feasible
method of patient specific QA in MRI-only radiotherapy using CBCT-images (Figure
11). The concept was based on a previously presented method, where CBCT images
were suggested for QA of sCT images of the brain (Edmund et al., 2015). In that study,
a statistical approach was suggested for the validation of the sCT images. In the study
described in Paper V a CBCT-based dose comparison was of interest, since dose
comparisons have traditionally been used for the validation of sCT images. A CBCT-
based dose comparison could thus be easily implemented, and the results simple to
interpret. In order to replace the CT images with CBCT images, it was required that
comparable dose differences were obtained when the sCT-treatment plan was re-
calculated using either the CT or the CBCT images. The CBCT imaging system was
found to be stable in terms of variations in HU over time, which was also considered a
requirement. The re-calculated CT and CBCT dose distributions were found to be
similar; the greatest difference in the PTV mean dose being 0.6%. This difference is
very small, and would not have resulted in any changes in the clinical decisions. Gross
errors were introduced into the sCT images for one patient, which were reflected
similarly in the CT and CBCT dose re-calculations. Large errors were required in the
sCT images to reach dosimetric differences greater than 2% in the PTV mean dose. An
advantage of using CBCT images for QA of sCT images is that the image modality is
available at the treatment unit. This facilitates the acquisition of the CBCT images at

the time of the first treatment, and thus no extra imaging session is required.

Figure 11. CBCT image of a centre slice of the prostate (left) and corresponding sCT (middle) and
CT (right) images. A fiducial marker can be seen as a white, high-intensity object in the central part
of each image.
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The CBCT images also have the potential for use in verifying the positions of the
fiducial markers identified in the MR images. An extra scheduled CBCT imaging
session has been used for verification of fiducial markers in an MRI-only workflow
(Tyagi etal., 2017a). This enabled verification in a separate session from the treatment,
which could be advantageous as it allows QA prior to dose delivery. An alternative
method for CT-independent QA of the gold fiducial marker positions is to use kV
images acquired using a C-arm during marker implantation (Gustafsson et al., 2018).
Bulk density dose calculations have also been suggested for QA of sCT images. These
can validate the dose calculated with sCT images, and a standalone imaging modality
is thus not required. However, this method cannot be used to verify the positions of
gold fiducial markers.
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5 Conclusions

One of the main reasons for implementing MRI-only workflows is to reduce image
registration uncertainties. In the work described in this thesis, the observer bias in a
common fiducial marker image registration approach was investigated (Paper I).
Observer bias was found to be present, and in some prostate cancer patients it was of
the order of 3 mm, which would have introduced a significant systematic error. It was
concluded that image registration based on gold fiducial markers was associated with
uncertainties. Thus, an MRI-only workflow for patients with localized prostate cancer
was deemed to be beneficial, in terms of reduced image registration uncertainties.

Successful implementation of an MRI-only workflow for localized prostate cancer was
demonstrated (Paper II). The approach using a prospective CT-QA, enabled the safe
implementation of the workflow. An image-registration-free workflow was presented,
where the final decisions were based on MR images from a single MRI sequence.
Acceptance criteria for parts of the workflow could be determined, providing a good
foundation for future clinical implementation.

Implementation of the workflow was preceded by studies to investigate target
delineation (Paper III) and treatment planning (Paper IV) in an MRI-only workflow.
The prostate volume in the dual-modality workflow is influenced by the difference in
patient position between imaging sessions, as well as the image registration between the
CT and MR images. Prostate target delineation in the MRI-only workflow led to a
smaller prostate volume than in a dual-modality workflow employing CT and MR
images. The hypothesis that a dual-modality prostate volume is delineated using only
the MR images, and thereby equal to an MRI-only delineated prostate volume, was
thus rejected (Paper III). If this difference is not accounted for, a reduction in the
treated prostate volume could occur in an implementation of an MRI-only workflow.

Treatment planning using the vendor-independent MriPlanner sCT-generation
software was found to be robust for equipment from a variety of MRI systems, at
different field strengths and using different treatment techniques (Paper IV). Small
dose differences were found compared to CT-based treatment planning. This paves the
way for the widespread implementation of MRI-only workflows. CBCT images can be
used for gross error detection in the sCT images, allowing CT imaging to be completely
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eliminated from the workflow (Paper V), and CBCT images have the potential to verify
the positions of gold fiducial markers. In conclusion, the work presented in this thesis
demonstrates that an MRI-only workflow for radiotherapy of prostate cancer can be
clinically implemented.

42



6 Future perspectives

The standardization of methods in MRI-only workflows is difficult due to the wide
variety of sCT-generation methods and the different ways in which they have been
incorporated into clinical workflows. Nevertheless, standardization is not only a
concern for MRI-only workflows, but applies to radiotherapy in general. Professional
organizations, such as the American Association of Physicists in Medicine, the
European Society for Radiotherapy and the International Atomic Energy Agency, have,
despite great variety, published guidelines and recommendations on other topics. Some
of the questions related to MRI simulation in radiotherapy are addressed in the task
group No. 284 of the American Association of Physicists in Medicine. MRI-only
workflows for prostate cancer would benefit from guidelines. This would promote the
implementation of MRI-only workflows in clinical practice.

The most important advantages of MRI-only workflows have been reported to be
reduced uncertainties, time saving and cost efficacy. Health-economic studies are
required to estimate the potential cost efficacy of MRI-only workflows. During the
transition from dual-modality workflows to MRI-only workflows, new QA procedures
will be necessary, which may lead to increased costs. The implementation of the sCT-
generation method will also lead to increased costs, as software must be purchased from
a vendor or developed in-house. These extra costs mean that MRI-only workflows may
not be as cost efficient as initially expected. In order to be cost efficient, the costs of the
extra QA-procedures and sCT-software, should not exceed the cost of a CT-appoint-
ment. Apart from the possible economic advantages of an MRI-only workflow, health
aspects must be considered. A reduction in image registration uncertainties enables
smaller PTV margins, potentially resulting in reduced toxicity. This could mean fewer
healthcare visits from patients, since they experiences less side effects from their
treatments, which would be a health economic benefit to society. This would be an
interesting addition to the health economical calculation.

During recent years, there has been an increased interest in the application of artificial
intelligence in healthcare, including the radiotherapy community. An example of its
use is the development of deep-learning methods for sCT generation. Deep-learning
offers faster sCT generation, which is especially interesting in the case of the MR-linac.
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The MR-linac is based on CT images and deformable image registration, and thus
potential image registration uncertainty. An MRI-only workflow could be used in the
MR-linac, and would eliminate the need for CT imaging in this treatment modality.
In the MR-linac, the sCT images are required in real time, which places high demands
on the generation speed. Artificial intelligence could also be used in the development
of automatic QA procedures, such as the CBCT-QA suggested in this thesis, which
would benefit from being fully automated.

Radiotherapy of prostate cancer has recently seen a development towards more
individualized treatment, including highly conformal treatment techniques and steep
dose gradients. There is also a trend towards higher fractionation doses, fewer treat-
ments and integrated boosts to parts of the target. This places high demands on the
accuracy and precision of the radiotherapy workflow, and its underlying image
information. Boost doses to parts of the target measuring a few mm may be associated
with risks if the uncertainty in image registration in the workflow is of the same order
of magnitude. MR-positron emission tomography (PET), which offers excellent soft
tissue visualization and metabolic uptake information, is a modality with interesting
potential in radiotherapy. Development of sCT-generation methods for attenuation
correction in MR-PET is an ongoing research field that does not involve radiotherapy.
Combining an MRI-only workflow with MR-PET into an MR-PET-only workflow is
an interesting area of research for further development of personalized radiotherapy.

This thesis describes the development and implementation of an MRI-only workflow
for radiotherapy of prostate cancer. The motivations, as well as the challenges, have
been discussed. Patients with other forms of cancer, such as brain, head-and-neck and
other abdominal cancers, may also benefit from an MRI-only workflow. Other
challenges may arise in the workflows for these diagnoses, and solutions other than
those presented in this thesis may be necessary.
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