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Abstract

A workflow based solely on MRI images for prostate radiotherapy planning eliminates
the need for CT imaging and CT/MRI image registration. The density map required
for the calculation of absorbed dose is generated from MRI data providing a synthetic
CT image. This is referred to as an MRI-only workflow.

Geometric distortion can occur in MRI images, and will thus be propagated in the
synthetic CT images. This can lead to errors in target delineation and an undesirable
dosimetric impact. Gold fiducial markers are implanted in the prostate for treatment
target positioning. These markers have excellent visibility in CT images, but are
difficult to detect using MRI. These issues must be investigated and resolved before an
MRI-only workflow can be clinically implemented.

A method has been developed to investigate the dosimetric implications and impact on
structure delineation from MRI-system-related geometric distortion. The method was
applied to an MRI acquisition sequence, designed specifically for synthetic CT
generation. No clinically relevant dose difference (< 0.02%) or structural deformation
(< 0.5 mm) was found when a 3D distortion correction was applied and a high
acquisition bandwidth was used.

Synthetic CT images of the male pelvis were generated using dedicated MRI acquisition
sequences and commercially available software. The dosimetric accuracy and clinical
robustness of the software were evaluated in a multicenter/multivendor setting.
Synthetic CT generation was found to be possible with a variety of MRI systems, and
radiotherapy treatment techniques, with minimal overall mean dose differences (< 0.3%)

compared to CT.

To resolve the problem of poor visibility and detection of gold fiducial markers in MRI
images, a multi-echo gradient echo acquisition sequence was developed, optimized and
validated. Gold fiducial markers could then be reliably identified, with 99% detection
accuracy. An MRI-independent method was developed and evaluated to confirm the
location of the identified gold fiducial markers. All the fiducial markers were confirmed
to have been correctly identified. The method takes advantage of an X-ray image
acquired during insertion of the gold fiducial markers, prior to radiotherapy. No
additional imaging was therefore required for this independent quality control step.

The methods developed and presented in this thesis can facilitate a clinically feasible
and safe implementation of an MRI-only prostate radiotherapy workflow.






Populirvetenskaplig ssmmanfattning

Prostatacancer ir den vanligaste cancerformen i Sverige och kan behandlas med kirurgi,
stralning, hormoner och cytostatika. Strdlbehandling kan ges for att uppné bade bot
och lindring. For att littare kunna rikea in strilningen sitts det in guldmarkérer i
prostatan. Datortomografi (CT)- och magnetresonans (MRI)-bilder anvinds idag for
att berikna strildos samt rita in behandlingsomrade till prostatan. Patientens inre
anatomi kan skilja sig 4t nigot mellan tillfillena fér CT och MRI bildtagning, vilket
kan skapa osikerheter i planeringen av strilbehandlingen. Genom att utesluta CT och
endast anvinda MRI-bilder for behandlingsplanering kan dessa osikerheter undvikas.
Sjukhuset skulle da kunna spara pengar och patienten kan undvika en undersokning.
Berikning av strildos i MRI-bilder 4r mojlig genom att omvandla dessa till konstgjorda
CT bilder, kallat syntetisk CT. MRI-bilder kan tyvirr innehalla geometriska fel som
ddrmed kan péverka stralbehandlingen. Det ér heller inte litt att med endast MRI-
bilder hitta de insatta guldmarkérerna i prostatan.

I denna avhandling utvecklades metoder for att mita och minimera betydelsen av
geometriska fel i MRI-bilder. Vil anpassade MRI-bilder anvindes sedan for att
utvirdera en kommersiell produkt som méjliggjorde strilplanering med endast MRI-
och syntetiska CT-bilder. Denna utvirdering gjordes for flertalet olika typer av
magnetkameror och kliniska behandlingsystem. Resultaten visar att de geometriska
felen kan minskas till en nivé dir de inte har en negativ paverkan pé stralbehandlingen.
Detta betyder att produkten ir robust for olika stralbehandlingsystem och MRI-bilder
fran olika typer av magnetkameror och tillverkare.

Metoder utvecklades ocksi for att utesluta CT och med endast MRI-bilder kunna hitta
guldmarkorerna i prostatan. Guld ger lokala storningar i MRI-bilderna men detta
visade sig kunna vindas till en fordel for att littare hitta guldmarkorerna och skilja dessa
mot andra objekt i prostatan. Fér att med sikerhet kunna siga att positionen for de
hittade markérerna stimde med verkligheten utvecklades en MRI-oberoende metod
for att bekrifta detta. Denna metod anvinde sig av en rontgenbild som redan hade
tagits vid tillfillet da guldmarkorerna sattes in i prostatan. Dirfor behovde ingen extra
bildtagning for patienten goras.

Avhandlingen i sin helhet visar att det 4r méjligt att utesluta CT samt inféra en siker
MRI-baserad planering av strilbehandling till prostata. Férhoppningen ir att kunna
forbittra framtida behandlingar si att bittre bot uppnas samtidigt som patienten far
mindre biverkningar, di detta ir en mer noggrann metod.
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1. Introduction

Prostate cancer is the second most common diagnosed malignancy among men worldwide,
and is the fifth leading cause of cancer mortality in men with cancer (Ferlay et al., 2015).
External beam radiation therapy (EBRT) offers treatment by delivery of high radiation
doses to the prostate cancer cells. The prescribed total radiation dose is divided into
treatment fractions, given over a period of time, typically 3-8 weeks (Benedek et al., 2018).

Due to its excellent geometric accuracy, computed tomography (CT) has been the primary
imaging modality used for external beam radiotherapy treatment planning (RTP) and
delineation of the target and organs at risk (OAR). CT is crucial in providing tissue
Hounsfield units (HU), which can be converted into electron density, to enable the
calculation of absorbed dose. CT images are also used for patient positioning for treatment
delivery (IAEA, 2016). However, the limited soft tissue contrast in CT images constitutes
a major drawback in the delineation of the target and the OAR (Villeirs et al., 2005). The
weakest link in the radiotherapy treatment process is associated with definition and
delineation of the target volume (Segedin and Petric, 2016). Due to the superior image
contrast of magnetic resonance imaging (MRI), the use of MRI systems in radiotherapy
clinics has become widespread in recent years (Karlsson et al., 2009, Blomqpist et al., 2013,
Metcalfe et al., 2013) (Figure 1). The role of prostate MRI in radiation oncology was
recently reviewed, and an increased need for MRI imaging in the radiotherapy workflow
was identified (Menard et al., 2018).

Figure 1. Image contrast in CT and MRI images

A cropped transverse pelvic CT image is shown on the left. Corresponding anatomy in a small field of view T2-weighted
(T2w) MRI image is shown on the right. MRI images have superior soft tissue contrast compared to CT images, as can
be clearly seen in the prostate area. The bright object located in the prostate in the CT image, and surrounded by streak
artefacts, is an implanted gold fiducial marker. In the MRI image, the fiducial marker appears as a small signal void.
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1.1. Image registration

In order to take full advantage of the superior soft tissue contrast in MRI images for
prostate RTP, CT and MRI images must have a common geometric frame of reference.
This is achieved by image registration. Registration algorithms based on mutual
information are the most common when images originate from different imaging
modalities (Brunt, 2010, Oliveira and Tavares, 2014) (Figure 2).

CT/MRI image registration for the prostate can lead to systematic spatial uncertainties
in the RTP (Nyholm et al., 2009). A spatial uncertainty of 1.7-2 mm for CT/MRI
image registration for patients with and without fiducial markers has been reported in
studies investigating the magnitude of registration errors (Roberson et al., 2005,
Nyholm et al., 2009, Korsager et al., 2016, Wegener et al., 2019).

It is important to note that systematic errors in RTP require 3 to 4 times greater safety
margin than random errors. (Margin is defined in Section 1.3). A systematic
registration error could result in a systematic treatment error that persists throughout
all the treatment fractions. This could lead to displacement of the dose distribution
away from the target, and compromise tumor control (van Herk et al., 2000, van Herk,

2004).

Figure 2. Image registration in a CT/MRI workflow

Image registration based on mutual information in a small field of view MRI image and a CT image (cropped). Image
registration is required when MRI images are used for target delineation in a combined CT/MRI workflow. This can
introduce additional systematic spatial uncertainties in radiotherapy planning.
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1.2. MRI-only

The spatial uncertainty resulting from CT/MRI image registration can be avoided by
excluding the CT imaging from the RTP workflow, and performing target and OAR
delineation using only information from the MRI image (Fransson et al., 2001,
Nyholm and Jonsson, 2014). Such a workflow is referred to as an MRI-only workflow,
or an MRI-based workflow. In a conventional workflow, CT provides information on
electron density (from HU), which is used to calculate the absorbed dose. In an MRI-
only workflow, this information must be retrieved by other means.

HU information can be obtained from MRI images using a conversion process in which
the new images are referred to as “synthetic CT” (Siversson et al., 2015, Persson et al.,
2017, Tyagi et al., 2017a), “pseudo CT” (Korhonen et al., 2014b, Christiansen et al.,
2017, Maspero et al., 2017a) or “substitute CT” (Johansson et al., 2012, Edmund and
Nyholm, 2017). The term synthetic CT images will be used throughout this thesis.
Synthetic CT images (denoted sCT images) are very similar to conventional CT images
but they have a “smoother” appearance. This is due to the nature of the method used
in sCT generation (Figure 3).

Figure 3. Conventional CT image and a synthetic CT image

A transverse pelvic CT image is shown on the left. Corresponding anatomy in a sCT image is shown on the right. The
sCT image was generated from a large field of view T2w MRI image using MriPlanner software (Spectronic Medical
AB). The sCT image provides HU information, required for the calculation of the absorbed dose in an MRI-only workflow.

1.3. Patient positioning

Regardless of whether RTP is based on CT or sCT images, a reproducible patient and target
setup is essential for each radiotherapy treatment fraction, to ensure accurate dose delivery
and to minimize the damage to normal tissue. In prostate RTP, the radiation target is
defined as the clinical target volume (CTV), which includes the gross tumor volume (GTV)
together with an estimate of the microscopic spread of the disease around the GTV.
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A margin is then added to the CTV to take into account uncertainties in treatment
planning or delivery, leading to the definition of the planning target volume (PTV)
(Landberg et al., 1993, van Herk, 2004).

The pelvic bone structure can be used as a landmark for patient positioning, but the
position of the prostate relative to the bone structure will vary due to motion
(Schallenkamp et al., 2005). Small cylindrically shaped gold fiducial markers are
therefore usually implanted in the prostate prior to the start of the EBRT, which are
used for target localization during each fraction of the treatment. Gold fiducial markers
improve the localization of the prostate target during radiotherapy (Kupelian et al.,
2005, Scarbrough and Fuller, 2006, van der Heide et al., 2007). They can thereby
reduce the margin between the CTV and PTV, which is added to ensure adequate dose
coverage of the prostate (Beard et al., 1996, Greer et al., 2008).

When the patient has been positioned on the treatment table, built-in image guidance
techniques, such as orthogonal kilo-voltage (kV) X-ray imaging or cone beam
computed tomography (CBCT), can be used to visualize the gold fiducial markers. The
location of the fiducial markers acts as a surrogate for the location of the prostate
(Scarbrough and Fuller, 2006, O'Neill et al., 2016). CT and sCT images can be used
to create digitally reconstructed radiograph (DRR) images, which are reconstructed 2D
image projections of the patient (Pallotta and Bucciolini, 2010, Korhonen et al., 2015).
These images can also show the positions of the gold fiducial markers (Figure 4).

DRR images are used in combination with orthogonal kV X-ray images for patient
position verification by adjusting the prostate target position for each treatment fraction
to the designated position in the treatment plan. When using an MRI-only workflow,
which relies solely on bone imaging for patient setup, DRR images from the sCT must
be generated with accurate bone positions. The feasibility of this has been demonstrated
with both non-commercial (Korhonen et al., 2015) and commercial sCT generation
methods (Kemppainen et al., 2018).

Figure 4. Frontal and lateral DRR images

DRR images, showing frontal and lateral projections, reconstructed from sCT images. The bone structures are clearly
visible. The three round high-intensity structures in each image represent the gold fiducial markers. The positions of the
fiducial markers were determined using only MRI images, and the round structures were added in the sCT generation
process. Both bone structures and the fiducial markers can be used for patient positioning.
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1.4. Opportunities in MRI-only workflows

MRI-only workflows offer other advantages, apart from the elimination of the spatial
uncertainty due to CT/MRI image registration. Patient setup and anatomical changes,
such as bladder and rectum filling between CT and MRI examinations, can affect
delineation of the target and the OAR (Kerkhof et al., 2008, Schmidt and Payne,
2015). The difficulties regarding prostate target delineation due to such problems could
be avoided by exclusion of the CT images (Tyagi et al., 2017a, Pathmanathan et al.,
2018).

The exclusion of CT imaging could save time and potentially enable radiotherapy
clinics to cut cost per patient, and reduce the complexity of the workflow (Tyagi et al.,
2017a, Henderson et al., 2018, Kerkmeijer et al., 2018, Owrangi et al., 2018,
Tenhunen et al., 2018). A time saving of about 15 minutes was recently reported in a
clinical MRI-only treatment study, compared to a combined CT/MRI workflow
(Tyagi et al., 2017a).

The spatial uncertainties introduced by image registration could be detrimental,
especially when sharp dose gradients are required together with small margins, such as
in stereotactic radiotherapy approaches, where the requirement on geometric accuracy
is higher (Thwaites, 2013). An MRI-only workflow could help to improve the precision
of such radiotherapy treatment (Henderson et al., 2018).

Excluding CT imaging also reduces the exposure of the patient to ionizing radiation.
However, the contribution from CT imaging is on the order of mGy, and is probably
negligible compared to the dose administered during radiotherapy (Tenhunen et al.,
2018, Wood et al., 2018). The dose reduction when using an MRI-only workflow
could be of interest when repeated imaging is necessary, for example, for treatment
adaptation involving weekly scans.

1.5. Challenges in MRI-only workflows

The development of MRI-only workflows is strongly influenced by compatibility
requirements between new solutions and established clinical routines for RTP and
patient positioning. This pose a number of challenges that must be addressed.

MRI images can suffer from both patient- and MRI-system-specific geometric
distortion, which can affect both target and OAR delineation, and propagate into the
generated sCT image. Concerns have therefore been raised regarding the geometric
accuracy in MRI images, and their use in RTP (Chen et al., 2004, Chen et al., 2006,
Walker et al., 2016, Weygand et al., 2016).
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Quality control (QC) tools and the validation of MRI acquisition sequences designed
specifically for MRI-only RTP, are therefore of great importance. Furthermore, it is
important to validate the robustness of the sCT generation method and its dosimetric
integrity for a variety of magnetic field strengths, vendors, and treatment techniques.

Gold fiducial markers for treatment target positioning can be easily identified in CT
images as they appear as hyper-intense objects with streak artefacts (as can be seen in
Figure 5) (Kassim et al., 2011, Chan et al., 2015). An MRI-only workflow requires the
identification of fiducial markers to be performed using only the MRI images. This is
challenging due to difficulties in differentiating gold fiducial markers from
intraprostatic bleeding and calcifications (Kapanen et al., 2013, Ghose et al., 2016,
Dinis Fernandes et al., 2017, Maspero et al., 2017c, Maspero et al., 2018b) (Figure 5).

Figure 5. Gold fiducial marker and calcification in CT and MRI images

A cropped transverse pelvic CT image is shown in (a) and an enlarged image of the prostate in (b). Corresponding
anatomy in a transverse small field of view T2w MRl image is shown in (c) and in (d). This MRl image is used to delineate
the target volume in prostate RTP. The thin arrow indicates the location of a gold fiducial marker, while the thick arrow
indicates a prostatic calcification. As can be seen in the CT image, the gold fiducial marker appears as a hyper-intense
object, surrounded by streak artefacts, while the calcification is not. This makes differentiation between these objects
easy in CT images, whereas in the MRI images, both objects are hypo-intense, and are visualized as signal voids, which
makes differentiation difficult.
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Uncertainties or problems in identifying gold fiducial markers have been reported to
be the greatest obstacles to the successful implementation of MRI-only prostate
radiotherapy (Tyagi et al., 2017a, Tenhunen et al., 2018). To make fiducial marker
identification as cost-effective as possible, and to minimize observer bias, the fiducial
detection process would also benefit from automation. It is therefore of interest to
develop, investigate and validate MRI acquisition sequences, automatic gold fiducial
marker detection frameworks and QC methods for these purposes. Together with a
robust and accurate multi-vendor sCT generation method, this could facilitate the
widespread implementation of an MRI-only prostate radiotherapy workflow.
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2. Aims

The primary focus of the work presented in this thesis was MRI-related quality control
(QC) aspects in the implementation of an MRI-only prostate radiotherapy workflow
using gold fiducial markers for prostate target positioning.

The specific aims were:

e To develop and apply a QC method to assess the impact of MRI-system-
specific geometric distortion in MRI images intended for sCT generation of
the male pelvis (Paper I).

e To evaluate the dosimetric accuracy and clinical robustness of a commercially
available sCT generation method for prostate radiotherapy in a variety of
different MRI systems and radiotherapy clinics (Paper II).

e To develop and evaluate methods for MRI-based manual and automatic
prostate gold fiducial marker detection with appropriate independent QC
(Papers III and 1V).
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3. MRI in Radiotherapy

Computed tomography (CT) provides excellent images of high-density tissues such as
bone for RTP. It has high geometric accuracy, and provides information on electron
density from HU, required to calculate the absorbed dose. CT also provides image data
suitable for patient positing during radiotherapy. Unfortunately, CT images have
limited soft tissue contrast, while MRI offers outstanding soft tissue contrast, and can
therefore contribute to improved target and OAR delineation for RTP in several ways
(Chandarana et al., 2018). MRI has been available as a complementary image modality
for target and OAR definition since the beginning of the 1990s, and is being
increasingly used for RTP (Dirix et al., 2014). Image acquisition using MRI enables
oblique slice directions with a multitude of different image contrasts without using any
ionizing radiation. MRI is unfortunately not without limitations, and in this chapter
potential obstacles to the implementation of MRI images in RTP will be addressed.

Firstly, MRI images can be associated with geometric distortion, which could introduce
systematic errors in radiotherapy planning and treatment. Knowledge of the origin of
geometric distortion and strategies to reduce it are essential if MRI images are to be
used in RTP. Secondly, the combination of CT- and MRI images for RTP often
requires image registration into a common geometric frame of reference (Paulson et al.,
2015, Schmidt and Payne, 2015), which could introduce additional spatial
uncertainties (Roberson et al., 2005, Nyholm et al., 2009, Ulin et al., 2010, Dean et
al., 2012). It is therefore of the utmost importance to select MRI sequences and
acquisition parameters carefully, so as to ensure that they are appropriate for the
anatomical site of interest for MRI imaging intended for RTP.

3.1. MRI simulation in radiotherapy

MRI images are acquired for the purpose of target- and OAR delineation, and it is
desirable to ensure the same patient position at MRI and dose delivery during
radiotherapy (Schmidt and Payne, 2015).
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3.1.1. Patient positioning

Flat tables are used in radiotherapy clinics to improve the reproducibility of patient
positioning. Most standard MRI systems intended for diagnostic purposes have curved
table tops for increased patient comfort, and one of the adaptations required is therefore
a flat table top (McJury et al., 2011, Schmidt and Payne, 2015, Sun et al., 2015b). A
flat table top also enables the use of knee and ankle positioning devices.

Compression or deformation of the patient anatomy should be avoided. If the MRI
receiver coil is of substantial weight, it should therefore not rest on the patient (Figure
13). This can be achieved using supports on which the coil is placed (Kapanen et al.,
2013, Sun et al., 2014, Paulson et al., 2015). The need for a larger space within the
MRI system, due to patient fixation devices such as whole-body vacuum cushions, also
makes wide-bore MRI systems with a 70 cm diameter preferable for radiotherapy
planning. Laser systems are also commonly installed in the MRI room to be compatible
with radiotherapy patient positioning routines.

3.1.2. Imaging

MRI images can improve target definition for radiotherapy of prostate cancer, enabling
better target visualization, and reduced variability in target delineation (Debois et al.,
1999, Parker, 2003, Hricak, 2005, Villeirs et al., 2005, Jackson et al., 2007, Hentschel
etal., 2011, Usmani et al., 2011) (Figure 6). Fast spin-echo (FSE) T2-weighted (T2w)
imaging of the prostate is recommended as it enables visualization of the internal
structure of the prostate, and is sensitive to pathology (Villeirs and De Meerleer, 2007,
Barentsz et al., 2012).

Specifically, T2w MRI imaging enables more precise visualization and location of the
prostate base (cranial direction) and apex (caudal direction) than CT imaging (Roach
et al., 1996, Rasch et al., 1999, Parker, 2003, Usmani et al., 2011) (Figure 6). The
improvement in target delineation may also reduce the absorbed dose to the OAR such
as the rectum and penile erectile tissue (Steenbakkers et al., 2003, Villeirs et al., 2005,
Jackson et al., 2007, Sander et al., 2014). MRI can also be beneficial when patients
have bilateral hip prostheses, which show large streak artefacts on CT images (Rosewall
et al., 2009).

Within the framework of a national Swedish project called Gentle Radiotherapy,
sponsored by the Swedish Innovation Agency, VINNOVA, the author of this thesis co-
authored a guide on the use of MRI in radiotherapy planning (Gustafsson et al., 2016).
The purpose of this guide was primarily to serve as a handbook describing how MRI
imaging intended for RTP could be performed on several anatomies, using different
MRI systems from different vendors, and a number of patient immobilization devices.
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As a result of the superior image contrast in MRI images compared to CT images,
overestimation of the delineated prostate volume has been observed in CT images
(Seppalaetal., 2015). A 2%-40% reduction in prostate volume has been reported using
MRI images (together with CT images) for prostate target delineation (Jackson et al.,
2007). A mean volume reduction of 18% has been reported upon changing from
prostate target delineation dependent on the combination of CT and MRI images, to
MRI images only (Gunnlaugsson et al., 2019). Other studies have shown only a
moderate decrease in the prostate volume when using MRI images, which was
explained by long radiologist experience, or an increase in awareness regarding target
overestimation when using CT images only (Parker, 2003, Villeirs and De Meerleer,
2007, Usmani et al., 2011).

Figure 6. Prostate target visualization using MRI
The white arrow indicates the location of the prostate in acquired T2w transverse (a), sagittal (b) and coronal (c) MRI
images. This enables the visualization of the prostate base (cranial direction) and apex (caudal direction).

3.2. MRI image distortion

Spatial accuracy is of the utmost importance in RTP, and concerns have therefore been
raised regarding the impact of spatial distortion in MRI images, when used in
radiotherapy planning (Chen et al., 2004, Chen et al., 2006, Walker et al., 2016,
Weygand et al., 2016). Image distortion exceeding 2 mm in the image field of view
(FOV) has been suggested as the level requiring consideration (Walker et al., 2015,
TAEA, 2016, Weygand et al., 2016). This is also the geometric accuracy specified for
CT (IAEA, 2004, IAEA, 2016).

MRI image distortion can be both MRI-system-induced and patient-induced
(Fransson et al., 2001), and can be measured using a variety of techniques, some of
which are addressed in this thesis.
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Patient-induced geometric distortion is roughly an order of magnitude smaller than
(uncorrected) MRI-system-induced distortion (Stanescu et al., 2012), but could be the
dominating source after correction for MRI-system-induced distortion (Adjeiwaah et
al., 2018, Kerkmeijer et al., 2018).

An uncertainty in the target volume, in combination with modern radiotherapy
techniques utilizing sharp dose gradients will directly propagate into a dosimetric
deviation in the target coverage. The spatial distortion for target regions should
therefore be < 1 mm (Baldwin et al., 2007, Thwaites, 2013, Weygand et al., 2016).

In modern MRI systems the system-induced distortion is deterministic, and can be
corrected with software provided by the vendor. However, some geometric distortion
will remain. Patient-/object-induced geometric distortion depends on the geometry of
the individual patient/object, and can only be corrected for by post-processing
(Lundman et al., 2017). Deviations in image intensity may also be caused by both
system-induced and patient-/object-induced geometric distortion (Michiels et al.,
1994, Tanner et al., 2000, Doran et al., 2005, Baldwin et al., 2009), however, this will
not be addressed in this thesis.

3.3. System-induced geometric distortion

The signal in MRI is created by the external static magnetic field. The most common
field strength in clinical MRI systems intended for imaging in RTP is 0.35 T-3 T.
MRI-system-specific distortion can originate from non-linear spatial encoding
gradients and from inhomogeneities in the main static magnetic field (By) (Bakker et
al., 1992, Doran et al., 2005, Reinsberg et al., 2005). Signal localization and image
generation in MRI systems are dependent on linearly varying magnetic fields, which
also vary in time with a field strength variation on the order of mT. These non-static
magnetic fields are created by magnetic field gradient coils embedded in the MRI
system, referred to as spatial encoding gradient coils, and are superimposed on the static
field. The spatial directions in which these non-static gradient fields are applied are
denoted the slice-encoding direction, the frequency-encoding direction, and the phase-
encoding direction. Geometric distortion due to non-linear gradients is independent of
the MRI acquisition sequence used, while geometric distortion from inhomogeneities
in By is dependent on the acquisition sequence used (Baldwin et al., 2009).

Eddy currents can also be induced in the MRI system due to strong spatial encoding
gradients, resulting in additional time varying magnetic field gradients. The induced
field gradients could lead to undesirable image artefacts, but is most pronounced in
localized magnetic resonance spectroscopy and diffusion-weighted MRI experiments
(Baldwin et al., 2007, Spees et al.,, 2011). Hence, eddy currents are not further
considered in this thesis.
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3.3.1. Non-linear MRI gradients

In image reconstruction, it is assumed that the magnetic field gradient created produces
magnetic field variations that vary linearly with distance from the isocenter of the MRI
system. If the magnetic resonance precession frequency deviates from its expected value,
for example, due to a non-linear magnetic field gradient, the spatial position of an
object will be affected in the reconstructed image (Bakker et al., 1992, Reinsberg et al.,
2005, Baldwin et al., 2007).

A loss of gradient linearity is typically observed at large distances from the MRI system
isocenter (Weygand et al., 2016) (Figure 7). The non-perfect gradient linearity thus
creates spatial distortion and blurring in the outer parts of the MRI image as the
geometric distortion increases with increasing distance from the MRI system isocenter
(Chen et al., 2004, Wang et al., 2004, Doran et al., 2005, Walker et al., 2015). If not
corrected for, this source of distortion has been shown to be the greatest, with reported
values > 1 cm (Walker et al., 2015, Weygand et al., 2016).

Such geometric distortion might be acceptable in diagnostic MRI, but in RTP, this
degree of image distortion is often unacceptable (Weygand et al., 2016). This is
especially important for a large FOV in MRI images, which is needed for sCT image
generation in the male pelvis (Torfeh et al., 2016, Edmund and Nyholm, 2017,
Johnstone et al., 2018) (Figure 7).

Figure 7. Non-linear MRI spatial encoding gradient

Alinear in-plane spatial encoding gradient (dashed line) and a non-linear spatial encoding gradient (solid line) are shown
for large radial distances. If not corrected for, the non-linear deviation in the spatial encoding gradient can result in
image distortion.
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3.3.2. Magnetic field inhomogeneities

Generation of a homogeneous static magnetic field within the entire measurement
volume of an MRI system is in general not possible, and a deviation of a few parts per
million in the field strength can be expected (GE-Healthcare, 2011). The homogeneity
is greatest at the isocenter of the MRI system and decreases with increasing radius. Any
deviation in the static magnetic field will alter the magnetic resonance frequency locally,
introducing a perturbation into the linearly changing magnetic resonance frequencies
(McRobbie, 2007).

As in the case of non-linear spatial encoding gradients, a deviation in By will result in
geometric distortion. However, there are differences in the nature of these two sources
of distortion. Deviations in B, from magnetic field inhomogeneities will only give rise
to geometric distortion in the direction of the applied spatial frequency-encoding
gradient. The geometric distortion resulting from non-linear gradients is, however, not
limited to any specific spatial direction (Tanner et al., 2000, Baldwin et al., 2007). It
should be noted that the directional dependence on deviations in By discussed here is
limited to linear Cartesian signal encoding, which is not based on echo-planar imaging.
This covers the acquisition sequences most commonly used for morphological imaging.

3.3.3. Reduction of system-induced distortion

The geometric distortion resulting from non-linear gradients does not scale with
gradient strength, it is constant between scans, and is not limited to the frequency-
encoding axis (Bakker et al., 1992, Baldwin et al., 2007). It can be corrected in 2D (in-
plane) or 3D (in-plane and through-plane) using vendor-specific software (Wang et al.,
2004). 2D and 3D distortion corrections for non-linear gradients can be based on
approximations of the distortion field using analytical expressions such as those for
spherical harmonics (Janke et al., 2004). This mathematical concept is used in the
vendor-based gradient non-linearity correction algorithm GradWarp, designed by GE
Healthcare (Milwaukee, WI, USA). If not corrected for, the effects of geometric
distortion, can be substantial (Figure 8).

Geometric distortion arising from inhomogeneities in By can be reduced by magnetic
field shimming (Michiels et al., 1994, Fransson et al., 2001, Weygand et al., 2016).
The effect of residual magnetic field inhomogeneities after shimming can be reduced
by using a higher acquisition bandwidth (Bakker et al., 1992, Baldwin et al., 2007). In
the present work, these effects were reduced by 3D distortion correction and shimming,
and high acquisition bandwidth was enabled, where applicable.
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Figure 8. Effects of geometric distortion and distortion correction

Five consecutive coronal image slices are shown acquired from the Spectronic Medical GRADE phantom. In the upper
row, no geometry distortion correction has been applied, while in the middle row 2D in-plane correction has been
applied. In the lower row, 3D in-plane + through-plane geometry distortion corrections have been applied. Slice
orientation is shown in the upper left corner (phantom details are given elsewhere in Figure 9). Geometric distortion is
clearly visible in the peripheral part of the FOV for the uncorrected image data (upper row), where the straight lines of
phantom markers are seen to be curved. The geometry distortion is greatly reduced in the 2D-distortion-corrected data.
A difference in the number of signal markers for the same slice can be observed for 2D- and 3D-corrected data due to
non-linearities in the slice-encoding spatial gradient, placing the signal markers in an incorrect slice position. This is
compensated for by the 3D distortion correction. Image data were acquired using a 2D multi-slice T1-weighted FSE
sequence on a 3T GE Discovery 750w MRI system. FOV=50 cm (square), in-plane resolution=2 mm (square), slice
thickness=5 mm, slice spacing=0 mm, repetition time=1000 ms and echo time=8.4 ms. It should be noted that 2D
distortion correction is enabled by default on GE MRI systems, while 3D distortion correction is optional.

3.3.4. Measurement of system-induced distortion

Numerous methods have been presented for the measurement and mapping of MRI-
system-specific geometric distortion using large-volume geometric phantoms (Chen et
al., 2006, Walker et al., 2015, Huang et al., 2016, Torfeh et al., 2016, Price et al.,
2017, Stanescu and Jaffray, 2018). These phantoms often rely on signal markers located
at known spatial positions. To assess the geometric distortion and calculate
displacement maps, the marker positions are measured in the MRI images and
compared to their physical location.
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In the study presented in Paper I, the MRI-system-dependent geometry distortion was
assessed using a lightweight (< 10 kg) commercial large-volume phantom and cloud-
based analysis software (GRADE) (Spectronic Medical AB, Helsingborg, Sweden). 3D
distortion correction was enabled in all measurements. The GRADE phantom
consisted of 1177 spherical markers embedded in extruded polystyrene foam at known
locations (Figure 9). The GRADE software automatically calculates the phantom
marker locations in the MRI images and compares them with a digital reference
phantom model, allowing a 3D distortion field to be produced. The GRADE phantom
has also been subjected to investigation of its sensitivity to setup errors. Repeatability
of the geometric distortion measurements was demonstrated, although with some
sensitivity to phantom setup errors (Wyatt et al., 2018).

The results presented in Paper I showed a mean MRI-system-specific geometric
distortion of 1.97 mm (maximum 7.86 mm) for the radial distance interval 200-250
mm from the isocenter. The mean value was thus in line with the recommendation of
2 mm (Walker et al., 2015, Weygand et al., 2016). The mean value for the radial
distance interval 150-200 mm was 0.57 mm, and the maximum 1.85 mm. These values
are similar to those found in other studies using an identical pulse sequence (Torfeh et
al., 2015). The rapid change in geometric accuracy with increasing radial distance was
expected due to the non-linearity of the MRI system’s spatial-encoding gradients
(Torfeh et al., 2015, Weygand et al., 2016).

As described in Paper I, the geometry distortion map was applied to a number of
delineated radiotherapy structures to assess the geometric impact, using CT as
reference. The estimated mean geometric volume deviation ratio for each of the
structures CTV, PTV, femoral heads, bladder and rectum, compared to undistorted
CT images, was 1.00 + 0.00 (1 SD). The corresponding value for the body structure
was 1.01 + 0.00 (1 SD).

The mean magnitude of the geometric distortion of each of the structures CTV, PTV,
femoral heads, bladder and rectum, measured in Paper I, was estimated to be 0.00 +
0.00 (1 SD) mm in the left-right direction and 0.01 + 0.00 (1 SD) mm in the anterior-
posterior direction. The geometric distortion for the body structure was greater, as
expected: 0.13 + 0.04 (1 SD) mm, 0.09 + 0.05 (1 SD) mm and 0.44 + 0.09 (1 SD)

mm in the left-right, anterior-posterior and inferior-superior directions.

In the absence of volume deviation and geometric distortion of delineated radiotherapy
structures, it could be concluded that the spatial integrity was intact. The methods used
to reduce the effects of system-specific geometric distortion therefore seemed to be
adequate for the purpose in question.
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Figure 9. Large-volume phantom and geometric distortion field
The GRADE phantom (Spectronic Medical AB) was used to assess geometric distortion in a large scan volume. The
phantom is shown on the left, together with the corresponding digital reference model and schematics of the spherical
marker locations in the phantom. Dimensions in the reference model are given in mm. A 3D distortion field map over
the phantom volume can be calculated from the measured positions of the markers and the positions of the markers in
the digital reference model. (Copyright (2018) Spectronic Medical AB and Christian Jamtheim Gustafsson.)

3.4. Patient- and object-induced geometric distortion

Patient-/object-specific distortion can have two origins: variations in magnetic
susceptibility and chemical shifts (Bellon et al., 1986, Bakker et al., 1992, Weygand et
al., 2016). The magnitude of these geometric distortions is dependent on the MRI
acquisition sequence used (Hood et al., 1999, Baldwin et al., 2009).
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3.4.1. Magnetic susceptibility

When a patient or an object is placed in the MRI system it will interact with the main
static magnetic field, creating magnetic field inhomogeneities inside and outside the
patient. This leads to patient-/object-specific geometric distortion (Fransson et al.,
2001). The change in By is dependent on magnetic susceptibility, which is a
quantitative measure of the tendency of a material to interact with and distort an

applied magnetic field (Schenck, 1996).

The induced geometric distortion is proportional to the field strength of By and the
echo time, and is linearly dependent on the difference in magnetic susceptibility
between adjacent materials or tissues (Bakker et al., 1992, Schenck, 1996, Baldwin et
al., 2007). For the phantom experiment described in Paper I, the interface of interest,
with a potential difference in magnetic susceptibility, is that between the spherical
signal markers and the surrounding extruded polystyrene foam grid.

It should be noted that magnetic susceptibility effects are not always undesirable. The
large difference in magnetic susceptibility between gold and prostatic tissue can be
exploited to an advantage, by measurements with multiple echo times, for gold fiducial
marker detection (Papers III and IV).

3.4.2. Reduction of patient- and object-induced distortion

The inhomogeneities induced in the static magnetic field and the patient-/object-
specific geometric distortion can be reduced by magnetic field shimming (Adjeiwaah et
al., 2019), decreasing echo time (Schenck, 1996), and using a high acquisition
bandwidth (Bakker et al., 1992, Baldwin et al., 2007, Glide-Hurst et al., 2018).

3.4.3. Measurement of patient- and object-induced distortion

To investigate whether the phantom described in Paper I could have affected the
assessment of the MRI-system-induced distortion, the combined impact of geometric
distortion arising from the phantom and inhomogeneities in By was measured. This
was done by acquiring a magnetic field map from an acquisition sequence called IDEAL

IQ, provided by GE Healthcare (Yu et al., 2007).

IDEAL 1Q is primarily used for iz vivo fat quantification, and automatically corrects
for deviations in the magnetic field by acquiring a magnetic field map, defined in
frequency offset (Hz). This field map was exported and used to estimate the maximum
magnitude of geometric distortion by assuming the distortion to be proportional to the
magnitude of the deviations in the magnetic field, and inversely proportional to the
read-out gradient strength (Bakker et al., 1992, Schenck, 1996, Baldwin et al., 2007).
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The mean magnitude was calculated and found to be < 0.5 mm for radial distances of
< 250 mm in the phantom, which was considered negligible. It should be noted that
this included the effects of inhomogeneities in Bo. The geometric distortion originating
solely from the phantom was therefore overestimated.

Patient-specific geometric distortion in MRI images of the male pelvis was recenty
investigated using a computer simulation method (Lundman et al., 2017) (Figure 10) for a
3 T MRI system by Adjeiwaah et al. (2018). A mean geometric distortion of the target and
OAR of < 0.5 mm was found using an acquisition bandwidth of 488 Hz/pixel, but greater
geometric distortion was observed at lower acquisition bandwidths (Adjeiwaah etal., 2018).
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Figure 10. Patient-induced geometric distortion

The expected geometric distortion due to differences in magnetic susceptibility in the various tissues of a patient,
calculated with computer simulations. As expected, patient-induced distortion is small in the pelvic area. Information
from such simulations can be used to identify a sufficiently high acqusition bandwidth to reduce patient-induced
susceptibility distortion to an acceptable level. (Image reprinted with permission from J.A. Lundman et al., Physics and
Imaging in Radiation Oncology (2017),1, 41-45. Copyright (2017) J.A. Lundman.)

In another study in which a high acquisition bandwidth was used, susceptibility
distortion in the prostate was found to be < 0.1 mm for 99% of all the voxels
(Emmerich et al., 2018). The combined effect of B, inhomogeneity and patient-
induced susceptibility distortion has also recently been quantified in the male pelvis,
specifically for the purpose of MRI-only RTP (Glide-Hurst et al., 2018). The result of
that study showed geometric distortion to be very small and subject-dependent.

In the present work (Papers I and II) a high acquisition bandwidth of 390 Hz/pixel
was used, and patient-induced susceptibility effects were therefore expected to be
negligible. From the studies described above, it was concluded that geometric distortion
arising from patient-induced susceptibility does not seem to constitute a problem when
a high acquisition bandwidth is used in an MRI-only workflow for prostate
radiotherapy. Patient-specific geometric distortion was not assessed in the present work.
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4. Synthetic CT in MRI-Only
Workflows

In a conventional CT-based radiotherapy workflow, CT images are used to calculate
the absorbed dose (IAEA, 2016). For absorbed dose calculations in an MRI-only
workflow, the corresponding information on tissue properties must be extracted from
MRI data (Figure 11). The signal generated in MRI images is mainly dependent on the
proton density and magnetic relaxation times of the tissue (McRobbie, 2007). The
image contrast and image intensity in MRI images are thus not directly related to HU
or electron density (Lambert et al., 2011, Korhonen et al., 2014a, Siversson et al.,
2015). Therefore, synthetic CT images must be generated to provide maps with HU
tissue information, i.e., sCT images.

Due to the possibility of geometric distortion in MRI images, concern has been
expressed over the geometric accuracy, and thus the dosimetric accuracy in sCT images.
For example, Korhonen et al. (2014a) noted thata “1 cm error in patient body contour
can introduce approximately a 3% dosimetric discrepancy for a single 6 MV beam”.
They also stated that the estimated difference in dose using an sCT image compared to
a CT image would be < 1% with body contour shifts of a few millimeters when using
multifield volumetric modulated arc therapy (VMAT) treatment plans (Korhonen et
al., 2014a). The effects of different types of geometric distortion in sCT images with
VMAT planning have been investigated by Palmer et al. (2018), who found that
modifying the patient body contour by +10 mm led to a 3-4% difference in mean dose
to the PTV, compared to that obtained using CT images, for one patient.

The dosimetric accuracy when using sCT images for prostate RTP has attracted
considerable interest during recent years, and several sCT generation techniques have
been investigated and evaluated. For more detailed information the reader is referred
to recent reviews on synthetic CT generation by Edmund and Nyholm (2017) and
Johnstone et al. (2018). It can be concluded that the dosimetric accuracy of several sCT
generation methods for prostate RTP are reported to be below 1% for the mean target
dose (compared to conventional CT-based RTP). This is regarded as adequate, as the
dosimetric uncertainty, assessed in the complete radiotherapy process in a modern
setting, is recommended to be within 3% (Thwaites, 2013).
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The corresponding figure for the geometric uncertainty is 2-4 mm (Thwaites, 2013).
To achieve this, the uncertainty in any individual component in the radiotherapy chain
must be of the order of 1% or 1 mm (Thwaites, 2013).

Korsholm et al. (2014) stated that the PTV dose calculated with MRI-only RTP should
be within 2% of that calculated based on CT. In this estimate, the dose calculation
based on CT was estimated to have an uncertainty of 1% (Korsholm et al., 2014). A
deviation between sCT- and CT-based dose calculations of 1% or less is small

compared to the total estimated overall dosimetric uncertainty of 5%-10% for EBRT
(IAEA, 2016).

Several confounding factors are responsible for dosimetric accuracy regarding sCT
generation and some of them may be of systematic nature (Maspero et al., 2017a). The
need for improved QC tools to investigate the individual components contributing to
dosimetric deviations is evident, as these components otherwise could lead to systematic
dose planning and treatment delivery errors (van Herk et al., 2000, van Herk, 2004).

Figure 11. A synthetic CT image showing the dose distribution

Dose distribution for a prostate cancer patient, calculated using synthetic CT images (MriPlanner, Spectronic Medical
AB) and VMAT treatment planning. The delineation around the prostate defines the PTV, receiving a total prescribed
dose of 78 Gy, represented by 100% on the color scale. The round high-intensity object in the prostate is a
representation of a fiducial marker.
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4.1. Synthetic CT generation

Techniques for synthetic CT generation have been divided into different categories. In
the review by Edmund and Nyholm (2017), three major categories are identified: main
voxel, atlas, and hybrid methods. In a review by Johnstone et al. (2018), the methods
are categorized as: bulk density override, atlas-based and voxel-based, with an additional
hybrid category consisting of the combination of atlas- and voxel-based techniques.
The categorization suggested by Johnstone et al. (2018) will be used in this thesis.

In bulk density methods, specific densities are assigned to segments of the patient
volume. The simplest approach is to assign a homogeneous density (water equivalent
electron density) to the whole volume. This has been reported to lead to dose
discrepancies to the prostate target > 2% compared to the CT-based dose distribution
(Johnstone et al., 2018). This is seldom used in clinical applications as there is no bony
anatomy, making it difficult to obtain DDR images for patient positioning. Bulk
density methods with a heterogeneous density distribution have been investigated
where, for example, soft tissue, bone, and air are assigned different densities. The
discrepancies in dose to the prostate target have been reported to be < 2%. This is an
improvement compared to the assumption of homogeneous bulk density, likely due to
the segmentation of the bony anatomy (Eilertsen et al., 2008). The need for manual
bone segmentation in bulk density methods limits their clinical implementation
(Lambert et al., 2011, Tyagi et al., 2017b).

Atlas-based methods rely on a reference material consisting of CT images and MRI
images. The input MRI image can be matched to the reference image material where
deformable registration can be applied to the reference material to create the best fitting
CT-representation of the input MRI image (Dowling et al., 2012, Edmund and
Nyholm, 2017). Due to limitations of deformable image registration, atypical patients
may not be optimally represented in the atlas reference material which could lead to
poorer accuracy (Tyagi et al., 2017b).

In voxel-based methods, voxel values for different tissues in single, or several types of
MRI images are analyzed and used to create models for sCT generation (Korhonen et
al., 2014a). sCT generation for patients with atypical anatomy is in general not
regarded as problematic using voxel-based methods (Johnstone et al., 2018).

Several studies on atlas-based and voxel-based methods have reported dose
discrepancies of < 1% to the prostate target, and these methods have thus been
identified as the most clinically useful (Tyagi et al., 2017b, Arabi et al., 2018, Johnstone
et al., 2018). These methods allow for accurate dose calculations and patient
positioning, without the requirement for manual bone segmentation.
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Atlas-based and voxel-based methods are therefore used in commercial sCT generation
solutions, such as Philips MRCAT (Helle et al., 2014, Schadewaldt et al., 2014, Kéhler
et al., 2015) and MriPlanner (Spectronic Medical AB, Helsingborg, Sweden).
Advanced machine learning methods based on deep learning convolutional neural
networks have also been introduced. Using such methods, sCT images can be generated
for prostate RTP within a few seconds, with a mean dosimetric accuracy of about 1%
to the prostate target (Arabi et al., 2018, Chen et al., 2018, Maspero et al., 2018a).

The method of sCT generation proposed by Siversson et al. (2015), was used in the
present work, and was evaluated in the study presented in Paper II. The method relies
on an algorithm called the statistical decomposition algorithm, which enables the
generation of sCT images from a single large FOV T2w MRI image volume (Figure
12). It performs automatic tissue classification of the prostate, bladder, colon, bone,
and fat for the T2w image input. Tissue classification is then combined with
information from a model, trained using registered template material from both CT
and MRI. The template material, which consisted of image data from 15 patients,
allows the algorithm to estimate the most probable CT image representation of the
MRI T2w input image, assuming the MRI image contrast is similar in the template
material and the patient MRI image.

Ten patients were included in the study by Siversson et al. (2015), and the difference
in mean absorbed dose to the prostate target between sCT and deformably registered
CT was reported to be 0.0 + 0.2% (1 SD). As the observed dosimetric uncertainties
were negligible, they concluded that the proposed method could provide an accurate
MRI-only prostate radiotherapy workflow.
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Figure 12. Synthetic CT generation method
Overview of synthetic CT generation using the statistical decomposition algorithm. The method was evaluated in the
study presented in Paper Il, and is explained by Siversson et al. (2015). (Copyright (2018) Spectronic Medical AB)
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4.2. MRI acquisition sequence development

In parallel with the development of the method to assess the MRI-system-related
geometric distortion, described in Paper I, an MRI acquisition sequence intended for
sCT generation (Paper II) was investigated and adapted (the sequence parameters are
given in Table 1). The acquisition sequence used in Paper I was the same as in Table
1, except that a FOV of 403 mm was used in the phase-encoding direction (rather than
314 mm), and the coverage in the slice direction was 200 slices rather than 88 slices to
ensure that the whole phantom volume was covered. For the phantom measurements
described in Paper I, the MRI system’s built-in receiver body coil was used. The
parameters given in Table 1 were chosen with different objectives in mind regarding
sCT generation and the use of sCT images for prostate radiotherapy. Some of the more
important acquisition parameters are described in the section below.

4.2.1. Patient setup and acquisition parameters

To enable the largest possible coverage of the patient, and to avoid deformation of the
patient’s body surface, a large receiver coil (16 channel GEM Anterior Array) was placed
on coil bridges (Figure 13). MRI imaging with T2w image contrast was chosen, as this
was preferred for the sCT generation technique of interest (Siversson et al., 2015), and
is recommended for prostate target visualization (Barentsz et al., 2012).

Figure 13. Patient setup for MRI scanning

Typical patient setup for prostate radiotherapy imaging at Skane University Hospital in Lund, Sweden. The patient
(thesis author) lies on a flat surface and is held in place by ankle- (a) and knee positioning devices (b), both placed on
a flat table top (c). To avoid deformation of the patient surface anatomy, the MRI receiver coil (h) is placed on coil
bridges (d), whose hight can be adjusted by turning an adjustment screw (e). A smaller distance between the patient
and the receiver coil results in a higher MRI signal and thus an increase in the image signal-to-noise ratio. The patient’s
arms rest on the chest with the hands loosely holding a non-conducing rubber ring (f), and the head is resting on a
support (i). To prevent excessive patient heating and the risk of skin burns, soft thin padding material is inserted between
exposed areas of the patient and the receiver coil (g).
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The MRI acquisition sequence was based on FSE with multiple refocusing radio
frequency pulses for faster k-space sampling. FSE is one of the most commonly used
MRI acquisition sequences in diagnostic radiology. Compared to gradient echo (GRE)
acquisition sequences, spin-echo-based acquisition sequences are less sensitivity to
induced adverse susceptibility artifacts, due to the use of refocusing radio frequency

pulses (Schenck, 1996).

Axial slice orientation was the preferred image orientation for prostate target
delineation. The phase-encoding direction was defined as the anterior-posterior
direction, i.e., the shortest anatomical direction, to minimize scan time as the
acquisition sequence was 2D based (McRobbie, 2007). The inferior-superior coverage
of 88 slices generated a coverage of 220 mm, which was regarded sufficient for
anatomical coverage and dose calculations.

The FOV was defined to cover the patient’s pelvic body contour. The left-right
coverage was restricted to 448 mm to avoid the volume where the geometric distortion
from the spatial encoding gradients was expected to be large (see Section 3.3). The
acquisition matrix of 640 pixels in the frequency-encoding direction and 512 pixels in
the phase-encoding direction afforded high spatial resolution, allowing for target
delineation directly in the image, and thereby directly in the sCT image geometry. The
high spatial resolution also enabled visualization of small signal voids from gold fiducial
markers (Figure 5). Gold fiducial marker identification can thus be performed directly
in the sCT image geometry, with the aid of a supporting MRI acquisition sequence,
further explained in Paper III and Section 5.3.

To reduce geometric distortion from non-linear encoding gradients, vendor-based 3D
distortion correction was applied using GradWarp (GE Healthcare) (Glover GH,
1986). The acquisition bandwidth was set to 390 Hz/pixel to minimize geometric
distortion from patient magnetic susceptibility, gold fiducial marker susceptibility, and
chemical shift, while maintaining a sufficient image signal-to-noise ratio. For a detailed
discussion on the effects of acquisition bandwidth in MRI-only RTP for prostate, the
reader is referred to Adjeiwaah et al. (2018).

46



Table 1. MRI acquisition sequence parameters for sCT generation
Large field of view MRI acquisition sequence parameters used for the patients included in the MR-Only Prostate External
Radiotherapy (MR-OPERA) study at Skane University Hospital, described in Paper II.

Parameter Description / value

MRI system GE Discovery 750w 3.0T

Coil GE 3.0T GEM Anterior Array

Acquisition sequence 2D fast recovery fast spin-echo

Image contrast T2-weighted

Scan plane Axial

Frequency-encoding direction Right-Left

Phase-encoding direction Anterior-Posterior

Field of view (frequency-encoding direction) (mm) 448

Field of view (phase-encoding direction) (mm) 314

Matrix size (frequency-encoding direction) 640

Matrix size (phase-encoding direction) 512

Scan pixel size (frequency-encoding direction) (mm) 0.7

Scan pixel size (phase-encoding direction) (mm) 0.61

Reconstructed pixel size (frequency-encoding direction) (mm) 0.44

Reconstructed pixel size (phase-encoding direction) (mm) 0.44

Acquisition bandwidth per pixel (Hz) 390

Acquisition time (min) 07:00

Slice thickness (mm) 25

Interslice gap (mm) 0

Repetition time (ms) 15000

Number of slices 88

Effective echo time (ms) 96

Refocusing flip angle (°) 130

Echo train length 15

Number of acquisitions 1

Number of averages 1

Number of echoes 1

Intensity correction Yes (surface coil intensity
correction)

Intensity filter None

3D geometry correction Yes

Shimming Yes (Auto, first order)

Flow compensation direction Slice direction

Radio frequency transmit mode Multi-transmit
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4.3. Dosimetric impact from geometric distortions

To simulate the dosimetric effect of induced geometric distortion in MRI images for
sCT generation, a 3D geometric distortion field was applied to conventional CT images
for 10 patients (Paper I). As described in Section 3.3.4, the distortion field was
measured using an MRI acquisition sequence intended for sCT generation, see Section
4.2 for MRI acquisition details.

The method described in Paper I enabled the separation of dosimetric errors resulting
only from MRI-system-specific geometric distortion. Dosimetric errors originating
from sCT generation could thus be avoided. The planned dose distributions based on
original CT images and on geometrically distorted CT images for the same patients, in
the same geometry, were compared (Figure 14 and Figure 16C).

The effect of potential geometric distortion on OAR and target delineation was also
assessed by applying the geometric distortion field to the delineated structures in patient
CT images. The results regarding geometric distortion have been presented and
discussed in Section 3.3.4. It can be seen from Figure 14 that the mean percentage
difference in dose for all isodose level bins was < 0.02%, which is clinically negligible.
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Figure 14. Difference in absorbed dose resulting from geometric distortion

The estimated absolute difference in absorbed dose resulting from geometric distortion in the MRI system (expressed
as a % of the total prescribed dose of 78 Gy), in an MRI-only workflow. The difference in dose distribution is overlaid on
a patient CT image, acquired in the study described in Paper |, where the CT images were geometrically distorted to
simulate the effects of geometric distortion from an MRI system. The CT image was defined as the reference geometry
in Paper |, and is therefore also used in this figure. The two high-intensity objects in the prostate are implanted gold
fiducial markers. Absolute dose differences < 0.02% have been omitted in the dose difference overlay for improved
anatomical orientation. As MRI system geometric distortion is more pronounced at greater radial distances, the largest
dosimetric differences are seen in the peripheral parts of the patient. These dose differences are, however, considered
clinically negligible.
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In conclusion, the method described in Paper I was able to quantify the dosimetric
effect in an MRI-only prostate radiotherapy workflow, originating solely from MRI-
system-specific geometric distortion.

In a study by Maspero et al. (2017a), regarding confounding factors for dose difference
between CT and sCT for prostate RTP, the largest confounding factor was found to
be the difference in CT and sCT calibration curves (0.7%). The dosimetric impact of
differences in patient positioning between CT and MRI examinations, together with
geometric distortion, was also investigated, by assigning a homogeneous bulk density
(water) to both CT images and sCT images. The only difference between the CT
images and the sCT images, was thus the extent of the body contour. The mean
dosimetric difference for the CTV was reported to be 0.01 + 0.35% (1 SD) (Maspero
et al., 2017a). These results are similar to the results presented in Paper I, where the
largest absolute mean percentage dose difference in the prostate PTV was found to be
0.02 £ 0.25% (1 SD). Dose deviations in photon treatments, resulting from geometric
uncertainties in the peripheral parts of the patient, therefore seem to be of little
importance, as demonstrated in Paper I.

A study has recently been published in which very similar techniques to those described
in Paper I were used to assess the MRI-system-specific distortion and to geometrically
distort CT images for a variety of treatment locations (Yan et al., 2018). It was
concluded that distortion in the MRI images did not reach clinically important levels
in most of the cases investigated.

Sun et al. (2015a) performed an end-to-end test on geometric and dosimetric aspects
of MRI-only prostate RTP using a geometric phantom. They found a mean geometric
distortion for all structures (excluding the body) to be < 1 mm. A dose difference of
0.1% was reported for the prostate PTV, while no difference was observed in the
prostate CTV. These results are consistent with the results given in Paper I.

The dosimetric impact in the prostate of patient-induced magnetic susceptibility
distortion has also been assessed using simulations, and the mean percentage dose
difference using a high acquisition bandwidth was reported to be 0.16 + 0.13% (1 SD)
at the isocenter, which can be regarded as small (Adjeiwaah et al., 2018).

To conclude, the dosimetric impact of different sources of geometric distortion can be
separated and assessed in MRI-only prostate RTP. MRI-system- and patient-related
geometric distortion can be reduced using appropriate MRI acquisition protocols such
that differences in dose are negligible.
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4.4. Clinical synthetic CT validation

Paper II describes a multicenter/multivendor study in which sCT images were created
to validate the dosimetric accuracy and clinical robustness of a commercially available
sCT generation technique for prostate RTP. Four different radiotherapy clinics in
Sweden participated in this study, with a total of four different MRI systems. The study
is referred to as the MR-Only Prostate External Radiotherapy (MR-OPERA) study.

T2w MRI images with a large FOV were acquired using dedicated MRI acquisition
sequences for sCT generation. A total of 170 prostate cancer patients were included in
the study, and all clinics used a flat table top and patient immobilization with ankle
and knee positioning devices. The patients included at Skidne University Hospital,
Lund, Sweden, were scanned with the MRI acquisition sequence described in Section
4.2 and Table 1. The geometric accuracy of this MRI acquisition sequence had already
been validated (Paper I, see Section 3.3). Table 2 in Paper II gives the MRI acquisition
sequence parameters used at all the centers participating in the MR-OPERA study,
which were similar to the parameters given in Paper I.

A CT treatment plan was created according to the local practice at each clinic. Two
different vendors of treatment planning systems and multiple treatment techniques
were used together with two different algorithms for dose calculation. After creation of
the treatment plan, the sCT image was rigidly registered to the CT image, and the
treatment plan was copied to the sCT image. The dose was recalculated with an
identical beam setup and equal number of monitor units. The two dose distributions,
originating from CT and sCT, were analyzed using gamma evaluation (Low et al.,
1998) and dose volume histogram (DVH) parameters. The DVH parameters used were
adopted from the conventional arm of the Swedish multicenter phase 3 study
HYPOfractionated RadioTherapy of intermediate risk localised Prostate Cancer
(Widmark, 2008).

The overall mean difference in dose between dose distributions originating from sCT
and CT were below 0.3% for all organs and the target. The maximum mean difference
in dose for all patients ranged between -1.15% and 1.42%, and similar results were
obtained at the four clinics (Figure 15). The results for all centers were within a 1%
mean dose deviation for all organs and the target. This was expected as several studies
on atlas-based and voxel-based sCT generation methods have reported dose
discrepancies of < 1% (Johnstone et al., 2018).
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Figure 15. Dose differences in the MR-OPERA study

Differences in mean doses between sCT and CT in PTV, CTV, femoral head, bladder and rectum, given in boxplots for
the four centers (sCT-CT, expresses as % of the total prescribed dose). The horizontal line in each box indicates the
median value. The lower and upper box edges indicate the 25th (g1) and 75th percentiles (g3) of the sample data,
respectively. The whiskers extend to the most extreme data points not considered outliers. A point was considered an
outlier if it was greater than gs + Wx(qgs-g1) or less than g1 - Wx(gs-q1), where W was set to 1.5. The number of patients
examined at centers 1, 2, 3 and 4 was 68, 54, 42 and 6, respectively. All centers showed similar results, with a positive
systematic dose difference.

A systematic positive dose deviation was found at all centers (Figure 15). Outliers with
a dose difference of about 1.5% were identified in patients with a large difference in
outer body contour between sCT and CT. The systematic difference in dose was
hypothesized to be an effect of the longer examination time for MRI scanning than for
CT scanning, leading to patient relaxation. The MRI image, and thus the sCT image,
was found to be smaller in the anterior-posterior direction and larger in the left-right
direction, than in the CT image. As the dose difference was calculated as sCT-CT dose
distribution this could explain the systematic positive dose deviation.

The sCT body contour was adjusted to match the body contour of the corresponding
CT image in a subset of 28 patients from center 1 (Skine University Hospital in Lund).
The dose differences decreased, approaching zero, with decreasing standard deviations
and maximum differences (Figure 16, A and B).
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Figure 16. Dosimetric impact of differences in patient positioning

Dosimetric differences between sCT and CT for a subset of 28 patients from center 1 (Skane University Hospital in
Lund) in the MR-OPERA study, without (A) and with (B) correction for difference in body contour. (The boxplots are
explained in Figure 15). The dosimetric difference is shown in A for multiple OAR and target structures. The difference
in body contour between sCT and CT was corrected, and the results are given in B. The very small median dosimetric
difference in B was similar to the largest estimated mean (+1 SD) dosimetric difference due to MRI-system-related
geometric distortion in C (Paper 1) (n=10). This suggests that differences in patient positioning between CT and MRI
examinations have a considerable impact on dosimetric sCT evaluations. All patients here were prescribed a total of 78
Gy to the prostate. (Figures adapted from Papers | and Il.)

Comparison of the dosimetric results in Papers I and II is of interest (Figure 16). First,
it is important to note the different factors that could have affected the dose deviations
reported in Paper II. The results for the subset of 28 patients before body contour
correction include the effects arising from different body contours between CT and
MRI examinations (Figure 16A). These results also include potential effects originating
from the sCT generation method, CT/sCT image registration, and remaining
geometric distortion (after 3D distortion correction). After body contour correction,
potential effects from the sCT generation method, CT/sCT image registration and
non-peripheral geometric distortion remains (Figure 16B). The results given in Paper I
contain only the estimated dosimetric difference resulting from geometric distortion
after 3D distortion correction (Figure 16C).

As can be seen from Figure 16, the dose deviation after body contour correction is
similar to that given in Paper I. This suggests that effects originating from the sCT
generation method, CT/sCT image registration, and remaining geometric distortion
are very small compared to the effects originating from differences in patient
positioning between CT and MRI examinations. The considerable impact of patient
positioning on the difference between sCT- and CT-calculated dose distributions
should therefore always be taken into consideration.
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The results obtained after body contour correction (Paper II) are in line with those
given by Siversson et al. (2015), where the mean dose difference to the prostate PTV
was reported to be 0.0 + 0.2% (1 SD) after non-rigid registration between the CT- and
sCT images (body contour corrected). Furthermore, Dowling et al. (2012) and
Lambert et al. (2011) reported that the dose differences between CT- and sCT images
in their studies were mainly due to differences in body contours resulting from patient
positioning differences.

Using 2%/2-mm global gamma criteria the gamma evaluation gave a mean pass rate of
99.12 + 0.63% (1 SD) in the complete body volume, and a mean pass rate of 99.97 +
0.13% (1 SD) in the PTV (Paper II). After body contour correction, the mean pass
rate in the complete body was 100.00 + 0.01% (1 SD) and 99.98 + 0.09% (1 SD) in
the PTV.

From the study presented in Paper II, it could be concluded that the sCT generation
software MriPlanner, provided by Spectronic Medical, could be used in several clinics,
using MRI systems from different vendors, with very small dosimetric differences
compared to conventional CT dose calculation. The software showed robustness to
differences in magnetic field strength, MRI equipment, and treatment techniques, and
can therefore enable an MRI-only prostate radiotherapy workflow. CT- and sCT
images were shown to be equivalent with respect to the DVH criteria used. The
dosimetric differences reported in Paper II seem to be mainly the result of differences
in patient body contour between CT and MRI examinations.
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5. Fiducial Marker Identification in
MRI-Only Workflows

Intraprostatic gold fiducial markers allow for high precision in treatment target
positioning. These markers are easily identified in CT images due to their hyper-intense
signal and the characteristic streak artefacts, surrounding the fiducial marker (Kassim
etal., 2011, Chan et al., 2015). As there is no CT imaging in an MRI-only workflow,
the fiducials must be identified using MRI images. No useful nuclear magnetic
resonance signal is expected from gold (Zangger and Armitage, 1999), and gold fiducial
markers will therefore appear as signal voids in MRI images. Other objects in the
prostate, such as intraprostatic calcifications, vessels, post-biopsy fibrosis and
hemorrhages, will be seen as hypo-intense objects in MRI images (Kapanen et al., 2013,
Murphy et al., 2013, Ghose et al., 2016, Dinis Fernandes et al., 2017). Differentiation
between gold fiducial markers and intraprostatic calcifications is therefore challenging,
and identified as a serious limitation to successful MRI-only prostate radiotherapy
(Maspero et al., 2017c, Tyagi et al., 2017a, Maspero et al., 2018b, Tenhunen et al.,
2018). It is therefore important to develop, investigate, and validate manual and
automatic methods of gold fiducial marker identification together with suitable QC
measures.

5.1. Gold fiducial marker implantation

Gold fiducial markers are implanted in the prostate prior to radiotherapy treatment to
indicate the position of the prostate (Scarbrough and Fuller, 2006, O'Neill et al., 2016),
see Section 1.3. This results in an improvement in the localization of the prostate target
(Kupelian et al., 2005, Scarbrough and Fuller, 2006, van der Heide et al., 2007). Gold
fiducials can be visualized with a variety of imaging methodologies, such as mega voltage
electronic portal imaging, kV X-ray imaging, and CBCT imaging, which all provide the
position of the target (O'Neill et al., 2016). These imaging modalities rely on the
attenuation of X-rays, and the high mass density of gold therefore enables good
visualization. Gold is also considered biologically inert and biocompatible (Umair et al.,
2016). The fiducials used for prostate radiotherapy are therefore made of gold, and are
commercially available in different shapes and sizes (Ngetal., 2014, O'Neill et al., 2016).
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The implantation of gold fiducial markers in the prostate is guided by transrectal
ultrasound, and can be performed with transrectal or transperineal procedures (Moman
et al., 2010). At Skine University Hospital in Lund, three in-house-produced gold
fiducial markers, with a length of 5 mm and diameter of 1 mm, are implanted by an
oncologist in a 3D triangular arrangement. The procedure is performed transperineally,
guided by a transrectal ultrasound, during which the patient is placed in a lithotomy
position (Figure 17). The 3D arrangement of the markers enables assessment of the
prostate location in all three spatial dimensions as it avoids marker overlap on
orthogonal kV X-ray images (Schmidt and Payne, 2015). Depending on the size of the
prostate, the 3D arrangement leads to internal fiducial distances of about 2-3 cm.
Implantation of fiducials at Skane University Hospital is performed two weeks prior to
MRI imaging. An X-ray image is acquired at the end of the implantation procedure,
using a mobile C-Arm X-ray system (Ziehm Vision FD Vario 3D, Ziehm Imaging,
Germany) to verify successful implantation (Figure 17).

Figure 17. Gold fiducial marker implantation

Gold fiducial markers are implanted two weeks prior to MRI imaging. a) Three cylindrically shaped gold fiducial markers
seen in d), are preloaded into long needles. b) A lubricated ultrasound probe on an adjustable mounting is used to
provide visual guidance for the implantation procedure. c) The patient is placed in a lithotomy position, and the
ultrasound probe is inserted through the rectum. A needle guide template is placed above the probe on the adjustable
mounting. e) Ultrasound image information is used continuously to guide the operator while the needles are placed in
the guide template and inserted into the prostate. When the needle tip has reached the desired location in the prostate,
the gold fiducial marker is released from the long needle. Fiducials are placed in a 3D triangular arrangement. f) An X-
ray image is acquired using a mobile C-Arm X-ray system for verification of successful implantation.
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5.2. Prostatic calcifications

Prostatic calcifications can develop anywhere in the prostate, and have been reported
to be more common in middle-aged and older patients with benign prostate
hyperplasia, prostate cancer, or prostatitis (Cao et al., 2018). These calcifications are
referred to medically as prostatic calculi or prostatic calculus, but the term prostatic
stone(s) has also been used (Cao et al., 2018). The terms prostatic and intraprostatic
calcifications are used in this thesis.

The mechanism behind the development of prostatic calcifications, and their relevance
to benign or malignant findings in the prostate, have not yet been determined (Sfanos et
al., 2009, O'Neill et al., 2016, Hyun, 2018). The prevalence of prostatic calcifications
varies widely, from 7% to 89% (in patients aged 38-70 years), and it has been suggested
that this could be explained by the lack of a standardized classification method (Cao et
al., 2018, Hyun, 2018). The prevalence of intraprostatic calcifications > 2 mm (FWHM)
in all the patients included in the study described in Paper III (both training and
validation data) was 65% (39/60). This is higher than the value of 35% (46/131) reported
previously for intraprostatic calcifications > 2 mm in diameter by Zeng et al. (2008).

Prostatic calculi Corpora amylacea
Deposition #ofSamples %  #ofSamples %
100% Calcium Phosphate (hydroxyapalite) 19/23 83% 114" 25%
Calcium Phosp (hydroxyapati posited with
Calcium Oxalate Monohydrate (granular whewellite) 1023 4% 104 25%
100% Calcium Carbonate Phosphate (carbonate apatite) 2123 9% 0/4 0%
100% Calcium Oxalate Monohydrate (whewellite) 1123 4% 0/4 0%
100% Calcium Phosphate (hydroxyapatite) 100% Calcium Carbonate Phosphate

(carbonate apatite)

B
= 4

100% Calcium Oxalate Monohydrate (whewellite)

l‘:--l

Calcium Phosphate (hydroxyapatite)
codeposited with Calcium Oxalate Monohydrate
(granular whewellite)

Figure 18. Calcifications removed from prostate glands

Intraprostatic calcifications (called prostatic calculi in this figure) can vary in size and shape, and consist mainly of
calcium phosphate (see table at the top). Column E shows the exterior view and column | the interior of the calcifications.
Note: the scale is 1 mm per square, as shown in the bottom right. (Image reprinted with permission from “Acute
inflammatory proteins constitute the organic matrix of prostatic corpora amylacea and calculi in men with prostate
cancer”, K.S. Sfanos et al., Proc Natl Acad Sci U S A (2009) , 106, 3443-8. Copyright (2009) PNAS.)

57



Prostatic calcifications consist mainly of calcium phosphate (> 80%), more specifically
calcium hydroxyapatite (Sfanos et al., 2009) (Figure 18). The signal void originating
from calcifications in MRI images has also been validated in phantom studies, using a
pure form of calcium hydroxyapatite (Mustafi et al., 2015). The absence of signal
explains why it is difficult to differentiate calcifications from gold fiducial markers, as
gold also creates signal voids.

5.3. MRI methods for fiducial marker identification

The magnetic resonance signal around the gold fiducial marker will be degraded due
to differences in the magnetic susceptibility between gold and the surrounding prostatic
tissue (Schenck, 1996, Port and Pomper, 2000). The size and shape of the signal void
are dependent on the shape and orientation of the gold fiducial marker, and the nature
of the MRI acquisition sequence, together with chosen acquisition parameters
(Schenck, 1996, Jonsson et al., 2012). For example, a transverse image slice (relative to
the direction of Bo) will depict the fiducial marker as a round signal void if the main
axis of the cylindrically shaped fiducial is oriented parallel to By (Jonsson et al., 2012).
This was the desired geometry for acquiring MRI images of the implanted fiducials in
the study described in Paper III.

5.3.1. MEGRE image characteristics

GRE acquisition sequences can be used to increase the image sensitivity to susceptibility
effects, and improve visualization of the gold fiducial markers (Port and Pomper,
2000). The difference in magnetic susceptibility between the gold and the surrounding
prostatic tissue can then be exploited for fiducial identification (Kapanen et al., 2013,
Ghose et al., 2016, Dinis Fernandes et al., 2017, Maspero et al., 2018b).

A GRE MRI acquisition sequence that could be used to acquire data at multiple echo
times (eight echoes, 2.38-23.6 ms, echo time difference of 3.03 ms) was developed and
optimized (Paper III). This sequence is referred to as the multi-echo gradient echo
(MEGRE) sequence, the main aim of which was gold fiducial marker identification.

The reconstructed MEGRE images consisted of acquired 2D slices of the prostate
volume, where each slice was reconstructed with multiple echo times (Figure 19). The
scan parameters can be found in Table 1 in Paper III. As a longer echo time allows for
increased intravoxel spin dephasing, the size of the signal voids resulting from the gold
fiducial markers increases with increasing echo time. The acquisition sequence was
optimized to maximize the signal from the prostatic tissue, and to minimize the signal
in the vicinity of the gold fiducial marker, at different echo times.
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Figure 19. MEGRE image characteristics

MEGRE images were obtained using eight echo times, from 2.38 to 23.6 ms, for two different patients. The upper row
shows an example of the difficult differentiation between a gold fiducial marker (thin arrow) and an intraprostatic
calcification (thick arrow) in a patient with a calcification. The fiducial marker creates a round signal void that expands
more rapidly with increasing echo time than the signal void from the calcification. The lower row shows the signal void
from a fiducial marker and the presence of rectal gas below the prostate (the dark area). The area of the signal void
resulting from rectal gas also expands with increasing echo time due to differences in magnetic susceptibility and
perturbs the boundary of the prostate. The short echo times provide a means of avoiding or mitigating adverse
susceptibility effects of rectal gas.

Information from MEGRE images using multiple echo times facilitates differentiation
between objects such as intraprostatic calcifications and gold fiducial markers. This is
possible as the signal void resulting from a gold fiducial marker in a transverse slice is
round in shape. Furthermore, expansion of the signal void area with respect to echo
time takes place more rapidly for the gold fiducial marker than for the calcifications,
due to the higher magnetic susceptibility of the gold fiducial. Previous studies support
these finding (Schenck, 1996, Port and Pomper, 2000, Olsrud et al., 2005). The visual
effect can easily be recognized by the human eye, and is useful in the clinical setting
where multiple echo times can be visualized by scrolling through the image data.
Differentiation is further facilitated by the fact that the fiducial is visible in several slices
as the length of the fiducial marker (5 mm) is about two times the image slice thickness
(2.8 mm).

The use of multiple echo times can also help reduce problems in gold fiducial marker
identification, which arise due to gas pockets in the rectum. This problem has been
reported by Dinis Fernandes et al. (2017) when using a single echo balanced steady-
state free precession acquisition sequence. A similar acquisition sequence has been used
for fiducial identification by Tenhunen et al. (2018), Tyagi etal. (2017b), and Maspero
et al. (2018b). In cases where air pockets, such as rectal gas exist, a single echo image
can suffer from large image artefacts, perturbing the boundary of the prostate (Figure
19), making gold fiducial marker visualization more difficult or impossible. The
problem associated with gas can be reduced or completely eliminated by using the
shortest echo time in the MEGRE data (Figure 19).
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5.3.2. Manual detection performance

In order to investigate the detection performance and clinical value of MEGRE images
for gold fiducial marker identification, a manual observer study was performed
involving three medical physicists and two MRI technologists. One of the medical
physicists had seen the patient material six months prior to the study. One MRI
technologist misunderstood the instructions given and was excluded from the study.
Forty-four patients were included in the study, with a total of 129 gold fiducial markers.
Prior to the study, the observers were instructed on how to use the MEGRE data for
gold fiducial marker identification. (In Paper III it is erroneously stated that four
patients were excluded from the manual observer study, due to image artifacts arising
from large amounts of rectal gas, whereas in fact these four patients were only excluded
from the dataset used in the automatic detection method, see Section 5.4.)

The observers were presented with small FOV transverse T2w images and transverse
MEGRE images at the same time, side by side, using in-house developed MATLAB
software with a graphical user interface (Figure 20). The MEGRE images were used to help
the observers discriminate and identify the gold fiducial markers in the small FOV T2w
images. The observers were asked to locate the center of mass of the gold fiducial markers
in both image sets (small FOV T2w and MEGRE), at the same time, for each patient.

8] Manual Obsrve forGold Marke dentication - 8 x
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T2] slice 191-6.35 mm MEGRE | siice 18| echo 6|-7.7504 mm

Complte Patient.

— Program status
T2 Markers MEGRE Markers

Marker
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Figure 20. Software for manual gold fiducial marker observer study

Graphical user interface (GUI) used in the manual observer study for gold fiducial marker identification using MEGRE
images. The observers were asked to locate the center of mass of the gold fiducial markers in both small FOV transverse
T2w images (left) and transverse MEGRE images (right). The GUI allowed observers to zoom in and browse between
image slices and echo times (arrows left/right and up/down). To help with spatial correlation between the different image
types, slice position coordinates were displayed in the GUI below each slice, for both image types. The GUI did not
enable the image types to be superimposed, blended or viewed in any other orientation.
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The mean values and range of the observer sensitivity, specificity, and accuracy were
calculated, giving values of 98 [97-100]%, 94 [92-100]% and 97 [96-100]%,
respectively. To enable the calculation of these metrics, the number of true negative
gold fiducial markers for each patient was set to one. The mean and range for the
observer true positive rate (TPR) (defined as true positives/total number of gold fiducial
markers in the study) were found to be 98 [97-100]%. The mean number of patients
in which all gold fiducial markers were correctly identified was 41.5 out of 44, and the
mean geometric accuracy was determined to be 1.14 + 1.06 (1 SD) [0.01-6.26] mm.
These results reflect the manual observer performance exclusively in identifying the
gold fiducial markers in a small FOV T2w image, using MEGRE images for support,
and are published in Paper III. These results are thus dependent on both the small
FOV T2w images and the MEGRE images.

The observers were also asked to identify the gold fiducial markers in the MEGRE
images. Results regarding the detection performance in the MEGRE images have not
been published previously. The mean values and range of observer sensitivity,
specificity, and accuracy in the MEGRE images were 100 [99-100]%, 98 [96-100]%,
and 99 [98-100]%, respectively. The mean and range in observer TPR were found to
be 99.6 [99-100]%. The mean number of patients in which all gold fiducial markers
were correctly identified was 43.5 out of 44, and the mean geometric accuracy was
determined to be 0.93 + 0.88 (1 SD) [0.00-5.88] mm. These results are only dependent
on the MEGRE images.

The results regarding fiducial marker detection were better in the MEGRE images than
in the small FOV T2w image. This was mainly due to the challenge associated with
locating the very small signal void from the gold fiducial marker in the small FOV T2w
image, which was sometimes not visible at all. This problem could probably have been
mitigated or eliminated by including image blending functionality in the graphical user
interface, to enable visual guidance between the two image types. It is likely that the
spatial correlation between the two image types, perceived by the observers, thereby
would increase, and facilitate improved detection of small signal voids in the small FOV
T2w image.

Several manual observation studies have been performed to assess the detection
performance in gold fiducial marker identification. One or more MRI acquisition
sequences have been used, and TPRs of 91%-98% and a mean geometric accuracy of
0.6 mm-0.9 mm have been reported (Kapanen etal., 2013, Ghose et al., 2016, Maspero
et al., 2017¢, Maspero et al., 2018b, Tenhunen et al., 2018, Pathmanathan et al.,
2019). The results of these studies regarding geometric accuracy and TPR are similar
to the results published in Paper III, regarding fiducial identification in the small FOV
T2w image. Direct detection of gold fiducial markers in the MEGRE images showed a
higher TPR, close to 100%.
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5.4. Automatic fiducial marker identification

The main objectives of an MRI-only workflow are to reduce the number of imaging
modalities needed for RTP, and thus the cost. It has been suggested that automated
methods of gold fiducial marker detection save time and staff resources, and avoid
interobserver differences (Ghose et al., 2016, Dinis Fernandes et al., 2017, Maspero et
al., 2017¢). The MEGRE images described above were also used as input in the
development of an automatic method (Figure 21).

Existing MRI-only workflows described in the literature depend on separate MRI
acquisition sequences for fiducial marker identification, target delineation, and sCT
generation (Greer et al., 2011, Dowling et al., 2012, Tyagi et al., 2017a, Tenhunen et
al., 2018). The use of multiple acquisition sequences is undesirable due to the risk of
patient and organ motion between image acquisitions, and because they require image
registration (Tyagi et al., 2017a, Tenhunen et al., 2018).

5.4.1. Development of an automatic detection method

To eliminate the problem of interscan patient motion, it would be preferable to identify
the fiducials directly in the image geometry of interest, i.e. in the geometry where target
delineation is performed. In the study described in Paper III, the fiducial markers were
identified directly in the target delineation image geometry, i.e. the small FOV T2w
image, in both the manual and automatic methods. The need for image registration
was eliminated by identifying all possible fiducial candidate locations and then using
the MEGRE images for selection and discrimination (Figure 21). The in-plane size of
the signal voids in the small FOV T2w image are similar to the physical diameter of
the fiducials (1 mm). The performance in detecting the gold fiducial markers directly
in the MEGRE images was not assessed in the automatic method.

The useful features in the MEGRE images detectable with the human eye were the
increase in the signal void area with increasing echo time, the circular shape of the signal
voids, and the clearly visible signal voids at short echo times. These features were also
exploited in the automatic digital image processing MATLAB code developed to
automatically identify the gold fiducial markers.

Calculation of the signal void roundness and the expansion rate of the signal void area
with increasing echo time was crucial in the automatic method. Both the identification
and discrimination of gold fiducial markers were highly dependent on these metrics,
thus relying on accurate image segmentation.
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Figure 21. Overview of the model developed for automatic fiducial detection
A model was developed for automatic gold fiducial marker detection. a-b) Small FOV T2w image data were segmented
using the CTV. c) Segmented data were binarized for multiple segmentation thresholds. d) Fiducial candidates were
determined from connected binary voxels. e-f) MEGRE data were binarized and fiducial candidates transferred to
corresponding locations in binarized MEGRE data. g) Locations of fiducial candidates in the binarized MEGRE images
individually defined starting points for region growing segmentation, performed for all echo times. h) Fiducial candidate
discrimination criteria were applied in a given order (steps 1-6) to determine the final gold fiducial marker candidates
displayed in i). (Gold fiducial marker is abbreviated GFM in figure.)
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5.4.2. Automatic detection performance

The sensitivity, specificity, and accuracy of the automatic method were 84%, 74% and
81%, respectively. The TPR was found to be 84%. All three gold fiducial markers were
correctly identified in 24/40 patients (=60%) and the geometric accuracy was
determined to be 1.28 + 1.25 (1 SD) mm. The accuracy of 81% was inferior to the
accuracy of 97% in the manual observer study. The specificity of 74% was also inferior.
The inaccurate automatic segmentation of signal void areas was identified as the main
problem, leading to errors in the calculation of the roundness and signal void area
expansion rate, leading in turn to poorer identification and discrimination. To improve
the automatic method, a prior knowledge model of the signal void volume should be
implemented. Further, the current assessment of signal void area should be modified
to assess the whole signal void volume instead.

The TPR of 84% for the automatic method was inferior to those of existing models
described in the literature, where values of 84%-95% have been reported (Ghose et al.,
2016, Dinis Fernandes et al., 2017, Maspero et al., 2017¢c). It should, however, be
noted that none of the existing models identifies the gold fiducial marker directly in a
target delineation image.

The automatic method developed here was applied to small FOV T2w images, but the
principle could be adapted for use in large, high-quality FOV T2w images specifically
for sCT generation. This could enable dose calculation, target delineation and gold
fiducial marker identification to be performed in the same image geometry without the
need for image registration, eliminating interscan differences. This concept has recently
been explored in a manual manner with encouraging results (Persson et al., 2019).

5.5. Quality control of fiducial marker identification

The clinical implementation of MRI-only prostate radiotherapy requires safe and
reliable procedures for gold fiducial marker identification. The performance of a new
method should never be inferior to that of CT-based methods, and should ideally have
a detection accuracy of 100%. No study described in the literature has yet reached this
detection accuracy (Kapanen et al., 2013, Ghose et al., 2016, Dinis Fernandes et al.,
2017, Maspero et al., 2017c, Maspero et al., 2018b, Tenhunen et al., 2018,
Pathmanathan et al., 2019).

It is important to note that fiducial identification in CT images should not be regarded
as a method with perfect geometric accuracy. A mean displacement of 0.7-2.17 mm
has been reported, depending on the orientation of the fiducial during CT scanning
(Owen et al., 2008). Slice thickness was identified as the major factor limiting the
geometric accuracy in fiducial identification (Owen et al., 2008).
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These findings are very similar to the observations made in the present work (Paper
III), where the mean geometric accuracy was determined to be about 1 mm using MRI.
This is also similar to the magnitude of fiducial migration (Ng et al., 2014, O'Neill et
al., 2016) and differences in the distances between fiducial markers during the course
of treatment (Castro et al., 2018).

In certain clinical implementations of MRI-only prostate radiotherapy, CT was still
used for the identification of gold fiducial markers or to differentiate permanent
brachytherapy seeds from fiducials (Tyagi et al., 2017a, Tenhunen et al., 2018). It has
been suggested that the identification accuracy of fiducial markers could be increased
by using multiple observers or a fourth fiducial marker (Maspero et al., 2018b).
However, such measures would increase the cost. The development of improved and
cost-effective gold fiducial marker identification methods combined with suitable QC
procedures is preferable.

5.5.1. Development of a quality control method

As described in Section 5.1, an X-ray image is acquired during the gold fiducial
implantation procedure at Skine University Hospital in Lund using a mobile C-Arm
X-ray system. The mobility of the X-ray system enables the lithotomy position of the
patient to be maintained (Figure 17). In the event of a misplaced fiducial, the
maintained patient position allows easy implantation of a fourth fiducial. A similar
imaging procedure for routine fiducial placement verification has been reported in the
literature (Thompson et al., 2008, Gill et al., 2012).

In the study presented in Paper IV it was demonstrated that the C-Arm X-ray image,
henceforth denoted the CkV image, could be used to confirm the location of gold
fiducial markers. The locations of the fiducials had previously been determined using
only MRI images in an MRI-only workflow, and were known to be correct. As this
CkV image was acquired during the clinical routine for the purpose of fiducial
implantation verification, no extra imaging or redundant measures were needed for
fiducial verification.

The method is dependent on sCT images containing burnt in synthetic fiducials,
depicted as round, 2D high-intensity objects with a diameter of 4 mm (Figure 22). The
locations of the synthetic fiducials were determined by the spatial position of the gold
fiducial marker center of mass. DRR images were created from sCT images, as
described in Section 1.3. A common image geometry was created in which the DRR
and the CkV image could be overlaid to verify the correct identification and location
of the gold fiducial markers. Verification was performed by measuring the difference in
position of each single fiducial in the two images.

65



C-Arm X-ray Overlay

Figure 22. DRR and C-Arm X-ray image

Use of a C-Arm X-ray image (CkV image) to verify the locations of gold fiducial markers determined in an MRI-only
workflow. a) DRR image generated from sCT images with burned in synthetic markers. b) CkV image acquired at fiducial
marker implantation. As the DRR image and the CkV image had different scales, the CkV image was scaled to the DRR
image using the distance between the left and right pubic bones across the pubic symphysis, indicated by the drawn
lines in @) and b). c) After scaling, the CkV image was registered to the DRR image using the gold fiducial markers and
overlaid. The identification and location of the gold fiducial markers was then verified by measuring the difference in
position of each single fiducial in the two images.

Two problems had to be resolved to enable this process. 1) As the gold fiducial markers
were implanted two weeks prior to MRI imaging, they could have migrated in the
prostate, which would lead to a loss in spatial correlation, and migration was therefore
assessed. 2) The CkV image did not contain any information on spatial resolution,
which was needed to measure the distance between the fiducial markers. This was
resolved by scaling the CkV image to the DRR image using the distance between the
left and right pubic bones in both images (as shown in Figure 22).

5.5.2. Quality control performance

The mean absolute difference in the position of each fiducial in the two images was
found to be 1.7 + 1.4 (1 SD) mm. The mean fiducial migration was determined to be
1.2+ 0.7 (1 SD) mm. This demonstrated the possibility of using a CkV image acquired
at gold fiducial marker implantation, for fiducial marker position verification. All
fiducial markers were confirmed to have been correctly identified. The minor fiducial
migration was not considered a problem as the method did not require sub-mm
precision.

In Paper IV, the commercial software MriPlanner from Spectronic Medical was used
for sCT generation. As an anatomical distance between the pubic bones was measured
in the sCT DRR image and compared to the corresponding distance in the CkV image,
sCT images with high quality and geometric accuracy were vital. In two other studies,
by Tenhunen etal. (2018) and Tyagi et al. (2017a), an in-house and a Philips MRCAT
sCT generation method were used, respectively.
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Both studies reported problems associated with gold fiducial marker identification.
DRR images generated using these sCT generation methods have previously been
reported to be acceptable for patient positioning (Korhonen et al., 2015, Kemppainen
et al., 2018). The method described in Paper IV could therefore probably be applied
to the methods used by Tenhunen et al. (2018) and Tyagi et al. (2017a) to improve
fiducial identification, provided a CkV image is acquired at fiducial implantation.

To conclude, the method presented in Paper IV can be applied to both manual and
automatic methods of fiducial marker identification. Furthermore, it eliminates the
need to develop novel MRI acquisition sequences specifically for fiducial marker
identification with the desired detection accuracy of 100%. A detection accuracy close
to 100% was demonstrated in this work using MEGRE images, and these could
therefore provide sufficient fiducial detection accuracy for the broad clinical
implementation of MRI-only prostate radiotherapy.
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6. Conclusions and Future Outlook

The work described in this thesis has paved the way for the implementation of a clinical
MRI-only prostate radiotherapy workflow. Specifically, the work was focused on: 1)
QC method development for MRI images intended for sCT generation of the male
pelvis, 2) validation of the dosimetric accuracy and clinical robustness of a commercially
available sCT generation method for prostate radiotherapy, and 3) the development of
MRI-based methods and suitable QC procedures for intraprostatic gold fiducial marker
visualization and differentiation.

6.1. Synthetic CT quality

The results of this work showed that the geometric distortion in a dedicated MRI
acquisition sequence had negligible dosimetric impact, and no relevant geometric
impact on the delineation of radiotherapy structures (Paper I). This suggests that the
MRI acquisition sequence is suitable for sCT generation. The method developed could
potentially be applied to other treatment sites.

Investigation of the dosimetric accuracy of sCT images, generated with the commercial
product MriPlanner from Spectronic Medical, showed clinically negligible dose
differences between sCT and CT images. sCT generation was robust for a variety of
magnetic field strengths, MRI system vendors, and treatment techniques (Paper II).
This clearly shows that sufficient dosimetric accuracy, geometric accuracy, and clinical
robustness are achievable using an MRI-only prostate radiotherapy workflow.
Implementation should therefore be feasible at all clinics.

6.2. Fiducial marker identification

The proposed MRI acquisition sequence for fiducial marker identification was shown
to be a valid, robust, and feasible approach (Paper III). The method developed for
automatic gold fiducial marker detection can probably be improved to achieve an
acceptable detection level. An MRI-only prostate radiotherapy workflow without the
need for any CT imaging can be safely implemented in the clinical setting using the

proposed C-Arm X-ray (CkV) image method for fiducial verification QC (Paper IV).
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6.3. Clinical implementation

Studies and QC methods intended for the investigation of dosimetric accuracy and
fiducial marker identification in an MRI-only workflow have been presented. The
methods developed and the convincing results of the studies paved the way for a
prospective study of MRI-only radiotherapy of prostate cancer, called MRI-only
Prostate RadiOTherapy Excluding CT (MR-PROTECT). The ultimate aim of this
study is to safely implement an MRI-only radiotherapy workflow and deliver
treatments to prostate cancer patients.

Preliminary results recently obtained by our group (Persson et al., 2019) showed that
MRI-only treatment was successfully administered to 39 of 40 patients in a clinical
setting at Skane University Hospital in Lund, with only negligible dosimetric
differences. One patient was too large for the FOV used in MRI acquisition, and was
thus excluded from the study. The success of manual fiducial marker identification
using MEGRE images was 100%, and fiducial locations were used for treatment
positioning. The dosimetric and fiducial detection results are very encouraging, and in
line with the results presented in this thesis (Papers I, IT and III).

6.4. Future outlook

Multiple MRI acquisition sequences are currently required in MRI-only prostate
radiotherapy workflows, which often means increased scan time and interscan patient
motion (Tyagi et al., 2017a, Tenhunen et al., 2018). A single, high-resolution, fast
MRI acquisition sequence, that enables target delineation, sCT generation, and gold
fiducial marker identification in the same geometry, is therefore desirable.

Hip implants have previously been reported to be a contraindication for MRI-only
RTP (Tyagi et al., 2017a, Kerkmeijer et al., 2018, Tenhunen et al., 2018), but recent
work indicates that MRI-only RTP for prostate cancer using a 1.5 T MRI system is
compatible with hip implants (Wyatt and McCallum, 2019). This should be further
explored for 3 T MRI systems, where the effects of magnetic susceptibility and
geometric distortion resulting from hip implants are greater.

A comprehensive MRI quality assurance (QA) program to ensure geometric accuracy
and MRI system stability is crucial for a reliable MRI-only workflow (Paulson et al.,
2015, Kerkmeijer et al., 2018). However, no QA standards for MRI in radiotherapy
have yet been presented.

CT-independent sCT validation methods should be developed for large-scale clinical
implementation. CBCT has been proposed as a promising candidate for this purpose
(Palmer et al., 2018).
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After successful validation and implementation of an MRI-only workflow, the
possibility of reducing the target volume and possible improvements resulting from
adaptive MRI-based treatment strategies, should be investigated. The use of functional
MRI data for treatment follow-up and target delineation is also promising for future
applications of MRI in radiotherapy (Khoo and Joon, 2006, van Schie et al., 2017,
Olsson et al., 2019). MRI-only RTP for proton beam therapy has been reported to be
feasible, and could be used to reduce the absorbed dose to healthy tissue (Koivula et al.,
2016, Maspero et al., 2017b).

Automatic methods for fiducial identification using MEGRE images should be
improved to increase detection accuracy, to match the near-perfect detection found in
the manual observer study (Paper III). Machine learning or deep learning methods are
expected to be beneficial for the four-dimensional data space of the MEGRE images.
Such development is currently being pursued by the author. Another method of
improving fiducial detection in MRI images could be to replace the gold fiducial
markers with fiducials that can generate positive MRI signal. This type of marker must
also be visible in other modalities used in radiotherapy clinics, such as kV X-ray imaging
and CBCT imaging. The fiducial material should therefore contain radiopaque
material, and have a low magnetic susceptibility.

Questions concerning dosimetric and geometric accuracy in MRI-only workflows are
also of interest in relation to MR-linacs (Raaymakers et al., 2017, Tijssen et al., 2019).
The methods presented in this thesis could probably be adapted and applied to MR-
linac workflows to assess the dosimetric accuracy in sCT images when CT is not
available.
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Abstract

Dosimetric errors in a magnetic resonance imaging (MRI) only radiotherapy
workflow may be caused by system specific geometric distortion from MRI.
The aim of this study was to evaluate the impact on planned dose distribution
and delineated structures for prostate patients, originating from this distortion.
A method was developed, in which computer tomography (CT) images were
distorted using the MRI distortion field.

The displacement map for an optimized MRI treatment planning sequence
was measured using a dedicated phantom in a 3 T MRI system.

To simulate the distortion aspects of a synthetic CT (electron density
derived from MR images), the displacement map was applied to CT images,
referred to as distorted CT images. A volumetric modulated arc prostate
treatment plan was applied to the original CT and the distorted CT, creating a
reference and a distorted CT dose distribution.

By applying the inverse of the displacement map to the distorted CT dose
distribution, a dose distribution in the same geometry as the original CT images
was created. For 10 prostate cancer patients, the dose difference between the
reference dose distribution and inverse distorted CT dose distribution was
analyzed in isodose level bins.

The mean magnitude of the geometric distortion was 1.97 mm for the
radial distance of 200-250 mm from isocenter. The mean percentage dose
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differences for all isodose level bins, were <0.02% and the radiotherapy
structure mean volume deviations were <0.2%.

The method developed can quantify the dosimetric effects of MRI system
specific distortion in a prostate MRI only radiotherapy workflow, separated
from dosimetric effects originating from synthetic CT generation. No
clinically relevant dose difference or structure deformation was found when
3D distortion correction and high acquisition bandwidth was used. The method
could be used for any MRI sequence together with any anatomy of interest.

Keywords: MRI only, distortion, MRI radiotherapy, QA, synthetic CT,
MRI treatment planning

(Some figures may appear in colour only in the online journal)

1. Introduction

The use of dedicated magnetic resonance imaging (MRI) scanners in radiotherapy centers has
rapidly increased due to the superior soft tissue contrast of the MRI compared to computer
tomography (CT) (Karlsson et al 2009, Blomqvist et al 2013). For external radiotherapy of
prostate cancer, MRI can add clinical value to the target delineation process (Debois et al
1999, Jackson et al 2007). Simultaneous use of multimodal image information from CT and
MRI often requires a registration of the images into a common frame of reference. This mul-
timodal image registration between CT and MRI can result in an increased spatial uncertainty
and therefore result in a deviation of the planned dose to the patient (Nyholm et al 2009). To
avoid these uncertainties, techniques to provide electron density information from MRI have
been developed, enabling a workflow excluding the CT. These workflows are often referred
to as MRI only workflows where a synthetic CT image, created from MRI, replaces the CT.
Several techniques to generate synthetic CTs has been proposed (Lambert et al 2011, Dowling
et al 2012, Johansson et al 2012, Hsu et al 2013, Edmund et al 2014, Korhonen et al 2014,
Andreasen et al 2015, Siversson et al 2015). The time, effort and resources spent per patient
can also be reduced by excluding the CT from the radiotherapy workflow. This would also be
beneficial as no ionizing radiation is used during radiotherapy planning.

The generation of a synthetic CT requires a field of view (FOV) covering the outer body
contour for accurate treatment planning. Magnetic resonance (MR) images solely used for
organ at risk (OAR)- and target delineation, does not require coverage of the outer body con-
tour. These MR images are often acquired with a smaller FOV and used in conjunction with
CT.

Geometric accuracy in the images used for radiotherapy treatment planning and position-
ing is essential and CT is considered as the gold standard in this context. Geometric distortion
are known to exist in MRI and concerns regarding the use of MRI in radiotherapy has there-
fore been raised (Weygand et al 2016). The geometric distortion from MRI can be divided
into system specific or patient/object specific distortion. The system specific distortion can
originate from the non-linear gradients or from the non-homogenous static magnetic field
(Bakker et al 1992, Doran et al 2005, Reinsberg et al 2005). The patient/object specific dist-
ortion can originate from magnetic susceptibility or from chemical shift effects (Bellon et al
1986, Bakker et al 1992).
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The size of the geometric distortion originating from the non-linear gradients is increasing
with increasing distance from the MRI magnetic isocenter (Wang et al 2004b, Walker et al
2014) and is therefore highly dependent on the size of the FOV used in the MRI acquisition.

It has been shown that the system specific geometric distortion are larger than the patient
specific geometric distortion (Wang et al 2004b) and that non-linear gradients are the main
source of geometric distortion (Baldwin ez al 2007). The system specific geometric distortion
in terms of non-linear gradients can in modern MR scanners be corrected in 2 dimensions
(2D) using MRI vendor specific software (Wang et al 2004b). The availability of 3D correc-
tion of the non-linear gradients can be dependent on the acquisition sequence and acquisition
parameters (Walker et al 2015). The system- and patient/object specific geometric distortion,
in terms of induced non-homogeneities in the magnetic field, can be mitigated by the use of
active magnetic field shimming (Weygand et al 2016).

Several methods have been proposed for measuring and mapping the system specific geo-
metric distortion using dedicated phantoms (Koch ef al 2003, Wang et al 2004a, Torfeh et al
2015). These phantoms often have some kind of visual signal markers at known spatial posi-
tions. To assess the geometric distortion, the marker positions in the MR images is compared
with the physical location of the markers. Due to the need of large volume coverage special
phantoms have been designed for that purpose (Tadic et al 2014, Torfeh et al 2015, Walker
et al 2015, Huang et al 2016).

A geometric distortion of <2 mm in the anatomy of interest is desired for the use of MRI in
radiotherapy (Walker et al 2015, Weygand et al 2016). It was previously shown that residual
geometric distortion, measured for a clinically relevant acquisition sequence together with
3D correction, were >2mm at distances >15cm from the isocenter (Walker er al 2015). It
was also concluded that the origin of the geometric distortion were dominated by effects from
non-linear gradients.

It is of broad and immediate interest to study the dosimetric effects from system specific
geometric distortion in an MRI only radiotherapy workflow for prostate. Attempts has earlier
been made to quantify how the geometric error in MRI propagates through the MRI only
radiotherapy treatment planning process and how it affects the planned dose distribution (Mah
et al 2002, Petersch et al 2004, Sun et al 2015).

The combined dosimetric impact from the system specific geometric distortion and a synth-
etic CT generation method was recently investigated (Bolard and Bulling 2016). Dosimetric
errors originating from multiple previously published synthetic CT generation methods has
also been studied (Kim et al 2015). In the clinical introduction of an MRI only radiotherapy
treatment planning workflow it is important to solely quantify the dosimetric errors from
geometric distortion. The methodology presented in this work enables separation of the dosi-
metric errors introduced by the system specific geometric distortion from the dosimetric errors
originating from the synthetic CT generation itself.

The aim of this study was to (1) develop a method for MRI quality control and validation
of clinical MRI sequences for the use in an MRI only radiotherapy workflow. (2) Evaluate
the magnitude of the system specific geometric distortion in an MRI system and the impact
on delineated structures. (3) Evaluate, using the developed method, the dosimetric impact
of the system specific geometric distortion. This was done using a clinical MRI acquisition
sequence, designed for an MRI only prostate radiotherapy workflow. We propose a methodol-
ogy to apply the geometric distortion, originating from system related distortion in MRI, on
pre-existing patient CT images.
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2. Methods

The study was divided into three parts where the first part covered the measurement of geomet-
ric distortion in MRI, the generation of the displacement map and its application. The second
part investigated the impact of geometric distortion on delineated radiotherapy structures (RT
structures). The final part investigated the dosimetric impact of geometric distortion in MRI
only treatment planning. The workflow of the method, illustrated in figure 2, was repeated
for 10 prostate cancer patients (median age 75 years, median weight 84 kg and median length
173 cm), consecutive chosen from an ongoing in vivo MRI only treatment planning study.

2.1. Data acquisition, displacement map generation and its application

A commercially available 3D phantom designed to assess geometric accuracy for large FOVs
(Spectronic Medical AB, Helsingborg, Sweden) was used in this study. The phantom con-
tained 1177 spherical markers, with a marker diameter of 17 mm, filled with polyethylene
glycol. The markers were organized in a grid on layers of extruded polystyrene which covered
438.7 x 346.0 x 470.0mm? (width (W), height (H), length (L)). The outer case of the phan-
tom covered 502 x 404 x 534mm? (W, H, L) and was built by a layer of polyvinyl chloride
(PVC), with a thickness of 1 mm around the phantom and 10mm at the sides. Total weight
of the phantom was 9.8kg. A 3 T wide bore 70cm MRI system (Discovery 750W, Software
DV25R02-1549b, General Electric Healthcare, Milwaukee, WI) was selected for invest-
igation. The phantom was scanned using the built in 2 channel body RF- multi transmit and
receive coil (figure 1). The patient CT images used in this study were acquired with a Siemens
Somatom Definition AS+ (Siemens Healthcare, Forchheim, Germany), slice thickness 3 mm,
reconstructed diameter 500 mm, reconstructed in plane resolution 0.98 mm x 0.98 mm, peak
kilo voltage output 120kV, exposure time 500 ms, tube current 291 mA—-677 mA.

For accurate and comparable mapping of the geometric distortion, arising principally from
system specific geometric distortion, it was of importance that an identical MRI sequence
was used for the phantom and the in vivo MRI only treatment planning study. The parameters
used in the phantom MRI acquisition sequence were copied from the in vivo MRI acquisi-
tion sequence used in an ongoing Swedish multi-center study (MR-only prostate external
radiotherapy, MR-OPERA). Due to the phantom size, the FOV and number of slices had to
be adjusted. The in vivo study was performed with MRI acquisition sequence parameters
described in table 1. The acquisition sequence for the phantom was considered and referred to
as the optimized acquisition sequence.

The phantom was placed above the superior cavity on the MRI patient table, no table top
was used (figure 1). The phantom was scanned with the optimized acquisition sequence. The
displacement map was calculated using a cloud based commercial analysis software, GRADE
version 1.0.32 (Spectronic Medical AB, Helsingborg, Sweden). GRADE automatically calcu-
lated the locations of the phantom markers in the MR images using a non-rigid image registra-
tion with a digital reference model of the phantom. Reference markers from the digital reference
phantom model were generated by a rigid registration between the digital reference phantom
model and the MR images using only the markers close to the isocenter, where geometric dist-
ortion were considered to be negligible. For each marker, the difference in location between the
reference marker in the rigidly registered digital reference phantom model and the marker in the
MR images were calculated. The displacement map, describing the difference in the location
of the markers, were calculated using inverse mapping (Beier and Neely 1992) and generated
with the pixel dimensions 0.875mm x 0.875mm x 0.8741 mm. A binary mask was applied to
the displacement map to exclude peripheral sub-volumes with non-reliable displacement data.
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Figure 1. The commercially available phantom from Spectronic Medical AB is
designed to assess geometric accuracy. It was placed on the MRI table without table top.
Lines on the phantom surface were used to align the phantom using the built in laser
positioning system on the MRI.

Using an in-house built MATLAB software version R2015a (Mathworks Inc., Sherborn,
MA, USA), the displacement map were linearly interpolated (down sampled) to match the
pixel dimensions of the CT images. The magnitude of the geometric distortion for separate
spatial directions were derived from, and equal to, the data from the displacement map. The
relative orientation of the displacement map in space with respect to the CT images was taken
into account before applying the displacement map to the CT. This was performed by a trans-
lation of the left-right and inferior—superior center of the displacement map to the DICOM
user defined origin in the CT images (determined by the position of external skin markers,
applied to the patient before CT scanning). A translation of the anterior—posterior center of
the displacement map positioned the posterior anatomy of the CT images in the corresponding
MRI geometry.

To simulate a clinical scan situation, and to avoid the use of unreliable displacement data
originating from a peripheral part of the phantom, the displacement map was limited to 30cm
in the inferior—superior direction before being applied to the CT images. CT data outside of the
30cm inferior—superior coverage was left undistorted. The displacement map was applied to
the CT images as a geometric transformation using linear interpolation, from here on referred
to as distCT images (figure 2).

To estimate the possible impact of object specific geometric distortion an additional MRI
scan was performed on the phantom. The magnitude of the object specific geometric dist-
ortion in the optimized acquisition sequence was assumed to be proportional to the magnitude
of the deviations in the static magnetic field and inversely proportional to the read out gradient
strength (Weygand et al 2016). The deviations in the magnetic field, induced by the magn-
etic susceptibility of the phantom, was measured using the sequence IDEAL IQ (General
Electric Healthcare, Milwaukee, WI), acquisition sequence parameters described in table 1.
The clinical purpose of IDEAL IQ is in vivo fat quantification and depends on a correct assess-
ment of the deviations in the static magnetic field, i.e. field mapping. The phantom volume
field map was exported and the magnitude of the object specific geometric distortion was
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Table 1. MRI acquisition sequence parameters for the acquisition sequences referred
to in this study. The in vivo MRI acquisition sequence was used in an ongoing
Swedish multi-center study (MR-only prostate external radiotherapy, MR-OPERA).
The optimized acquisition sequence was used to scan the phantom to acquire the
displacement map. The IDEAL IQ sequence was used to estimate the possible impact

of object specific geometric distortion.

Optimized
Parameter In vivo study acquisition sequence IDEAL IQ
Coil GE GEM Built-in body Built-in body

anterior array

Sequence type FSE? FSE?* GRE

2D/3D 2D 2D 3D

Scan plane Axial Axial Axial

Freq. FOV 448 mmP 448 mm® 500 mmP

Phase FOV 314 mm*® 403 mm® 500 mm

Scan matrix 640 x 512 640 x 512 160 x 160

(freq. x phase)

Recon. matrix 1024 x 1024 1024 x 1024 256 x 256

(freq. x phase)

TR 15000.0 ms 15000.0 ms 6.0 ms

TE 96 ms 96 ms 0.89, 1.63, 2.36,
3.10, 3.83, 4.56 ms

Slice thickness 2.5 mm 2.5 mm 6.0 mm

Slice spacing 0.0 mm 0.0 mm 0.0 mm

Number of slices 88 200 100

Number of echoes 1 1 6

3D geometry correction On On Off

Bandwidth/pixel 390 Hz 390 Hz 1389 Hz

Shimming method Auto (first order) Auto (first order) Auto (first order)

RF transmit mode Multi transmit Multi transmit Quadrature

Acquisition time 7 min 24 min 6.5 min

* Sequence used was fast recovery fast spin echo (FRFSE).
b Right—left direction.
¢ Anterior—posterior direction.

calculated given a read out gradient strength of 13.1 mT m™! (used in the optimized acquisi-
tion sequence).

2.2. Impact on RT structures

To assess the possible geometric distortion for target- and OAR anatomy, the impact on the
delineated RT structures in the CT images was investigated. This was done using an in-house
developed MATLAB software. By using the phantom marker locations from the detected
markers in the MR images and the reference marker locations, supplied by Spectronic
Medical AB and described in section 2.1, the displacement was calculated for all points in the
RT structures. The relative orientation of the displacement data in space with respect to the
RT structure was taken into account before calculating the displacement to the RT structure
points, using the same orientation adaptations as described in section 2.1. The displacement
was applied to the RT structure points using linear interpolation.
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Figure 2. Flow chart of operations on CT images and dose distributions. CT = original
CT images, distCT = distorted CT images, Dgisicr = dose distribution from distCT,
Dietcr = dose distribution from CT, Dgisccr inv = dose distribution from distCT with
the inverse of the displacement map applied, AD = dose difference Dyefcr — DaistCT _inv-

The external surface of the RT structures were defined using additional RT structure points
inserted in the areas encompassed by the first and last slice of the RT structure volume. A 3D
boundary and its convex hull was calculated from the external surface, and the ratio of the
volume within the 3D convex hull for distorted and original RT structures was calculated. In
an absence of volume deviation, between original and distorted RT structure, a uniform trans-
lation and/or deformation with constant volume, of the whole RT structure could exist. This
could give rise to deviation in the RT structure but no deviation in RT structure volume. To
be able to detect such an event, the magnitude of the distortion in each spatial direction were
calculated for each RT structure.

2.3. Treatment planning and dosimetric analysis

The RT structures for target and OAR were copied from the original CT to the distCT images.
The RT structures were not deformed prior to copying them as the only objective was to enable
the calculation of an acceptable treatment plan. A single arc 10 MV VMAT prostate treatment
plan (78 Gy/39 fractions) were optimized on the distCT images using the Eclipse Treatment
Planning system version 13.6 (Varian Medical Systems, Palo Alto, USA). The final dose dis-
tribution, referred to as Dgisc, Was calculated using the Analytical Anisotropic Algorithm.
The treatment plan was confirmed to fulfill the dose criterions in the conventional arm of
the Swedish multicenter Phase III study of HYPO-fractionated Radiotherapy of intermediate
risk localized Prostate Cancer (Widmark 2008). The created treatment plan was applied and
recalculated with identical field setup and number of monitor units on the original CT images,
creating a reference dose distribution D;sct. This was performed in order to exclude any dif-
ference due to a slightly different plan delivery. Workflow is illustrated in figure 2. The dose
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distributions Dgisicr and Dyercr were linearly interpolated to match the pixel dimensions of the
CT images.

The percentage dose difference between Dgisicr and Diefer Was not calculated directly,
since the distCT was considered geometrically incorrect. In an MRI only workflow, the dose
distribution calculated on a synthetic CT (resembled by the distCT) is the dose distribution
that would have been used for treatment. By applying the inverse of the displacement map to
the Dgiqct the planned dose distribution was transferred into a geometrically correct frame of
reference which easily could be compared to the dose distribution of the original CT (Dxecr),
considered the gold standard. The inversely deformed dose distribution was referred to as
Dyisict _inv- This is in analogy with the process of adaptive radiotherapy in a conventional CT
based workflow using deformable image registration and dose warping (Veiga et al 2015).

The inverse of the displacement map (not to be confused with inverse mapping) was itera-
tively calculated using the function InvertDisplacementFieldImageFilter in Simple ITK 0.9.0
(open-source) together with ITK 4.7.2 (Yoo et al 2002). To verify the existence of an inverse
to the displacement map and detect possible noninvertible displacement data, the value and
the sign of the determinant of the displacement map Jacobian was evaluated for all patients.
The value of zero corresponds to a nonexistent inverse and negative values are indicative of
noninvertible and unrealistic deformations (Chen et al 2008, Veiga et al 2015). The inverse of
the displacement map was applied using nearest neighbor interpolation in an in-house devel-
oped MATLAB software.

The percentage dose difference (normalized to 78 Gy), referred to as AD, was calculated
in the interval 0%—100% by subtracting Dyesfcr and Dyisecer inv in segmented binned isodose
levels with a binning of 5%. The segmentations were determined from the Di.¢cr using binary
masks. The mean and the standard deviation of the segmented AD was calculated for each
binary mask, i.e. for each binned isodose level, for each patient. The binning method was per-
formed rather than using intentionally distorted RT structures or re-delineated RT structures
in the distCT. A manual re-delineation in the distCT images would give rise to additional
uncertainties as a result. The workflow is illustrated in figure 2.

3. Results

3.1. Geometric distortion measurements

The mean, minimum and maximum magnitude of the phantom geometric distortion in sepa-
rate spatial directions, for complete and limited phantom volumes is presented in table 2. The
mean magnitude for the geometric distortion was largest for the inferior—superior direction.
This behavior was true in both the limited (30 cm inferior—superior) and the complete phantom
volume. The mean and maximum magnitude of the phantom geometric distortion as a func-
tion of radial distance from the isocenter of the MRI, is presented for the complete phantom
volume in table 3. The mean and maximum magnitude of the deviations in the static magnetic
field, together with the calculated magnitude of the object specific geometric distortion for the
complete phantom volume, is displayed in table 4.

3.2. Impact on RT structures

The mean volume ratio between distorted RT structures and original RT structures among all
patients in the study was 1.00 &= 0.00 for CTV, PTV, femoral head left, femoral head right,
bladder and rectum. For the RT structure Body it was 1.01 =+ 0.00.
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Table 2. Mean, minimum (min) and maximum (max) magnitude of the phantom
geometric distortion for separate spatial directions, for complete and limited (30cm
inferior—superior) phantom volumes. Data was binary masked for both phantom
volumes to exclude peripheral sub-volumes with non-reliable displacement data. Data
was not interpolated to match the pixel dimensions of the CT images.

Left-right (mm) Anterior—posterior (mm) Inferior—superior (mm)
Mean Min Max Mean Min Max  Mean Min Max

Limited 0.082 +0.19 0.00 3.60 0.070+0.16 0.00 3.51 036+0.76 0.00 9.67
phantom
volume
Complete 0.13 +0.37 0.00 12.28 0.10+ 033 0.00 12.58 047 +0.96 0.00 9.67
phantom
volume

Table 3. Mean and maximum magnitude of the phantom geometric distortion, complete

phantom volume, as a function of radial distance from the isocenter of the MRI. Data

was binary masked to exclude peripheral sub-volumes with non-reliable displacement

data. Data was not interpolated to match the pixel dimensions of the CT images.

Radial distance from isocenter and distortion (mm)
<100 100-150 150-200 200-250

Mean Max Mean Max Mean Max Mean Max
0.17 0.43 0.3 0.82 0.57 1.85 1.97 7.86

Table 4. Mean and maximum magnitude of deviations in the magnetic field (ppm) for
the phantom volume, as a function of radial distance from the isocenter of the MRI,
measured with the IDEAL 1Q sequence. The calculated magnitude of the object specific
geometric distortion for the phantom using the optimized sequence is displayed in
parenthesis.

Measured deviation of the magnetic field (ppm) and calculated distortion (mm) at different radial
distances from isocenter (mm)

<100 100-150 150-200 200-250

Mean Max Mean Max Mean Max Mean Max
0.36 (0.082) 3.29 (0.75) 0.37 (0.084) 2.79 (0.64) 0.85(0.20) 13.03 (2.98) 1.81 (0.41) 19.11 (4.38)

The mean magnitude of the distortion in the RT structures among all patients in left-right
and inferior—superior direction was 0.00 = 0.00 mm for CTV, PTV, femoral head left, femoral
head right, bladder and rectum. For the anterior—posterior direction it was 0.01 £ 0.00 mm.
For the RT structure Body it was 0.13 £ 0.04 mm, 0.09 £ 0.05mm and 0.44 + 0.09 mm for
the left-right, anterior—posterior and inferior—superior direction.

3.3. Development of the method and dosimetric impact

A method to assess dosimetric impact of system specific distortion in an MRI only workflow was
developed. The mean number of pixels in the distortion field having a negative determinant of its
Jacobian among all patients were 0.008%. The corresponding pixel positions were at the most
peripheral part of the phantom data. No pixels had a determinant of its Jacobian equal to zero.
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Figure 3. Largest mean percentage dose differences among all patients in the study
(solid points). At each isodose level, the largest mean percentage dose difference (£1
standard deviation) among all patients in the study is shown. CT dose distribution is
used as reference. The average of the median percentage dose to target and OAR among
all patients in the study is shown (line markers on the isodose level axis).

The largest mean percentage dose difference for each isodose level and the average of
the median percentage dose to target and OAR (among all patients in the study) is shown in
figure 3. The largest negative and positive mean percentage dose difference for all isodose lev-
els were —0.02% =+ 0.13% (isodose level bin 80%—85%) and 0.02% =+ 0.25% (isodose level
bin 5%-10%).

4. Discussion

The work performed in this study introduced a method to assess dosimetric impact of system
specific distortion in an MRI only workflow. The method was not influenced by any errors that
might solely originate from the assignment of Hounsfield units in a synthetic CT generation.
The system specific distortion for an MRI only optimized sequence was assessed using a
phantom. As expected, the distortion was greater with increasing radius from the isocenter of
the MRI (Torfeh et al 2015, Weygand et al 2016). The distortion data in this study were also
in good agreement with a previous study using an identical pulse sequence (Torfeh et al 2015).
A possible interference in the measurement of the system specific distortion was object
specific distortion, determined by the shape and magnetic susceptibility of the phantom
material. We estimated the susceptibility effects induced by the phantom by the IDEAL IQ
sequence. Using this sequence the effects from the phantom and the static magnetic field were
added and could not be separated, which was an inherent limitation of the method. However,
in spite of this, the measured deviations were small. Furthermore, patient specific distortions
were beyond the scope of this study. The calculated mean magnitude of the object specific
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geometric distortion was <0.5 mm for all radial distances of <250 mm from the isocenter and
was considered negligible for the purpose of this work. The results showed that the system
specific geometric distortion were larger than the object specific geometric distortion and that
non-linear gradients were the main source of the geometric distortion.

The size of the mean deviation in RT structure volume ratios were consistent with the mean
magnitude of the distortion in each spatial direction for each RT structure, i.e. a larger devia-
tion in a RT structure volume was associated with a larger distortion. This corresponded to
a non-distorted anatomy of the target and OAR in the distCT images. It was previously con-
cluded that the mean distortion for all RT structures (body excluded) for a simulated prostate
MRI only treatment workflow, was <1 mm, both with and without 3D distortion correction
(Sun et al 2015). Our results were similar.

The method developed in this work quantified the dosimetric effects from geometric dist-
ortion in MRI only treatment planning for prostate. Validation of MRI only treatment plan-
ning, using synthetically generated CTs and conventional CTs, includes several uncertainties
such as repositioning between multiple modalities, bladder- and rectum filling, and body- and
organ structure changes. Additionally, the synthetic CT generation method itself can introduce
an error. In previous studies specifically aimed at the assessment of dosimetric errors originat-
ing from geometric distortion of the MRI system, synthetic CTs with bulk density assignment
has been used (Sun et al 2015, Bolard and Bulling 2016).

Earlier studies aimed to study the dose difference in generated synthetic CTs compared
to conventional CTs for prostate reports a mean dose difference to target of less than 2%
(Lambert et al 2011, Dowling et al 2012, Kapanen et al 2013, Korhonen et al 2014, Siversson
et al 2015). This is higher than in the present study. This is to be expected as our method, in
contrary to the studies above, focus on the uncertainties from the system specific geometric
distortion and does not rely on bulk density assignment. Furthermore, dose warping (Veiga
et al 2015) has been used in our method and to the best of our knowledge, this is the first time
in literature that dose warping has been used to assess the effects of distortion in an MRI only
workflow.

However, in contrast to dose warping between cone beam CT and CT, our method does not
rely on deformable image registration between image sets. Instead, the inverse of the meas-
ured distortion field was used. The accuracy of the approach was ensured by investigating the
properties of the Jacobian. Furthermore, interpolation effects were minimized by using a high
spatial resolution for all matrices (same as CT). When adopting our dose warping approach,
we recommend the actions above to be performed. If the image distortion is small (i.e. cen-
tral part of the images), the error introduced when simply comparing the two dose matrices
without any dose warping would be small. However, this is not the case when larger image
distortion exists (e.g. peripheral part of the images).

The natural body processes occurring during the MRI scan of a patient will affect the
geometry of the synthetic CT. This is important to consider when evaluating the dosimetric
deviations between a CT and a synthetic CT. Natural bladder filling will lead to an increase
in bladder volume. A study performed, under MRI scan conditions similar to those of an MRI
only prostate treatment planning session, showed an increase in bladder volume in the study
subjects ranging from 3% to 101% (McBain et al 2009). From our results, using an optim-
ized acquisition protocol, it can therefore be expected that natural bladder volume changes is
significantly larger than the bladder volume changes induced by system specific geometric
distortion.

For quantification of the percentage dose difference, an analysis in segmented binned
isodose levels was performed. This eliminated the need for intentionally distorting the RT
structures to fit the distorted anatomy of the distCT images. In previous studies this issue has
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been overlooked for the dosimetric evaluation by merely copying the RT structures between
the MR images and CT images (Chen et al 2004a, 2004b). In the present work it was shown
that the influence on the RT structures due to geometric distortion from the optimized sequence
were insignificant. This may not always be the case when evaluating the geometric distortion
for other MRI acquisition sequences. Dose-volume histogram (DVH) analysis was therefore
not included in this work as a part of the evaluation. Furthermore, in contrast to the use of
DVH analysis, the segmented binned isodose levels provides information on the dose differ-
ence for a continuous range of isodose levels.

To conclude, it is of importance that the MRI acquisition sequence used for any MRI only
treatment planning are validated. A method is presented in this work which may be used for
this type of validation.

5. Conclusions

A method was developed to assess the dosimetric impact of system specific geometric dist-
ortion. The dosimetric impact was not influenced by any errors that could originate from
the assignment of Hounsfield units in a synthetic CT generation method. It required clinical
CT image material from the anatomy of interest and the production of a displacement map,
originating from a measurement of a dedicated phantom designed to assess geometric acc-
uracy in MRI. Both of these requirements should be feasible to satisfy in a clinic aiming to
introduce MRI only treatment planning. The developed method enabled quantification of the
dosimetric effects of MRI system specific distortion for prostate MRI only radiotherapy treat-
ment planning. The dosimetric effect and impact on delineated RT structures were negligible.
The method has the potential to be used for any MRI acquisition sequence together with any
anatomy of interest.
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Summary
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a commercially available
software for MR to synthetic
computed tomography (CT)
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MRI-only prostate external
radiation therapy workflow.
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Purpose: To validate the dosimetric accuracy and clinical robustness of a commer-
cially available software for magnetic resonance (MR) to synthetic computed
tomography (sCT) conversion, in an MR imaging—only workflow for 170 prostate

Methods and Materials: The 4 participating centers had MriPlanner (Spectronic
Medical), an atlas-based sCT generation software, installed as a cloud-based service.
A T2-weighted MR sequence, covering the body contour, was added to the clinical
protocol. The MR images were sent from the MR scanner workstation to the
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A multicenter study design
was used to compare CT-
based treatment plans with
recalculated synthetic CT
plans for 170 prostate cancer
patients. The software was
found to be robust for a va-
riety of field strengths, ven-
dors, and treatment
techniques.

MriPlanner platform. The sCT was automatically returned to the treatment planning
system. Four MR scanners and 2 magnetic field strengths were included in the study.
For each patient, a CT-treatment plan was created and approved according to clinical
practice. The sCT was rigidly registered to the CT, and the clinical treatment plan
was recalculated on the sCT. The dose distributions from the CT plan and the
sCT plan were compared according to a set of dose-volume histogram parameters
and gamma evaluation. Treatment techniques included volumetric modulated arc
therapy, intensity modulated radiation therapy, and conventional treatment using 2
treatment planning systems and different dose calculation algorithms.

Results: The overall (multicenter/multivendor) mean dose differences between sCT
and CT dose distributions were below 0.3% for all evaluated organs and targets.
Gamma evaluation showed a mean pass rate of 99.12% (0.63%, 1 SD) in the
complete body volume and 99.97% (0.13%, 1 SD) in the planning target volume
using a 2%/2-mm global gamma criteria.

Conclusions: Results of the study show that the sCT conversion method can be used
clinically, with minimal differences between sCT and CT dose distributions for
target and relevant organs at risk. The small differences seen are consistent between
centers, indicating that an MR imaging—only workflow using MriPlanner is robust
for a variety of field strengths, vendors, and treatment techniques. © 2017 The Au-
thor(s). Published by Elsevier Inc. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The limited soft tissue contrast of computed tomography
(CT) images makes definition of the target and organs at
risk (OARs) difficult for radiation therapy treatment
planning. This has led to the widespread introduction of
magnetic resonance imaging (MRI) into radiation therapy
clinics during recent years (1). Magnetic resonance imaging
exhibits excellent soft tissue contrast and has been shown to
increase accuracy in target definitions for several tumor
sites, as well as to add value to the delineation of OARs
(2-6). Although MR images have an important role in the
delineation process, CT imaging has retained its position as
the imaging modality of choice for the treatment planning
process (dose calculation and generation of images for
patient positioning). This is mainly attributed to the high
geometric accuracy of CT and its unique relationship to the
attenuation of the imaged tissue, which is needed for
inhomogeneity-corrected dose calculations. To accomplish
this multimodal approach of treatment preparation, image
registration has been widely used to transfer MR-based
treatment volumes to the CT images used for treatment
planning.

There are, however, several disadvantages with this
workflow. The cost of using multiple imaging modalities in
the preparation steps of radiation therapy is not insignifi-
cant, and the geometric uncertainty associated with the
co-registration of MR and CT images acquired at different
time points and at different imaging devices may be sig-
nificant. In absolute numbers the uncertainties in CT-MR
registration has been estimated to be 2 mm (1 SD) (7).
Systematic registration errors will propagate through the
treatment planning process and cause a systematic error

that will persist throughout the entire treatment. In contrast
to random errors, such as those introduced by day-to-day
positioning, the systematic errors are more serious and
could lead to a displacement of the dose distribution (8).
This has led several groups to investigate the possibilities of
using MRI only for both delineations and treatment plan-
ning, under the assumption that the uncertainty in the
identification of the markers based on MR data will be
smaller than the uncertainty in the co-registration between
CT and MR.

To allow dose calculations based on MRI, methods have
been developed to convert MR images to images similar to
CT, often denoted as synthetic CT (sCT) images. Several
methods have been proposed: (1) direct conversion of pixel
values using specialized sequences, such as ultra-short echo
time imaging in combination with other sequences (9-11);
(2) population atlas techniques, which use deformable
image registration to warp a label image to an MR image
(12-15); or (3) a voxel-based affine registration approach
(16). Further, manual and semi-manual segmentation
techniques to divide an MR image into tissue classes that
are assigned electron densities exist (17-20). All of these
techniques have shown promising results, with point or
mean dose deviations to the target in the vicinity of 1%.
These studies have often been limited in terms of size of the
patient cohorts and are mostly single-center studies, with a
single scanner and field strength, using in-house-developed
software. This has limited the widespread adoption of
MRI-only treatment planning.

In this MR-Only Prostate External RAdiotherapy (MR-
OPERA) study, the aim was to verify the dosimetric accuracy
and robustness to clinical input data of a commercially avail-
able software for MR to sCT conversion of the male pelvis. The
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atlas-based generation algorithm used in the software has
previously been described (21). The study included 170 pa-
tients from 4 different university hospitals in Sweden, using
different MR vendors and field strengths.

Methods and Materials
Patients

From October 2015 to June 2016, a total of 170 consecutive
patients were included in a non-interventional, prospective,
multicenter study, approved by the Umea Regional ethics
review board. Inclusion criteria were patients referred to MR
and CT imaging before prostate radiation therapy. No height,
weight, or age restrictions were imposed; however, patients
with large surgical implants such as hip prosthesis were not
eligible. Study participation did not affect the prescribed
treatment, because the doses were recalculated to simulate
MRI-only treatment.

Imaging

The conversion software used in the study required a
T2-weighted MR image with large field of view (FOV),
covering the entire patient contour, with sufficient coverage
for treatment planning in the cranio-caudal direction. Further,
the sequence was required to be corrected for geometric
distortions and acquired with sufficient bandwidth to limit
the impact of these. Such sequence was added to the standard
protocol consisting of target and marker localization
sequences (scan time 30-45 minutes). The study sequence
was limited to approximately 5 minutes. All centers imaged
the patients in treatment position on both CT and MR, using
a flat tabletop and immobilization with ankle and knee
support. Magnetic resonance and CT imaging parameters are
specified in Tables 1 and 2. The RF (radiofrequency) coils,
18-channel body 18 long (used for the 2 Siemens scanners)
and 16-channel GEM Anterior Array (used for the 2 GE
scanners), were centered over the symphysis on a stiff coil
bridge. Quality assurance of the MR scanners was performed
according to local practice at each center.

sCT generation and treatment planning

The algorithm used in the conversion software MriPlanner
(Spectronic Medical, Helsingborg, Sweden) has previously

Table 1  Imaging devices used at all centers

been described (21). The algorithm is based on an auto-
mated atlas-based conversion method that requires
T2-weighted MR images for sCT generation. Since the
previous publication the software has been updated with a
new training data set, acquired at a single center. In practice
the software integrates into the clinical workflow by
configuring a Digital Imaging in Communications and
Medicine (DICOM) node within the hospital, which
receives and anonymizes patient data and generates a key.
The anonymized patient data is then automatically uploa-
ded to a cloud-based conversion service, which generates
the sCT and returns it to the DICOM node. The patient
information is restored using the previously generated key,
and the sCT is automatically returned to the radiation
therapy department for treatment planning.

One modification of the MriPlanner workflow was needed
for this study: the CT was also uploaded to the cloud service
so that the generated sCT could be rigidly registered ac-
cording to bony anatomy to the CT before replanning. The
sCT was returned with the same resolution as the CT. This
additional step was needed to account for patient rotations
between MR and CT. A simple treatment planning isocenter
translation would result in a rotated dose distribution, which
would limit the possibility of accurate comparisons.

A CT-based treatment plan was created according to
clinical practice at each clinic (for technical details see
Table 3). The CT plan was transferred to the rigidly
registered sCT, and the dose was recalculated, resulting in 2
plans with identical beam setup. Target volumes and OARs
were transferred from the CT to the sCT, whereas separate
external contours were created for the CT and sCT images.

Evaluation

The dose-volume histogram (DVH) evaluation was carried
out in CERR (version 4.6), a computational environment
for radiation therapy research (22), between the original CT
plan and the recalculated sCT plan, using the resulting dose
matrices and CT structures. The protocol from the con-
ventional arm in the Swedish multicenter phase 3 study of
hypo-fractionated radiation therapy of intermediate-risk
localized prostate cancer (23) was used as a reference for
the dose-volume criteria to be evaluated. Gamma evalua-
tion (24) was carried out using Medical Interactive Creative
Environment, version 0.3.0.209 (available at www.
gentleradiotherapy.se) (25) within the complete volumes,

Center (no. of patients)

CT scanner

MR scanner and field strength

Center 1 (68)
Center 2 (54)
Center 3 (42)
Center 4 (6)

Philips Brilliance Big Bore
Toshiba Aquilion LB

Siemens Somatom Definition AS+

Siemens Somatom Definition AS+ or GE LightSpeed RT16

GE Discovery, 750w 3.0T
GE Signa, PET/MR 3.0T
Siemens Aera 1.5T
Siemens Skyra 3.0T

Abbreviations: MR = magnetic resonance; PET = positron emission tomography.
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Table 2  Scan protocol parameters for the T2-weighted MR
used for sCT generation

Parameter MR scan CT
Slice thickness (mm) 2.5-3.0 2.5-3.0
kV 120
Resolution x/y plane (mm) 1/1

Resolution x/y

plane (recon.) (mm)
Slice gap (mm)
Distortion correction
Bandwidth 3T (Hz/pixel)
Bandwidth 1.5T (Hz/pixel)
FOV (mm)
No. of slices
Time to echo (ms)
Time to repetition (ms)
Flip angle (°)
Slice acquisition
Postprocessing
Sequence type

0.44-0.88/0.44-0.88

0

On

244-390

215

448

88-100

96-98
11,930-15,000
130-160
2-Dimensional
Homogenization
Spin echo

Abbreviations: CT = computed tomography; FOV = field of view;
kV = kilovoltage; MR = magnetic resonance; SCT = synthetic CT.

with a dose cutoff at 15% and within the planning target
volume using global gamma criteria of 3%/3 mm, 2%/
2 mm, and 1%/1 mm. The gamma calculations within

Table 3  Summary of the treatment planning techniques used
for all centers and patient-specific aspects for the 145 evaluated
patients

Parameter No. of patients
Target
Prostate 76
Prostate and vesicles 52
Prostate, vesicles, and iliac lymph nodes 17
Prescribed dose (Gy) — fractionation (Gy/fraction x fractions)
78 — 2 x 39 78
77 — 22 x 35 3
74 —2x25+3x8 2
725 — 2.5 % 29 3
66 — 3 x 22 18
63 — 3 x 21 3
50 —2 x 25 25
45 -3 x 15 5
28 — 2 X 14, boost plan 8
Treatment technique
IMRT 20
VMAT 107
Conventional, 3-field 18
Treatment planning system
Varian Eclipse 100
Elekta Oncentra MasterPlan 45
Calculation model
AAA 100
PB 45

Abbreviations:  AAA = anisotropic analytical algorithm;
IMRT = intensity modulated radiation therapy; PB = pencil beam;
VMAT = volumetric modulated arc therapy.

MICE are implemented according to the method described
by Wendling et al (26).

Two 1-sided tests of equivalence for paired samples
(TOST-P) (27) were performed with an equivalence interval
of (—0.5%, 0.5%) for all evaluated DVH criteria at a 95%
confidence level. Dose criteria were evaluated as percent-
age of the prescribed dose and the volume criteria as
absolute volume difference in percentage units. Equiva-
lence testing is used to prove equality.

Differences in the external contour can arise owing to
repositioning between CT and MR, which affects the sCT
dose calculation and comparison. To investigate how dif-
ferences in the external contours between the CT and sCT
affected the dose comparison, a subset of patients (n=28,
prescribed 78 Gy to the prostate, included at center 1) were
further evaluated using an sCT that was corrected to have the
same external contour as the CT. After the rigid registration
of the sCT and CT, the CT external contour was used to create
a new sCT external contour. Air inside of the new external
contour was replaced with water, and tissue outside the new
external contour was removed and replaced with air.

Results

All patients who were uploaded to MriPlanner had success-
fully generated sCTs, including patients who were subse-
quently excluded owing to deviations from the study protocol
(see below). The exclusions were due to operator fault or
incorrect inclusion of study participants. The software was
integrated into the current clinical workflows without mod-
ifications or any additional procedures. The mean (range)
body mass index of the study population was 26.9 (18.0-37.7)
kg/m?, and median (range) age was 72 (56-87) years.

After inclusion a total of 25 patients had to be excluded
owing to 3-dimensional distortion correction inadvertently
being turned off (n=12), the entire body contour was not
included inside the FOV (n=4), limited FOV in slice
direction due to operator fault (n=2), inclusion despite hip
implants noted after MR imaging (n=2), extreme differ-
ence in rectum filling between MR and CT (n=1), patient
included having been injected with an anatomy-distorting
gel between prostate and rectum (n=1), extremely poor
image quality of MR image (n=1), and patients imaged
without coil holder (n=2), leaving a total of 145 patients
available for evaluation. Eight patients with nodal
involvement had an insufficient FOV in the slice direction
to cover the complete target. Their boost plans, covering
the prostate, were calculated. Figure 1 displays the height
and weight distribution of the study population.

The mean dose deviations between sCT and CT were
found to be very small, below 0.3% for all evaluated organs
and targets; for a complete DVH comparison, see Table 4.
With an equivalence interval of (—0.5%, 0.5%), the eval-
uated dose and volume points were shown to be equivalent
at a 95% confidence interval using the TOST-P procedure
described in reference 27. All P values were below Se-7.
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Fig. 1. Distribution of weight and height in the study

population. Included patients, separated by included center, are
presented in blue (circles, squares, triangles, and diamonds).
Exclusions are presented in red (filled circles). (A color version
of this figure is available at www.redjournal.org.)

The deviations between sCT and CT organ mean doses

ranged between —1.15% and 1.42% (Fig. 2a-d). The 4
centers showed similar results. Small differences were seen

Table 4 Mean dose deviation between sCT and CT

between the prescriptions (ie, fractionation schemes found
in Table 3), with an SD below 0.2% for the mean dose
deviations.

The body-corrected sCTs showed smaller dose differ-
ences from the CT as compared with the original sCT for
the 28 patients evaluated. The mean dose differences
approached zero after correction. Standard deviations and
maximum differences decreased (Figs. 3a and 3b). Gamma
evaluation results are presented in Table 5 for the complete
study population and the body-corrected subpopulation.

Discussion

The present study investigated the accuracy and robustness
of a commercial software that enables the transition from a
multimodal CT-MR workflow to an MRI-only workflow for
external radiation therapy of prostate cancer. The MRI-only
treatment planning procedure described in this study re-
quires only minor changes in clinical routine, adding a
large FOV T2-weighted MRI sequence of approximately
5 minutes and discarding the CT examination altogether.
The study was performed at 4 different clinics, with
different clinical workflows, hardware, and software.
Treatment plans generated using sCT were dosimetrically

Mean deviation sCT vs
CT (% of prescribed dose or

Mean deviation sCT vs
CT (absolute dose [Gy] or

Parameter volume percentage difference) (1 SD) volume percentage point difference) (1 SD)
Body
Maximum 0.18 (0.79) 0.13 (0.50)
PTV
Mean 0.23 (0.42) 0.16 (0.28)
D99% 0.21 (0.50) 0.14 (0.35)
V95% 0.21 (0.65) 0.20 (0.62)
CTV
Mean 0.24 (0.44) 0.17 (0.29)
Minimum 0.21 (0.54) 0.14 (0.36)
Bladder*
Mean 0.04 (0.27) 0.03 (0.18)
Rectum
Mean 0.16 (0.42) 0.10 (0.28)
V0% 1.37 (3.56) 0.18 (0.42)
V75% 0.21 (2.74) 0.03 (0.59)
V65% 0.26 (1.99) 0.04 (0.59)
Femoral heads’
Mean 0.04 (0.18) 0.03 (0.11)
0.05 (0.19) 0.03 (0.11)
Maximum 0.05 (0.38) 0.03 (0.26)
0.07 (0.49) 0.06 (0.31)

Abbreviations: CT = computed tomography; CTV = clinical target volume; PTV = planning target volume; sCT = synthetic CT.

Total mean dose deviation between sCT and CT (145 patients). Deviations expressed in percentage of prescribed dose (mean, maximum, minimum, and
D99%) or volume percentage difference (V95%, V90%, V75%, and V65%) (left column) and absolute change (in Gy) or volume percentage point
difference (right column). Volume change evaluated for patients prescribed 78 Gy, according to the conventional arm of the HYPO-fractionated radiation
therapy of intermediate-risk localized Prostate Cancer protocol.

* One patient excluded owing to structure missing in the clinical plan.

T Results for 105 patients, exclusions due to structure not contoured in clinical routine.
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(a-d) Individual center results. Deviations between synthetic computed tomography (sCT) and CT mean doses

(sCT — CT, % of prescribed dose) at the 4 included centers for planning target volume (PTV), clinical target volume (CTV),

femoral heads, bladder, and rectum.

accurate as compared with CT. In general, the dose
differences observed between sCT- and CT-based plans
were small and were shown to be statistically equivalent on
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Fig. 3. (a, b) Body-corrected result. Results for 28

patients prescribed 78 Gy, evaluated with both an original
synthetic computed tomography (sCT) and a body-
corrected sCT compared with the CT. The original sCT/
CT comparison (a) and the body-corrected sCT/CT
comparison (b) for planning target volume (PTV), clinical
target volume (CTV), femoral heads, bladder, and rectum
mean doses (sCT — CT).

a 95% confidence level within £0.5%. The rectum volume
criteria displays a higher mean deviation compared with the
other OARS, which can be an influence of change in rectum
filling or the replacement of gas with soft tissue in the sCT
generation (21). A small systematic overshoot in Figure 2 is
seen along with outliers near 1.5% dose deviation. The
outliers were found to be patients with large outer body
contour differences. The MR was frequently found sys-
tematically smaller in the anterior-posterior direction
compared with the CT. This causes a higher sCT dose after
recalculation. We hypothesize that this is an effect of the
longer examination time of the MR compared with the CT.
The study sequence was positioned at the end of the MR
protocol for most patients, after an approximately 30- to
40-minute scan time. Patient relaxation could presumably
cause the patients’ anterior-posterior thickness to decrease
and increase in the left-right direction, which was also seen
in the data. In contrast to the MR examination, the CT
examination is fast, and the patients are often more tense.
The results indicate that the differences in patient external
contour influence the dose comparison considerably, and
after correcting for patient outline differences the differ-
ences are negligible. Hence, disparities in patient position
are likely to be a major contributor in the small dose dif-
ferences seen in our results. The differences in external
patient contour also affected the gamma evaluation, but the
results are still well within clinical acceptance criteria.
Previous studies on MRI-only prostate radiation therapy
report results similar to ours. Commercially available
MRCAT (MR for Calculating ATtenuation, Phillips
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Table 5 Gamma evaluation

Parameter 3%/3 mm, 2%/2 mm, 1%/1 mm,
Original sCT, complete study population (N=145)
PTV 99.99 (0.06) 99.97 (0.13) 98.28 (4.58)
Total 99.62 (0.36) 99.12 (0.63) 97.69 (1.26)
>15% 99.66 (0.42) 99.30 (0.68) 97.94 (1.35)

Subpopulation (n=28), body-corrected sCT/original sCT

PTV 100.00 (0.00)/100.00 (0.00)
Total 100.00 (0.00)/99.72 (0.28)
>15% 100.00 (0.00)/99.79 (0.29)

99.98 (0.09)/100.00 (0.00)

99.64 (1.70)/97.82 (3.96)
99.50 (0.45)/98.24 (0.79)
99.96 (0.14)/98.43 (0.98)

100.00 (0.01)/99.38 (0.38)
100.00 (0.01)/99.59 (0.42)

Abbreviations: PTV = planning target volume; sCT = synthetic computed tomography.

Values in parentheses are 1 SD.

Healthcare, Vantaa, Finland) was reported to produce
treatment plans with dose differences CT-sCT of 0.25%
(0.17% SD) to the planning target volume and 0.42%
(0.50% SD) for organs at risk (28). In that study the entire
study population (n=13) was corrected for differences in
patient external contour using an approach similar to the
one presented in our study for the body-corrected subpop-
ulation. A key difference between the method described in
our study and MRCAT is that the latter is vendor specific.
Other methods have been presented in the literature, also
showing very high accuracy, but these are, to our knowl-
edge, still in development or single-center use (12, 20, 29).

This study aimed at verifying the MRI-only method in a
situation as close as possible to the clinical environment,
without extensive corrections of the sCT data, to find the
worst-case differences between the CT- and MR-based
workflows. Because the MR and CT images were acquired
at different occasions, ranging from 30 minutes to 1 day
apart depending on the clinic, changes in internal anatomy
were inevitable. The repositioning of the patient between
modalities will also introduce differences in the external
anatomy. Such differences could have been corrected for by
using deformable registration, which is an approach that
has been used previously (21). We opted to not employ
such methods to preserve the integrity of the input data as
much as possible. Therefore, the dose differences presented
in our study are composed of actual errors in Hounsfield
unit conversion as well as differences in patient anatomy
and possible geometric distortions (remaining after
correction) in the input MR data. Our study uses the con-
ventional MR/CT workflow as a reference and recalculates
the dose on the sCT for comparison. Another strategy
would be to create a treatment plan optimized on the sCT
for comparison against the CT, a method that has been
shown to differ very little from our method (30, 31).

In this work the dosimetric accuracy in the MRI-only
workflow is of primary interest. However, other important
aspects of the treatment are also affected by removing the
CT images, primarily patient positioning. Because many
prostate cancer patients are positioned using implanted gold
fiducials, configuration of suitable marker localization
sequences that can be acquired in immediate succession to
the sequence used for sCT generation is important. To

achieve a workflow with improved geometric accuracy
compared with the CT/MR workflow, the uncertainty in the
fiducial marker localization cannot exceed the MR-CT
registration uncertainty. A future improvement would be to
develop markers that are visible directly on the treatment
planning sequence. Further, it would be of importance to
the MRI-only workflow to integrate automatic fiducial
detection (32). If markers are not used, the sCT should
work well for matching against cone-beam CT scans and
orthogonal X rays or megavoltage portal images, earlier
demonstrated (33). The geometric fidelity of the sCT im-
ages will be investigated for such purpose in a future study.

In the implementation of MRI-only, it becomes crucial
to ensure properly executed MRI procedures. Exclusions in
this study were mainly due to improper inclusion or oper-
ator fault, which could be captured at an early stage with
proper MR quality assurance (QA) procedures and staff
training. Eight patients had insufficient target coverage in
the slice direction. This was a consequence of the study
design. The extra acquisition time allowed for adding on
the sCT sequence to the protocol was restricted to
approximately 5 minutes. In this time frame the necessary
number of slices to cover the entire target volume for the 8
patients could not be acquired. This specific issue will not
be the case in an actual MRI-only environment, with a
dedicated MRI-only protocol. Education and training are
important parts of the implementation process of MRI-only
and are necessary to avoid operator fault at the MR scanner.
Mistakes, such as an inadvertently turned-off 3-dimensional
correction, could be prevented by staff training and work-
ing documents. Automatic control of the MR parameters at
the MR scanner could be a possible method to detect
erroneous parameter settings. This would not prevent
operator faults, although it would be detected at an early
stage of the process. Although no serious errors in sCT
generation could be found in this study, a routine to detect
potential errors is still needed. A simple sanity check of the
Hounsfield unit distribution would probably be sufficient,
or the use of patient-specific QA if a higher level of
certainty is desirable. Methods for such QA procedures are
an important part of MRI-only and should be developed and
tested thoroughly before an implementation of the
technique can be considered completed.
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When the registration step between the treatment plan-

ning CT and MR images is eliminated, an important
uncertainty is removed. The small differences found
between CT- and sCT-based dose calculations in the present
study must be set in contrast to the total uncertainty in
radiation therapy. When considering the complete work-
flow, including uncertainties in beam calibration, relative
dosimetry, dose calculations, and dose delivery, the Inter-
national Commission on Radiation Protection states an
estimated standard uncertainty of 5% in a clinical setup
(34). The added uncertainty of a synthetically generated
dose calculation image, shown in our study to differ only by
fractions of a percent from CT-based dose calculations, is
likely negligible in comparison to the total uncertainty. The
dose differences presented in our study are well within
previously published criterion of reliable MRI-only dose
calculations (31). Furthermore, most of the dose difference
is likely to stem from the difficulty in comparing images
acquired at different occasions and not from the actual sCT
conversion in itself, analogous to comparing fractional
doses on cone-beam CTs in the traditional workflow.

Conclusions

In conclusion, the MR-OPERA study shows that an MRI-
only treatment planning workflow using MriPlanner soft-
ware is dosimetrically accurate and robust for a variety of
vendors, field strengths, and treatment techniques. The
differences observed between CT and sCT dose distribution
are small, and when compared with other uncertainties in
radiation therapy they are negligible. The suggested method
will allow implementation of an MRI-only workflow for
external prostate radiation therapy in most clinics.
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Purpose: The superior soft tissue contrast of magnetic resonance imaging (MRI) compared to com-
puted tomography (CT) has urged the integration of MRI and elimination of CT in radiotherapy treat-
ment (RT) for prostate. An intraprostatic gold fiducial marker (GFM) appears hyperintense on CT.
On T2-weighted (T2w) MRI target delineation images, the GFM appear as a small signal void similar
to calcifications and post biopsy fibrosis. It can therefore be difficult to identify the markers without
CT. Detectability of GFMs can be improved using additional MR images, which are manually regis-
tered to target delineation images. This task requires manual labor, and is associated with interopera-
tor differences and image registration errors. The aim of this work was to develop and evaluate an
automatic method for identification of GFMs directly in the target delineation images without the
need for image registration.

Methods: T2w images, intended for target delineation, and multiecho gradient echo (MEGRE)
images intended for GFM identification, were acquired for prostate cancer patients. Signal voids in
the target delineation images were identified as GFM candidates. The GFM appeared as round, sym-
metric, signal void with increasing area for increasing echo time in the MEGRE images. These image
features were exploited for automatic identification of GFMs in a MATLAB model using a patient
training dataset (n = 20). The model was validated on an independent patient dataset (n = 40). The
distances between the identified GFM in the target delineation images and the GFM in CT images
were measured. A human observatory study was conducted to validate the use of MEGRE images.
Results: The sensitivity, specificity, and accuracy of the automatic method and the observatory study
was 84%, T74%, 81% and 98%, 94%, 97%, respectively. The mean absolute difference in the GFM
distances for the automatic method and observatory study was 1.28 £ 1.25 mm and
1.14 + 1.06 mm, respectively.

Conclusions: Multiecho gradient echo images were shown to be a feasible and reliable way to perform
GFM identification. For clinical practice, visual inspection of the results from the automatic method is
needed at the current stage. © 2017 The Authors. Medical Physics published by Wiley Periodicals, Inc.
on behalf of American Association of Physicists in Medicine. [https://doi.org/10.1002/mp.12516]

Key words: fiducial marker, MRI only, prostate cancer, radiation therapy, synthetic CT

1. INTRODUCTION primary imaging modality used for RTP and delineation of

target and organs at risk (OAR). A major drawback using CT

Since the introduction of modern radiotherapy treatment images for this purpose is the limited soft tissue contrast.
planning (RTP), computed tomography (CT) has been the Magnetic resonance imaging (MRI) has superior soft tissue
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contrast compared to CT and a widespread introduction of
MRI into the radiotherapy clinics have therefore been seen in
recent years."> It has also been proved that MRI can add clin-
ical value to the target delineation process in external beam
radiation therapy (EBRT), in particular of prostate.>*

Today MRI is mainly used for target delineation in combi-
nation with CT. This procedure requires image registration
between CT and MRI. Despite the superior contrast of MRI,
the CT is helpful to provide the Hounsfield unit (HU) map of
the tissues as input for the treatment planning calculations.

In the image registration process, an additional spatial
uncertainty can be introduced in the RTP.® To avoid this and
still profit from the superior soft tissue contrast in MRI, a
workflow solely based on MRI (where the CT is excluded) is
desired. Such a workflow is referred to as an MRI only work-
flow. In this workflow, the Hounsfield units of the tissue are
calculated from the MR images and the resulting images are
referred to as a synthetic CT (sCT). Multiple methods for cre-
ating sCT for prostate RTP has been presented.® '

The dosimetric accuracy in high-quality sCTs for prostate
cancer RTP is sufficient.*™"~'3 The sCTs can also be used as
reference images for image-guided RT."* Thus, the entire
RTP workflow can be conducted with MRI only."> At certain
clinics, the prostate MRI only workflow has been used for
standard clinical practice since 2012.'"'> The workflow, how-
ever, draws from lack of automatic gold fiducial marker
detection.

For standard EBRT of prostate cancer, the ordinated total
radiation dose to the prostate is divided into a number of smal-
ler treatment fractions (e.g., 39 fractions over 8 weeks, total
dose 78 Gy). A reproducible patient setup for the delivery of
each treatment fraction to the prostate is essential. A common
method to facilitate such a patient setup is to, prior to the start
of the EBRT, insert small cylinder-shaped gold fiducial mark-
ers (GFMs) into the prostate. After setup of the patient at the
RT table, the GFMs can be visualized using on board image
guidance techniques such as x-ray imaging or cone beam CT
(CBCT), and the patient position can be adjusted in connec-
tion to each treatment fraction. The visualization of the GFMs
is straightforward on x-ray, CT, and CBCT as they appear
hyperintense. However, x-ray-based images suffer from beam
hardening and streak artifacts around GFMs.

In MR images, the GFMs are hypointense as they do not
produce any genuine nuclear magnetic resonance signal.'®
The GFMs and the surrounding tissue interact with, and dis-
torts the external static magnetic field in different ways. This
can be quantitatively measured and is referred to as magnetic
susceptibility. Due to the difference in magnetic susceptibility
between GFMs and tissue, the MR signal around the GFMs
is degraded."'® The GFM:s are therefore visualized as signal
voids with shape and size dependent on the nature of the
MRI sequence, the acquisition parameters, and the shape and
orientation of the GFMs.'”"

Previous studies have investigated different ways of detect-
ing and visualizing a metallic structure within the patient.
Both spin echo and gradient echo MRI sequences have been
suggested to improve the signal void visibility.?*2¢
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Combinations of different MRI sequences has also been sug-
gested.?”?® The use of more exotic sequences to even enable
a positive contrast of the metal has been developed.?® >

The use of multiple dedicated MRI sequences for prostate
RTP is common. The proposed MRI only workflows for
EBRT of prostate present in the literature all depend on sepa-
rate MRI sequences for GFM identification, target delin-
eation, and sCT generation,'>2°3%34

The use of separate sequences is unfavorable due to sev-
eral reasons. First, multiple sequences increase the examina-
tion time. Secondly, there is a risk of patient motion between
the image acquisitions which often requires image registra-
tion. An MRI sequence that would identify the GFMs, enable
sCT generation, and target delineation in one single sequence
with reasonable scan time is therefore desirable. To the best
of our knowledge, the use of such a sequence has not been
presented in the literature. To address the issue above con-
cerning image registration, it would be of benefit to identify
the GFMs directly in the image of interest.

T2-weighted (T2w) MRI sequences based on fast spin
echo (FSE) are recommended and generally used for visualiz-
ing the internal structure of the prostate as the image contrast
is sensitive for pathology.®® With clinically used T2w ESE-
based sequences, it has been shown that the delineation of
GFMs has a maintained clinical acceptable spatial accuracy
and that they are only visualized as small signal voids.'® This
behavior is due to several factors. The transversal orientation
of the T2w image and the inferior—superior orientation of the
long axis of the cylinder-shaped GFMs expose a cross section
of the GFM that is minimal in the transversal imaging plane.
Furthermore, the effect of the difference in magnetic suscepti-
bility between the GFMs and the surrounding tissue is miti-
gated due to the reduction of susceptibility-induced signal
losses provided by the FSE technique.

Intraprostatic calcifications of > 2 mm in diameter are
estimated to exist in one-third of the patients undergoing
EBRT of prostate cancer.’® The calcifications may have a
similar signal behavior as GFMs in T2w sequences, i.e., a
signal void.>>¥* The same signal behavior may also be
found from vessels in the prostate or post biopsy fibrosis and
hemorrhages.>™® It can therefore be challenging to differenti-
ate GFMs in T2w FSE-based sequences (Fig. 1).

The elimination of the manual task of identifying the
GFMs in an MRI only workflow would be cost-effective and
also eliminate the interobservatory differences and repeatabil-
ity issues among human operators.

The feasibility of automatic GFM identification without
the need for a dedicated identification sequence was demon-
strated in T1-weighted images using a template matching
approach where 67% of the patients (n = 15) had all markers
correctly identified. By manual detection, 73% of the same
patients had all markers correctly identified. The authors also
concluded the need for improved differentiation between
GFMs and intraprostatic calcifications.”’

Another method for automatic GFM identification were
recently proposed utilizing a machine learning pattern recog-
nition framework using image information from a
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Fic. 1. An example of challenging differentiation between gold fiducial markers (GFMs) and intraprostatic calcifications. A GFM and an intraprostatic calcifica-
tion are shown in the figures as thinner and bold arrows, respectively. The images depict the visualization of the objects using (a) CT, (b) MRI T2w PROPEL-
LER, (c-j) MRI MEGRE for increasing echo times in the span 2.38-23.6 ms with an inter echo time of 3.03 ms. The GFM creates a round signal void with

increasing area in the MEGRE images.

multiparametric acquisition protocol containing five different
MRI series. About 81% of the patients (n = 32) had all mark-
ers correctly identified.*

Neither of the methods aimed at identifying the GFMs in
the target sequence and image registration is therefore be
inevitable. To remove the need for image registration or the
need to account for possible within-session motion in MRI
only workflows, we propose an alternative method.

The aim of this study was to: (a) develop a model for
GFM identification and differentiation against intraprostatic
calcifications, directly applied to the target delineation
sequence without the need for image registration, (b) evaluate
the developed model in an automated software for GFM iden-
tification, and (c) compare the performance of the automatic
method against human observers.

2. MATERIALS AND METHODS

The proposed method relied on images from a clinical
T2w target delineation FSE- and a clinical multiecho gradient
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echo (MEGRE)-based sequence. These kinds of acquisition
sequences are available on all MRI platforms. The methodol-
ogy exploited the increased sensitivity to susceptibility effects
resulting in increasing artifact size with increasing echo time
(TE) in a MEGRE-based MRI sequence (Fig. 2). Gold fidu-
cial marker candidates were automatically determined in the
T2w MR images and mapped to an approximate position in
the MEGRE images. All further analyses were performed in
the MEGRE images (Fig. 3). The final GFM candidates were
determined in the T2w image geometry.

2.A. GFM identification

A model for automatic identification and differentiation of
GFM candidates in transversal T2w MR images intended for
prostate target delineation was developed in MATLAB (ver-
sion R2016a; Mathworks Inc., Sherborn, MA, USA). The
model used a training dataset to identify GFM candidates by
cross-correlating image data from multiple MRI sequences.
The values of the model parameters was, unless stated
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(a)

5566

Fic. 2. Visualization of a gold fiducial marker (GFM) with different TEs. Figure shows GFM (bold arrow) in (a) CT, (b) MRI T2w PROPELLER, (c—j) MRI
MEGRE for increasing TE in the span 2.38-23.6 ms with an inter echo time of 3.03 ms. The shape of the signal void from the GFM is round and the area is increas-
ing with increasing TE. The images (c—j) visualize also the dependence of increasing echo time to the artifact below the prostate, originating from rectal gas.

otherwise, optimized in an iterative way using the training
data. For an overview of the model workflow, see Fig. 3. To
evaluate the performance, the model was applied to a second
dataset, referred to as validation data. A human observatory
study was also conducted on the second dataset to investigate
the performance of manual GFM identification.

2.A.1. Patient preparation and data acquisition

The study was approved by the regional ethics board
“Regionala Etikprovningsnamnden in Lund” with diary
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number 2013/742 and 2016/801. For the training dataset, 20
consecutive prostate cancer patients without hip prosthesis
undergoing primary EBRT were included in the study.
Mean weight for the training dataset (n = 20) was
82.2 £+ 12.0 kg [64-108 kg], mean age was 72.1 £ 5.5 yr
[60-81 yr].

In the validation dataset, 44 consecutive prostate cancer
patients without hip prosthesis undergoing primary EBRT
were included. Mean weight for the validation dataset
(n = 44) was 86.6 £ 13.3 kg [62-128 kg], mean age was
71.2 £ 5.3 yr [57-81 yr].
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Fic. 3. An overview of the model workflow. The T2w propeller data (a) were segmented using the clinical target volume (CTV) (b) and were binarized for multi-
ple thresholds (c). Gold fiducial marker (GFM) candidates were determined from the connected binary voxels (d). The multiecho gradient echo (MEGRE) data
were binarized (e) and the GFM markers were transferred (f). The positions of the GFM candidates in the binarized MEGRE images individually defined starting
points for a region grow segmentation, performed for all TEs (g). Candidate discrimination criteria were applied in a given order (h, step 1-6) to determine the
final GFM candidates (i). [Color figure can be viewed at wileyonlinelibrary.com]
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Each patient in the training and validation data was subject
to the insertion of three inferior—superior long axis-oriented
cylinder-shaped intraprostatic GFMs (length 5.0 mm and
diameter 1.0 mm). The GFMs were inserted transrectally or
perineally using a clinical routine by an oncologist 2 weeks
prior to image acquisition. Vi-siblin® was administered once
daily during 14 days prior to CT. Microlax® was adminis-
tered 1 hour prior to CT. The CT and MRI examinations were
performed by a predefined acquisition protocol and in direct
connection to each other.

Three patients in the validation dataset had, due to GFM
migration, only two GFMs remaining in the prostate at the
time of image acquisition. Four patients were excluded from
the validation data set due to major imaging artifacts stem-
ming from large amount of rectum gas (Fig. 2).

All MRI examinations were performed using a 3T wide
bore 70 cm MRI system (Discovery 750W, Software
DV25.0R02-1549b, General Electric Healthcare, Milwaukee,
WI, USA) equipped with a flat table top. The MRI system was
continuously being subject to monthly quality control using
vendor-specific coil tests and a third party commercial phan-
tom for assessing geometric accuracy for large field of views
(Spectronic Medical AB, Helsingborg, Sweden). A GE GEM
Anterior Array 16 channel receiver array coil was placed over
the pelvic area of the patients using stiff coil bridges.

The clinical MRI sequence used for target delineation was
a FSE-based T2w transversal MRI sequence, referred to as
the target delineation sequence. The MRI sequence used for
GFM identification was referred to as the MEGRE sequence.
This multiecho sequence acquired gradient echo images for
multiple slices for multiple TEs simultaneously. In this
sequence, the shape from the signal void from the GFM was
round, and the area increased with increasing TE. The artifact
size was usually larger than the physical dimensions of the
GFM and spanned through multiple slices. The image dataset
was referred to as MEGRE data. To minimize motion
between the sequences, the MEGRE sequence was executed
either immediately before or after the target delineation
sequence. All image data had automatic vendor-based image
homogenization applied to it. Parameters for MRI sequences
are displayed in Table I.

All CT examinations were acquired with a Siemens Soma-
tom Definition AS+ (Siemens Healthcare, Forchheim, Ger-
many, slice thickness 3 mm, reconstructed diameter 500 mm
and reconstructed in-plane resolution 0.98 mm x 0.98 mm).

2.A.2. GFM candidate detection in the T2w image

Using the automated software for GFM identification, a
set of potential GFMs, referred to as GFM candidates, were
detected in the T2w target delineation sequence. The GFMs
did not generate any MR signal and was visualized as signal
void voxels. Other objects in the prostate, such as intrapro-
static calcifications or post biopsy hemorrhage had similar
signal behavior and could not be differentiated from each
other. All of these objects were therefore identified as GFM
candidates.
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TasLe I. MRI acquisition parameters for the target delineation and the
MEGRE sequences referred to in this study.

Target delineation

Parameter sequence MEGRE sequence
Sequence type FSE* GRE®
2D/3D 2D 2D

Scan plane Axial Axial
Frequency field of view 220 mm*® 240 mm?
Phase field of view 220 mm 240 mm*®
Scan matrix size 352 x 352 164 x 164
(frequency x phase)

Reconstructed matrix 512 x 512 512 x 512
size (frequency x phase)

Repetition time 9151 ms 1000 ms
Echo time 96 ms 2.38-23.6 ms
Inter echo time - 3.03 ms
Slice thickness 2.8 mm 2.8 mm
Slice spacing 0.0 mm 0.0 mm
Number of slices 32 34

Number of echoes 1 8

Number of averages 21 2

3D geometry correction Off (not available) On
Bandwidth/pixel 473 Hz 508 Hz
Image homogenization Yes (SCIC) Yes (SCIC)

Shimming method Auto (first order)

Multitransmit

Auto (first order)
RF transmit mode Multitransmit

Acquisition time 5 min 5 min

“Vendor-specific name of the sequence used was PROPELLER (periodically
rotated overlapping parallel lines with enhanced reconstruction).

“Vendor-specific name of the sequence used was a multiecho FGRE.

“Right-left direction.

dAnterior—posterior direction.

The clinical target volume (CTV) from the treatment plan
of the patient was used as a rough mask to limit the number
of candidates detected in the automated software. The seg-
mented T2w image was normalized to the maximum signal
value and in a loop binarized using threshold values of 0% to
15% (step size of 1%) of the maximum signal value. In each
step, the 3D connected components with a value of 1 and a
connectivity of at least 6 voxels were identified and the coor-
dinates for the center of mass (COM) of the 3D connected
components were determined. If the coordinates for COM of
a current candidate were within a radius of 2 mm of a previ-
ous detected candidate, the current candidate was discarded.
This implicated that candidates detected for lower threshold
values (therefore lower signal) were prioritized over candi-
dates detected for higher threshold values.

A set of reference GFMs coordinates were defined manu-
ally as a data preparation step by an experienced physicist
using all the available image information from MRI and CT.
One fake GFM candidate in each patient was automatically
inserted in the software to assess the performance of discrimi-
nating true negative candidates. The fake GFM candidate was
assigned coordinates that equaled the average position of the
specific patient reference GFMs coordinates.
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2.A.3. GFM identification and image processing in
the MEGRE images

Image information from the MEGRE sequence was used to
determine which of the GFM candidates corresponded to the
true GFMs. The MEGRE data volume was interpolated in all
spatial directions with a factor of 2 (to 1024 x 1024 x 64)
and every slice for each echo was binarized using a locally 2D
adaptive threshold method.*' Zero-valued pixel clusters of
< 150 pixels in the binarized MEGRE slices were replaced
with the value 1. The coordinates for the COM of the GFM
candidates in the T2w images were converted to the corre-
sponding coordinates in the binarized MEGRE data, using the
DICOM MRI coordinate system. A GFM candidate was classi-
fied as potentially true if its position in the binarized MEGRE
data correlated to a round area of zero-valued pixels and the
round area was increasing with increasing TE.

2.A.4. GFM candidate discrimination

The GFM candidates in the binarized MEGRE data were
defined as the starting points for separate region grow seg-
mentations. The region grow segmentation was done inde-
pendently for each echo in the binarized MEGRE data. A
collection of discrimination criteria were applied in a given
order to determine which GFM candidates corresponded to
the true GFMs (Fig. 3).

Region grow segmentations which produced an area larger
than 1/30 of the largest prostate slice CTV segmentation was
discarded to avoid over segmentations. This was referred to
as step 1 discrimination. The area and roundness for each
region grow segmentation for each TE after segmentation
area discrimination were calculated. The roundness was
defined as

R =4nS,/Sp” 1)

where R was a measure for roundness ranging from 0 to 1
where 1 equaled a perfect circle, S4 being the area of the
region grow segmentation and Sp being the perimeter of the
region grow segmentation. The mean value for the roundness,
calculated using all echoes, was used in the automated soft-
ware as the measure for roundness.

The magnetic susceptibility difference between the GFM
and the surrounding tissues created inhomogeneities and
micro-gradients in the static magnetic field. Due to the
absence of a spin refocusing pulse in the MEGRE sequence,
the origin of the artifact was dominated by the effect of intra-
voxel spin dephasing. The phase change within a voxel can
be described as

Ap = yGiArTE o)

where 7 is the gyromagnetic ratio, G; is the internal magnetic
field micro-gradient, Ar is the voxel size and TE is the echo
time.*? The intravoxel phase change increases with increasing
echo time, resulting in an echo time-dependent decreasing
MRI signal which created the signal voids.
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The GFM was assumed to have the largest magnitude of
susceptibility for all available tissues in the prostate.”” The
change in the region grow segmentation area with respect to
the TE was assumed to be linear and dependent on the sus-
ceptibility.'®** The linear change was referred to as the area
slope and was calculated in the automated software by fitting
a first-degree polynomial to the area and TE data.

The lower limits of roundness and area slope were applied
in the respective order to the GFM candidates with a value of
0.67 and 10 pixels/ms (in interpolated binarized MEGRE
data). This was respectively referred to as step 2 and step 3
discrimination. The lower limit of roundness was chosen to
allow for a nonperfect round shape, allowing inclusion of
tilted GFMs. The lower limit of area slope was chosen to
allow for nonperfect segmentation of each individual TE.

Multiple GFM candidates corresponding to the same sig-
nal void and within a radius of 6 mm in the binarized
MEGRE echo 6 data were referred to as sibling candidates.
All GFM sibling candidates except the sibling candidate clos-
est to the COM of the signal void was discriminated. This
was referred to as step 4 discrimination. Further discrimina-
tion was performed by excluding the candidates that did not
have a signal void for the lowest TE in the MEGRE images,
referred to as step 5 discrimination.

If more than three candidates remained, the three GFM
candidates with the largest roundness were considered to be
the final GFM candidates, referred to as step 6 discrimina-
tion. The final GFM candidates that were within a radius of
7.5 mm to the reference GFMs coordinates in the T2w image
were considered the true GFMs. The value of 7.5 mm was
selected to encompass the length of the cylinder-shaped GFM
(5.0 mm), taking into account the potential partial volume
artifact in slice direction and to allow for a minor positioning
error when defining the reference GFMs coordinates.

2.B. Analysis of the detection performance of the
model

The detection performance of the developed model was
assessed using the common detection performance metrics
sensitivity = TP/(TP + EN),  specificity = TN/(TN + FP),
accuracy = (TN + TP)/(TN + TP + FN + FP) where TP,
true-positive GFM candidate; TN, true-negative GFM candi-
date; FP, false-positive GFM candidate; FN, false-negative
GFM candidate. For comparison with previous studies, the
true-positive rate (TPR) was defined as TP/(total of all GFM
in the study) which is equal to the sensitivity metric.

2.C. Analysis of the GFM spatial position

The true gold maker fiducial positions were determined in
the CT using an automatic method. The CT volume was seg-
mented using the CTV as a segmentation mask, normalized
and then binarized using Otsu’s segmentation method.** The
3D connected components with a value of 1 and a connectiv-
ity of 26 voxels were identified and the coordinates for the



5570 Gustafsson et al.: Registration free automatic identification

COM of these 3D connected components were determined.
The COM of the 3D connected components was checked for
validity and considered to be the true GFM positions. The
spatial position of the final GFM candidates in the MR
images of the target delineation sequence remaining after the
discrimination steps were compared with the true GFM posi-
tions defined in the CT images. The most caudal true GFM
and final GFM candidate was defined as M;. The most cra-
nial one was defined M3 and the intermediate was defined
M,. The internal distances between all the true-positive GFM
candidates detected in the MRI and true GFMs in the CT was
calculated using the respective distances M, — M,
M; — M,, and M3 — M,. The difference in the GFM inter-
nal distances between CT and MRI were calculated by

[(Mz = Mi)yr| = [(M2 — Mi) ey ©)
[(M3 = My)yg| = [(M3 = M)y )
[(M3 — Ma) | — [(Ms — Ma) o] (&)

2.D. Human observatory study of GFM detectability

A manual human observatory study was conducted to
compare the performance of the automatic method against
the performance of five human observers. Three medical
physicists and two MRI technologists were asked to delineate
the GFMs in the T2w images. One of the medical physicists
had seen the patient material 6 months prior to the observa-
tory study. One of the MRI technologists did not comply with
given instructions and was excluded. The observers were pre-
sented with the T2w and the MEGRE images simultaneously
in an in-house developed MATLAB graphical user interface.
The detection performance and analysis of the GFM spatial
position was assessed using the same criterions as in the auto-
matic method. To enable the comparison, a value for true-
negative GFM was set to 1 for each patient.

3. RESULTS

The number of true GFMs, detection of calcification, and
number of GFM candidates remaining after each discrimina-
tion step together with the detection performance of the
model for each patient in the validation data are displayed in
Table II. Ten out of the 20, and 29 out of the 40 patients had
intraprostatic calcifications > 2 mm (FWHM) visible in the
CT images for the training- and validation data, respectively.

Ninety eight GFMs out of 117 true GFMs were correctly
identified and considered true positive. This corresponded to
a TPR of 84%. The missing 19 GFMs were considered false
negative. Fourteen GFMs were falsely identified as true
GFMs and considered false positive. The fake candidate
inserted for each patient were successfully discriminated
yielding a total true negative of 40 GFMs. Using TP = 98,
FN = 19, FP = 14, and TN = 40 yielded sensitivity = 84%,
specificity = 74%, and accuracy = 81%.

All true GFMs were correctly identified in 24/40 patients
(=60%). Out of those 24 patients, two patients had only two
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GFMs left in the prostate due to GFM migration and 15
patients had detected calcifications > 2 mm (FWHM).

Thirteen out of the 14 false-positive GFMs candidates were
due to calcifications mistaken for GFMs. One out of 14 false-
positive was due to a signal void in the MEGRE of unknown
origin. Two out of the 19 false-negative GFMs candidates were
due to the absence of a GFM candidate, 3 out of the 19 did not
have a roundness above the lower limit, and 6 out of the 19 did
not have an area slope above the lower limit or had an incor-
rectly calculated area slope due to a failed segmentations.
Eight out of 19 was excluded in discrimination step 6.

The mean, standard deviation, minimum and maximum
absolute difference in the internal distances of the true-posi-
tive GFM candidates between CT and MRI for the 40
included patients is displayed in Table III.

The mean detection performance for the manual observa-
tory study was 98 £ 1 [97 100]%, 94 £ 4 [92 100]%,
97 £ 2 [96 100]% for sensitivity, specificity, and accuracy,
respectively. The mean TPR was determined to be 98 + 1
[97 100]%. The mean number of patients with all GFMs cor-
rectly identified was 41.5 out of 44. The mean absolute differ-
ence in the internal distances between the true-positive GFM
candidates and true GFMs in the CT, measured for all true-
positive candidates in all patients and all observers, was
1.14 £ 1.06 [0.01 6.26 mm].

4. DISCUSSION

This study developed a method for automatic detection of
intraprostate GFMs in T2w target delineation MR images.
The method relied on transformation of image information
from MEGRE images acquired at multiple TEs to the T2w
images without any need for image registration. The T2w
images presented the GFMs as small signal voids. The pro-
posed method increased the signal void volume of the GFMs
with respect to TE to separate the GFMs from other potential
signal voids in prostate.

The method was validated for 40 prostate cancer patients.
The sensitivity, specificity, and accuracy of the automatic
GFM detection were 84%, 74%, and 81%, respectively. The
mean absolute difference in the GFM internal distances
between CT and MRI was shown to be 1.28 £ 1.25 mm. The
same patient image material was used for the manual human
observatory study with four observers where the sensitivity,
specificity, and accuracy was determined to be 98%, 94%,
and 97%, respectively. The mean absolute difference in the
GFM internal distances between CT and MRI was shown to
be 1.14 + 1.06 mm.

The experiments suggest that acquiring MEGRE images
could be a valid approach in identifying GFMs, both for auto-
matic and manual detection methods. In analogy to the calcu-
lated area slope and roundness in the automatic method, these
image features can easily be recognized by a human eye and
thereby enable identification and discrimination of GFMs.

Previous studies regarding automatic identification of
GFMs have used image registration for GFM detection and
calculation of model accuracy.’”** One of these studies used
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TasLE II. Number of GFM candidates left after each discrimination step and the detection performance of the model for all patients in the study. Detected calcifi-
cations > 2 mm (FWHM) and number of true GFMs in the CT for each patient in the study are shown. Patient 6, 20, 22, and 30 were excluded from the study
due to major imaging artifacts stemming from large amount of rectum gas.

Patient  # of true GFMs  Calcifications detected in CT ~ Detected candidates Step I Step2 Step3  Step4 Step5 Step6 TP TN

es]
o~}
o]
Z

1 3 No 726 67 16 10 5 3 3 3 1 0 0
2 3 Yes 608 74 6 5 3 3 3 3 1 0 0
3 3 Yes 346 21 7 6 3 3 3 3 1 0 0
4 2 Yes 842 80 17 10 2 2 2 2 1 0 0
5 3 Yes 1193 78 14 12 3 2 2 2 1 0 1
6 3 No 802 59 8 2 1 1 1 1 1 0 2
7 3 Yes 939 76 14 6 2 2 2 2 1 0 1
8 3 Yes 423 28 12 6 3 3 3 1 1 2 2
9 3 No 552 58 10 7 4 2 2 2 1 0 1
10 2 Yes 533 36 11 7 3 3 3 2 1 1 0
11 3 No 305 40 9 8 4 4 3 3 1 0 0
12 3 Yes 806 133 13 8 3 3 3 3 1 0 0
13 3 Yes 695 84 10 6 3 3 3 3 1 0 0
14 3 Yes 370 47 13 7 3 3 3 2 1 1 1
15 3 Yes 345 40 10 9 7 7 3 2 1 1 1
16 3 No 508 36 11 6 3 3 3 3 1 0 0
17 3 Yes 869 67 16 12 3 3 3 2 1 1 1
18 3 Yes 742 72 14 9 3 3 3 3 1 0 0
19 3 No 555 39 8 5 2 2 2 2 1 0 1
20 3 Yes 1168 99 15 4 3 1 1 1 1 0 2
21 3 Yes 690 114 18 1 6 5 3 2 1 1 1
22 3 No 502 25 5 0 0 0 0 1 0 3
23 3 Yes 267 30 7 4 3 2 2 2 1 0 1
24 3 Yes 558 67 28 19 7 4 3 3 1 0 0
25 3 No 184 13 7 5 3 3 3 3 1 0 0
26 3 Yes 729 62 12 11 5 4 3 3 1 0 0
27 3 Yes 649 73 10 5 3 3 3 3 1 0 0
28 3 Yes 721 51 5 4 3 3 3 3 1 0o 0
29 3 Yes 441 50 12 9 3 3 3 3 1 0 0
30 3 Yes 683 49 10 6 3 2 2 2 1 0 1
31 3 Yes 522 24 4 3 2 2 2 2 1 0 1
32 3 Yes 1125 142 16 10 3 3 3 3 1 0 0
33 3 No 407 33 12 11 3 3 3 3 1 0 0
34 3 Yes 812 93 30 20 5 5 3 0 1 3 3
35 3 Yes 1082 100 27 18 6 4 3 2 1 1 1
36 3 No 773 42 17 11 5 3 3 3 1 0 0
37 3 Yes 958 169 31 22 8 7 3 1 1 2 2
38 3 Yes 468 56 20 15 5 4 3 2 1 1 1
39 3 No 394 29 8 8 3 3 3 3 1 0 0
40 3 Yes 605 47 16 11 4 4 3 3 1 0 0
41 3 No 317 38 9 6 4 3 3 3 1 0 0
42 3 Yes 1073 148 15 9 4 3 3 3 1 0 0
43 2 No 768 50 14 6 2 2 2 2 1 0 0
44 3 Yes 442 45 5 5 4 4 3 3 1 0 0
GRE-based MRI sequences to produce TI1- and T2*- Another study using multiparametric MRI information

weighted images. The sensitivity, specificity, and accuracy yielded a TPR of 0.95. The balanced steady-state free preces-
for the T1-weighted images were 0.84, 1, and 0.88 and for the sion sequence (bTFE) was recommended to improve the GFM
T2*-weighted images, it were 0.55, 0.86, and 0.63. The detection and performed alone a TPR of 0.77. The model accu-
model accuracy was determined to be 0.5 £ 0.5 mm for both racy was respectively determined to be 1.6 mm and 1.7 mm
image types.”’ for multiparametric and bTFE MRI information.*’
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TasLe ITI. The mean, standard deviation (SD), minimum (Min), and maxi-
mum (Max) absolute difference in the internal distances of the true-positive
GFM candidates between CT and MRI. Number of measured distances (n)
was dependent on the total amount of true-positive GFM candidates deter-
mined in total.

Mean SD Min Max
Distance (mm) (mm) (mm) (mm) n

|Mz — Mpwr| — [(Mz2 — Myerl 1.27 1.25 0.10 591 29
|M3 — Mpugr| — [M3 — My)er| 1.74 1.53 004 599 26
|M5 — Mo)mg| — [M3 — My)er| 083 0.68 0.12 2.68 26
All of the above distances 1.28 1.25 0.04 599 81

However, due to the possibility of prostate motion between
MRI and CT, image registration was avoided in our study. To
assess the model accuracy, the mean absolute difference in
the internal distances of the true-positive GFMs between CT
and MRI was calculated. With respect to the difference in
slice thickness used for the image acquisition in previous
studies, our results for the GFMs spatial position were simi-
lar.>"*° The TPR of our method was determined to be 84%
which was larger than the TPR for the bTFE alone but smal-
ler than the TPR determined for multiparametric MRI*®

The detection performance results from the human obser-
vatory study showed that MEGRE images could be a valid
approach for identifying GFMs. The mean absolute differ-
ence in the internal distances of the true-positive GFMs
between CT and MRI determined in the observatory study
was similar to the results of previous manual detection stud-
ies reporting 0.6 4 0.4 and 0.6 & 0.6 mm.>>%’

Multiecho gradient echo with sum of squares echo combi-
nation for echo averaging has previously been shown to
enhance detection of 125-Iodine seeds and GFM. It was con-
cluded that multiple echoes for GRE provided better detection
performance than both conventional FSE and single echo
GRE.?? In our study MEGRE was used without echo combina-
tion. Previous study states that the presence of air pockets such
as rectal gas could obstruct the GFM detection using bTFE.*
The use of image data acquired at multiple TEs for manual
GFM detection can be beneficial for patients with rectal gas
induced artifacts as these artifacts are mitigated for lower TEs
(Fig. 2). By the same principle this could benefit patients with
metallic hip prosthesis. Furthermore, by not doing echo averag-
ing the image features, such as area increase with increasing
TE, can remain unimpaired and recognized by a human eye.

The increasing area of the GFM signal void with respect
to increasing TE in our work was due to the large difference
in magnetic susceptibility between the GFM and surrounding
tissue combined with a larger effect from T2* relaxation for
larger TEs.

Due to the remaining variety of image contrast, noise and
artifacts among the patient data after MRI vendor-based
image homogenization (SCIC, Table I), the use of an adap-
tive segmentation method* was crucial. For the purpose of
this work, the adaptive segmentation method was superior
compared to a global thresholding method.** An accurate
automatic segmentation of the signal void area was crucial
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for calculating a representative area slope and roundness. The
actions above were not always sufficient to accomplish this
for all echoes. This contributed to an error in the calculation
of roundness and area slope, leading to an increase in false-
negative candidate count.

If the long axis of the GFM marker is parallel with the BO
field and orthogonal with respect to the imaging plane, the
signal void artifact in the MEGRE images would be round in
its shape. A scenario with deviations from these prerequisites
would lead to a change in artifact shape.” Exclusions due to
such a scenario was avoided by setting the lower limit for
roundness to no more than 0.67. In three cases, the GFM can-
didate was not classified as round enough. This was most
probable due to incorrect segmentation of the signal void.

The fractions of patients with intraprostatic calcifications
> 2 mm (FWHM) in the training and validation data were 10/
20 and 29/40, respectively. This is larger than the fraction of
one-third previously reported for intraprostatic calcifications
> 2 mm in diameter.*® To reduce the number of false-positive
GFM candidates, the existence of a signal void in the first
echo of the MEGRE images, originating from the GFM can-
didate, was required (discrimination step 5). This was analo-
gous to prioritizing objects with the largest magnetic
susceptibility, i.e., the GFM.

The differentiation between GFM and other objects, such
as intraprostatic calcification, relied on the assumption that
the magnetic susceptibility, the area slope, and roundness
were larger for GFMs. Previous studies support this assump-
tion.'"®43 The pixelated nature of a digital image could
affect the roundness calculation. The interpolation to
1024 x 1024 pixels in-plane was performed to reduce such
potential calculation errors.

The developed method provided a way to identify the
GFM without the use of image registration. The consecutive
order of the target delineation and MEGRE sequence was of
importance to avoid a large patient displacement between the
scans. The assumption of an unchanged frame of reference,
i.e., patient or prostate displacement between the scans, might
not always be true, but due to the larger extent of the signal
voids in the MEGRE data for higher TEs, the method pro-
vided an intrinsic tolerance for some patient and prostate dis-
placements. No cases of patient or prostate displacement
were reported as an origin of failure in the method.

The exclusion of study patients due to large amounts of
rectal gas could in the future be resolved by asking the
patients to use a bowel relaxant agent prior to the examina-
tion to reduce bowel peristalsis.*> Other means of mitigating
the artifacts could be to increase the receiver bandwidth or
change the direction of frequency encoding.

One of the motivations for developing an automatic method
for GFM detection is the elimination of manual labor. The
detection performance for the developed method, in terms of
accuracy, did not reach 100%. The method could still provide
valuable input in the prostate treatment planning process as it
eliminates the need for image registration but at this stage
visual inspection of the results is needed before proceeding to
treatment.
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With the prerequisite of signal voids from the GFM the
proposed method could also be applied to large FOV images
dedicated for synthetic CT generation. This is presently being
used in an ongoing clinical study called MR-PROTECT
(MR-Prostate RadiOTherapy Excluding CT) for MRI only
radiotherapy for prostate at our clinic. If FSE technique has
been used for acquiring large FOV images, it is of importance
to notice that a longer echo train will give rise to increased
image blurring, potentially concealing the small signal
voids.*® Partial volume effects can also conceal the small sig-
nal voids and care must therefore be taken when choosing the
acquisition voxel size and the length of the echo train.

The number of false-positive GFM candidates in the target
delineation images could be reduced by implementing a prior
knowledge model of the GFM volume. The use of such a model
has been demonstrated in a previous automatic method.”’
Other means of improving the detection accuracy of GFM
could be by magnetic susceptibility mapping or by providing
positive contrast in the vicinity of the marker using off-reso-
nance signals.?’>**’ As MEGRE is a generic and available
sequence on multiple vendor platforms this should be further
explored for both automatic and manual GFM identification.

5. CONCLUSIONS

This study developed an automatic method for identifying
gold fiducial markers in an MRI target delineation image, with-
out the need for image registration. The differentiation and
identification of gold fiducial markers was based on a multi-
echo gradient echo MRI sequence which also showed good
performance in a human observatory study. By using an auto-
matic method, the manual workload can be reduced and several
operator related sources of uncertainties can be eliminated or
mitigated. For clinical practice, visual inspection of the results
from the automatic method is needed at the current stage.
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Abstract

Prostate cancer radiotherapy workflows, solely based on magnetic resonance imag-
ing (MRI), are now in clinical use. In these workflows, intraprostatic gold fiducial
markers (GFM) show similar signal behavior as calcifications and bleeding in T2-
weighted MRI-images. Accurate GFM identification in MRI-only radiotherapy work-
flows is therefore a major challenge. C-arm X-ray images (CkV-images), acquired at
GFM implantation, could provide GFM position information and be used to confirm
correct identification in T2-weighted MRI-images. This would require negligible GFM
migration between implantation and MRI-imaging. Marker migration was therefore
investigated. The aim of this study was to show the feasibility of using CkV-images
to confirm GFM identification in an MRIl-only prostate radiotherapy workflow. An
anterior-posterior digitally reconstructed radiograph (DRR)-image and a mirrored
posterior-anterior CkV-image were acquired two weeks apart for 16 patients in an
MRI-only radiotherapy workflow. The DRR-image originated from synthetic CT-
images (created from MRI-images). A common image geometry was defined between
the DRR- and CkV-image for each patient. A rigid registration between the GFM
center of mass (CoM) coordinates was performed and the distance between each of
the GFM in the DRR- and registered CkV-image was calculated. The same method-
ology was used to assess GFM migration for 31 patients in a CT-based radiotherapy
workflow. The distance calculated was considered a measure of GFM migration. A
statistical test was performed to assess any difference between the cohorts. The
mean absolute distance difference for the GFM CoM between the DRR- and CkV-
image in the MRI-only cohort was 1.7 + 1.4 mm. The mean GFM migration was
1.2 + 0.7 mm. No significant difference between the measured total distances of
the two cohorts could be detected (P = 0.37). This demonstrated that, a C-Arm X-
ray image acquired from the GFM implantation procedure could be used to confirm
GFM identification from MRI-images. GFM migration was present but did not con-
stitute a problem.
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1 | INTRODUCTION

The use of magnetic resonance imaging (MRI) for target delineation
in prostate cancer radiotherapy is widespread due to the superior
soft tissue contrast of MRI compared to computed tomography (CT).
In a conventional radiotherapy workflow for prostate, CT, and MRI
are used in combination by registering the images into a common
frame of reference.

Prostate external beam radiotherapy workflows where CT is
excluded and solely based on MRI, referred to as an MRI-only radio-
therapy workflow, have now been introduced into the clinic.? Sys-
tematic uncertainties such as image registration errors between CT
and MRI could thereby be eliminated.>* The impact on target and
organ at risk delineation due to anatomical changes between CT and
MRI examination, such as bladder and rectum filling, could also be
avoided.

The Hounsfield units of the tissues in an MRI-only radiotherapy
workflow are calculated from the MRI-images and the resulting
images are referred to as a synthetic CT (sCT). Currently, two com-
mercial solutions for prostate sCT generation exist, Philips MRCAT
and Spectronic MriPlanner.”® Both solutions have been indepen-
dently validated and have been or are being used in clinical stud-
jes."”® Multiple other solutions for generating a sCT have been
presented and were recently reviewed.”

An MRI-only radiotherapy workflow introduces several chal-
lenges. One, which will be investigated in this paper, is identification
of gold fiducial markers (GFM), inserted into the prostate for target
positioning. The GFM has high electron density and will exhibit
increased X-ray attenuation, generating streak artefacts in the CT-
images, mainly caused by inaccurate beam-hardening correction in
the CT-image reconstruction.’® The identification of GFM in CT-
images, in which they cannot be mistaken for calcifications or bleed-
ing, is therefore a straightforward process.*

In T2-weighted (T2w) MRI-images, GFM, calcifications and bleed-
ing will have similar signal behavior and be depicted as signal
voids.12-%° This makes differentiating between these objects a chal-
lenging task using solely MRI-images in an MRI-only radiotherapy
workflow.

A common method for identifying GFM using MRI-images alone
is to exploit the difference in magnetic susceptibility between the
surrounding tissue and GFM,>11:1214-16 Ap increased sensitivity to
susceptibility effects can be achieved by using gradient echo based
MRI sequences.!” The resulting shape and size of the signal void
from the GFM will not only be dependent on the nature of the MRI
sequence and acquisition parameters, but also on the shape and ori-
entation of the GFM.'¢18

In the previous study, the use of magnetic resonance multi-
echo gradient echo images for GFM identification was suggested.

In a human observation study with four observers and 40 patients
the sensitivity, specificity, and accuracy of GFM identification in
T2w target delineation MRI-images were determined to be 98%,
94%, and 97%, res;:/ectively.11 This is similar to human observation
studies using other MRI acquisition techniques, which had a
detection accuracy between 93% and 98%.21214151 For a safe
and reliable clinical implementation of an MRI-only radiotherapy
workflow, the GFM identification method should ideally have a
detection accuracy of 100%. None of the human observation
studies for GFM identification available in the literature have, to
the best of our knowledge, reached this detection accuracy. In
previous studies, describing clinical workflows for MRI-only radio-
therapy of the prostate, CT was still used for identifying GFM or
to differentiate permanent brachytherapy seeds from GFM.? Sev-
eral ways to increase the redundancy of the GFM identification
procedure, thereby increasing the identification accuracy, were
recently proposed.!” The need for improved and cost-effective
GFM identification methods therefore seems evident.

While awaiting improved MR-based methods for GFM identifica-
tion when CT is not available, a complementary method to confirm
correct MRI-based identification of GFM could be used. C-arm X-ray
imaging is often used in the clinic, including ours, to validate a suc-
cessful GFM implantation. We suggest that the GFM position infor-
mation from the X-ray images could be used to differentiate GFM
from other objects in the MRI-images. No additional imaging or
changes to the workflow would then be required to validate the
GFM identification.

The usefulness of this information relies on the assumption of
negligible GFM migration between GFM insertion and imaging of the
patient for prostate radiotherapy treatment planning purposes. Mean
marker migration has previously been reported to be 0.8 (daily)-
1.2 mm (over the entire treatment course).?%?*

The aim of this work was to show the feasibility of using C-Arm
X-ray images from the GFM implantation procedures to confirm the
GFM identification performed using MRI-images in an MRI-only
prostate radiotherapy workflow.

2 | METHODS

2.A | Patient selection and gold fiducial marker
implantation

The first 16 patients in an ongoing MRI-only prostate radiotherapy
study named MR-PROTECT (MR-only Prostate RadiOTherapy
Excluding CT), representing all data available at the time, were
selected for investigation. The patients were prescribed 39 fractions
of 2 Gy over 8 weeks. Mean weight (n = 16) was 85.1 + 10.5 kg
[62.0-106.0 kg] and mean age 71.1 +5.0 yr [60.0-81.0 yr]. Ten
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patients underwent ultrasound guided transperineal prostatic implan-
tation of GFM, performed by three different oncologists. Six patients
underwent ultrasound guided transrectal implantation, performed by
one oncologist. The same type of GFM was used for both implanta-
tion methods. One objective, during GFM implantation, was to place
the GFM in different areas of the prostate. This could help avoid
GFM overlap on orthogonal kilovoltage (kV)-images, used for patient
positioning. This configuration created internal GFM distances of
around 2-3 cm, depending on the size of the prostate. No CT data
from these patients were used in this study.

As negligible GFM migration was a crucial assumption for the
method to work it was of importance to study the migration of the
specific GFM type used. To assess the possible impact of GFM
migration, a different patient cohort from a conventional CT-based
prostate radiotherapy workflow was selected for investigation. This
patient cohort consisted of 33 patients who all underwent ultra-
sound guided transperineal prostatic implantation of GFM, per-
formed by two different oncologists. One patient was excluded due
to loss of GFM and one patient was excluded due to two GFM
being inserted to close to each other. Mean weight (n = 31) was
84.9 + 10.9 kg [62.0-108.0 kg] and mean age 72.9 + 4.8 yr [60.0—
81.0 yr]. No MRI or sCT data from these patients were used in this
study.

The GFM consisted of three in-house produced inferior-superior
long axis-oriented cylinder-shaped gold objects (length 5.0 mm and
diameter 1.0 mm) and were implanted 2 weeks prior to MRI- or CT-
imaging. Choice of GFM type was according to the clinic's standard.
The study was approved by the regional ethics board with diary
number 2013/742, complemented by diary number 2016/801.

2.B | Imaging and identification of gold fiducial
markers

In connection to the GFM implantation procedure, one posterior-
anterior (PA) X-ray image was acquired from a portable Ziehm Vision
FD Vario 3D C-Arm X-Ray system (Ziehm Imaging, ZiehmNetPort,
Nuremberg, Germany, software version 5.22) with peak kilovoltage
output 60-110 kVp, tube current 6-16 mA, rectangular FOV-, and
5 mm aluminum filter setting). The PA X-ray image was, after image
acquisition, oriented by the X-ray system as an AP-image by left-
right mirroring. All patients undergoing transperineal implantation
were imaged in a lithotomy position with the legs placed in a leg
support (Fig. 1). For transrectal implantation, the patients were posi-
tioned on their side during the implantation and imaged in a supine
position with their legs stretched out. The C-Arm rotation was man-
ually adjusted to a zero degree angle with respect to the patient
table, indicated by an analogue protractor scale on the C-arm (Fig. 1).
The actual C-arm angle used was recorded in the image DICOM
header. The C-arm X-ray image is hereby referred to as the CkV-
image. The GFM were visualized as low signal intensity objects in
the image (Fig. 2[b]).

The transversal sCT-images used in the MR-PROTECT study
were created from large field of view turbo spin echo T2w MRI-

Fic. 1. C-arm X-ray patient positioning. The patient (c) was placed
in a lithotomy position during the transperineal ultrasound (f) guided
implantation of the GFM. The legs were fixated using a leg support
(d). The C-Arm X-ray system (a), with the X-ray detector (e), was
placed in a zero degree angle with respect to the patient table (b) to
acquire a posterior-anterior X-ray for a successful GFM implantation
verification.

images with a scan slice thickness of 2.5 mm and 0.7 mm x 0.6 mm
in-plane scan resolution using the conversion software Spectronic
MriPlanner version 1.1.2 (Spectronic Medical, Helsingborg, Sweden).
The software and the MRI imaging protocol were recently validated
against CT.??>?% In the MR-PROTECT study, the center of mass
(CoM), for each GFM in each patient, was manually identified in the
sCT geometry using Eclipse Treatment Planning system version 13.6
(Varian Medical Systems, Palo Alto, CA, USA). The identification of
GFM in the T2w MRI-images, i.e., sCT geometry, was aided by multi-
echo gradient echo MRI-images.'!* The determined GFM CoM coor-
dinates were used by Spectronic MriPlanner to burn in synthetic
markers onto the sCT-images (slice thickness 2.5 mm, 0.4 mm x 0.3
mm in-plane resolution). The synthetic markers were depicted as
round 2-D high intensity objects, defined in one slice each, with a
diameter of 4 mm. Correct positioning of the synthetic markers in
the sCT-images, created in the MR-PROTECT study, was verified
prior to the treatment.

CT-images were, for the patients in the conventional CT-based
prostate radiotherapy workflow (to assess GFM migration), acquired
with a Siemens Somatom Definition AS+ (Siemens Healthcare,
Forchheim, Germany), slice thickness 3 mm, reconstructed diameter
500 mm, reconstructed in plane resolution 0.98 mm x 0.98 mm,
peak kilovoltage output 120 kVp, exposure time 500 ms and tube
current 213-660 mA using CareDose.

Anterior-posterior (AP) oriented digitally reconstructed radio-
graphs (DRR) with isotropic pixel resolution using a 512 x 512
matrix were created from CT and sCT at a gantry angle of O
degrees using the Eclipse Treatment Planning System. The DRR
from the CT and sCT is hereby referred to as CTDRR and
sCTDRR, respectively.
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Fic. 2. DRR- and CkV-image. Anterior-posterior DRR-image generated from sCT with burned in synthetic markers (a), mirrored posterior-
anterior CkV-image acquired in connection to GFM implantation (b). The CkV-image scaling was performed by measuring a horizontal distance
from left to right over the pubic symphysis in the DRR- and CkV-image (line in a and b). After the CkV-image was rescaled to the geometry of
the DRR, it was manually registered (translation only) using the GFM as a visual aid and overlaid (c).

2.C | Image processing and analysis

Image processing and analysis were performed using an in-house
developed MATLAB program with a graphical user interface (version
R2017a, Mathworks Inc., Natick, MA, USA). The steps described
below were applied to both sCTDRR, CTDRR, and the corresponding
CkV-image (Figs. 2 and 3).

Generation of a common geometric frame of reference between
the DRR and CkV-images was necessary due to the different image
modality origin. The DICOM information from the CkV-image did
not contain information about the spatial resolution of the image.
For each patient, the CkV-image was scaled to the image resolution
of the DRR with an in-house developed method. The scaling was
performed by measuring a horizontal distance from left to right
over the pubic symphysis in the DRR with start and stop points
defined in the left-right interface between the obturator foramen
and the body of pubic bone (Fig. 2). The corresponding distance in
the CkV-image was identified and image rescaling was performed
using bicubic interpolation.?* To quantify the uncertainty in the
determination of the image scale factor, horizontal distance mea-
surements in the DRR- and CkV-image were, by one user, repeated
15 times each for three random patients, selected from the
sCTDRR cohort. The largest coefficient of variation (CV) in the
image scale factor among the three patients was considered to be
a measure of scale factor uncertainty. All distance measurements
were performed with a resolution superior to the inherent image
resolution.

The rescaled CkV-image was visually overlaid onto the DRR-
image using a translational manual registration using the GFM as
visual guidance. This was performed in order to supply the point
cloud registration (see later steps) with information on point-coupling
for the three GFM in the DRR- and CkV-image.

The GFM was automatically identified in the DRR-image by first
masking a rectangular area positioned around the central part of the

pelvis containing the GFM. The masked DRR-image was binarized
using a threshold chosen to suppress non-GFM objects. The 2-D
connected components with a connectivity of at least eight pixels
were identified. A discrimination of the identified connected compo-
nents using prior knowledge of the upper and lower GFM object size
in the image was performed and the CoM of the GFM was deter-
mined (Fig. 3).

The GFM was automatically identified in the scaled CkV-image
by first masking the image using the previously defined DRR-mask
(expecting similar image geometry). The masked scaled CkV-image
was normalized, inverted, and binarized using Otsu's segmentation
method.?> The selection of GFM and the determination of the CoM
were performed using the same techniques as for the DRR-image
described above. (Fig. 3).

For each DRR- and CkV-image, a point cloud was defined from
the GFM CoM coordinates. A point cloud is a set of data points con-
taining spatial coordinates. Each point cloud in this study had three
data points containing the three GFM CoM 2-D coordinates. A rigid
transformation between the two point clouds was calculated using
an iterative closest point algorithm.?® The transformation was
applied to the GFM CoM coordinates for the CkV-image. Visual
inspection of the GFM CoM point-clouds was performed after the
point-cloud transformation (Fig. 3).

The absolute total difference in CoM between each of the GFM
in the DRR-image and the rigidly transformed GFM CoM coordinates
for the scaled CkV-image was calculated as a total distance and a
distance in the directions left-right and inferior-superior. The abso-
lute total distances calculated for patients in the conventional CT-
based prostate radiotherapy workflow was considered to be a mea-
sure of GFM migration.

To assess if there was a difference in the measured absolute
total distance between the GFM in the sCTDRR and CkV compared
to CTDRR and CkV, a nonparametric two-sided independent Mann-

Whitney U-test?” with a 5% significance level was used.
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Fic. 3. Workflow for the proposed method (a) SCTDRR- and CkV-image was acquired, (b) the CkV-image was rescaled to the image
resolution of the sSCTDRR-image, (c) the rescaled CkV-image was visually and manually overlaid onto the sSCTDRR-image and a rectangular ROI
around the GFM was defined and used as an image mask, (d;.,) the masked sCTDRR-image was binarized using a threshold chosen to
suppress non-GFM objects, (e;.,) the masked scaled CkV-image was normalized, inverted and binarized using Otsu's segmentation method,?
(d3) and (e3) the 2-D connected components in the binarized sSCTDRR- and CkV-image were identified, a discrimination of the identified
connected components was performed and the CoM of the GFM was determined, (f) the GFM CoM coordinates in the sSCTDRR- and CkV-
image defined two point clouds, (g) a rigid transformation between the point clouds was calculated, (h) the distances between each GFM in the
registered point clouds were calculated. The same workflow (a-h) was applied to CTDRR to assess GFM migration.

3 | RESULTS displacement between the GFM for sCTDRR- and CkV-image was

1.7 mm (1 SD = +1.4 mm) (Table 1). Patient 11 in the sCTDRR
Using the proposed method together with visual inspection, all GFM cohort had the largest absolute distance difference, observed in one
in the sCTDRR cohort were confirmed to have been previously cor- of the GFM, located in the inferior-superior direction (6.3 mm). This

rectly identified. The mean absolute total difference in CoM distance difference was larger than three standard deviations from
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TaBLE 1 Mean absolute difference in CoM between the GFM in
the DRR-image and the rigidly registered scaled CkV-image. Data are
presented for patients in an MRI-only prostate radiotherapy
workflow (sCTDRR vs CkV). GFM migration data are presented for
patients in a conventional CT-based prostate radiotherapy workflow
(CTDRR vs CkV). The absolute difference in the directions left-right,
inferior-superior, and in total is denoted by AX, AY, and ATotal.

Mean SD Median Minimum Maximum
(mm) (mm)  (mm) (mm) (mm)
CTDRR vs CkV (n = 31)
AX 0.9 0.7 0.8 0.0 32
AY 0.6 0.5 0.4 0.0 21
ATotal 1.2 0.7 11 0.0 32
sCTDRR vs CkV (n = 16)
AX 0.8 0.7 0.7 0.0 2.8
AY 13 14 0.7 0.0 6.3
ATotal 1.7 14 1.2 0.1 6.3

the mean of 1.7 mm. This raised a concern regarding a potential
erroneous identification of one GFM and the cause of this outlier
was investigated. It could, without any additional imaging, be con-
cluded that it was due to the large marker migration (see Section 4).

The mean GFM migration was determined from the CTDRR cohort
as the mean absolute total distance difference between the CTDRR
and CkV image (1.2 mm (1SD = +0.7 mm)). The mean and standard
deviation for the absolute total distance difference were smaller for
the CTDRR cohort compared to the sCTDRR cohort (Table 1).

The mean image scale factor with one SD and CV for the three
random patients, randomly selected from the sCTDRR cohort, was
435+ 0.043 [4.28 4.42] CV =1.0% (n=15), 3.56 +0.024 [3.52
3.60] CV = 0.7% (n = 15), and 3.66 + 0.032 [3.62 3.72] CV = 0.9%
(n = 15). The uncertainty determination for the image scale factor
was therefore estimated to be 1%.

No statistically significant difference in the measured total dis-
tances of the GFM in the sCTDRR and CkV compared to CTDRR
and CkV could be detected (P = 0.37). The mean absolute total dis-
tance in the sCTDRR cohort (1.7 mm) could therefore not be sepa-
rated from possible GFM migration effects. The distance of 1.7 mm
was therefore considered as a small and acceptable distance in the
proposed method.

Three patients in the sCTDRR cohort had deviations of one,
three, and five degrees, respectively, from the desired C-Arm zero
degree angle setting, which led to non-perfect PA imaging projec-
tions. For the CTDRR cohort, four patients had a deviation of one
degree. The angle deviations from zero degrees were believed to be
the cause of human error.

4 | DISCUSSION

The developed method demonstrated the feasibility of using a single
CkV-image from the fiducial implantation procedure to confirm the
GFM identification performed in an MRI-only prostate radiotherapy

workflow. The method was dependent on calculating and evaluating
the distance between each of the GFM in the CkV-image and a DRR-
image created from sCT-images in the MRI-only radiotherapy workflow.

The spatial accuracy for manual and automatic GFM identifica-
tion methods, solely using MRI-images, has previously been reported
to be sufficient but, due to prostatic calcifications and bleeding, the
detection accuracy has been insufficient.»***>1? From the results of
this study and with discussed uncertainties in mind, our proposed
method can detect if errors in the GFM identification process have
occurred. This routine could be applied to both manual and auto-
matic GFM identification frameworks.

To assess the impact of GFM migration, specific to the GFM
type and imaging schedule used in our clinic, the method was
applied to DRR- and CkV-images for 31 patients, included in a con-
ventional CT-based prostate radiotherapy workflow. A statistical dif-
ference between the accuracy with respect to GFM displacement in
the MRI-only workflow and conventional CT-based workflow could
not be detected. The mean absolute total distance in the sCTDRR
cohort (1.7 mm) could therefore not be separated from possible
GFM migration effects.

GFM migration effects could explain a major part of the mean
absolute total distance difference measured in the SCTDRR cohort
(1.7 mm). Further, it has been shown that the mean geometric accu-
racy to which 3-5 mm cylindrical GFM (oriented parallel to the mag-
netic field) can be identified in spin echo based target delineation
MRI-images is around 1 mm (1 SD = 1 mm).***® As the sCT-images
inherit the geometry from the full field of view T2w MRI-images, the
same geometric accuracy can be expected for the synthetic markers
in the sCT-images. The synthetic markers in the sCTDRR-images,
created from the sCT-images, will therefore also be affected. With
these discussion points in mind and a GFM inter-distance of about
2-3 cm, a mean absolute total distance of 1.7 mm between the
sCTDRR- and CkV-image could be regarded as small enough for the
method to be used as a QA tool for GFM identification.

The measured mean absolute total distance difference in the
CTDRR cohort for marker migration assessment is believed to con-
sist of GFM migration in combination with inherent uncertainties in
the current evaluation method. These uncertainties could arise due
to measurement errors in the image scaling involving manual selec-
tion of start and stop points, the elevated patient leg position for
CkV-imaging or a non-perfect CkV-image PA projection of the
patient anatomy (three patients deviated from a zero degree C-arm
angle setting). The same inherent uncertainties were assumed to
exist in the sCTDRR cohort. Measured distances from the CTDRR
cohort were, however, similar compared to previously reported mean
values of 0.8-1.2 mm GFM migration.2>2* This suggests that the
inherent uncertainties in the proposed evaluation method could be
considered minor and the dominating effect in the measurements of
the CTDRR cohort was due to GFM migration.

Implantation of the GFM for the patients in the sCTDRR cohort
was performed using both transrectal and transperineal procedures
while patients in the CTDRR cohort was only subjected to transper-
ineal based in the

implantation  procedure. The difference
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implantation procedures is not expected to affect GFM migra-
tion?8:2?
The rescaling of the CkV-image to the geometry of the sCTDRR

cohort depended on defining a distance within a bone structure

and therefore not the results in this study either.

(Fig. 2). A sCT-image might not depict those bones with the same
amount of details and geometric fidelity as a CT-image. The scaling
of the CkV-image in the sCTDRR cohort would then be affected.
The uncertainty for the image scale factor was measured and esti-
mated to be as small as 1%. Further, the creation of sCTDRR was
not optimized as the default clinic DRR creation settings for CT was
used (not sCT adapted). It is possible that these factors have con-
tributed to the measurement of absolute total difference in GFM
distances for the sCTDRR cohort. These contributions are, however,
considered minor.

Recently, CT was still used for identification of GFM in clinical
workflows for MRl-only radiotherapy of the prostate.™? With the
method proposed in our study, the use of CT would not be neces-
sary. The proposed method could potentially also be used to miti-
gate the recently suggested need for redundant processes in GFM
identification.”?

If the assumption of negligible GFM migration between GFM
insertion and MRI imaging of the patient was not fulfilled, the spatial
GFM position correlation for a GFM, imaged at different time points
with different modalities, would be weaker. This would make it
harder to detect an incorrectly identified GFM using the proposed
method. Patient 11 in the sCTDRR cohort had a large (6.3 mm)
absolute distance difference for one of the GFM. Through review of
the previously acquired multi-echo gradient echo MRI-images'* or
using RT kV-images from the first treatment fraction, it could be
concluded that the deviation was due to an actual GFM migration in
the inferior-superior direction. The large migration was believed to
be a result of a complication during the implantation procedure.

Another situation with imperfect GFM implant geometry could
occur if multiple GFM overlap in the projection image. One of the
objectives during GFM implantation is to avoid such a scenario.
Unfortunately, one patient in the CTDRR-cohort was excluded due
to inability to separate overlapping GFM. This limitation can be
resolved with a lateral CkV-image.

The rigid point cloud registration used in this method depended on
an iterative closest point (ICP) algorithm which used minimization of
the mean squared distance as optimization metric. If all GFM migrated
the same distance in the same direction, the algorithm would be
unable to differentiate between GFM migration and prostate move-
ment. Migration would then not be detected. The algorithm also
assumes no GFM to be stationary in its position. This implies that if
only one GFM migrated and the others did not, the migration distance
would be underestimated. These scenarios are, however, not consid-
ered likely to occur and are not regarded as potential issues.

The rigid point cloud registration accounted for in-plane prostate
rotation but the image information in the single PA CkV-image lim-
ited the ability to detect and correct arbitrary prostate rotation
between GFM implantation and MRI-imaging. This did, however, not
seem to constitute a notable problem for the proposed method.

The measured absolute difference in GFM CoM between the DRR-
and CkV-image for the two cohorts was similar in the left-right compo-
nent. The largest directional difference and variation were found in the
inferior-superior component for the sCTDRR cohort (Table 1). The
dominating factor for this is believed to be an effect of the prior man-
ual identification of the GFM CoM in the transversal large field of view
T2w MRI-image (originating from the MR-PROTECT study) — as the
GFM CoM was forced to be positioned in an existing transversal slice
(not in between any slices). This limited the spatial resolution in deter-
mining the CoM in slice direction (patient inferior-superior). This limita-
tion propagated to an uncertainty of the GFM CoM in the inferior-
superior direction of the AP sCTDRR. A reduced slice thickness of the
T2w MRI-image (assuming unchanged image quality) would yield an
improved spatial accuracy for the manual GFM identification.

The determination of the CoM of the GFM in the CTDRR used
image interpolation between the image slices, was not dependent on
any prior manual identification steps, and was not subjected to the
above problem with limited spatial resolution (other than slice thick-
ness). It is believed that this effect largely contributed to the numeri-
cal difference in the measured mean absolute total difference and
uncertainties for the two cohorts.

The mean absolute distance difference between the GFM for
sCTDRR- and CkV-image was 1.7 mm (1 SD = +1.4 mm). The mean
value with additional two standard deviations adds up to 4.5 mm.
Given the experimental conditions discussed and the results of this
study, the authors therefore suggest that a non-acceptable distance
difference between the GFM in the sCTDRR- and CkV-image for the
proposed method is greater than 5 mm.

In the event of detecting a non-acceptable distance difference
between the sCTDRR- and CkV-image the user should reevaluate
the MRI-images to see if any calcifications or other similar objects
exist in the vicinity of the determined GFM signal void. If not, actual
GFM migration can be concluded. A multi-echo gradient echo MRI
acquisition technique can facilitate this task'' and this approach
proved to be successful for the assessment of the large migration in
one of the GFM for patient 11 in the sSCTDRR cohort.

The image information from a PA CkV-image did not enable a
full 3-D verification of the GFM positions and this constituted a limi-
tation in the proposed method. However, in our suggested prostate
MRI-only radiotherapy workflow, a last verification step is performed
at the first radiotherapy fraction where orthogonal kV-images are
acquired. Future improvements would be to use a radiopaque ruler
placed on the patient during CkV imaging — this could eliminate the
need for anatomy based image scaling. A lateral CkV-image should
also be added to the implantation procedure CkV-image acquisition.
The additional patient anatomy information would then enable a full
3-D verification of the GFM positions.

5 | CONCLUSIONS

To confirm GFM identification in MRI-images, performed in an MRI-

only prostate radiotherapy workflow, a C-arm X-ray image acquired
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from the GFM implantation procedure could be used. GFM migration

is present but does not constitute a problem for the proposed method.

The method can therefore be considered suitable for the task.
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