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ABSTRACT

Advancements in imaging methods have made it possible to create synthetic
computed tomography (sCT) images from magnetic resonance imaging (MRI) data.
MRI-based methods enable computed tomography (CT) to be omitted from the
radiotherapy (RT) workflow and transitioning into MRI-only radiotherapy planning
(RTP) of the brain. Geometric distortions in magnetic resonance (MR) images and
the resulting image quality of generated sCTs are a challenge for the accuracy
requirements of RT compared with CT-based methods of RTP.

The current dissertation evaluated the suitability of the latest MRI scanners for
MRI-only RTP, and the clinical feasibility of present quality assurance methods for
measuring geometric accuracy. The clinical feasibility of MRI-only brain RTP of
two different sCT generation methods was also investigated. The magnetic
resonance attenuation correction (MRAC) based sCT generation method was
evaluated for dosimetric accuracy. Additionally, the clinical feasibility of a
commercially available deep learning based sCT generation algorithm was evaluated
in terms of dosimetric and patient positioning accuracy.

Based on the results of the current dissertation, the geometric accuracy of state-
of-the-art MRI scanners were shown to meet the requirements of MRI-only based
brain RTP. The results also showed that the sCT images generated by the MRAC
method are useful for performing dose calculation in the brain. The sCTs generated
using a commercial method demonstrated clinical feasibility of dose calculation and
patient positioning for MRI-only brain RTP.

KEYWORDS: magnetic resonance imaging, radiotherapy, radiotherapy treatment
planning, geometric distortion, synthetic computed tomography
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TIVISTELMA

Kuvantamismenetelmien kehitys on mahdollistanut pelkéstdéin magneettikuvauk-
sesta (MK) saatavaan informaatioon perustuen ns. synteettisten tietokonetomo-
grafiakuvien (sTT) muodostamisen aivojen alueella. MK-pohjaisten menetelmien
avulla on mahdollista luopua kokonaan tietokonetomografiasta (TT) osana
sddehoidon suunnitteluketjua ja siirtyd aivojen alueella kokonaan MK-pohjaiseen
sddehoidon suunnitteluun. Magneettikuvissa esiintyvidt geometriset vairistymait,
sekd niiden pohjalta muodostettavien sTT-kuvien laatu ovat mahdollinen haaste
sddehoidon tarkkuusvaatimusten kannalta verrattuna TT-kuvaukseen pohjautuviin
menetelmiin.

Téasséd viitostutkimuksessa arvioitiin nykyisin kdytossd olevien MK-laitteiden
soveltuvuutta MK-pohjaiseen siddehoidon suunnitteluun, ja nykyisin kéytossi
olevien geometrisen tarkkuuden laadunvarmistusmenetelmien soveltuvuutta kliini-
seen laadunvalvontaan séddehoidossa. MK-pohjaisen sidehoidon suunnittelun klii-
nistd soveltuvuutta aivojen alueelle tutkittiin kahdella eri menetelmélld. MK-
pohjaiseen vaimennuskorjausmenetelméin perustuvan sTT-generointimallin sovel-
tuvuutta arvioitiin annoslaskennan tarkkuuden osalta. Liséksi tutkittiin kaupallisen,
syvdoppimiseen pohjautuvan algoritmin tuottamien sTT-kuvien soveltuvuutta
kliiniseen kéyttoon annoslaskennan ja potilasasettelun verifioinnin tarkkuuden
osalta.

Viitostutkimuksen tulosten perusteella voitiin osoittaa, ettd nykyaikaiset MK-
laitteet tdyttdvdt geometrisen tarkkuuden osalta vaatimukset MK-pohjaiseen
sddehoidon suunnittelukuvantamiseen padn alueella. Lisdksi tulokset osoittivat, ettid
MK-pohjaiseen vaimennuskorjaukseen pohjautuvalla menetelmélld luodut sTT-
kuvat soveltuvat siddehoidon annoslaskennan toteuttamiseen aivojen alueella.
Kaupallisella menetelmélld luodut sTT-kuvat voitiin todeta soveltuviksi kliiniseen
kayttoon sddehoidon suunnittelussa aivojen alueella annoslaskennan ja potilas-
asettelun verifioinnin tarkkuuden osalta.

ASIASANAT: magneettikuvantaminen, sddehoito, sddehoidon suunnittelu, geo-
metrinen vadristyma, synteettinen tietokonetomografia
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1 Introduction

1.1 Magnetic Resonance Imaging for Radiotherapy
Treatment Planning of the Brain

Magnetic resonance imaging (MRI) is a widely used imaging technique for
radiotherapy treatment planning (RTP) of the brain and many other anatomical sites
[1]. The physical basis of modern clinical MRI lies in quantum mechanics, more
specifically in the nuclear magnetic resonance (NMR) phenomenon of hydrogen
nuclei, i.e., protons. By using strong external magnetic fields and radiofrequency
(RF) electromagnetic pulses, protons abundant in various tissues can be excited.
When the excited protons return to their equilibrium state after the excitation pulse,
the nuclei emit RF electromagnetic radiation. The emitted RF radiation can then be
observed with receiver coils specifically designed for the task.

By carefully manipulating the direction and magnitude of the magnetic field with
gradient magnetic fields and the waveform of the RF excitation pulses over time in
a predetermined sequence, it is possible to encode the emitted RF information, i.e.,
the NMR signal, and record the magnetic resonance (MR) data. Using the recorded
RF information and appropriate Fourier transformations, it is possible to compute
the final MR images. Basically, MRI contains information about the proton density
of tissues [2]. However, several imaging parameters affect the quality and contrast
of the final image. These parameters are selected prior to each imaging session based
on clinical objectives.

The advantages of MRI over computed tomography (CT) from the perspective
of brain RTP are the excellent contrast of soft tissues and the ability to manipulate
the contrast between different tissue types by selecting different imaging sequences.
This enables a more precise definition and delineation of the gross tumour volumes
(GTV) and the organs at risk (OAR) [1,3].

In addition to target delineation, accurate radiation dose calculation and dose
optimisation are required to achieve clinically adequate radiotherapy (RT) plan
quality. In order to accurately assess the attenuation of ionising radiation in tissues,
information on the electron density (ED) of the tissues is required. Imaging
modalities such as CT, which require the transmission of ionising radiation to
produce the radiographs, hence inherently contain the tissue ED information [4].
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Therefore, CT has remained the gold standard imaging modality in modern RTP
workflows.

Specialised MRI techniques such as diffusion-weighted imaging (DWI) and
functional magnetic resonance imaging (fMRI) enable the imaging and
quantification of tissue physiology without intravenous contrast agents or
radiopharmaceuticals, which are needed in CT and nuclear medicine applications
[5]. The potential of DWI and fMRI techniques in brain RTP and several other
anatomical sites has been extensively investigated in recent years [6]. In addition to
target and OAR delineation, DWI and fMRI can be used to monitor the RT treatment
response of lesions and OARs [3,5,7]. Wider clinical adaptation of these techniques
could enable adaptation of RT plans between treatment fractions based on treatment
response information.

In the modern brain RTP workflow, it is common to perform an MRI in addition
to a CT scan for patients undergoing brain RT. MRI data is used to identify and
delineate GTVs and possible OARs in the vicinity of the treatment target more
precisely than from CT images alone [1,8]. Despite the clear advantages of this dual-
modality CT-MRI approach, the RTP process also has disadvantages and additional
uncertainties. The challenges of MRI in the RTP setting are introduced in the
following sections, focusing on the head.

1.1.1 Geometric Distortions in MR

Because MRI uses magnetic fields that vary in magnitude and in direction over time
in addition to electromagnetic RF pulses to produce a weak but measurable NMR
signal, the imaging process is susceptible to multiple sources of interference.
Interferences in the recorded MRI data may manifest themselves as geometric
distortions or other image artefacts in the final MR images. Geometric distortions
can be classified into scanner-related distortions and patient-related distortions [9].

Scanner-related Geometric Distortions

The most common sources of scanner-related distortions are static magnetic field
inhomogeneity, gradient magnetic field inhomogeneity [10], and eddy currents
resulting from rapid changes in magnetic field strength during imaging [11]. In
general, the static magnetic field is the most homogeneous near the scanner isocentre
and in the central regions of the effective field of view (FOV). Therefore, the
magnitude of scanner-related geometric distortion increases rapidly towards the
edges of the effective FOV due to the increased inhomogeneity of the magnetic field
[12,13].

12
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Scanner-related geometric distortions caused by field inhomogeneity can be
significantly reduced by passive shimming of the static magnetic field [14,15].
Modern MR image processing also utilises additional geometric distortion correction
algorithms that have been shown to effectively minimise the magnitude of scanner-
related geometric distortions [9,11,13,16,17]. Correction algorithms are most
commonly performed as an additional image processing step.

The type of imaging sequence has a significant effect on the magnitude of
geometric distortions [12,13,16,18]. More advanced imaging techniques, such as
echo-planar imaging (EPI), which uses a very short echo time and rapidly changing
gradients, or DWI, which requires the use of additional weak gradient fields, are
more prone to geometric distortions than traditional spin echo (SE) or gradient echo
(GRE) based sequences [12,13,16,18].

The magnitude of scanner-related and geometric distortion has been studied
carefully in recent years as MRI scanner technology and geometric distortion
measurement methods have developed, because the measurement of scanner-related
geometric distortion is an essential part of the quality assurance (QA) of an MRI
scanner. A common approach in geometric distortion QA has been to estimate
geometric distortion over a larger area using a phantom designed to fit inside the
MRI head coil. An example of this type of measurement is the geometric distortion
measurement proposed by the American College of Radiology MRI Quality Control
Manual [19]. However, this type of measurement does not provide an estimate of
local distortions nor an estimate of geometric distortions in the entire effective FOV
of the MRI scanner. Due to these limitations, designated MRI geometric distortion
measurement methods and QA solutions have been developed.

Mapping and quantification of scanner-related geometric distortion has been
performed in previous studies using several phantom-based methods [13,20-22].
The principle behind most of these measurement methods has been to use a phantom
with a known, preferably large, array of measurement points that can be visualised
on MR images. Comparing the known, physical dimensions of the used phantom
with the dimensions observed on the MR images provides a direct measure of the
geometric distortion at each measurement point. Interpolation between individual
measurement points can then be used to obtain a more detailed geometric distortion
map across the entire usable FOV. Currently, several commercial solutions use
fiducial marker array phantoms to measure scanner-related geometric distortion.

13
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Patient-related Geometric Distortions

Patient-related geometric distortions are a more diverse topic than scanner-related
effects. Physically, patient-related distortions are caused by differences in magnetic
susceptibility between tissues, defined by the chemical structure of the tissue [23].
Therefore, differences in susceptibility affect the resonance frequency of the proton
nuclei found in the tissue [24]. Magnetic field differences within a tissue or image
voxel are called chemical shift [25]. They cause resonance frequency and phase
differences to accumulate between the proton nuclei, creating geometric distortion
and areas of signal loss on MR images [17,26]. Geometric distortions due to
susceptibility differences are most significant at tissue interfaces with large
susceptibility differences, e.g., air cavities, metallic implants, and dental fillings.
Rapid changes in the magnetic field also cause eddy currents that weaken the MRI
signal [27,28].

Reduction of patient-related geometric distortions can be accomplished by using
active shimming techniques on both static and gradient magnetic fields [11,29]. At
the scanner hardware level, active shimming is possible by adding dedicated
shimming coils capable of producing weak magnetic fields. The shim coils can be
adjusted individually before scanning to account for the magnetic field
inhomogeneity caused by patients and scanning equipment.

Distortions caused by a chemical shift can routinely be observed at the interfaces
of watery tissue and adipose tissue, a phenomenon commonly called fat-water shift.
The magnitude of the fat-water shift in terms of image pixels can be adjusted on MRI
scanners by changing the bandwidth (BW) of the RF receiver. Essentially, widening
the receiver BW allows each image voxel to contain a wider frequency range of RF
signal data, reducing the fat-water shift. Conversely, wider BW tends to increase
noise in MR images, which may lead to clinically insufficient image quality [30].

1.1.2 Co-registration Uncertainties

The traditional way to utilise additional information from MR images is co-
registration of the MR images with the CT images, thereby obtaining the attenuation
information needed for dose calculation and further optimisation. In a clinical
setting, this co-registration is typically performed using rigid alignment of these two
sets of images. Although patient fixation methods and the use of automatic co-
registration algorithms reduce the systematic error introduced by this process, the
co-registration uncertainties of 1.8 mm have been reported in the head when using
automatic co-registration methods [31].

Co-registration uncertainties affect the delineation process and increase the
margin requirement between the GTVs and planning treatment volumes (PTV), thus
increasing the irradiated tissue volume. These factors may decrease the tumour
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control probability (TCP) and increase the normal tissue complication probability
(NTCP). In the brain, this effect is pronounced in stereotactic radiotherapy (SRT),
where the GTVs are smaller, i.e., less than 5 cm in diameter. SRT planning typically
requires smaller margins of up to 1 mm to reduce the acute and chronic toxicity of
RT due to the use of larger fraction sizes [32].

In modern image-guided brain RT workflows, another source of co-registration
uncertainty is introduced during patient positioning imaging. During the patient
positioning, radiographs using kilovoltage (kV) x-ray images are acquired and co-
registered with the RTP images. Therefore, any co-registration uncertainties that
arise during the RTP process are emphasised during patient positioning. The
magnitude of co-registration uncertainty also affects the required PTV margin. If the
uncertainties of co-registration can be reduced, it is also possible to reduce the PTV
margin and possibly increase the TCP [33].

1.2 MRI-only Radiotherapy Treatment Planning of
the Brain

To maximise the benefits of using MRI for GTV and OAR delineations while
reducing uncertainties from CT-MRI co-registration, the use of MRI as the sole
imaging modality for brain RTP has been extensively studied over the past 20 years.
Due to the lack of explicit ED information on MR images, the first step in the
development of MRI-only methods is the evaluation of radiation attenuation by
generating synthetic computed tomography (sCT) images based on MRI data.

In previous studies, numerous methods have been used to generate brain sCT
images. The prerequisite for all sCT image generation approaches is the
segmentation of MRI image into different tissue types, and their assignment into
Hounsfield unit (HU) values [34].

1.2.1 Brain MR Image Segmentation for sCT Image
Generation

The earliest segmentation methods for brain MR images are based on manual
contouring and classification of tissues by experienced radiologists or other qualified
professionals trained for this task. The image segmentation process with this manual
approach is both laborious segmentation quality is strongly dependent on experience
and other human factors [35]. This significantly limits the usefulness of manually
segmented sCT image generation in routine clinical workflows [36].

The first semi-automatic and automatic methods for segmentation of brain MR
images relied on traditional image processing methods, i.e., thresholding, statistical
models, and clustering [37], to accelerate the image segmentation process. However,
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variations in image quality or anatomical abnormalities, which are particularly
common in patients with brain tumours, pose significant challenges to simplified
segmentation methods. Therefore, additional input may be often required from the
user to assess the segmentation quality and perform corrections to the segmented
image.

Atlas-based automatic segmentation models were developed to improve the
overall segmentation quality and reduce the variation between cases. Atlas-based
autosegmentation methods use prior knowledge from previously gathered
anatomical MRI data collected specifically to generate a segmentation database, i.e.,
the atlas. Essentially, high-quality anatomical MRI data included in the atlas have
been manually segmented to provide a gold standard reference against which
subsequent MRI data are compared [38]. Ultimately, the quality of the anatomical
atlas and its appropriateness to the segmentation task will affect the performance of
the atlas-based model.

Compared with simpler segmentation methods that do not utilise prior
knowledge, the atlas-based autosegmentation methods require co-registration of the
MR images to be segmented with the atlas. The information from the co-registered
MR images is then compared with the atlas to produce segmented MR images [39].
Several different approaches have been studied successfully in the past for atlas-
based brain image autosegmentation [38].

The segmentation quality of atlas-based models can be further improved by
including several atlases in the segmentation algorithm [40—42]. In the brain, the use
of these multi-atlas methods is useful in cases of anatomical abnormalities, as the
subsequent atlases can be included to account for e.g. resection cavities or
trepanations which are common in surgical brain RT candidates.

The advent of artificial intelligence (AI) based image processing techniques such
as machine learning and deep learning (DL) has enabled the development of image
segmentation methods that do not require atlas data to produce segmented MR
images. However, training data comparable to an anatomical atlas are required when
designing and training an Al-based algorithm for an MRI segmentation task [43]. In
the brain, DL-based segmentation methods have attracted the most research interest
in recent years [44—47]. The primary advantages of DL-based segmentation methods
are the short segmentation time after the training phase of the method and the
possibility to include information from multiple sequences to generate images.

1.2.2 sCT Generation Methods

The earliest sCT generation methods studied in the context of brain RTP were based
on the simplified assumption that the ED value of water would resemble the ED
values of brain tissue and produce clinically acceptable RT plans with sufficient
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dosimetric accuracy when treating small-volume metastases [48]. This single density
approach can produce a dose calculation accuracy of less than 2% from sCT plans
compared with reference CT plans [49,50].

To iterate this approach, ED values for bone tissue could also be represented by
a single bulk value, which was shown to increase the dosimetric accuracy to less than
1% compared with CT-based RT plans [50]. These bulk density based sCT
generation methods have since been refined to include additional ED values, such as
air, compact bone, and spongy bone, white matter, and grey matter. The prerequisite
for adding other tissue types is that they can be segmented from the source MR
images. Adding several tissue classes has been shown to further improve the
accuracy of dose calculation, with several studies reporting differences of less than
0.5% compared with CT-based RT plans [51].

More recently, sCT generation methods with continuous HU values have been
developed to account for tissue inhomogeneity and further improve the quality of
sCT images. The sCT generation methods with continuous HU values have been
shown to significantly improve mean absolute error (MAE) results compared with
bulk density methods [52,53]. The continuous HU value assignment method offers
limited improvements in dosimetric accuracy compared with bulk density HU
methods [34], but the use of continuous HU values significantly improves the overall
image quality of sCT images to a more CT-like appearance, which is useful for
confirming patient positioning.

The Analogy Between sCT Generation and MRI-based Attenuation
Correction

The process for generating sCT images from MRI data is essentially analogous to
generation of a magnetic resonance imaging based attenuation correction (MRAC)
map developed for the needs of hybrid positron emission tomography (PET)-MRI
[54]. Due to this analogy, there has been some research interest in the application of
MRAC-based sCT generation methods in the RT environment. Potential advantages
of the MRAC-based sCT generation methods for both PET-MRI and RT would be
the ability to perform a diagnostic PET examination and MRI-only RTP imaging in
the same imaging session. The additional diagnostic value provided by PET images
could then be applied directly to the delineation of RT targets [55]. Although the
number of studies regarding the feasibility of the MRAC-based sCT generation
method is currently limited, a dose calculation difference of less than 1% compared
to CT-based RT plans has been reported in the brain [56,57].
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1.2.3 Considerations for the Evaluation of Plan Quality and
Patient Positioning Accuracy

Accuracy of planning image geometry and dose calculation are important measures
of plan quality. Although the selected sCT generation method has a large impact on
the quality of the RT plan, there are several other factors that influence the
assessment of dosimetric and patient positioning accuracy, which may complicate
the clinical feasibility assessment of MRI-only planning compared with CT-based
RTP.

The choice of MRI sequence used in RTP imaging has a significant impact on
image contrast and geometric accuracy of the sequence, both of which affect the
ability of sCT algorithms to segment and produce an accurate representation of the
original anatomy with correctly assigned HU values relative to the CT image [34,58].

Secondly, the quality of the sCT-based plan depends in part on the configuration
of the treatment planning system (TPS), as several technical factors affect the final
dose calculation result. The selected ED calibration curve for HU values has a global
effect on both CT and sCT images. If the calibration curves differ between the two
sets of images, the results of the dose calculation will vary slightly between the sets
of images [59,60]. The size of the dose calculation grid used also affects the results
of the dose calculation [61], particularly if the treatment targets are small or steep
dose gradients are required. Therefore, the dose calculation grid size should be equal
between CT- and sCT-based RT plans when performing dosimetric evaluations.
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2 Aim of the Thesis

The aim of this work was to evaluate the clinical feasibility of MRI-only based RTP
of the brain and to advance the possibilities of a clinical MRI-only workflow for
patients receiving external beam radiotherapy (EBRT) of the brain at Turku
University Hospital (Tyks, Turku, Finland). This main aim was divided into the
specific aims presented in detail in the original publications (I-II1):

L To investigate the geometric accuracy of MRI-only RTP of the brain using
modern MRI scanners and to evaluate the performance of a current clinical
QA method to verify geometric accuracy.

II.  To investigate the accuracy of dose calculation of sCT images generated using
the MRAC-based method for MRI-only RTP of the brain.

III.  To evaluate the clinical feasibility of a commercial sCT generation algorithm
for MRI-only RTP for patients with glioma and brain metastases, including
assessment of dose calculation accuracy and patient positioning accuracy.
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3 Materials and Methods

3.1 Imaging

3.1.1 MRI

The MRI in this work was performed with a 1.5 T Philips Ingenia (Philips Medical
Systems International B.V., Best, Eindhoven, The Netherlands) MRI unit located at
the Department of Oncology and Radiotherapy of Turku University Hospital (Tyks,
Turku, Finland). In Study [, two additional 1.5 T and three additional 3.0 T Philips
Ingenia MRI scanners located at the Tyks diagnostic imaging units and the Philips
facility (Philips Oy, Vantaa, Finland) were used to collect data on scanner-dependent
variation of geometric distortion.

The 1.5 T scanner located at the RT department is shown in Figure 1. The MRI
device is primarily used for RTP imaging and is and is equipped with an external
laser positioning system (ELPS) (LAP DORADOnova MR3T, LAP GmbH Laser
Applikationen, Liineburg, Germany). ELPS is used to visualise the origin of the
image on the skin surface, allowing physical markings to be made on the patients’
skin or fixation devices. The scanner can be equipped with a flat patient couch top,
which enables the use of patient fixation devices and enables RTP imaging in the
treatment position.
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Figure 1. Philips Ingenia 1.5 T MR-RT magnetic resonance imaging (MRI) system and the LAP
DORADOnova MR3T external laser positioning system (ELPS) located at the
Department of Oncology and Radiotherapy of Turku University Hospital (Tyks, Turku,
Finland).

In Study I, Philips geometric QA imaging protocols with GRE-based sequences
were used to acquire MRI data.

In Study II, 3D mDixon MR images were acquired after gadolinium contrast
agent injection in 10 glioma and 10 brain metastasis patients during standard RTP
MRI sessions.

In Study III, 3D mDixon based imaging sequence included in the commercial
MRCAT (magnetic resonance for calculating attenuation) Brain software (version
4.0, Philips Oy, Vantaa, Finland) for sCT generation in the brain was used to acquire
MRI image data for all patients.

The relevant imaging parameters for Study I are presented in Table 1 and for
Studies II and III in Table 2. The Philips 3D geometric distortion correction
algorithm was used in all studies.
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Table 1. Relevant magnetic resonance imaging (MRI) parameters used in the geometric
distortion quality assurance (QA) scans performed in Study | (TE: echo time, TR:
repetition time, BW: bandwidth, 3D: three-dimensional, 2D: two-dimensional).

Sequence Name TE TR Acq. Voxel Slice Image BW
[ms] Matrix size thickness, stacks, [Hz]
[px] [mm] gap [nm] slices

Tq+-w 3D 3D 34 67 15 512 1.09%1.0 2, -1 1,400 431
GRE geometric 9%1.00 (862)

fidelity

QA
Tq+-w 3D 2D 34 67 15 512 1.09%x1.0 2, -1 7,25 217
GRE geometric 9x1.00

fidelity

QA

Table 2. Relevant magnetic resonance imaging (MRI) parameters used in the patient scans in
Studies Il and Ill (TE: echo time, TR: repetition time, BW: bandwidth, 3D: three-
dimensional, FFE: fast-field echo).

Sequence Acq. matrix Recon. matrix TE1/TE2 TR Flip BW Scan time

[mm?] [mm?3] [ms] [ms] angle [Hz] [min:s]
[l
T13DFFE 1.1x1.1x14 0.68x0.68x1.0 2.0/4.4 6.8 20 481.5 5:38
mDIXON
(Study II)
T13DFFE 1.1x1.1x1.4 0.68x0.68x1.0 2.0/4.4 6.8 20 481.0 2:56
mDIXON
(Study 111

3.1.2 CT and CBCT

CT imaging for Studies II and III was performed using a Toshiba Aquilion LB
(Toshiba Corp., Tokyo, Japan) CT scanner located at the Tyks RT department. Head
CT imaging for Studies II and III was performed using similar imaging parameters
with 120 kV tube voltage and 50 mA tube current. CT images were reconstructed
using a filtered back projection algorithm with a reconstruction resolution of 1.0%1.0
cm?. The thickness of the reconstruction slice was 2.0 mm and 1.0 mm for glioma
patients and brain metastasis patients, respectively.

Cone-beam computed tomography (CBCT) in Study III was performed during
clinical RT treatment sessions with Varian TrueBeam linear accelerators (Varian
Medical Systems Inc., Palo Alto, CA, USA) at the Tyks RT department. The
systems were equipped with kV on-board imaging systems that enable image-
guided radiotherapy. CBCT images were acquired using a clinical head CBCT
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protocol at 100 kV tube voltage, 10 mA tube current, 0.5%0.5 cm? reconstruction
matrix, and 2 mm reconstructed slice thickness for both the above-mentioned
patient subgroups.

3.2 Phantoms

In Study I, two QA phantoms designed for measurement of scanner-induced
geometric distortion were used. The phantoms are shown in Figure 2. A prototype
three-dimensional (3D) geometric QA phantom (Philips Medical systems
International B.V., Best, Eindhoven, The Netherlands) was used to assess
longitudinal and scanner-dependent geometric distortions. The geometric 3D QA
phantom contained a structure of seven acrylic sheets with a set of 1932 embedded
oil marker capsules from which the geometric distortion could be calculated. The 3D
phantom covered a cylindrical volume with a diameter of 500 mm and a length of
330 mm.

A two-dimensional (2D) geometric QA phantom (Philips Medical Systems
International B.V., Best, Eindhoven, The Netherlands) was a simplified version of
the prototype 3D QA phantom and intended for routine geometric distortion QA.
The geometric 2D QA phantom was a single acrylic sheet with a set of embedded
oil marker capsules and an acrylic base for phantom alignment. The effective
measurement area of the phantom was 450550 mm?>.

Figure 2. Geometric distortion quality assurance (QA) phantoms used in Study I. a) A two-
dimensional (2D) geometric QA phantom. b) A three-dimensional (3D) geometric QA
phantom.
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3.3 Patient Cohorts

In Study II, 20 cancer patients who received EBRT with 6 MV photon beams at the
Tyks RT department were retrospectively selected. Based on patient diagnosis, the
patient cohort was divided into subgroups of glioma and brain metastasis patients,
with 10 patients in each subgroup.

In Study III, 25 glioma patients and 25 brain metastasis patients were
retrospectively selected for the assessment of dosimetric accuracy. Additionally, 10
glioma patients and 10 brain metastasis patients were retrospectively selected for the
assessment of patient positioning accuracy.

The Studies II and III were approved by the Ethical Committee of the Hospital
District of Southwest Finland (reference code: Dnro 116/1801/2017, approval date:
November 21%, 2017, renewal date: November 2™, 2020).

34 Measurement of Geometric Distortion

In Study I, 2D geometric QA phantom MR images were automatically analysed with
Philips proprietary analysis software included in the MR-RT package as part of
routine QA testing. The analysis program produced distortion maps with 1 mm, 2
mm, 3 mm, and 5 mm isocontour lines for graphical evaluation of scanner 2D
geometric distortion at 0 mm £60 mm, £130 mm, and £200 mm distances from the
scanner isocentre. These image sets were qualitatively compared with the 3D
geometric QA scan results acquired with the same scanner to assess the clinical
feasibility of the 2D geometric QA method as part of routine QA.

3D geometric QA data were analysed using the Philips command-prompt based
analysis software that was specifically developed to identify the locations of 3D QA
phantom markers based on an intensity-weighted centre of gravity determined from
MRI data. The marker locations were then compared with the reference marker
locations defined in the software files to calculate the 3D geometric distortions at
each marker location [62]. To account for phantom positioning uncertainty, the
software also detected a global offset value in each coordinate direction. The
software automatically rejected marker locations that could not be reliably identified
due to low image intensity or aliasing. In these locations, the magnitude of the
geometric distortions could have been more than 12 mm.

The 3D geometric QA distortion data were further processed by defining four
clinically relevant ranges of interest from the scanner isocentre: 100—150 mm, 150—
200 mm, 200-250 mm, and 250-290 mm. Mean distortion values for each of the
four ranges were determined and scatterplots were generated from the individual
distortion data points.
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3.5 Generation of the sCT Images

In Study II, sCT images were generated using the previously developed MRAC
method [63]. It used the atlas-based, open source SPM12 (The Wellcome Centre for
Human Neuroimaging, UCL, Queen Square Institute of Neurology, London, The
United Kingdom) segmentation utility to segment six different tissue classes from
acquired patient MRI data, including cortical bone, spongy bone, air, grey matter,
white matter, and cerebrospinal fluid. After segmentation, the tissue classes were
assigned to discrete HU values based on the literature to generate sCT images.
Finally, the sCT images were co-registered and resampled to match the resolution of
the reference CT images.

In Study III, sCT images were generated using the commercial MRCAT Brain
algorithm. It is a DL-based image segmentation method to convert mDixon MRI
data into sCT images, with a continuous HU value conversion curve instead of a
tissue-specific bulk HU value assignment.

3.6 Evaluation of Bone Segmentation in sCT
Images

The segmentation performance of the sCT generation algorithm used in Study II was
investigated using several metrics. The success of skull bone segmentation was
evaluated by calculating and comparing bone volumes in both CT and sCT images.
In addition, the Dice similarity coefficients (DSC) for the co-registered skull bone
volumes were determined according to formula [64]:

_ 2]4nB|

psc = 240! , ()

where A and B are segmented bone volumes. With DSC it is possible to evaluate the
similarity of sCT images compared with CT images.

The similarity of HU values was also evaluated by calculating the MAE of HU
values in segmented bone tissues.

3.7 Dose Calculation Accuracy of sCT-based
Radiotherapy Plans

In Studies II and III, the accuracy of dose calculation was evaluated by performing
a relative dosimetric comparison between CT and sCT plans. The evaluation was
performed retrospectively using clinical, CT-based RT plans as reference in both
Studies II and III. The dosimetric evaluation was performed in the Varian Eclipse
TPS (version 15.6., Varian Medical Systems Finland Oy, Helsinki, Finland). The
sCT plans were first imported into TPS, and in Study III, the CT and sCT images
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were co-registered according to the skull bone structures using the Eclipse rigid co-
registration tool with six degrees of freedom. The co-registration step was not
necessary in Study II, as the CT and sCT images were co-registered and resampled
as part of the sCT generation process.

In both Studies II and 111, the CT-based RT plans including planning structures
were duplicated over the co-registered sCT images, and the RT plans were
recalculated with the identical RTP parameters to those of the CT-based plans.
Assessment of dose calculation accuracy was performed by comparing several dose-
volume histogram (DVH) parameters as recommended in the Report 83 of the
International Commission on Radiation Units and Measurements [65]. Parametric
comparisons were performed for PTV volumes and separate OAR (Study II) or
normal tissue (NT, Study III) structure. OAR and NT structures were defined in both
Studies II and III as the tissue volume contained within 2 cm from the edge of the
PTV. Comparison of the CT- and sCT-based RT plans for each DVH parameter was
performed by calculating the relative dose difference according to the following
formula:

_ Dscr(V)=Dcr (V)
AD(V) == — , (2
where D is the radiation dose, V is the structure volume, and the subscripts denote
the CT- and sCT-based RT plans.

Statistical evaluations were performed for the parametric dose comparison
results. In Study II, statistical significance between CT- and sCT-based RT plans
was performed by performing Wilcoxon signed-rank tests for each DVH parameter.
Similarly, statistical significance between glioma and brain metastasis patient
subgroups was evaluated with the Mann-Whitney U-test. In Study III, the difference
between CT- and sCT-based RT plans was evaluated with a two-sample t-test for
paired samples.

3.8 Gamma Analysis of Dose Distributions

To evaluate the similarity of dose distributions between the CT- and sCT-based RT
plans, a global 3D gamma analysis [66] was performed for all patients in Studies 11
and III. In both studies, gamma evaluation was performed using several clinically
relevant dose difference and distance-to-agreement (DTA) criteria. Both studies used
a dose threshold of 10% of the maximum dose and a maximum gamma value of 2.
Statistical difference between patient subgroups was evaluated using the Mann-
Whitney U-test in Study II and the two-sample t-test for paired samples in Study III.
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3.9 Evaluation of Patient Positioning Accuracy

In Study III, patient positioning accuracy based on the comparison of sCT and CT
images was performed by co-registering clinical CBCT images with CT and sCT
images according to the bony structures of the skull. The co-registrations were done
with the automatic registration tool of the TPS. The difference between the resulting
CBCT-CT and CBCT-sCT co-registrations could then be evaluated by subtracting
the CBCT-sCT registration matrix from the reference CBCT-CT registration matrix.
The significance of patient positioning accuracy between glioma and brain
metastasis subgroups was assessed using the Wilcoxon signed-rank test.
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4 Results

4.1 Assessment of Geometric Distortions

3D QA measurement demonstrated the stability of the magnitude of geometric
distortions with a 1.5 T MR-RT scanner throughout the 19-month monitoring period.
The performance of a dedicated 1.5 T MR-RT scanner was similar to the other two
1.5 T scanners. The geometric accuracy of the evaluated 3 T scanners was slightly
poorer compared with the 1.5 T scanners at a distance of 100-250 mm from the
scanner isocentre. Graphic images of the 3D QA results of the longitudinal
monitoring and inter-scanner variability test are shown in Figure 3.

a) b)

7 7

| —#— 0 monthy B —— 1.5 T scanner #1 1
6 HH—E— 4 month: - 6 HHE 1.5 T scanner #2| =
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5 H H—©— 12 months — 5HHe— 3 T scanner #2| =
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Figure 3. a) Evolution of the mean three-dimensional (3D) geometric distortion of the 1.5 T MR-
RT platform, including the corresponding standard deviations (SD). An unintended
quenching of the magnetic field occurred during the 7" month of the long-term
monitoring period. b) 3D quality assurance (QA) results for the mean geometric
distortion of all compared diagnostic scanners.

The 2D geometric QA results mirrored the 3D QA results. 2D geometric QA
images showed a decrease in the effective FOV, and an increase in the magnitude of
geometric distortions at greater distances from the scanner isocentre. Examples of
2D geometric QA images are shown in Figure 4.
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Figure 4. Examples of analysed images acquired in with the two-dimensional (2D) quality
assurance (QA) test protocol during the 19-month monitoring period. The lines describe
the largest geometric distortion within the defined area at a transverse distance of =130
mm from the scanner isocentre.

4.2 Evaluation of Bone Segmentation and HU
Value Accuracy of sCT Images

The results of bone segmentation and HU accuracy evaluation in Study II are
presented in Table 3. On average, observed bone volumes in the glioma patient
subgroup were larger than in the brain metastasis patient subgroup. Statistical
evaluation of relative bone volume using the Mann-Whitney U-test showed no
statistical differences between the glioma and brain metastasis patient groups
(p=0.13). Similarly, no statistically significant differences in DSC or MAE values
were observed between the patient groups (p=0.27).
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Table 3. Bone volume (V) comparison, Dice similarity coefficient (DSC) and mean absolute error
(MAE) of Hounsfield unit (HU) value results for the glioma and brain metastasis patient
groups in Study Il (SD: standard deviation).

Variable Mean (SD) [Range]

Ve, bone [cMA] 220.4 (81.4) 410.7 (59.7)
[126.6-443.1] [305.3-508.1]

VscT. bone [CMA] 227.4 (127.2) 465.4 (98.1)
[128.1-585.5] [280.9-634.8]

AVione [%] 3.1 (19.5) 12.5(11.8)
[-34.5-32.1] [-8.0-26.8]

DSChone [ ] 0.8 (0.1) 0.8 (0.0)
[0.6-0.9] [0.8-0.9]

MAE [HU] 142.2 (15.4) 139.7 (11.8)
[114.4-166.7] [114.4-166.6]

The MAE and mean error (ME) values determined in Study III are presented in
Table 4. No statistically significant differences between the glioma and brain
metastasis patient groups were observed in MAE or ME values. When comparing
MAE values between studies, the MAE values determined in Study III were on
average significantly lower than those in Study II.

Table 4. Results for mean absolute error (MAE) and mean error (ME) of Houndsfield unit (HU)
values in Study lll for glioma and brain metastasis patient groups (SD: standard

deviation).
Parameter Mean (SD) [Range] [HU]
MAE 63.6 (8.7) 66.8 (8.6)
[50.4 - 82.1] [57.0 - 83.2]
ME 1.1 (8.1) 2.1 (7.5)
[-10.5—17.0] [-10.6 — 20.0]
4.3 Dose Calculation Accuracy of sCT Images for

Radiotherapy Treatment Planning of the Brain

The dose calculation results of glioma and brain metastasis patients in Study II are
presented in Figure 5. The results showed that the mean relative difference between
sCT-based RT plans and clinical CT-based plans was 0.2% in glioma patients and -
0.4% in brain metastasis patients when comparing mean PTV doses. Mean OAR
doses showed a difference of 0.1% and 0.6% in glioma patients and brain metastasis
patients, respectively.
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Figure 5. Dose-volume histogram (DVH) parametric comparison results for planning target
volume (PTV) in glioma and brain metastasis patient groups in Study II.

Table 5 shows the results of 3D global gamma analysis results for the glioma and
brain metastasis patient groups in Study II. Based on the statistical evaluation, there
was a significant difference in the pass rates between the groups (p=0.04) when using
the 2%/2mm criterion.

Table 5. Gamma analysis results for glioma and brain metastasis patient groups in Study Il. (SD:
standard deviation)

Agreement Criterion Mean pass rate (SD) [range] [%]

1%/1 mm 90.7 (3.6) 96.5 (4.7)
[85.6-95.0] [84.3—100.0]

2%/2 mm 95.7 (0.9) 99.9 (0.3)
[93.9-96.8] [99.1-100.0]
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The dose calculation accuracy results of the glioma and brain metastasis patient
groups in Study III are presented in Figure 6. Mean relative dose differences for all
PTV dosimetric parameters were <0.6% (1.0%) in the entire patient cohort. A mean
relative dose difference of <1.7% (3.6%) was determined for the NT DVH
parameters. The results showed that the mean relative dose difference was <1.1%
(3.6%) for all DVH parameters in the glioma patient group and <1.7% (2.3%) in the
brain metastasis patient group. Statistical testing showed significant dose differences
in PTV dose calculation accuracy results between patient groups (p<0.05) in all but
the Dmax DVH point (p=0.80).

The gamma analysis results presented in Table 6 showed a pass rate of 98.0%
(2.1%) using the 2%/2 mm DTA criterion for glioma patients and a pass rate of
99.2% (2.0%) for brain metastasis patients. The stricter 1%/1 mm DTA criterion
yielded a pass rate of 95.2% (8.5%) in brain metastasis patients. Overall, one outlier
patient in the glioma subgroup and one outlier patient in the brain metastasis
subgroup were found with a pass rate of <95% using the 2%/2 mm dose difference
and DTA criterion. Statistical analysis showed a statistically significant difference
(p<0.05) between patient groups at 1%/1 mm and 2%/2 mm dose difference and
DTA criteria.
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Figure 6. Dose volume histogram (DVH) parametric comparison results for planning target
volume (PTV) in glioma and brain metastasis patient groups in Study III.

Table 6. Gamma analysis results for glioma and brain metastasis patient subgroups in Study Ill.
(SD: standard deviation)

Agreement Criterion Mean pass rate (SD) [range] [%]
1%/1 mm 82.1 (7.6) 95.2 (8.5)
[65.5 — 95.6] [68.6 — 100.0]
2%/2 mm 98.0 (2.1) 99.2 (2.0)
[89.7 — 99.8] [91.0 — 100.0]
3%/3 mm 99.7 (0.5) 99.8 (0.4)
[97.4 — 100.0] [98.1 —100.0]
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4.4 Patient Positioning Accuracy

In Study III, the patient positioning accuracy results presented in Figure 7 for 20
patients showed on average differences of less than 1 mm in the primary coordinate
directions and <0.1° rotational differences in CBCT-based positioning between CT
and sCT images in both patient groups. No statistically significant differences in
positioning accuracy were observed between the groups.
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Figure 7. Box plots of patient positioning accuracy results of Study Il for subgroups of glioma and
brain metastasis patients. The total translation error is defined as the vector sum of the
translation in the three primary coordinate directions (LR: left-right, AP: anterior-
posterior, CC = cranio-caudal).
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5 Discussion

5.1 Stability of Geometric Accuracy and the
Performance of QA Methods (Study 1)

In Study I, the results of QA measurements of the 3D geometric accuracy indicated
that the scanner-related geometric accuracy of 1.5 T and 3.0 T MRI systems of the
same generation was similar, when comparing distortions of less than 250 mm from
the scanner isocentre, and independent of scanner age. This also demonstrated that
the geometric accuracy performance of current MRI systems remains stable over
long periods of time. In addition, no significant changes in geometric accuracy were
observed during the 19-month follow-up period with a dedicated 1.5 T MR-RT
scanner, despite an inadvertent shutdown of the static magnetic field during the
follow-up period.

The geometric accuracy results presented in Study I were consistent with
previous studies on scanner-induced geometric distortions measured using GRE-
based sequences with different phantom setups and imaging settings [12,20,67—69].
Furthermore, similar geometric accuracy was reported in clinical feasibility studies
of MRI-only RTP of the pelvis and brain. The results of Study I showed that the total
geometric distortion was less than 1 mm at a radius of 150 mm from the scanner
1socentre, and less than 2 mm at a radius of less than 200 mm from the scanner
isocentre.

Determining a clinically sufficient level of geometric accuracy in the head can
be done based on clinical RTP requirements. Consensus on the use of stereotactic
RTP techniques suggests that the total spatial uncertainty from all possible sources
should not exceed 1 mm. Therefore, geometric distortions of less than 0.5 mm should
be the minimum requirement for stereotactic targets less than 20 mm in diameter.
Based on the results of Study I, this condition can be met near the isocentre. This
result suggests that the target region should be placed as close to the isocentre as
possible.

The evaluation of the 2D QA method compared with the 3D method was
clinically valuable. Based on experience, the 2D QA method was a more
reproducible way to measure geometric distortions due to the structural simplicity of
the 2D QA phantom and uncomplicated imaging process. Measurement results may
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have some random error due to phantom alignment, but similar measurements with
a large FOV 3D phantom have been shown to be insensitive to small positioning
uncertainties [27].

The major limitation in evaluating of the 2D QA method compared with the 3D
method was that the 2D method measured in-plane geometric distortion only semi-
quantitatively, with discrete distortion values, compared to the quantitative 3D
method. Even if the geometric distortions in the through-plane directions could be
detected by the 2D method, the measurement sensitivity would be lower and it would
lack the quantitative properties of the 3D method. Furthermore, the availability of
lightweight phantoms capable of quantitative 3D measurement of geometric
distortions has improved in recent years. Despite these limitations of the 2D
geometric distortion QA method, the semi-quantitative measurement method is still
useful in routine clinical QA if a baseline of normal scanner performance can be
determined with a more comprehensive 3D measurement.

5.2 Feasibility of Dose Calculation Accuracy of
MRI-only Radiotherapy Treatment Planning of
the Brain Using an MRAC Method (Study II)

The results of Study II showed that dose calculation accuracy and RT plan quality
with clinically feasible quality [70] can be achieved with the studied MRAC-based
sCT generation method from contrast-enhanced source MR images.

Bone segmentation accuracy of sCT images was consistent with previous studies
[46,71], and segmentation was able to reproduce the anatomical malformations in
the skull region in patients who received post-operative RT.

The bone segmentation model was used to segment only the skull region.
Therefore, further improvements of the model and bone segmentation of the oral and
nasal cavities [72] could have further improved both segmentation performance and
dose calculation accuracy. The results of Study II encouraged further development
of the MRAC sCT generation method. Subsequent iterations of the studied method
could include an extended segmentation template tailored to the head and neck
region. Future studies on the performance of the iterated MRAC sCT generation
method would provide valuable information on the clinical feasibility of MRI-only
RTP of the head and neck region, which has been a growing area of research interest
in recent years [51,70,73-75].

A limiting factor of Study II was the relatively small size of the patient
subgroups, as there were 10 patients in both glioma and brain metastasis subgroups.
Therefore, a more comprehensive clinical feasibility evaluation of the studied
MRAC sCT generation method should be performed with a larger patient cohort in
further studies.
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Also, the patient positioning accuracy based on sCT images generated with the
MRAC method was not investigated in Study II. In order to improve the application
possibilities of the MRAC method in clinical RT use, attention should be paid to the
quality of the sCTs in later versions of the MRAC method. Future validation studies
could then also include quantitative evaluations of patient positioning accuracy
based on the comparison of sCT and CT images.

5.3 Clinical Feasibility of MRI-only Radiotherapy
Treatment Planning of the Brain (Study IlI)

In Study III, no clinically significant dose deviations or differences within patient
subgroups were observed with the studied commercial sCT generation method. The
patient positioning accuracy results demonstrated the clinical feasibility of CBCT-
based positioning in both glioma and brain metastasis patient subgroups.

HU value reproducibility assessment showed mean MAE values consistent with
previous studies of brain sCT generation algorithms using different approaches
[45,76-79]. As a general, qualitative observation, the studied sCT generation
algorithm showed a tendency to overestimate the size of air cavities. The same
observation can also be made based on the MAE analysis, where the largest
deviations between CT and sCT image HU values were observed near air cavities or
fine bone structures. These types of issues have also been recognised in previous
studies as challenges for sCT generation algorithms and are due to the absence of
MR signal at tissue interfaces with large susceptibility differences [1,80].

The mean results and gamma pass rates observed in the dosimetric evaluations
were similar to those obtained in previous brain studies [45,76,77,81,82]. The results
of the dosimetric evaluation indicated clinically feasible pass rates [70] in both
patient subgroups. Overall, there were no statistically significant differences
between subgroups.

Some outlier results were observed during dose calculation accuracy evaluation
and gamma analysis. Most of these were observed in patients with PTV or NT
structures extending close to the skin surface or air cavities, or patients with larger
than 2° rotational difference between CT and sCT images. Further assessments of
the most severe outlier patients confirmed that large rotational differences were the
main reason for the outlier results.

Previous studies of patient positioning accuracy using CBCT of the brain is
rather limited, but the mean results obtained were consistent with the previous brain
studies, in which CBCT was used to evaluate the clinical feasibility of another
commercial MRI-only method for the brain [76,79]. Qualitatively, the image quality
of the sCT images generated by the commercial sCT generation method was close
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to the quality of the reference CT images, despite slight overestimations of the air
cavity size and the fine bony structures of the nasopharyngeal cavity and ear canals.

Findings on the limitations of the studied MRI-only method are valuable in a
clinical context, as they highlight the need for careful evaluation of dose distribution
in cases where the PTV is in close proximity to air cavities or fine bone structures.
Although achieving complete correspondence between CT- and sCT-based RT plans
is difficult, most patients could be treated using an MRI-only workflow with the
investigated, commercial sCT method. The results of Study III enable the
commercial sCT generation method to be applied to routine clinical practice for
patients with glioma or brain metastases.

54 Comparison of Commercial sCT and MRAC
Methods (Study Il and Study IlI)

The mean dosimetric accuracy and gamma agreement of the studied MRAC and
commercial sCT generation methods were quite similar despite the different
approaches. The overall consistency of the commercial sSCT method compared better
with the MRAC method, especially when comparing the metastasis subgroup results.
As the PTV locations and patient cohort sizes were different in Studies II and III, a
direct comparison of the results is not possible.

Compared with the mean MAE values observed for the MRAC method, the
performance of the commercial sCT generation method was clearly better. The
differences between the MAE results were due to two significant differences
between the MRAC and sCT methods. The commercial sSCT method used continuous
HU value assignment compared with the bulk value HU assignment of the MRAC
method. Secondly, the MRAC method included only the skull bone segmentation
model, while the commercial sCT method included the segmentation of extracranial
bony structures, including the spine. The lack of bone segmentation of nasal cavities
in the MRAC method may have contributed to some of the dosimetric differences
between the commercial sSCT and MRAC methods.

The overall image quality of sCT images generated with the commercial method
was significantly better compared with the sCT images generated with the MRAC
method. A detailed comparison of the MRAC method and the commercial sCT
method in terms of segmentation quality and dosimetric and patient positioning
accuracy could be performed in future studies to provide detailed information on
performance differences.
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55 Uncertainties and Limitations

The results of Study I cannot be generalised to scanners other than those tested. In
addition, since the measurement methods used were vendor-specific, MRI scanners
from other manufacturers could not be tested.

In Studies II and 111, the evaluations of dose calculation accuracy were performed
by registering CT and sCT images and copying CT-based RT plans over sCT images.
In Study III, dosimetric evaluations were performed with clinical tools. Therefore,
the sCT plans were not resampled to the CT image grid, but simply registered with
the CT images using six degrees of freedom. Due to the limitations of the TPS used,
the rotational differences between CT and sCT images were preserved when copying
CT-based RT plans, thus any remaining registration error could have been reflected
in the sCT dose calculation results. This effect would be more significant in regions
further from the PTV, where absolute radiation doses tend to be lower, leading to
larger relative radiation dose differences. Furthermore, the results of the gamma
evaluation are sensitive to registration errors due to the DTA component of the
gamma agreement criteria. Re-optimisation of duplicate RT plans could have
reduced the error due to co-registration differences [82]. However, investigating the
possible effects of re-optimisation in dose calculation accuracy was not part of
Studies II or III. Studies II and III also did not examine the potential effects of
different treatment delivery setups, choice of dose calculation algorithms, or HU
conversion tables on dosimetric accuracy.

As MRI-only methods have generally been adapted to routine clinical workflow
only recently, the compatibility of sCT images in planning, treatment, and patient
positioning may be compromised when image guidance protocols and MRI scanners
from different manufacturers are used. Therefore, the generalisation of the findings
of Studies II and III is only possible after further clinical validation. Since the
findings of Studies II and III were based on relatively small groups of patients, the
distribution of the results may differ from the results obtained from a larger group of
patients.
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Conclusions

Based on the results presented in the original publications (I-III), the following
conclusions can be drawn:

L.

II.

III.

40

The geometric accuracy of modern MRI scanners is adequate for MRI-only
RTP scanning. The evaluated geometric accuracy methods produced
important information for QA and stability monitoring in the clinical MR-RT
workflow. The investigated methods are sufficient for routine geometric
accuracy QA in clinical conditions, with minor improvements to the user
interface and automatic calculation of distortion values.

The use of sCT images generated using the MRAC method may be accurate
for dose calculation for MRI-only RTP of the brain. The results enable further
development of the MRAC method, including bone segmentation of the nasal
and oral cavities, and thus possibly extending the assessment to the head and
neck region.

The investigated commercial sCT algorithm was shown to be a clinically
feasible method for clinical MRI-only RTP for patients with glioma or brain
metastases. The results encourage the judicious use of the studied method as
part of the routine clinical workflow for these patients.
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