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Abstract

Magnetic resonance imaging (MRI) offers high soft-tissue contrast
compared to computed tomography (CT). This contrast is helpful in many
cases, not least for delineating tumours for radiotherapy treatment, and
has led to increasing use in radiotherapy treatment planning (RTP).

When RTP is based on CT images, the treatment planning system can get
the approximate electron density of the tissues from the electron density
equivalent information that constitutes the CT images. This information
is needed to calculate the dose to the patient from radiotherapy.
Therefore, for an MR-only workflow, the MRI image must be transformed
into information that can yield electron density information. The
predominant way is to convert the MRI images into CT-like images, also
known as substitute CT (sCT).

Positron emission tomography (PET) imaging can benefit from being
combined with anatomical imaging, and the PET/CT hybrid machine is
well established. The soft tissue contrast properties of the MRI images are
also valuable for a PET/MRI hybrid system. However, it also adds the
option for simultaneous acquisition of PET and anatomical (MRI) images
which is not feasible with CT images for a PET/CT system. However, the
PET/MRI combination is more technically challenging. While most of the
concerns have been solved or mitigated, and PET/MRI systems have been
commercially available for some years, there are still outstanding issues.
The attenuation maps used in the reconstruction of PET acquisitions are
one of the concerns that have yet to be solved entirely. These attenuation
maps in the PET/MRI systems are approximations where, e.g., bone is
not fully accounted for in all parts of the body.

The MRI images suffer from geometric distortions dependent on the MRI
scanner as well as the imaged patient itself. These distortions can affect the
sCT conversion for RTP and the attenuation maps for PET reconstruction.

This thesis aimed to investigate the size of the geometric MRI distortions
for different settings on the MRI scanner and their effect on the resulting
RTP and reconstructed PET images. Such information can aid in
optimising the MRI imaging for different purposes. It can also give some
information needed to determine tests to run in a quality assurance (QA)
regime.
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iv ABSTRACT

In Paper I, we studied the machine-dependent MRI gradient-field
nonlinearity distortions and their effect on PET reconstruction. We
simulated different levels of incomplete corrections for gradient-field
nonlinearities in CT images from PET/CT acquisitions. The resulting
distorted images were then used for rerunning the reconstruction of PET
data, and the effect on reconstructed standardised uptake value (SUV)
was studied. = We found that residual gradient-field nonlinearity
dependent geometrical distortions of +£2.3 mm at 15 cm radius from the
scanner isocenter lead to SUV quantification errors below 5%. This is also
below the test-retest variability caused by instrumentation and
intra-patient factors for PET/CT systems.

In Paper II, we developed a method for simulating the patient-induced
susceptibility effect based on CT images. The method consisted of
converting the CT images to magnetic susceptibility maps. These
magnetic susceptibility maps were then used in the simulation by
calculating the local shifts in the main magnetic field (By). From these
local shifts in By, a displacement map was calculated, and this was, in
turn, applied to the original CT images. The simulation was validated
through comparisons between the simulation and analytical results for
both a homogeneous sphere and a homogeneous cylinder. This method
was tested on a set of eight prostate cancer patients. We found that
setting the frequency encoding bandwidth to a minimum of twice the
water-fat shift would keep the maximum distortion from the
patient-induced susceptibility effect below 1 pixel. However, the required
frequency encoding bandwidth was shown to be dependent on the imaged
area, and lower bandwidth could, e.g., be used for the pelvic area.

The simulation method from Paper II was then used in Paper III, where
we investigated the dosimetric impact of residual MRI system distortions,
patient-induced susceptibility effects and patient-specific shimming. The
latter was simulated using an in-house Matlab algorithm. The residual
system distortions were determined using phantom measurements.
These distortions were then combined with a simulated patient-induced
susceptibility effect and patient-specific shimming. The combined
distortions and patient-specific shimming were then applied to patient CT
images. The distorted patient images were then used for RTP, and the
resulting treatment plan was transferred to the original patient CT
datasets and recalculated. This allowed for isolating the effect of the
applied distortions on the dose distribution. We concluded that the
dosimetric impact of MRI distortions within the target volume and
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nearby organs at risk is small for high bandwidth spin echo sequences.
We also saw a worsening in field variations for the user-defined region of
interest shimming.

Paper IV presented a proof of concept for patient-specific QA of sCTs and
attenuation maps. In this study, we compared measured By-maps with
ones simulated using Paper II's method. The simulations were based on
sCT images from MRI acquisitions from the same imaging session as the
measured By-maps. This method shows potential for identifying errors or
problematic areas of sCTs and attenuation maps. It should also be
feasible to make the method fast enough to use while the patient is still in
the scanner so that images could be retaken without having to recall the
patient if a problem is detected.

This work has contributed to the knowledge and methods needed for the
necessary considerations for optimisation and setting up a QA protocol
aimed at PET/MRI and MR-only radiotherapy.






Sammanfatining pa svenska

Magnetkameraundersokningar (MR) erbjuder hog mjukvavnadskontrast
jamfort med datortomografi (DT). Denna kontrast dr i maénga fall
hjalpsam, inte minst for att teckna konturerna av tumorer infor en
strélterapibehandling, och det har lett till ett 6kat anvindande av MR i
dosplanering for stralterapi.

Da dosplaneringen baseras pa DT-bilder kan dosplaneringssystemet fa
approximativa  elektrondensiteter = for  vdvnader frdn  den
elektrondensitetsekvivlenta information som utgor DT-bilderna. Denna
information behovs for att berdkna stralterapidosen till patienten. P&
grund av behovet av elektrondensitetsinformation for dosberdkningen
behéver MR-bilderna, som inte innehdller denna, konverteras till
elektrondensitetsekvivalent information for att kunna ersitta DT i
stralterapiflodet. Den vanligaste metoden ar att konvertera MR-bilderna
till DT-liknande bilder, dven kallade substitut-DT (sCT).

Positronemissionstomografi (PET) kan dra nytta av att kombineras med
anatomisk bildtagning och PET/DT-hybridmaskinen ar valetablerad.
MR-bildernas mjukvavnadskontrastegenskaper ar viardefulla dven for
PET/MR-hybridsystem. Denna kombination mdgjliggor samtidig
bildinsamling fran de tva delsystemen PET och MR, nagot som inte ar
mojligt for PET/DT-systemen. Kombinationen PET/MR ar dock mer
tekniskt utmanande. De flesta problemen har kunnat 16sas eller mildras
och PET/MR system har funnits kommersiellt tillgangliga under ett antal
ar. Vissa problem aterstdr dock. De attenueringskartor som anviands
under rekonstruktionen av PET-bilderna ar en av de utmaningar som inte
losts helt. I PET/MR systemen ar attenueringskartorna approximationer
dar man till exempel inte tar hiansyn till ben i alla delar av kroppen.

MR-bilderna lider ocksd av geometriska storningar som beror péa
MR-systemet savil som pa den avbildade patienten. Dessa storningar kan
paverka MR till sCT konverteringen for dosplanering och &ven
attenueringskartorna for PET-rekonstruktionen.

Denna avhandling har haft som maél att undersoka storleken pa de
geometriska storningarna i MR-bilder for olika installningar pa skannern
samt deras effekt pa dosplanering och rekonstruerade PET-bilder. Sidan
information kan hjalpa till vid optimeringen av MR-bildtagning for olika
syften. Det kan dven ge en del av den information som behdvs for att sitta
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upp ett system for kvalitetssakring.

I artikel I undersokte vi de systemberoende
gradientfiltsickelinjaritets-beroende storningarnas effekt pa PET
rekonstruktion. Vi simulerade olika nivaer av inkomplett korrektion for
dessa storningar i DT-bilder frdn bildtagningar med PET/DT.
Rekonstruktionen av PET-bilder gjordes om med de resulterande
bilderna med olika nivaer av storningar som underlag till
attenueringskartorna. I de rekonstruerade PET-bilderna jamfordes sedan
effekten pa standardiserat upptagsviarde (SUV). Vi fann att aterstdende
storningar pa +2.3 mm pa 15 cm radie fran skannerns isocenter leder till
under 5% fel i kvantifieringen av SUV. Dessa 5% ar lagre dn variabiliteten
som orsakas av instrumenterings- och intra-patient-faktorer for PET/DT
system.

I artikel IT utvecklade vi en metod for att simulera patient-inducerad
susceptibilitetseffekt baserat pa DT-bilder. Denna metod bestod i att
konvertera DT-bilderna till kartor 6ver magnetisk susceptibilitet. Dessa
kartor anviandes sedan i simuleringen till att berdkna lokala
forskjutningar i det primara magnetfiltet (B). Fran de lokala
forskjutningarna i By berdknades en forskjutningskarta och denna
applicerades i sin tur pa original DT-bilderna. Simuleringen validerades
genom jamforelser mellan simulerade och analytiska resultat for savil en
homogen sfiar som en homogen cylinder. Metoden testas pa bilder fran
atta prostatacancerpatienter. Vi fann att man, genom att sitta
frekvenskodningsbandbredden till minst dubbla frekvensen for
fett-vatten-forskjutning haller maximala storningen fran den
patient-inducerade susceptibilitetseffekten under 1 pixel. Den
frekvenskodningsbandbredd som kriavs kan dock vara lagre an sa
beroende av det anatomiska omréde som avbildas, t ex for pelvisomradet.

Simuleringsmetoden fran artikel II anviandes sedan i artikel III dar vi
undersokte den dosimetriska paverkan av aterstiende storningar fran
MR-systemberoende effekter, patientinducerad susceptibilitetseffekt och
patientspecifik magnetsfiltskorrigering. Det senare simulerades med en
intern Matlab-algoritm. Aterstdende systemberoende storningar
bestimdes genom mitningar med ett fantom.  Dessa storningar
kombinerades med simulerad patientinducerad susceptibilitetseffekt och
patientspecifik magnetsfiltskorrigering innan de applicerades pa
patient-DT-bilder. De distorderade patientbilderna anviandes sedan for
dosplanering och den resulterande dosplanen oGverfordes till original
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DT-bilderna och riknades om. Detta mojliggjorde att isolera effekten pa
dosdistributionen fran de applicerade storningarna. Vi drog slutsatsen att
den dosimetriska péverkan frd&n MR-storningar inom maélvolymen och
narliggande riskorgan ar sma for hoga frekvenskodningsbandbredder da
spin eko sekvenser anviands. Vi sdg ocksa forviarrade faltvariationer for
patientspecifik magnetsfaltskorrigering mot delvolymer av det avbildade
omradet.

Artikel IV presenterade ett Proof of Concept for patientspecifik
kvalitetssdkring av sCT och attenueringskartor. I denna studie jamforde
vi uppmaitta Bjp-kartor med kartor simulerade med metoden som
presenterades i artikel II. Simuleringarna baserades pa sCT bilder fran
MR bildinsamlingar frdn samma insamlingssession som de uppmitta
By-kartorna. Denna metod visar potential att kunna identifiera
problematiska omraden i sCT-bilder och attenueringskartor. Det bor
ocksa vara mojligt att snabba upp metoden tillrackligt for att kunna
anvindas medan patienten fortfarande ligger kvar i skannern sa att bilder
kan tas om utan att behova kalla tillbaka patienten vid ett senare tillfille
om ett problem upptacks.

Detta arbete har bidragit till de kunskaper och metoder som kravs for de
overviaganden som ir nodvandiga vid optimering och for att sidtta upp ett
kvalitetssakringsprotokoll riktat mot PET/MR och MR baserad stralterapi.






List of original papers

This thesis is based on the following papers. The complete papers are
appended at the end of the thesis and reprinted with permission from the
publishers. The respective Roman numeral is used when referring to the
papers in the text.

I Lundman J A, Johansson A, Olofsson J, Larsson A, Nyholm T. Effect
of gradient field nonlinearity distortions in MRI-based attenuation
maps for PET reconstruction. Physica Medica. 2017 Mar 7; 35:1-6.
doi: 10.1016/j.jmp.2017.02.019

II Lundman J A, Bylund M, Garpebring A, Thellenberg Karlsson C,
Nyholm T. Patient-induced susceptibilty effects simulation in
magnetic resonance imaging. Physics and Imaging in Radiation
Oncology. 2017; 1:41-45. doi: 10.1016/j.phro.2017.02.004

III Adjeiwaah M, Bylund M, Lundman J A, Soderstrom K, Zackrisson
B, Jonsson J H, Garpebring A, Nyholm T. Dosimetric Impact of
MRI Distortions: A Study on Head and Neck Cancers.
International Journal of Radiation Oncology, Biology, Physics.
2019; 103:994-1003. doi: 10.1016/j.ijrobp.2018.11.037

IV Wallsten E*, Lundman J A*, Bylund M, Adjeiwaah M, Larsson A,
Nyholm T. A concept for quality checks of synthetic CT and
attenuation maps through By-maps. [Manuscript]

* Shared first authorship

Own contributions

In Paper III, my contributions were in the pilot and implementation of
methods for translating variation in the magnetic field to geometric
distortions during the project’s planning. I also took part in writing the
method description for the distortion simulation method part of the
manuscript.

In Paper IV, both Elin and I had an active role in all parts of the work.

However, my main responsibilities were the coding required and aspects
connected to the simulation method and radiotherapy.

xi


https://dx.doi.org/10.1016/j.ejmp.2017.02.019
https://dx.doi.org/10.1016/j.phro.2017.02.004
https://doi.org/10.1016/j.ijrobp.2018.11.037




Abbreviations

p-map

AC

BMI
CBCT
CT
CTV
DVH
EPI
FoV
GTV
HU
IMRT
MRI
MRIgRT
OAR
PET
PMT
PSF
PTV
QA
QC

ROI
RTP
sCT
SiPM
SNR
SUV

VMAT
ZTE

linear attenuation coefficient
attenuation map

main magnetic field
attenuation correction
artificial intelligence
avalanche photodiode

body mass index

cone-beam CT

computed tomography

clinical target volume
dose-volume histogram
echo-planar imaging

field of view

gross target volume
Hounsfield unit
intensity-modulated radiotherapy
magnetic resonance imaging
MRI-guided radiotherapy
organ at risk

positron emission tomography
photomultiplier tube

point spread function
planning target volume
quality assurance

quality control

radio frequency

region of interest
radiotherapy treatment planning
substitute CT

silicon photomultiplier
signal-to-noise ratio
standardised uptake value
ultra-short echo time
volumetric-modulated arc therapy
zero echo time

xiii






1. Introduction

Cancer affects many people worldwide, directly by being afflicted with
cancer or indirectly by having close ones with cancer. It is estimated that
approximately a third of the Swedish population will be diagnosed with
cancer during their lifetime [1].

In about 50% of cancer treatments, radiotherapy is a part of the
treatment.[2] Medical imaging, such as computed tomography (CT),
magnetic resonance imaging (MRI), and positron emission tomography
(PET), is an integral part of the radiotherapy workflow. Such imaging
provides information on the location of tumours, metastases, and organs
at risk (OARs). In addition, the image intensity information in CT images
can be converted to electron density information, which is necessary for
treatment plan calculations.

This work has focused on geometric distortions in MRI when used in the
radiotherapy workflow or as a basis for reconstruction in PET/MRI. The
work started in 2014, right when the first combined PET/MRI machine in
Sweden was about to be installed in Umea.

1.1. Computed tomography

A CT scanner is constructed with an X-ray tube and a set of detector rows
placed on opposite sides of a ring in the gantry. When imaging the
patient, X-ray photons are emitted from the tube while rotating around
the patient. Most of the emitted photons will be absorbed or scattered in
the patient and table, and the rest may be detected by the detectors. The
photons registered by the detectors constitute information on the number
of transmitted photons and can be depicted in sinograms, see figure 1.1.
This transmission information can be converted to the electron density of
the tissues or materials of the irradiated object. = The sinogram
representation can be used to detect anomalies in the system [3] as well
as for some types of metal artefact reduction techniques [4, 5].

The attenuation of ionising radiation is connected to the electron density.
The higher the electron density, the higher the attenuation. Since the
information collected in the CT scan is related to the transmission of
photons, the intensities in the final image represent the imaged object’s
linear attenuation coefficient () map. This means that the CT image
intensity information is also a relative representation of the electron
densities of the imaged materials. The intensity scale in CT images is
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Figure 1.1: An illustration of a CT scan of a T (left) and the corresponding sinogram (right)
where the projection angle 0° represents scanning from the top of the image.

relative to the p of water (uwater). The scale is called the Hounsfield unit
(HU) scale and is given by:

HU = H = Fwater 4 000. (1.1)

Hwater

In the HU scale, water thus has a value of 0 and air has a value of —1000.
Cortical bone does not have a specific HU value from the definition but has
been reported to be in the range of 500-900 HU [6].

1.2. Magnetic resonance imaging

Magnetic resonance imaging provides the possibility of high-resolution
anatomical imaging, visualisation of functional properties, and has
superior soft tissue contrast when compared to CT, see figure 1.2. This
soft tissue contrast, together with the flexibility in imaging planes, makes
MRI an interesting technique for applications in radiotherapy as well as
in combination with PET. In addition, implementing MR-only
radiotherapy leads to the possibility of avoiding uncertainties connected
to the registration of MRI to CT, which is needed when both modalities
are used.

1.2.1. Data acquisition

In contrast to CT and PET, MRI does not utilise ionising radiation in
acquiring the information needed for producing the images. Instead, MRI
is based on the excitation and relaxation of hydrogen nuclei. This means
that the information in MRI images is related to the proton density
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Figure 1.2: The difference in image appearance between an MRI T1 (left), T2 (centre) and
a CT (right). The MRI images have higher soft tissue contrast, while the bone is better
depicted in the CT image. The default windowing specified in the DICOM tags was selected
for the MRI images. The CT image is windowed according to the cerebellum preset in the
treatment planning system Eclipse (Varian). Better visualisation of the skull bone and nasal
region in the CT image can be achieved by using other window settings.

instead of the electron density equivalent information that the HUs in CT
images constitute.

The hydrogen nucleus, like other nuclei, has an intrinsic property known
as spin. These nuclei tend to line up with the field when put in a magnetic
field. In the case of the hydrogen atom, the proton has exactly two ways to
line up with the surrounding magnetic field due to its spin.[7]

When the patient is placed in the main magnetic field, also referred to as
the By field, the hydrogen atom will start to precess about the By field with
a frequency proportional to the magnetic field strength. This frequency is
called the Larmor frequency and is the frequency at which the nucleus will
absorb energy, causing it to change its alignment. The precession results
in a net magnetisation in the direction of the B field.[8]

In addition to the By field, the MRI system utilises three orthogonal
magnetic fields with a linear variation. These fields are called gradients,
and they will add to the Bj field and lead to a positionally varying
precession frequency, enabling the localisation of the MRI signal.[9]

The Larmor frequency for hydrogen atoms is in the radio frequency (RF)
range; therefore, RF pulses can be used to change the alignment of the
protons in the patient. This alignment gives a net magnetisation that is
tilted away from the B field. When the pulse has stopped, the protons will
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Figure 1.3: Image as seen in frequency space (top row) compared to image space (bottom
row). The first column illustrates the original image. The second and third columns show
how different parts of the k-space contain different information about the image. The
slowly changing parts are in the centre of the k-space (second column), representing low
frequencies. Details such as edges of different tissues are high-frequency aspects of the
image and are, therefore, farther away from the centre of k-space (rightmost column).

start to realign with the magnetic field. In the process of realigning, energy
is emitted with the same frequency as the Larmor frequency.[7]

The time it takes for the protons to realign with the main magnetic field is
called relaxation time. Two common contrasts in MRI are T1-weighted
and T2-weighted images. The T1-weighted pulse sequences depend on the
longitudinal relaxation of the net magnetisation. The T2-weighted pulse
sequences, on the other hand, depend on the transverse relaxation of the
net magnetisation. In the case of T1-weighted images, fat will be brighter
than water due to its faster relaxation. In T2-images, areas with high
water contents will appear bright, as may fatty areas. An example of the
difference between T1- and T2-weighted images can be seen in figure 1.2.

The MRI data is acquired through the readout of the frequency signals
described above. This means that the MRI raw data is in the frequency
space. This data is converted to the image space by applying the Fourier
transform to the raw data during the image reconstruction.[8] Figure 1.3
illustrates the information distribution in image space compared with
frequency space.
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In the acquisition of the MRI data, some assumptions are made, e.g., that
the By field is completely homogeneous, the applied gradient fields are
linear, the correct flip angles are achieved homogeneously throughout the
image volume, and the patient does not move during the acquisition.
These assumptions are not entirely true, and this can cause distortions
and other artefacts in the MRI images. Methods for mitigating these
effects have been and are continuously developed.[10—-12]

1.2.2. Geometric distortions

There are several sources of distortions in MRI. Some depend on the MRI
camera, while others result from outside factors. The primary sources of
system-dependent distortions are gradient-field nonlinearities and Bj
inhomogeneities. Distortions resulting from outside factors are, e.g.,
susceptibility distortions and patient motion. The fat-water shift is also a
tissue-dependent distortion caused by the water and fat having slightly
different resonant frequencies, causing the registered signal from fat to be
shifted by approximately 3.5 ppm or 440 Hz at 3 T.

1.2.2.1. Gradient-field nonlinearity distortions

Gradient-field nonlinearity is probably the main contributor to
system-dependent distortions. In imaging, the gradient fields are
assumed to be linear. The linearity of the gradient fields is, however,
imperfect. The gradient fields are, as mentioned earlier, used to encode
the signals emitted after excitation to determine the signal’s location.
Nonlinearities in these gradient fields, therefore, result in spatial
distortions in the acquired and reconstructed images.[13] The distortions
increase with the distance to the scanner isocenter. The effect of these
nonlinearities is illustrated in figure 1.4.

Several methods have been presented for correcting gradient-field
nonlinearity distortions, e.g., based on phantom measurements of field
maps [14, 15] and spherical harmonics [10]. There are now correction
algorithms on the MRI scanners that can be applied, often based on
spherical harmonics. = However, the result is imperfect, and some
distortions remain, as Walker et al.[13] show.

1.2.2.2. Patient-induced distortions

In the same way, as for the gradient field, the B field is assumed to be
homogeneous and passive shimming can be used to reduce
inhomogeneities. However, when the patient is placed in the MRI
scanner, the By field is disturbed, as illustrated in figure 1.5. The
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Position

Figure 1.4: The effect in MRI images caused by gradient-field nonlinearity illustrated by a
nonlinear gradient plotted over a patient volume showing the actual vs ideal position (left),
and two MRIimages of a test phantom fused to show the effect in actual MRI images (right).
In the latter image, the dots show the position of the phantom markers with (white) and
without (red) distortion correction applied.

magnitude of this disturbance depends on a tissue property called
magnetic susceptibility (y). Different tissues have different magnetic
susceptibilities, and the disturbances are largest in interfaces between
materials of highly different magnetic susceptibilities. For materials
relevant for the MRI imaging of patients, it can be said that the magnetic
susceptibilities of muscles and fat only have minor differences. At the
same time, the magnetic susceptibilities of air, bone, or even metal differ
significantly more.[16, 17] An example of the effect on the image from the
patient-induced susceptibility effect can be seen in figure 1.6. To some
degree, the B; field inhomogeneities induced by the patient can be
compensated for using active shimming.[18, 19]

Several methods for mapping and correcting the B, inhomogeneities have
been proposed. Some are, e.g., using field mapping [20—22] and others a
point spread function (PSF) mapping [23]. Most of these methods have
been developed for echo-planar imaging (EPI) sequences as these are
especially affected by B, inhomogeneity. The methods developed have
different advantages and disadvantages, e.g., in handling phase
unwrapping and additional scan time requirements.[24] Measurements
of patient-induced disturbances to the By field will also be affected by the
low signal from bone that is typical for MRI acquisitions.

An alternative to measuring the effect of B, field disturbances is to
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————
————
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———— e

Figure 1.5: Illustration of the homogeneous By field (left) and the effect on that field of
placing the patient in the MRI scanner (right). The effect shown to the right has been greatly
exaggerated.

Figure 1.6: Illustration of the effect of patient-induced susceptibility effect. The original
image is shown to the left. The result of the patient-induced susceptibility effect simulation
for an acquisition with a frequency encoding gradient of 100 Hz/pixel is to the right. The
difference between the original and the simulation result is shown in the middle. The edges
between tissues with a significant difference in magnetic susceptibility, e.g., air and soft
tissue, can be seen to be the most affected.
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simulate them. The local magnetic shifts after Lorentz sphere correction
in the Fourier domain, by ., is given by

1 k
bigcal = 10 <3m - ﬁk : m) (1.2)

where p is the vacuum permeability, k is the position in the Fourier
domain, and m is the Fourier transform of the magnetisation (M), given
by

xBo

= —0— (1.3)
po (x + 1)
where Y is the magnetic susceptibility [25].
From this, a displacement map —D>(a:, y, z) can be calculated as
= x J z
D(z,y,2) =+ Plx,y,2) . (1.4)

" |BW.’ BW, BW,

where = is the resonance frequency, P(z,y,z) is the inverse Fourier
transform of by, BW; is the bandwidth (Hz) per voxel in the i-th
direction, and x, g, and 2 are the position vectors.[26]

Another method of simulation based on calculating the magnetic
permeability iteratively is presented by Stanescu et al.[27]

1.3. Positron emission tomography

In PET imaging, a radiotracer is injected into the patient. The
radiotracers are constructed of molecules with a positron-emitting
isotope. The molecules used are selected to mimic molecules connected to
the function studied. For example, the glucose analogue '*F-FDG is used
to examine tumours that have enhanced glucosis.

When the isotope in the radiotracer decays, the positively charged
positron emitted interacts with an electron close to the decay site. In this
interaction, the positron and electron are annihilated. In this
annihilation, their energy is converted to two gamma photons, each of
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Figure 1.7: Ilustration of a patient PET/CT scan. To the left, the patient is placed in the
camera, and inside the patient, the radiotracer decays. The decay interacting with the light
green detector elements in this image illustrates a true coincidence. The interaction with
the pink detector elements shows a scattered coincidence, and the blue detector element
interaction illustrates a random coincidence. The PET data is acquired into a sinogram
(centre), but it is also possible to acquire the data in list mode. The acquired data is then
reconstructed and fused with a CT scan of the patient.

approximately 511 keV. These gamma photons, called annihilation
photons, will generally be emitted in approximately opposite directions.

1.3.1. Data acquisition

The PET scanner is constructed with multiple rings of detectors in which
the patient is approximately centred. The detectors are constructed from
crystals in combination with a photomultiplier tube (PMT), an avalanche
photodiode (APD) or a silicon photomultiplier (SiPM). The crystal converts
the detected photon energy into light. This light is then converted into an
electrical signal by the PMT, APD or SiPM.

An energy window for 511 keV eliminates signals from other photons.
Only detected photons in this energy window are considered a detection.
In addition, a time window is used to determine which detections from
different detectors could originate from the same annihilation event.
Such detection events are called coincidences. The width of this time
window depends on the time resolution of the detector crystal. Between
detectors involved in a coincidence, an imaginary line, called a line of
response, is drawn, indicating that the annihilation event occurred along
that line.

When the photons involved in a coincidence originate from the same
annihilation event, the coincidence is called a true coincidence. There is
also the possibility of two annihilation events occurring almost
simultaneously and only one photon from each being detected. Such
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events are referred to as random coincidences.

The photons may also be scattered on their way from the annihilation event
to the detector. In this case, the direction of the photon is altered, and if the
energy loss is low enough, the photon may yet be considered as detected.
Such an event leads to a false line of response, thus contributing to a loss
in contrast and incorrect quantification in the reconstructed images. These
different kinds of events are illustrated in figure 1.7.

The raw data from PET is stored in either a list of coincident events (list
mode) or in sinograms. While the list mode is more flexible, the data is
converted to sinograms before reconstruction.

One of the corrections used, and also the largest one, in PET, is attenuation
correction (AC). This is a correction for the number of photons that are
absorbed or scattered in such a way as to avoid detection. The probability
of such an event occurring depends on the annihilation event’s location.
Assuming that the annihilation photons are emitted in opposite directions,
the probability that both photons will reach the detectors, Py, from an
annihilation event at depth x can be expressed as

Pger = e 1. e #(T=0) — o=l (1.5)

where p is the linear attenuation coefficient, and 7 is the thickness of the
imaged object.[28] As can be seen here, Py, is independent of where in the
imaged object along the line of response the annihilation event occurred.

1.3.2. PET/MRI

The combination of PET with a CT to get the anatomical information from
CT with the functional information from PET is well established. In
addition to the better soft tissue contrast that can be achieved in MRI
imaging compared to CT, a PET/MRI system also enables simultaneous
acquisition of the PET and MRI images. The information in the PET and
functional MRI often complement each other, and the combination
outperforms the modalities by themselves [29].

The PET/MRI combination brings new challenges for instrumentation
and system design as well as for the accuracy of quantitative
measurements. The PMTs that have been standard in the PET/CT
combination can not be used as they are sensitive to the strong magnetic
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field of the MRI. In later clinical PET/MRI implementations, SiPMs are
used instead. The SiPMs are insensitive to the magnetic field and have
good timing resolution. The timing resolution has been reported to be
better than 300 ps for digital SiPMs, and a timing resolution better than
200 ps has been reported feasible. This can be compared to 500-600 ps
for conventional time-of-flight-capable PMT-based detectors in PET/CT
scanners.[30]

There is also a problem with the AC that requires information on the
linear attenuation coefficients in the imaged object. There are multiple
challenges to consider here. The MRI data is generally information on the
proton density instead of the electron density or equivalent information
necessary for the conversion to attenuation data. This is a problem for
radiotherapy treatment planning (RTP) and attenuation correction in
PET that require information on attenuation. In addition, bone and lung
tissues give very low MRI signals. The transaxial field of view (FoV) of
MRI is also limited and, for some areas imaged, smaller than the patient,
causing truncation of, e.g., the arms. Susceptibility artefacts from
interfaces between tissues, as well as from non-body-specific materials,
can affect the attenuation map. Water-fat inversion and motion artefacts
also have detrimental effects.[31]

To achieve attenuation maps for PET/MRI systems, the MRI images can
be converted into electron density equivalent information, e.g., through
segmentation-based or atlas-based methods. Machine learning has also
been used to improve the accuracy of the attenuation map and, thereby,
the PET quantification.[32] Several methods have been developed for this
conversion of data based on segmentation [33—35] and atlas and machine
learning [36—39].

Clinically, different vendors provide different correction methods. Philips
Healthcare uses a three-class segmentation based on T1-weighted images.
Siemens Healthineers and GE Healthcare both base their attenuation
maps on Dixon sequences. Siemens Healthineers use a four-tissue
classification method for creating the attenuation map. GE Healthcare
assigns continuous values based on the Dixon fat-water images for the
body and an atlas-based method for the head.[31] Water-fat inversion in
Dixon scans has been reported to cause up to 35% non-uniformly
distributed error in quantitative PET images [40].

It is also possible to use emission data to estimate the attenuation. This
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Figure 1.8: An example of a DVH of a treatment plan showing the data for the PTV and one
OAR. In the RTP evaluation, the dose distribution of the PTV is evaluated by the Dggy, Dso%,
and D,y measures, also known as the near-minimum, median, and near-maximum dose,
respectively. These measures are defined as the dose given to 98%, 50%, and 2% of the
volume. In this example, the prescribed dose to the PTV was 25 Gy. While the dose to the
PTV should be kept as close to the prescribed dose as possible for the entire PTV volume,
the dose to OARs should be kept as low as possible, which often results in the characteristic
shapes of the DVH lines shown in this example.

can, e.g., be used to deal with truncated data.[31, 32, 41]

1.4. Radiotherapy

Radiotherapy is one of the treatments prescribed to cancer patients.
Here, ionising radiation is used to treat the patient with either a curative
or palliative intent. The goal of radiotherapy is to treat the tumour cells
with a high dose of ionising radiation while keeping the dose low for other
organs in the vicinity of the tumour. These other organs are usually called
OARs. The result of an RTP is often represented in evaluation by a
dose-volume histogram (DVH), illustrated in figure 1.8. The DVH relates
the dose to the target, or planning target volume (PTV), and OARs to their
respective volume.

Radiotherapy can be divided into multiple subcategories, such as external
beam radiotherapy, brachytherapy, and radionuclide therapy. In this
work, radiotherapy will mean external beam radiotherapy unless
otherwise specified. For most radiotherapy treatments, medical imaging
with CT and/or MRI is included in the workflow for tumour delineation
and treatment plan calculation. For some diagnoses such as prostate and
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head & neck cancers, PET is sometimes also used to, e.g., identify
metastases.

The main purposes of the images used in RTP are serving as a
representation of the patient’s anatomy, delineating the target and OARs,
and calculating the dose to the tumour and OARs.[42] The gold standard
for RTP images is CT. The CT provides anatomical images with good
geometric accuracy, and the bony structures are well defined. However,
the tumours and most OARs are soft tissues with small differences in
linear attenuation coefficient values. @ This makes them hard to
differentiate in the CT images. As previously mentioned, MRI has
superior soft tissue contrast to CT, making it an interesting imaging
modality for delineation and staging of tumours.

At the beginning of this work in 2014, MRI was increasingly combined with
CT in the RTP workflow to provide better target delineation [43]. Now, the
imaging modality of choice for the visualisation of tumours is MRI [44—47].

Initially, MRI images were only used as a secondary information source,
co-registered to a CT for RTP. However, the registration process may lead
to errors due to uncertainties in the registration and anatomic movement
between the imaging sessions. The MRI to CT registration errors have
been reported to be approximately 2.2 mm for brain cancer patients [48]
and approximately 2 mm for prostate cancer patients [49]. The errors
introduced will, to some degree, depend on the choice of registration
structures [42].

Any uncertainties have to be considered when optimising the treatment
plan to reduce the chance of the tumour being under-dosed. To achieve
this, safety margins are added to the delineated gross target volume
(GTV) to produce the clinical target volume (CTV) and PTV [50]. This,
however, has the side effect of increasing the risk of damage to healthy
tissue. Damage to healthy tissue can cause a number of side effects,
severely impacting the patient’s quality of life even after the treatment
[51].

Modern techniques such as intensity-modulated radiotherapy (IMRT)
and volumetric-modulated arc therapy (VMAT) enable a more flexible
dose delivery than conventional conformal radiotherapy. This allows for
non-homogeneous dose distributions where tumour sub-volumes can be
treated with a higher dose, called boost dose, than the rest of the target
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Figure 1.9: The difference between a workflow based on the combined use of CT and MRI
and an MR-only workflow.

[52]. This concept of distributing radiotherapy treatment dose with
boosts to parts of the tumour is called dose painting. It can, hopefully,
produce increased tumour control without increasing, or even decreasing,
the side effects [45].

1.4.1. MR-only radiotherapy

A workflow using the MRI for the primary image set, meaning that it is
used for treatment optimisation and calculation as well as for delineation,
is often referred to as MR-only radiotherapy. The meaning being that the
CT set has been excluded from the workflow.

An often mentioned advantage to an MR-only workflow is the exclusion
of possible registration errors between CT and MRI images in a workflow
encompassing both CT and MRI [44, 53—57]. The possibility of decreasing
the spatial uncertainties in the workflow has been shown for an MR-only
workflow compared to a CT-based workflow for prostate treatments [55].
Another benefit is that the CT acquisition is rendered unnecessary.[42] The
difference between an MR-only workflow and a workflow utilising both CT
and MRI is illustrated in figure 1.9.

One of the main challenges with MR-only radiotherapy is that the MRI
data does not represent tissue properties that can be directly translated to
the linear attenuation coefficients needed for dose calculation. Therefore,
much effort has been put into methods for converting MRI data into CT
equivalent data in the form of substitute CTs (sCTs).[58, 59] Bone gives
no or very low signal in MRI due to its extremely short relaxation time.
This can lead to problems for sCT generation. Some methods presented
mitigate this problem by utilising ultra-short echo time (UTE) [60] or
zero echo time (ZTE) [61, 62] protocols to get some signal from bone,
making it easier to distinguish bone from air.
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Following the artificial intelligence (AI) trend, multiple methods based on
deep learning have been presented in later years.[62—65] Two recent
reviews have summarised works related to deep learning for sCT
generation. They found that deep learning-based methods have improved
sCT accuracy compared to model-based methods.[66, 67] While the
dosimetric differences may be negligible for VMAT implementations, the
improved accuracy has more impact on proton therapy and when the sCT
is used as a base for the PET reconstruction’s attenuation map [66].

Wang et al.[66] point out that the geometric accuracy of generated sCTs
depends on the geometric distortions in the MRI images in addition to the
sCT generation model used. While these distortions can not be removed
entirely, there are methods to mitigate them. However, this mitigation
often leads to unwanted effects, such as increased noise in the MRI
images.

For the clinical adaptation of the MR-only radiotherapy workflow, a
quality assurance (QA) procedure that ensures the correct treatment of
patients is necessary. No such process has yet been established to ensure
that the quality of the generated sCT is high enough for clinical use [68].
Consensus guidelines have been presented for PET/MRI QA for a
diagnostic setting [69]. However, the requirements differ somewhat from
a radiotherapy setting. For example, radiotherapy requires a higher
geometrical accuracy over the entire FoV and reproducible patient
positioning [70].

1.5. Problem specification

The use of MRI in radiotherapy has been increasing over time to reduce
delineation uncertainties in the radiotherapy workflow. Later, the
PET/MRI combination was introduced into the market. At the start of
this work, the first two PET/MRI machines in Sweden were being
installed in Umed and Uppsala. For the combination of these two
modalities, the MRI information has to replace the information from CT
images that constitute the gold standard for creating AC maps. MRI
images are, however, always distorted to some degree.

When MRI was first introduced into the radiotherapy workflow, there
was a large focus on distortions from gradient-field nonlinearity and
inhomogeneities in the B, field. However, the size of these distortions
was significantly decreased by the introduction of distortion correction
algorithms and improved MRI scanners.[71]
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Patient-induced distortions, e.g., from motion and patient-induced
susceptibility effect, cannot be corrected in the same way as the
system-dependent distortions. Therefore, the largest source of distortions
at the moment can be the patient itself. Patient-induced susceptibility
effect is more difficult to handle than gradient-field nonlinearity
distortions due to the patient-dependence preventing methods using
physical phantom measurements.

This thesis has focused on investigating the effect of geometric distortions
in MRI images on MR-only radiotherapy and PET/MRI.



2, Aim

The overall aim of this thesis was to increase our understanding of the
effect of MRI-related distortions and artefacts on RTP and PET
reconstruction. Specifically, the objective was to, through this
understanding, find references for setting up QA plans for the
introduction and use of MRI and PET/MRI in an MR-only workflow for
radiotherapy.

The work in this thesis was divided into four projects with the specific aims
of

« describing the effect of gradient-field nonlinearities induced
distortions on PET AC (Paper I),

« finding a method for determining patient-induced susceptibility
effects (Paper II),

« evaluating the dosimetric effect of residual distortions from system-
related factors and patient-induced susceptibility effect (Paper III),

« and providing a proof of concept for a method for quality control (QC)
of sCT generation for RTP and AC that could be used for validating
generated sCTs while the patient is still in the scanner (Paper IV).

In the first three papers, the investigated MRI distortions were simulated
onto CT images to isolate the effect of the specific distortion or distortions
investigated. In the last work, the validation method investigated was
comparing measured and simulated patient-induced susceptibility
effects. Both the measurement and the simulation were based on MRI
images from the same imaging session.
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3. Materials and methods

Quality assurance of MRI for use in PET reconstruction and RTP is a
multifaceted problem with several parameters leading to similar effects in
the resulting MRI images. This leads to difficulties in determining the
effect of each parameter separately. In this thesis, the effect of different
parameters has been studied by isolating the effect of parameters through
simulations.

3.1. Paperl

Reconstruction algorithms for PET use electron density equivalent
information from, e.g., CT images, to create an attenuation map (u-map).
The p-map is then used to correct the PET signal for absorption and
scattering of the annihilation photons. In the case of PET/MRI, the
pu-map is based on MRI images; therefore, gradient-field nonlinearity
effects can affect the validity of the intensities in the PET images.

3.1.1. Data collection

In Paper I, retrospective data from eight prostate cancer patients’ PET/CT
examinations were selected. The acquisitions and reconstructions were
performed on a Discovery 690 PET/CT (General Electric, WI, US) at the
Nuclear Medicine Department, Umeé University Hospital.

3.1.2. Approach

The effect of gradient-field nonlinearity distortions was simulated in CT
images. This was done to isolate the effect of the gradient-field
nonlinearity-related distortions from other MRI-related distortions. The
images with the isolated gradient-field nonlinearity caused distortions
were achieved by applying the inverse of a gradient-field nonlinearity
correction. Quantifiable remaining distortions were then produced by
modifying the parameters of the corrections before applying them. By
rerunning the PET reconstruction on the distorted images, the distortions
on the PET images resulting from the different levels of remaining
gradient-field nonlinearity effect could be determined. This workflow is
illustrated in figure 3.1.

3.2. PaperlIl

This work presents a method for simulating variations introduced into the
main magnetic field by the patient and the distortions to the MRI images
these variations cause. An approximate magnetic susceptibility map over

19
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Figure 3.1: Workflow for simulating the effect of gradient-field nonlinearity on PET
reconstruction. The patient’s CT volume was split up into slabs of an axial size representing
the MRI scanner FoV. The inverse distortion correction was applied to each slab before
applying the actual correction. The correction was run multiple times for each slab with
changes to the lowest order coefficient with a factor in the interval 0.7-1.3. The slabs with
the same distortion correction applied were then merged before reconstructing the PET
data based on the distorted and corrected AC datasets.

the patient can be created based on patient CT or CT-equivalent images.
The effect on the By field (by.q) after Lorentz sphere correction can be
calculated according to equation 1.2 based on this susceptibility map.

3.2.1. Data collection

For the validation of the simulation method, data representing digital
phantoms corresponding to a sphere and a long cylinder was created and
run through the simulation workflow, as illustrated in figure 3.2.

We used retrospective data from full-body CT scans of eight prostate cancer
patients to evaluate the simulation result in patient images. The scans were
acquired with a Discovery 690 PET/CT (General Electric, WI, US) at the
Nuclear Medicine Department, Umeé University Hospital.

3.2.2. Approach

This study used CT images as the basis for the simulation to avoid other
MRI-related distortions in the images. In addition, the HU of the CT
images can be related to the tissue in a way that is not easily done for MRI
image intensities and thereby translated into approximate values for
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Figure 3.2: Workflow for simulating the patient-induced susceptibility effect distortions
in MRI images. The HU values of patient CT images are converted to magnetic
susceptibilities. The local B field is then simulated based on these magnetic susceptibility
maps. From the local Bo-map, the resulting distortions are calculated. The simulation is
validated by discretising digital phantoms of a sphere and long cylinder into CT-equivalent
images and running them through the HU-to-magnetic susceptibility conversion and local
By simulation, and comparing the result with the analytical solution for calculating the
local By of the two geometric forms.

magnetic susceptibility. The patient-induced susceptibility effect was
simulated onto digital phantoms created by translating the HU of the
patient CT images to magnetic susceptibility values based on the
approximate tissue they represent. These magnetic susceptibility maps
were the input into a simulation algorithm implementing the theory
previously presented by Rochefort et al.[25] From the resulting local B
field maps, a displacement map was calculated. The displacement map
was then normalised to field strength and bandwidth. The median, 95"
percentile, and max range of the simulated displacement were
determined for the neck, lungs, thorax with the lungs excluded, and
pelvis, respectively.

The presented method was validated by comparing the analytical solutions
for a sphere and a long cylinder with their respective simulated result. The
workflow for the simulation and validation can be seen in figure 3.2.

3.3. Paper III

In the third paper, we looked at the dosimetric effect of residual MRI
distortions on head and neck cancer patients. A combination of MRI
scans of a phantom for measuring residual system distortions (Spectronic
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Medical, Helsingborg, Sweden) and CT scans of patients was used as the
basis for residual distortion simulations. Patient-induced susceptibility
effect from simulations based on the method developed in Paper II was
included in the residual distortions for which the resulting dosimetric
effect was evaluated.

3.3.1. Data collection

The MRI scans of the residual distortion measurement phantom were
acquired on a SIGNA 3T PET/MRI (General Electric, WI, US) scanner.
The CT scans were retrospective data from either a Philips Brilliance Big
Bore (Philips, Amsterdam, Netherlands) or a Siemens Emotion 6
(Siemens Healthcare, Erlangen, Germany).

3.3.2. Approach

The workflow for this work is visualised in figure 3.3. The residual image
distortions were determined by combining phantom measurements of
system-related distortions with simulations of patient-induced
susceptibility effects using the method developed in Paper II. Synthetic
representations of MRI images with remaining distortions were achieved
by applying these combined distortion fields to the patient CT images.
Additionally, the effect of shimming the entire volume compared to a
specific region of interest (ROI) was investigated using an in-house
Matlab algorithm applied to the local By field maps resulting from the
patient-induced susceptibility effect simulations. After applying the
measured and simulated residual distortions to the patient’s CT images, a
dose plan was optimised and calculated on the original CT and then
recalculated on the distorted image sets. Finally, the dose plans from the
distorted image sets were compared to their corresponding dose plan on
the original image set.

3.4. PaperlIV
In Paper IV, we investigated the possibility of comparing measured and

simulated By-maps as a QC of sCT generation for RTP and AC. The method
presented in Paper II was utilised for producing simulated By-maps.

3.4.1. Data collection

MRI scans were acquired for six patients in the pelvic region and one in
the head & neck region on the same PET/MRI scanner used in Paper III.
In this study, an IDEAL IQ sequence was added to the clinical scans for all
patients to acquire By-maps. In addition, a ZTE sequence was added for
the sCT generation for the head & neck patients. The T2 sequence used
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Figure 3.3: Workflow for the study on the dosimetric impact of MRI distortions on head
and neck cancers. The patient-induced susceptibility effect is simulated using the method
presented in Paper II. Before the resulting distortions are calculated, the resulting local By
field is shimmed, either on a specific ROI or for the entire imaged volume. The simulated
patient-induced susceptibility effect distortions are combined with the measured residual
system-related distortions and applied to patient CT images. A dose plan is optimised and
calculated on the original patient CT image sets and then recalculated on the distorted
image sets. The dose maps from the distorted image set calculations are then compared
with the original dose map.

for sCT generation for pelvic patients was already part of the clinical
routine. The sCT generation was performed using MriPlanner version
1.1.7 (Spectronic Medical AB, Sweden) for the pelvic patients and a region
of interest focused regression and -classification multi-task network
method by GE Healthcare[62] for the head & neck region.

3.4.2. Approach

This study used the method presented in Paper II to investigate the
feasibility of performing QC of generated sCT-images based on
comparisons between simulated and measured Bj-maps. Before
comparing the measured and simulated Bj-maps, an external patient
mask was applied to the By-maps, and they were normalised to the mean
value in the patient volume. The entire workflow is illustrated in figure

3.4.

3.5. Ethical considerations

No part of this work affected the treatment of any of the patients from
which data were included in the studies. All patient data used in Paper
I-IIT was retrospective data. For the patients included in Paper IV, MRI
sequences for measuring the Bjy-map (all patients) and a zero-TE
sequence for generating sCTs for the head and neck patients were added
after informed consent from the patients (Dnr: 2019-02666).
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Figure 3.4: Workflow for comparing measured and simulated By-maps to identify errors
in a generated sCT for MR-only radiotherapy and PET reconstruction. Before simulating
the Bo-map, a patient mask based on the HU values is applied to the sCT images. A
corresponding patient mask based on the MRI images is applied to the measured By-
map. Both the simulated and measured Bo-maps are normalised, and the simulated Bo-
map images are resampled to the size of the measured By-map before comparing spatial
variation images of the two By-maps.

All data was anonymised with Dicom2usb or MIQA Anonymize before
access to the data was given to the authors of the papers.



4. Results

4.1. Paperl

This study simulated MRI gradient-field nonlinearity distortions onto CT
images to isolate their effect. Before applying distortion correction, the
simulated distortions had a mean radial distortion of 6.3 mm at 15 cm
and 2.2 mm at 10 cm radius. With the distortion correction applied, the
corresponding numbers were +2.3 mm at 15 cm radius and +0.8 mm at
10 cm radius, calculated over all versions of the distortion correction
included in this study.

The effect of the simulated gradient-field nonlinearity distortions on PET
reconstruction was found to be less than +5% for reconstructions based on
imperfectly corrected image sets compared to reconstructions. The results
also showed that the distortion and, with that, the relative difference in the
reconstructed PET images increases with patient size.

4.2. PaperlIl

The study aimed to develop a method for simulating the result of the
patient-induced susceptibility effects. While the patient-induced
susceptibility effect cannot be entirely avoided in MRI acquisitions, the
geometric distortions it causes can be mitigated by increasing the
frequency encoding bandwidth and/or shimming.

This study developed and implemented a simulation method in Medical
Interactive Creative Environment (MICE). The program’s name has now
changed to Hero (see https://www.heroimaging.com). The method
validation showed the simulated changes to Bj being within 0.03 ppm
and 0.3 ppm of the analytic calculations of a sphere and long cylinder,
respectively.

The largest distortions across patients were 127% of the fat-water shift
and were found in the lungs. The region affected the least by the
patient-induced susceptibility effect was the pelvic region, which had a
maximum distortion across patients of 85% of the fat-water shift.

4.3. Paper III

This study aimed to evaluate the effect of MRI geometric distortions on
MR-only RTP for head and neck cancers.

The ratio of voxels with distortion shifts larger than 2 mm from
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gradient-field nonlinearity was determined to be 15.4% and 0% for
frequency encoding bandwidths of 122 Hz/mm and 488 Hz/mm,
respectively. The mean combined distortion range from gradient-field
nonlinearity and patient-induced susceptibility effect was found to be in
the range 0.6-2.9 mm for a bandwidth of 122 Hz/mm, and 0.2-0.9 mm
for a bandwidth of 488 Hz/mm. The distortion was generally lower in
areas with smaller differences in magnetic susceptibility.

Applying a user-defined ROI shimming where the ROI covered the PTV led
to increased geometric shifts outside the shimmed volume. This led to as
much as 56.0% of the voxels in the brains having larger geometric shifts
than 2 mm.

The Dsp dose difference in per cent between the treatment plans
calculated in the original and distorted CTs was below 1% for all patients.
For the lower bandwidth of 122 Hz/mm, the Dy, Dggy, and Vgs was
0.1% + 0.6%, 0.7% + 1.0%, and 0.2% + 0.7%, respectively. The
corresponding values for the 488 Hz/mm disturbed images were,
0.0% + 0.3%, 0.6% + 0.6%, and 0.2% + 0.3%.

4.4. PaperlV

The introduced concept for sCT QC could highlight areas mismatching
between the collected MRI and the corresponding sCT. These areas were,
e.g., represented by bowel air, metallic hip implants, and patient contour
errors. However, a single slice area in the brain region that was
erroneously classified as air in the sCT was not clearly highlighted.



5. Discussion and conclusion

Quality assurance is an essential part of ascertaining a system’s function.
As such, it is crucial to implement a QA regime for systems such as
PET/MRI, not least when used in radiotherapy. In ICRU 24 [72], a total
dose delivery accuracy of 5% was suggested as a goal. Other suggestions
have come later, e.g., by Mijnheer, Battermann, and Wambersie, who
suggest a general goal of 3.5%[73].

In a review, Ahnesjo and Aspradakis concluded that a dose calculation
accuracy of 1% would be sufficient as an ultimate future goal [74]. The
dose calculation accuracy, together with the geometric accuracy and
correct conversion to electron density information of the images used in
the RTP, determine the quality of the resulting treatment plan. All three
are integrated into the DVH analysis. There have been suggestions on
which tolerances to use for geometric accuracy in MR-only radiotherapy,
some suggesting an upper limit of 2 mm while others have suggested <1
mm instead. It could be argued that the tolerance level could differ
depending on factors such as diagnosis and treatment methods. High
precision treatments aimed at the head would, e.g., benefit from
sub-millimetre geometric accuracy, while a prostate cancer treatment
perhaps could allow for larger geometric inaccuracies.

The effect of geometric distortions is also of importance for PET
reconstruction where they could, e.g., cause errors in the standardised
uptake value (SUV) quantification. In addition to these distortions,
objects, such as the patient table and RF coils, contribute to attenuation
and scattering in PET/MRI [32]. In contrast to PET/CT, these objects are
generally not included in the images constituting the base for the PET
attenuation map. For objects fixed in the scanning geometry, it has been
shown that they can be corrected for, e.g., by incorporating transmission
measurements of the objects in the attenuation maps. This approach can
even be more accurate than CT measurements since CT streak artefacts
from high-density metallic implants are avoided.[75] However,
distortions caused by the patient-induced susceptibility effect cannot be
corrected by incorporating a general correction into the attenuation map
as they depend on the patient’s anatomy. There is also the possibility that
the geometric distortions could cause displacements between the PET
and MRI data which could cause difficulties in some medical
assessments. However, this has not been investigated in this work.
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5.1. System-dependent distortions

The main contributor to system-dependent geometric distortions is
gradient-field nonlinearities. While they can generally be mitigated by
applying vendor-provided corrections, that setting is not always the
default. However, it is recommended to apply this correction for MRI in
radiotherapy [76].

Multiple studies have been performed measuring the residual
gradient-field nonlinearity using phantom measurements [13, 15, 77—81]
to determine their residual distortions or effect. The effect of the residual
distortions on RTP dose has been reported to be small [80, 82].

The result from Paper I showed that the effect of gradient-field
nonlinearity should not be a hindrance to using MRI for PET
reconstruction, as long as corrections for gradient-field nonlinearity were
applied. However, the results from the study also highlighted the effect of
body mass index (BMI) on reconstructing PET data based on
non-distortion corrected images. This could be attributed to the radial
nature of these distortions and the fact that a larger BMI generally
indicates a larger radius of the patient volume.

5.2. Patient-induced susceptibility effect

Some studies have examined the effect of patient-induced susceptibility
on MRI examinations [27, 83—85]. Distortions from the patient-induced
susceptibility effect scale with the field strength, the difference in
magnetic susceptibility between adjacent tissues, and frequency encoding
bandwidth [27] and can therefore be reduced by increasing the frequency
encoding bandwidth. This increase, however, leads to a decrease in the
signal-to-noise ratio (SNR). Therefore, the goal in optimisations of
acquisition parameters with regard to patient-induced susceptibility
effect would be to find the lowest frequency encoding bandwidth that
yields acceptable geometric distortions.

The method for simulating the patient-induced susceptibility effect and
the resulting geometric image distortions, presented in Paper II, showed
results in agreement with analytical calculations. The simulations
performed on patient CT images also resulted in distortions of
magnitudes in agreement with other studies [27, 84].

An alternative to simulating the patient-induced susceptibility effect is to
measure the distortions using By-maps. These By-map measurements
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have their own challenges, such as the need for phase unwrapping and the
low signal from bone. The possibility of using the information in the
By-map for a degree of distortion correction has also been shown [86].

Simulations based on susceptibility maps, that can be constructed from
CT images, as in Paper II, can be run at a later stage while the
measurements have to be performed while the patient is in the scanner.
Therefore, simulation methods could, e.g., be useful for studies looking at
preexisting data where no Bjy-map measurements exist. Comparing
simulated and measured By-maps could also be desirable, as described in
Paper IV.

Shimming can be applied to mitigate the B, inhomogeneities caused by
the patient-induced susceptibility effect. In addition to shimming the
whole patient volume, user-defined local shimming is possible. Using the
latter might, however, increase distortions outside of the locally defined
ROI [87], as shown in Paper III’s result.

Paper III showed that the difference in dose distribution between
undistorted and distorted data could be kept below 1%, with a frequency
encoding bandwidth of 488 Hz/mm, and applied 3D gradient-field
nonlinearity correction and shimming of the entire patient volume. This
finding corresponds to values found in other studies investigating other
anatomic sites [80, 82, 85, 88]. However, the uncertainty contributes to
the total dose delivery uncertainty mentioned in the introduction to this
chapter. Therefore, it might be of interest to improve this further or to
improve the accuracy in conversion from MRI data to electron density
information in order to be able to keep the total dose delivery uncertainty
as low as possible.

5.3. Quality assurance
There have been discussions on how to set up the QA of MR-only
radiotherapy. In addition, with the advent of the hybrid PET/MRI

systems, the QA discussions were widened to encompass parameters that
can affect PET AC.

For MR-only radiotherapy, suggestions for controls to perform as part of
the QA have been proposed. The suggested methods can be divided into

measurement based [89—92] and statistical approaches [43].

Among the measurement-based methods, EPID dosimetry [89] and
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cone-beam CT (CBCT) [90—92] have been suggested. These methods
were shown to be feasible for QA of the sCT generation. However, both
methods suggest performing the validation at the time of the first
treatment fraction. That is, after the patient has left the MRI scanner and
the RTP has been performed. This can be considered late in the patient
workflow, and it would be preferable to find any errors in the MRI to sCT
conversion while the patient is still in the MRI scanner.

The method presented in Paper IV highlights the differences between the
MRI and the corresponding sCT. This could be applied in the QA of sCT
images used for RTP or as a basis for the attenuation map for PET/MRI. For
the latter, the method could be used to indicate areas where the attenuation
map could lead to an impaired AC.

In a recent paper, Kurz et al.[93] mentioned online QA as a requirement
for full exploitation of the imaging capabilities for treatment adaptations
of MRI-guided radiotherapy (MRIgRT). It could be argued that the
measurement vs simulation method presented in Paper IV could be a
valuable step in the patient-specific QA in such an online workflow QA.
However, the time constraints for such a workflow would necessitate
automation and significant speedup in creating the comparison maps.
One essential part of the automation would be to remove the
time-consuming task of visually inspecting the resulting comparison
maps, e.g., by training a machine learning network to the task.

5.4. Conclusions

Geometric distortions in MRI are always present. These distortions will
affect MR-only radiotherapy and PET/MRI reconstruction results.

The effect of different levels of residual errors from gradient-field
nonlinearity distortion was examined.  The analysis showed that
gradient-field nonlinearity does not contradict the use of MRI data as the
basis for the attenuation map in PET reconstruction as long as the
vendor-supplied distortion correction is applied.

A method for simulating patient-induced susceptibility effects based on
susceptibility maps that were created from CT images was developed. The
method was validated against analytical calculations, and the results of
simulations based on patient CT images were in agreement with similar
studies.
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The developed patient-induced susceptibility effect simulation method
was used to determine the effect of MRI geometric distortions on
MR-only RTP for head and neck cancers. This study combined the effect
of residual system-dependent distortions with the patient-induced
susceptibility effect. The potential benefit of patient-specific shimming
was also investigated. The study found the overall effect of MRI geometric
distortions on RTP for photon treatments to be clinically insignificant. It
was shown that shimming over the entire imaging volume decreased
distortions, while patient-specific subvolume shimming can introduce
significant errors in nearby organs.

Finally, a concept for identifying errors in patient-specific MR-only
attenuation maps and sCTs was introduced. The comparison of measured
and simulated By-maps, presented as error maps, indicates problematic
areas in the attenuation map or sCT. Methods based on the concept could
be a base for other algorithms that could indicate problematic attenuation
maps and sCTs with the patient still inside the MRI scanner. Indicated
problems could trigger an optional rescan that could be performed
without needing a patient to be called back.

The work in this thesis has contributed to the knowledge and methods
needed for the considerations necessary for optimisation and for setting
up a QA protocol for PET/MRI and MR-only radiotherapy.






6. Future perspectives

A comprehensive QA protocol for MR-only radiotherapy, including
PET/MRI, has yet to be presented. The goal of such a protocol would be
to have tests that validate data as early as possible to reduce the extra
costs, time, and patient discomfort that redoing a step later in the process
encompasses.

Based on the studies performed on different types of MRI geometric
distortions and their effect on PET reconstruction and RTP, a good
starting point exists for developing QC tests that would be a part of a
comprehensive QA protocol.

While there have been tests presented for validation of generated sCTs,
they generally run late in the treatment workflow. The problem with this
is that recalling the patient at a later time to redo the imaging can delay the
patient’s treatment and cause extra discomfort for the patient. In addition,
the workload of the clinical staff is increased. The goal should therefore be
to achieve a workflow where QC checks are run as close in the process as
possible to the imaging. One such method could be the concept presented
in Paper IV. Continued work on the presented concept could improve this
part of the QA protocol.

A patient-dependent type of distortion not covered in this thesis is motion
artefacts. In PET/MRI, the PET data is collected for an extended time,
while the attenuation map only represents a moment in time. Patient
motion during the PET acquisition would then cause a mismatch between
the acquired and true attenuation map. In radiotherapy, the images used
as the basis for medical decisions are not the same as those used for the
RTP. Motion can, in this case, cause a shift between the different image
sets, causing effects similar to geometric distortions from gradient-field
nonlinearity and patient-induced susceptibility effect. Improved
management of respiratory motion in MRI could also increase the areas
where MR-only radiotherapy is feasible to include the lung and upper
abdomen regions.
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