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Popularvetenskaplig sammanfattning

Artros ar en vanlig sjukdom som paverkar ett antal olika leder i kroppen. Den vanligaste av dessa ar
knéartros, som utgor omkring 85 % av alla atrosfall. Sjukdomen paverkar alla delar av leden, speciellt tydlig
ar effekten pa ledbrosket som fortunnas och till slut bryts ner helt. Denna process kan leda till stora besvér, sa
som smérta och minskad rorlighet, men i nuldget finns mycket fa behandlingsalternativ for den som drabbas.
For att fa en béattre forstaelse for sjukdomsforloppet och darigenom férbéattra behandlingsmojligheterna
krévs undersokningsmetoder som gor det mojligt att upptécka tidiga tecken pa artros. Tack vare sin goda
mjukvivnadskontrast kan undersdkning med magnetkamera (MR) vara ett bra alternativ. En relativt ny
MR-baserad teknik &r métning av magnetisk susceptibilitet (QSM), som syftar till att fran MR-bilder ta
reda pa vavnaders magnetiska egenskaper.

Magnetisk susceptibilitet beskriver hur ett material reagerar pa ett yttre magnetfalt, vilket har betydelse for
hur magnetfaltet runt materialet paverkas. Fran material med negativ susceptibilitet kommer en storning
av det yttre faltet ske som resulterar i ett ldgre magnetiskt falt lokalt, medan material med en positiv
susceptibilitet gér motsatsen. Inom MR anvénds en kamera med ett starkt magnetiskt falt, vilket paverkas
av susceptibiliteten i materialet som avbildas. Detta utnyttjas inom QSM, dar storningar i magnetkamerans
falt anvands for att méata susceptibiliteten hos materialet som orsakade dem.

QSM har framfor allt anvants for undersokning av hjarnan, men studier har dven gjorts dar tekniken
anvants for bildtagning av knéleden. Problem uppstar dock nar QSM ska anvéndas i omraden med mycket
omkringliggande fettvivnad eftersom MR-signalen fran denna stor QSM-berikningen. Detta har hanterats
pa olika sétt, antingen genom att korrigera for storningarna som fettet tillfor, eller genom att exkludera
fettvdvnaden fran omradet som ska utvirderas. Bada tillvigagangssatten riskerar att medfora felaktiga
maéatvarden. Syftet med detta arbete var att jamfora tekniker for att hantera fettvavnad vid QSM-berakningar
i knéleden med hjélp av simuleringar och utvardering av bilder fran MR-undersdkningar av knéleder.

Simuleringarna visade att fettvdvnad helst ska inkluderas i utvérderingen, da detta ledde till minst fel i
berédkningarna. Fran utvérderingen av MR-bilderna fann vi att korrektion for fettsignalen maste géras om
fettvavnad ska inkluderas, och att felaktigheter i denna korrektion kan resultera i kvarvarande effekter som
orsakar stérningar av berdkningarna. I utvirderingen av MR-bilder sags &ven liknande felaktigheter som i
simuleringarna da fettvivnad exkluderades.
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Resultatet av QSM i knéaledsbrosk visat 6ver en MR-bild pa ett kné, dar x anger susceptibiliteten.



Abstract

Background /purpose

Quantitative susceptibility mapping (QSM) is an MRI-based post processing technique to evaluate the
magnetic susceptibility, x, of human tissue using phase data. While brain imaging has been the most
common application, other areas have also raised interest. For example, QSM of the articular cartilage of
the knee has been suggested as a means to study the degeneration of this tissue. This would be of interest,
as degeneration of articular cartilage is strongly related to the progression of osteoarthritis (OA). However,
QSM of the knee is not straightforward, as the signal from fatty tissue complicates the reconstruction process
due to its many frequency components. To avoid this issue, masking has been used to exclude fatty tissue
from the reconstruction process. This is a relatively simple approach to a complicated problem, but, it might
also be a source of bias in the susceptibility maps obtained. Another approach is the removal of chemical
shift through chemical shift encoded imaging (CSEI) before QSM. The purpose of this work was to evaluate
and compare the effects these approaches have on the estimated susceptibility values.

Materials and methods

Numerical phantoms were created based on two sets of MR images of knees, by defining various lean and
fatty tissue compartments and assigning these literature susceptibility values. From these, phase images were
simulated, which, in turn were used for QSM reconstruction. Comparisons were conducted between different
background field removal techniques, and masking alternatives excluding: 1) no tissue, 2) bone marrow
and 3) all fatty tissues from the reconstruction process. The performance of the different alternatives was
evaluated by how well the ground truth was reproduced. Potential sources of error in the CSEI were also
simulated.

The two approaches to handle signal from fatty tissue in the susceptibility calculation were also tested
in vivo. Here, comparisons were made using the same background field removal techniques and masking
alternatives as for the simulations.

Results

In the simulations, the ground truth was reproduced most reliably when no tissue was excluded from the
reconstruction process, while masking of fatty tissue introduced a bias in the obtained susceptibility values.
The size of this bias depended on the background field removal technique employed, how much of the fatty
tissue that was excluded and the geometry of the knee evaluated.

Results obtained from in vivo data corresponded to results reported in earlier studies, and confirmed the
simulation results of this study. However, both with and without CSEI, artefacts were seen when masking
of fatty tissue was not performed. These were mitigated by exclusion of fatty tissue. The severity of these
artefacts was greater without CSEI.

Conclusion

Exclusion of fatty tissue resulted in bias in the calculated susceptibility maps. Inclusion of fatty tissue in
the reconstruction processes yielded more robust results between reconstruction techniques and geometry.
However, in the in vivo results, the exclusion of fatty tissue from the reconstruction process mitigated
artefacts stemming from imperfect CSEIL.

Inclusion of fatty tissue in QSM reconstruction is advantageous, assuming that an accurate enough CSEI
may be performed. If fatty tissue is excluded from QSM reconstruction, a suitable choice of background field
removal technique may limit the bias caused.



Contents

1 Introduction

3.2.1 Numerical phantom

2 Theory
2.1 Anatomy of the knee . . . . . . . . . . ...
2.2 Magnetic susceptibility . . . . . . .. e
2.3 Quantitative susceptibility mapping . . . . . .. ... L
2.3.1 Image acquisition . . . . . . . . . L. Lo
2.3.2 Estimation of the total field perturbation, AB, without chemical shift removal
2.3.3 Estimation of the total field perturbation, AB, with chemical shift removal . . . . . .
2.3.4 Background field removal . . . .. ... Lo
2.3.5 Dipole field inversion . . . . . . . ...
2.3.6  Anisotropy of magnetic susceptibility . . . . . . . .. ... L
3 Materials and methods
3.1 Image acquisition . . . . . . . . . . L e e
3.2 Simulations . . . . . . L e e e

3.2.2  The effects of excluding fatty tissue . . . . . . ... ... oo

3.2.3 Potential sources of
3.3 Analysis of in vivo images

error in CSEL . . . . . . . . .

4 Results
4.1 Simulations . . . . . . . e e e
4.1.1 The effects of excluding fatty tissue . . . . . . ... .. ... ... .. ... .. ...,

4.1.2 Potential sources of
4.2 Analysis of in vivo images

5 Discussion
5.1 Simulations . .. ... ..
5.2 Analysis of in vivo images

6 Conclusion

error in CSEL . . . . . . . . . o

IS

© 00w~ ottt

14
14
14
16
19

22
22
23

24



1 Introduction

Osteoarthritis (OA) is a degenerative joint disorder, which has been estimated to affect up to 250 million
people world wide [1]. Of these cases, 85% affect the knee, making this the most common site of the
disease [2]. Though the severity varies, OA may cause great disruptions to everyday life as it is associated
with both pain and reduced mobility of the joint. Little is known of the mechanisms causing these symptoms,
but a number of factors which increase the risk of developing OA have been identified, including previous
injury of the joint, obesity and higher age [1].

Currently, OA cannot be cured, and only limited treatment options are available. Generally, these treatments
aim to reduce the symptoms of the disease rather than the causes, for example with pain management and
walking aids [3]. As a last alternative, knee replacement surgery may be performed [4]. To find better
treatment alternatives, it is important to gain a better understanding of the processes occurring during the
early stages of OA.

An important tissue to study is the articular cartilage, as its degeneration is strongly associated with the
progression of the disease. Although loss of cartilage is well known in late stage OA, macroscopic damage is
preceded by microscopic changes already at an earlier stage [4]. In a healthy knee the articular cartilage is
highly organized with a layered collagen structure [5]. This structure has been suggested to change in patients
with OA. However, to monitor this effect in vivo, a non-invasive method to measure collagen structure is
needed.

Because of its soft tissue contrast, a modality which might make it possible to study early changes in
OA is magnetic resonance imaging (MRI). Especially, quantitative MRI-based techniques may be useful for
this purpose. A number of such techniques have been suggested for extraction of information about the
condition of cartilage. For example, T2-mapping and T1p-mapping has been suggested as means to detect
disruptions of the collagen matrix structure [6]. T2-mapping, however, is complicated due to its angular
dependency, while the use of T1p-mapping is limited by a high specific absorption rate (SAR). Another
promising technique for detecting changes in the articular cartilage is quantitative susceptibility mapping
(QSM), which aims to estimate the magnetic susceptibility of materials. In the articular cartilage, magnetic
susceptibility anisotropy of collagen may be utilized to asses the organization of the collagen network [7]. In
the current work, QSM is applied and evaluated.

Previous QSM studies of the knee have been able to detect the layered structure of the collagen network
of the articular cartilage located between femur and tibia [8]. The susceptibility decreased going from the
cartilage surface towards each bone, yielding profiles over the articular cartilage with the lowest susceptibility
values close to either bone surface, and the highest in the middle. Furthermore, studies suggest that this
contrast changes at the onset of cartilage degeneration due to disruption of the collagen network [6,9], or
in case of stress from long distance running [10]. This means that changes in the collagen structure may be
possible to detect using QSM.

However, QSM in the knee is problematic due to the morphology of the knee and the presence of fatty
tissue, as the chemical shift of the MRI signal from fatty tissue is a challenge for QSM reconstruction. The
articular cartilage is located in close proximity to several volumes of fat, including bone marrow adipose
tissue of the tibia, femur and patella, as well as subcutaneous fat, the infrapatellar fat pad and intermuscular
fat. Earlier, this has been handled by excluding regions containing fatty tissue from the reconstruction
process [8,10-12]. While straightforward, this approach may introduce errors as the susceptibility of the
excluded tissue might not be fully accounted for, and as background field removal may be challenging in
regions close to the edges of the mask. Alternatively, chemical shift may be modelled using chemical shift
encoded imaging [13,14]. To what extent the choice of strategy affects the resulting susceptibility values has
not been thoroughly investigated.

The purpose of this work was to use simulations and in vivo images to compare two different approaches to
address fatty tissue in QSM of the articular cartilage of the knee: 1) excluding fatty tissue by masking and



2) correction of chemical shift using chemical shift encoded imaging.

2 Theory

2.1 Anatomy of the knee

The knee is one of the larger joints of the body, found where femur meets tibia and fibula, see fig. la(I, II
and III). Here, several components have to work together in order to make movement of the joint possible,
including ligaments, muscles, the menisci and the articular cartilage.

The distal end of femur, and the proximal end of tibia constitute the main contact point between the
upper and lower part of the joint. Here, the femur ends in two rounded parts called condyles, and meets
the end of tibia, called the tibial plateau [15]. Between these bones, the medial and lateral meniscus and
the articular cartilage is located, see fig. 1a(IV and V). This cartilage covers the bone surfaces within the
joint and consists of a matrix of collagen fibers, which holds a number of other components such as water,
chondrocytes and glycosaminoglycans [4,16].

In a healthy human knee, the articular cartilage has an ordered structure, where three distinct layers can be
observed [17,18]. These layers are called the deep zone, the middle zone and the superficial zone, and each
one is characterized by the orientation of its collagen fibers [4]. In the deep zone, the collagen fibers have
an orientation perpendicular to the cartilage surface, while collagen in the superficial zone has a parallel
orientation. In the middle zone a larger distribution of orientation directions is present [7,8,17]. The
orientation of the collagen fibers in the different layers is shown schematically in fig. 1(b).

Additionally, several fat depots are present in and around the joint. Most notably, the bone marrow of
femur and tibia constitutes two such volumes, see fig. 1¢(VI and VII). Bone marrow is also present in
the patella, see fig. 1¢(VIII). Furthermore, fatty tissue is also found in the infrapatellar fat pad and as
subcutaneous fat, see fig. 1c(IX and X).
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Figure 1: (a) Sagittal view a knee over the lateral femoral condyle of the knee with I: femur, II: tibia, III: fibula, IV: meniscus
and V: articular cartilage. The area marked by the box in (a) is shown schematically in (b). Here, the orientation of the
collagen molecules in each layer is shown. (c) Central sagittal view of the knee with the different fat depots, VI: bone marrow
of femur, VII: bone marrow of tibia, VIII: patella, IX: the infrapatellar fat pad, and X: subcutaneous fat.

2.2 Magnetic susceptibility

Magnetic susceptibility, x, is a property which describes the magnetization of a material subjected to an
external magnetic field. The relationship between the magnetization (M) and the magnetic field strength

(H) is expressed as
M = xH, (1)



where M is a measure of the magnetic dipole moment per unit volume. In a material which is magnetised a
field is created around the susceptibility source.

Human tissue is almost exclusively diamagnetic [19], but paramagnetic components can also be present
in the body, resulting in a range of susceptiblity values [20]. The diamagnetic effect is always present, but
only noticeable when not overshadowed by a paramagnetic effect [21].

Paramagnetism is only present when the atoms of the material has an unpaired electron. In such cases,
the magnetic moment of the unpaired electron is not cancelled by that of another electron. If a material of
this kind is subjected to an external magnetic field, magnetic moments will to a larger extent align with the
external field. This results in a magnetization parallel to the external magnetic field, and thus an increase
of the local field. Materials demonstrating this effect is referred to as paramagnetic and has a susceptibility
larger than zero.

If there are no unpaired electrons, the magnetic moment of the electrons in each pair cancel, meaning
that there will be no alignment with an external magnetic field. Instead, only the diamagnetic effect is
observed. When an external field is applied, the field causes a shift in the motion of the electrons of the
material. The shift, in turn, induces a weak magnetic field in the opposite direction of the applied field.
Materials where only the diamagnetic effect is present are called diamagnetic. The susceptibility of such
materials is negative and the local magnetic field will be lower compared to the applied external magnetic
field [21].

2.3 Quantitative susceptibility mapping

QSM is a technique for calculating voxel-wise susceptibility values of materials using MRI phase data [7,22].
This is possible as the local magnetic field affects the precession frequency, and thus the phase, of the
magnetization vector. In QSM, phase images are used to evaluate the total magnetic field perturbation, AB,
of the external field of the MRI scanner, By. This makes it possible to estimate the underlying susceptibility
distribution [23]. A well known complication of the QSM reconstruction process is the underdetermination
of the relationship between the magnetic field perturbation and the susceptibility distribution. This makes
QSM noise-sensitive, and is the cause of so called streaking artefacts.

In order to perform these calculations, the data must be collected in a particular way and a number of
post processing steps are required, see step 7-9 in fig. 2. In this section, the necessary image acquisition
techniques and post processing steps will be discussed.

2.3.1 Image acquisition

To utilize the relationship between the perturbation of the external magnetic field and MRI phase data,
image acquisition must be performed using a pulse sequence which does not erase effects caused by T2'-
relaxation, making gradient recalled echo (GRE) sequences suitable [24].

In QSM, multi-echo GRE sequences, from which magnitude images, M;, and phase images, ¢, can be
reconstructed, are commonly used. The collection of images using several echo times, TE, make it possible
to evaluate the phase evolution over time, and identify an initial phase offset in the phase data, see below.

2.3.2 Estimation of the total field perturbation, AB, without chemical shift removal

In water-based materials, such as lean tissue, containing only one frequency component, the phase of the
magnetization vector may be used to evaluate the perturbation of the external magnetic field through the
relationship

O(TE) = gy — YABTE. (2)

Here, ¢(TE) is the phase image collected at the echo time TE, ¢ the phase at TE=0 and 7 the gyromagnetic
ratio. AB represents the magnetic field perturbation in the By direction caused by the presence of the imaged



material, i.e. the relative difference between the magnetic field of the MRI-scanner with and without the
imaged object placed in it. So, under “ideal” circumstances, knowing the phase of the MRI signal and ¢y,
it would be possible to directly extract the field perturbation. In reality though, this is not possible for two
reasons. First, the phase offset at TE = 0 must be determined. This is done by fitting the phase evolution
of the signal, making it possible to extrapolate the phase offset at time zero. Secondly, the issue of phase
wrapping must be resolved. This effect occurs when the range of phases of the magnetization vectors is larger
than one revolution, i.e. [-m, m). If this is the case, the wrapping will present itself as a sudden increase
or drop in intensity compared to adjacent voxels in areas where either of the phase limits is exceeded. In
these cases, phase unwrapping (step 7, fig. 2) must be performed. This can be done using different methods,
which aim to assign a correct multiple of 27 to the wrapped phase. From the unwrapped phase map, the
field perturbation may be obtained from eq. (2).

2.3.3 Estimation of the total field perturbation, AB, with chemical shift removal

In fatty tissue, however, complications in evaluating field perturbation from the signal phase arises, as the
signal phase is affected not only by the perturbation of the magnetic field, but also by the presence of several
frequency components [25]. The reason for this is that the precession frequency of spins in water molecules
differ from that of spins in fat molecules, causing a chemical shift in the signal from fat relative that of
water. Furthermore, the precession frequency of spin in fat depends on its location in the molecule, giving
the signal from fat several frequency components. These differences in signal behaviour mean that a more
complex expression is needed in order to describe how the signal evolves over time when both water and fat
is involved. From one voxel containing both water and fat, the complex MRI signal, S(T'E,,), collected at
the n-th echo time, T'E,,, may be described using the following equation [13,26,27]:

M
S(TEn) _ (pw +pF Z amei%rAfmTEn) eiQﬂwTEn. (3)

m=1

In this equation, py and pp are the signal amplitudes from water and fat at TE = 0 respectively, a,,
the amplitude of peak m in the fat spectrum relative to the sum of their amplitudes, and A f,,, the chemical
shift of peak m relative to water. The echo time at which the data is collected is given by TFE,,, and 0
represents the combined effect of the transverse relaxation time of the tissue in the voxel, T2*, and the
perturbation of the external magnetic field in the voxel, AB, as follows:

TE,

h=AB+i
(0 HiTms

(4)

If image data is collected using bipolar gradients and interleaved echo times, phase effects from e.g. gradient
delays and frequency dependency of the coil needs to be corrected. This may be done by including the

correction terms [28] o ,
e(_l) 19bipeI(n)19int’ (5)

in eq. (3). Here, Oy, and 6;,,; represent the errors introduced by these effects. I is a matrix defined as
I=[1,1,-1,-1,1,1..] (6)

From eq. (3) and eq. (5), the phase contributions caused by field perturbations and chemical shift may be
separated using chemical shift encoded imaging (CSEI). This is done using an iterative process starting with
a model where «,, and Af,, are known a priori and using an initial guess for 7,/; Estimations of py and pp
and 1& are then iteratively updated until a minimum is found. Using this approach, a map of the total field
perturbation may be obtained. This map of the total magnetic field perturbation may then be used as input
in the background field removal step in the QSM pipline described below (step 8, fig. 2).



2.3.4 Background field removal

The total field perturbation estimated does not purely consist of a field induced by susceptibility-differences
between the materials within the object. Instead, the total field perturbation (AB) may be described as
consisting of two components, the local magnetic field and the background field, as follows:

AB = ABlocal + ABbaclcgrouncl~ (7)

Here, ABjocqr is the field generated by susceptibility sources within the object, and ABpackground the field
generated by the susceptibility difference between the object and the background. Additionally, imperfect
shimming affects the background field. In order to asses the susceptibility values within the object, the
background field must be removed (step 8, fig. 2). Background field removal is performed within an area
defined by a mask. This mask often covers the whole object of interest, but it is also possible to exclude
parts of the object. The area covered by the mask will be referred to as the region of interest (ROI).

A number of approaches for removal of the background field have been suggested and implemented. Two
commonly used methods are Projection onto Dipole Fields (PDF) [29], and the Laplacian boundary value
method (LBV) [30]. Both of these assume a harmonic background field and a non-harmonic local field as
their basis for separation.

The PDF technique is based on the observation that the magnetic field from a dipole within and outside
of the ROI are approximately orthogonal. This is seen as the inner product between the two fields is close
to zero. Knowing the total field within the ROI, a separation of the local field and the background field is
possible through the projection of the total field onto the plane spanned by the background field.

In LBV, the separation is performed using Laplace’s equation to describe the background field within the
ROI in combination with an approximation of the background field at the boundary of the ROI. While the
background field is not known, it is approximated to be equal to the total field, using the assumption that
the background field is much larger than the local field. By solving this equation, the local field may be
separated from the background field.

2.3.5 Dipole field inversion

Once ABjocq; has been extracted, the susceptibility distribution of the material in the ROI may be estimated.
In order to do this, a relation between susceptibility and field perturbation is needed. Such a relation
can be established using the dipole field created by each susceptibility source when magnetised. The
field perturbation may then be expressed as a convolution between a dipole kernel and the susceptibility
distribution:

AB(Miocat = Bold(F) ® x(7)). (8)

Here, x(7) denotes the susceptibility at a coordinate position 7, By the strength of the external magnetic
field, and d(7) the unit dipole kernel, which in the spatial domain is given by the equation

13 cos?(6) — 1
47 |73 ’

d(r) = (9)

with 6 as the angle between 7 and the direction of By. This convolution in the spatial domain corresponds
to a multiplication in Fourier space, which is written as

AB(k)iocar = Bo (D(k) - X (k)), (10)
with X (k) being the Fourier transform of the susceptibility distribution at a coordinate position k. The

Fourier transform of the dipole kernel, D(k), is given by the equation

[SH\V)

, k#0. (11)

ﬁ\‘ ol

D(k) = ; -

Here, k. is the component of k parallel to Bj.



If the local perturbation of the external field is known, this expression may be used to calculate the
susceptibility map as a deconvolution of the local magnetic field with the dipole kernel in the spatial domain,
or correspondingly, as a division in the Fourier space. The susceptibility map in the spatial domain is then

given by [31]:
_ 1 _ ABlocal(]::)
=gt =), 12
X =57 (S (12)
This operation is not unproblematic, because of how the dipole kernel is defined. As is seen from eq. (11), the
dipole kernel will have the value 0 where the ratio between k and k, is %z = % In the fourier domain, these

values occur along the surfaces of two cones extending outwards at an angle of 54.7° from the main field, and
around these surfaces, the values of the dipole kernel are approaching zero. This yields a problem without
a unique solution, thus complicating the evaluation of the susceptibility values from the local magnetic field
perturbation. Furthermore, the low values around the surface of the cone amplify noise in the local field
map, resulting in streaking artefacts.

Several approaches have been suggested to address this problem. For example, performing data collection
with several orientations of an object (COSMOS) [32], or truncated k-space division (TKD) [33,34].

Another approach is the use of morphological data to increase the information of the object. An implementation
of this is called Morphology Enabled Dipole Inversion (MEDI) [35]. This implementation was used in the
current project.

In MEDI, it is assumed that edges in the susceptibility map should correspond to edges in the magnitude
image. In this way, streaking artefacts may be identified, as there generally are no corresponding edges
in the magnitude image to match them. Using this, the number of voxels belonging to edges in only the
susceptibility map can be minimized. This is done through the extraction of an edge mask, M., using the
gradients in the signal intensity of the magnitude image as a base. This mask is given as a matrix, where
regions with small or no gradients are assigned the value one and those were gradients are detected are set
to zero. Similarly, gradients in the susceptibility map is obtained by applying the gradient operator, V, to
it. With this, the function to be minimized is expressed as

E(A) = [IMcVX|le + A (IW(F7H(DX)) = ABocalll3 — €)- (13)

Here, the second term forms a constraint which keeps the difference between the measured field perturbation,
ABjocar, and the estimation of the local field perturbation assuming a certain susceptibility distribution,
Z~Y(DX), as low as possible, considering the accuracy the data collection is performed with. This accuracy
is given by the noise level, e, which is estimated at the same time as the total field perturbation, and is
inversely proportional to the squared image intensity [36]. W is a weighting matrix needed as the phase
noise of the image is not uniform, and A a Lagrange multiplier.

The function E(y, A), is then minimized by iteratively updating a susceptibility distribution starting from
an initial guess. Here, each update aims to result in a smaller value of E(x, A). Mismatches between
the susceptibility map and magnitude image will increase the value of E(x, A), while the absence of
such mismatches will yield a smaller value. This, in turn, means that the minimization process gives
a susceptibility distribution where edges which do not match the magnitude image are penalized. It is
important to note, that the choice of A\ affects the impact of the magnitude image on the final susceptibility
map. A low value of A results in a high impact of the magnitude image, while a high value does the
opposite [37].

2.3.6 Anisotropy of magnetic susceptibility

The local magnetic field perturbation, ABj,cq, caused by an object might depend on its orientation relative
to the external magnetic field. This may be attributed to one of two effects: 1) susceptibility anisotropy of
the molecules in the object or 2) the shape of the imaged object [21,38].



In the first case, anisotropic susceptibility of molecules in a material affect the local magnetic field differently
depending on their orientation towards the external magnetic field. In ordered materials, this susceptibility
anisotropy of the molecules can be seen to cause orientation dependence on QSM contrast [7]. This is for
example the case in articular cartilage, where collagen fibrils have an anisotropic magnetic susceptibility,
yielding different contrast between regions with different collagen fibril orientation [7,8, 38].

In the second case, spatial constraints on a material with an isotropic susceptibility yields an orientation
dependent perturbation of the external magnetic field caused by spin interaction within the object [21]. The

second effect is seen when other techniques, such as T2*-mapping and susceptibility weighted imaging (SWTI),
are employed. By using QSM, however, this effect may be avoided [39].
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Figure 2: To the left: The steps included in the simulation process moving from in vivo images to simulated phase and
magnitude images. To the right: The steps used for the QSM reconstruction of susceptibility maps. These steps were used for
both the simulated and in vivo images. * marks the place where potential sources of error in CSEI were simulated, and ** the
places where masking of fatty tissue was performed.

3 Materials and methods

The aim of the current project is to gain a better understanding of how different approaches of handling
the signal from fatty tissue affect the calculated susceptibility values in the articular cartilage. The two
approaches studied are: 1) exclusion of fatty tissue from the reconstruction steps by masking, and 2) modeling
the chemical shift in the estimation of AB through CSEI.
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The simulations were used to investigate if exclusion of fatty tissue results in biased QSM reconstruction,
focusing on two effects. First, whether or not the susceptibility of the excluded fatty tissue is accounted
for in the background field removal step, or if the exclusion of this tissue results in a loss of information.
Secondly, if introducing edges close to the articular cartilage affect the estimated susceptibility values. Two
potential sources of error in the second approach were also simulated and evaluated: extreme values and
residual bias in the AB map.

Next, in vivo images were evaluated to confirm the simulation results and to evaluate the use of CSEL.

All simulations and data processing was performed using Matlab (MATLAB R2022a, TheMathworks, Natick,MA).

3.1 Image acquisition

Image data from two knee-healthy research subjects was used in this work. The data sets were part of
an ongoing research project with permission from the ethics review authority and after written informed
consent. Magnitude and phase images were collected using a Philips 7T scanner. Each participant was
scanned with a multi-echo GRE with 8 TEs. The sequence was scanned twice with interleaved echo timed so
that TE;/ATE = 1.2 ms/1.2 ms for the first scan, and TE; /ATE = 1.8 ms/1.2 ms for the second, creating
an effective ATE of 0.6 ms. In both sequences, TR = 30 ms, matrix size = 256x256x37 and voxel size =
0.58x0.58x3 mm?. Additionally, the Bg-map from Philips mDixon algorithm was used as the initial guess in
CSEL

3.2 Simulations
3.2.1 Numerical phantom

From each of the two in vivo data sets, numerical phantoms were created based on the magnitude images
and a fat fraction map calculated using CSEI. From this image data, four compartments were defined
through thresholding: air, bone marrow, subcutaneous fat and lean tissue (step 1, fig. 2). Image data from
two participants was used in order to study how variations in geometry and the amount of subcutaneous
fat affect the results. The matrix and voxel sizes of the numerical phantoms matched those of the image data.

By assigning each compartment a literature susceptibility value [8,40,41], a susceptibility map was created
(step 2, fig. 2). Similarly, a magnitude image was created using the same compartments, but with signal
values based on those of the in vivo knee images (step 2, fig. 2). The values assigned to each compartment
in the susceptibility distribution and the magnitude image are listed in table 1.

Table 1: Values assigned to the compartments in the simulated susceptibility distribution and magnitude image using a
susceptibility of 0 ppm for water as a reference.

Compartment | Susceptibility [ppm] | Magnitude image signal value
Background 9 0
Lean tissue -0.18 740
Bone marrow 0.45 400
Subcutaneous fat 0.45 500

The susceptibility map was padded with zeros in order to avoid circular convolution affecting the characteristics
of the simulated background field [25,41], before calculating the total magnetic field perturbation, AB, using
eq. (10) (step 3, fig. 2). Here, the magnetic field strength of the external field, By was given the value 7 T.
The total magnetic field perturbation is here expressed in units of rad/echo, to follow the standard used in
the MEDI software package.

A phase map, ¢ was created using the relationship in eq. (2) with ¢9 = 0 and TE = 1.2 ms (step 4,
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fig. 2). Next, a complex image, I., was created using the simulated phase and magnitude images (step 5,
fig. 2). To this, complex Gaussian noise, n., with mean 0 and standard deviation 1078 was added as follows:

I, = M; x (%) 4 . (14)

Noise was needed in the susceptibility calculations, but was kept low in order to not influence the results
more than necessary, as the effects of masking of fatty tissue was to be evaluated rather than that of noise.

From the complex image, new magnitude- and phase images M; and ®, were defined as the absolute value
and the phase of the complex image, respectively (step 6, fig. 2). The resulting magnitude and phase images
were then processed with the reconstruction steps described in section 4.3: Estimation of the total field
and phase unwrapping, background field removal and dipole inversion. (step 7-9, fig. 2). Phase unwrapping
was performed using graph cuts [42], background field removal using PDF [29,43] and LBV [30], and dipole
inversion using MEDI [35], all of which were implemented in the MEDI software package [35,37,44,45].

Background field removal was performed using the settings: tol = 0.05, depth = -1 and peel = 0 for LBV.
PDF was performed using default values. For dipole inversion, A = 1000 was used. The susceptibility values
were not referenced, and the SMV setting was not used.

No chemical shift was included in the simulations, meaning that CSEI was not needed in the reconstruction.

3.2.2 The effects of excluding fatty tissue

In order to evaluate the effect of excluding fatty tissue from the QSM reconstruction, background field
removal and dipole inversion was performed using three different masking alternatives: 1) excluding no
tissue, 2) excluding bone marrow and 3) excluding all fatty tissues, see fig. 3. For each masking alternative
two background field removal techniques, PDF and LBV, were used.

Additionally, a susceptibility map was calculated with mismatching masking alternatives between background
field removal and dipole inversion. This was done by performing dipole inversion with all fatty tissues
excluded based on the local fields obtained with no tissue excluded and all fatty tissues excluded. Thus,
the effect of not matching masks between the background field removal and dipole inversions steps was
investigated.

The results were evaluated by comparing the local field maps and susceptibility maps obtained using the
different masking alternatives. Furthermore, profiles over the area where the articular cartilage would be
situated in the susceptibility maps were extracted. This was done within a square region, where the mean
and standard deviation of the values within each row of voxels parallel to the bone surfaces were extracted.
The mean and standard deviation of each such row was plotted as a function of its distance from the femoral
surface. As the susceptibility values obtained are relative, the values were shifted in order to simplify the
comparison between them by assigning the mid-point between the femur and tibia a zero susceptibility. All
points within a profile were shifted equally. A slice through the medial femoral condyle was chosen for
analysis. The area over which the profiles were evaluated for each knee is shown in fig. 4.

3.2.3 Potential sources of error in CSEI

So far, no chemical shift was added in the simulations and the phase maps used thus corresponded to a
situation following perfect CSEI. Using the same numerical phantoms, simulations of potential sources of
error in CSEI were made to visualize how such errors would affect the following susceptibility calculations.
Two potential errors were simulated: 1) extreme values in the estimated total field map and 2) residual shifts
in the estimated total field map. Both of these were simulated by adding phase shifts to the total field map,
yielding a phase not completely explained by the underlying susceptibility distribution. In wvivo, extreme
values may occur either if the iterative estimation of the total field perturbation stops in a local minimum
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Figure 3: The three masking alternatives, (a) excluding no tissue, (b) excluding bone marrow and (c) excluding all fatty tissues,
that were used for simulations.

Knee 1 Knee 2
Figure 4: The slices of (a) knee 1 and (b) knee 2 where the profiles were evaluated. The black boxes shows the area in which

the profiles were studled

or if no satisfactory solution is found before termination of the iterative process, while residual shifts may
occur if the model of the chemical shift is inaccurate.

Extreme values were simulated by increasing the values of some pixels in the total field map, marked with
(*) in fig. 2. The location and size of the values in these pixels, set to 40 rad/echo, was based on preliminary
results from in vivo data, see fig. 5(a, ¢). An imperfect removal of the chemical shift was simulated by
changing the values of the bone marrow compartment in the total field map, marked with (*) in fig. 2. Three
different residual chemical shifts were simulated: -0.23 rad/echo, 0.11 rad/echo and 0.023 rad/echo. These
shifts corresponded to an offset of -0.1 ppm, 0.05 ppm and 0.01 ppm relative to the larmor frequency. The
area where this additional shift was added is shown in fig. 5(b). The size of the shifts were chosen to imitate
the variation of the chemical shift which may occur due to bulk magnetic susceptibility effects present in
fatty tissue [46].

Additionally, a residual chemical shift only located at the edges of the bone marrow compartment (fig. 5(d)),
approximately corresponding to the cortical bone, was simulated. This was done in the same way as with
the whole bone marrow compartment. In this case, the residual chemical shift used was 0.05 ppm.

Following this, susceptibility maps were reconstructed using both PDF and LBV for background field removal
for background field removal followed by MEDI for the dipole inversion.

3.3 Analysis of in vivo images

Finally, the approaches for addressing signal from fatty tissue were compared when applied to in vivo data.
First, QSM was performed with the three masking alternatives with and without CSEI. This was done to
evaluate the necessity of removing the chemical shift before the susceptibility calculations. The use of CSEI
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Figure 5: The regions where values were changed in the estimated total field map in the simulations of extreme values (a, c),
and residual chemical shifts (b, d).

yielded maps representing the frequency offset relative to the larmor frequency in each voxel, see eq. (3).
This frequency offset was converted to a map of the total magnetic field perturbation, which was then
used as input in the background field removal step. The conversion from frequency map, Af, to total field
perturbation, AB, was performed using the conversion factor 2r AT E, with AT E=0.6 ms.

For the reconstruction without CSEI, fitting for extrapolation of the phase offset was performed using a
function for complex fitting implemented in the MEDI software package [36,47,48].

Additionally, QSM was performed following CSEI using each of the three masking alternatives, and the
two background field removal techniques. Here, all settings were kept the same as in the simulations, except
for A, which was set to 200 in the dipole inversion step. In the susceptibility maps obtained, profiles were
extracted in the same slice and position as in the simulations.

4 Results

4.1 Simulations
4.1.1 The effects of excluding fatty tissue

The choice of masking alternative affected the local field obtained after background field removal, see fig. 6.
In the region between femur and tibia (pointed out by black arrows in fig. 6(a, b, d, €)) a distinctly higher
local magnetic field was seen when no tissue was excluded, see fig. 6(a, d), compared to when bone marrow
or all fatty tissue was excluded, see fig. 6(b, e, ¢, f). Similarly, differences were seen around the infrapatellar
fat pad when the local field obtained with all fatty tissues excluded to was compared the other two masking
alternatives, pointed out by white arrows in fig. 6(b, ¢, e, f).

Performing QSM with mismatching masks in the background field and dipole inversion steps gave distinct

differences in the resulting susceptibility maps. When the masks did not match, a larger inhomogeneity was
seen around the depots of fatty tissue, see fig. 7.
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Figure 6: Local field calculated when (a, d) no tissue, (b, €) bone marrow and (c, f) all fatty tissue was excluded from the
mask applied before background field removal. Background field removal was performed using PDF (a-c) and LBV (d-f) for
comparison. The local field in the cartilage area is seen to be higher when bone marrow is not excluded. Differences when bone
marrow was included and excluded are pointed out by black arrows, and differences when subcutaneous fat was included and
excluded are pointed out by white arrows.
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Figure 7: Susceptibility maps obtained with (a) a mismatch and (b) match between masking alternatives between background
field removal and dipole inversion. Here, the mask excluding no tissue was used for background field removal for (a), and the
mask excluding all fatty tissues for (b). In both cases, the mask excluding all fatty tissues were used for dipole inversion.

Both the choice of masking alternative and background field removal technique affected the susceptibility
maps calculated, see fig. 8. With no tissue excluded, the susceptibility map obtained using PDF was relatively
homogeneous, but with some irregularities which are seen at the front of the leg, pointed out by the black
arrow in fig. 8(a). For LBV, these effects were not seen, but instead, an increase in the calculated susceptibility
values which did not stem from the simulated susceptibility were seen in the front of the knee and the fold of
the knee, marked by the black arrows in fig. 8(d). With the removal of fatty tissue from the reconstruction
process, new errors were introduced. This is seen for both PDF (fig. 8(b, ¢)) and LBV (fig. 8(e, f)), but with
more obvious effects for PDF.

Generally, the most homogeneous results were obtained when no tissue was excluded from the reconstruction
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Figure 8: Susceptibility maps obtained when (a, d) no tissue, (b, €) bone marrow, and (c, f) all fatty tissue was excluded from
the masks applied before the background field removal and dipole inversion steps. Background field removal was performed
using PDF (a-c) and LBV (d-f) for comparison. Regions where artefacts are present in (a, d) are pointed out by black arrows.
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for both knees and background field removal techniques, see fig. 9. Comparing the results of PDF and LBV,
masking of fatty tissue introduced less errors when LBV was used than PDF.

Using PDF, the extracted profiles were more homogeneous when no tissue was excluded for both of the knee
simulations, see fig. 9 (a, b). The two other masking alternatives, excluding all fatty tissue and excluding
bone marrow yielded less homogeneous profiles over the cartilage area and a higher standard deviation within
the rows.

Using LBV, the profiles obtained when no tissue was excluded showed similar results between the two
knees, see fig. 9 (¢, d). These results were comparable to those of PDF with the same masking alternative.
However, for the two masking alternatives, excluding bone marrow or all fatty tissue, results varied between
the two knees. Here, more homogeneous results were seen in the first knee compared to the second.

4.1.2 Potential sources of error in CSEI

The simulations of extreme values in the phase map showed that these might cause streaking artefacts in
the reconstructed susceptibility maps, especially when groups of extreme values were present. In the case of
single extreme values, the effects were not as severe, but still observable. The resulting susceptibility maps
are shown in fig. 10.

A residual chemical shift in the phase map also caused streaking artefacts in the reconstructed susceptibility
maps, both when it was simulated in the whole bone marrow compartment and when it was simulated in
the edges of the same compartment. These streaking artefacts followed a similar pattern in both cases, see
fig. 11. The severity of the artefacts depended on the size of the residual shift. For both -0.1 ppm and
0.05 ppm , artefacts were visible, even though those of 0.05 ppm were smaller than those of -0.1 ppm, see
fig. 11(a, b, e, f). In the case of a residual shift of 0.01 ppm however, the artefacts were barely visible, see

fig. 11(c, g).

It was also seen, that the sign of the residual chemical shift affects the resulting streaking artefacts.
Comparing the resulting artefacts in the same area of the -0.1 ppm-shift and the 0.05 ppm-shift, the streaking
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Figure 9: Profiles of the susceptibility values in the area between the femur and the tibia of knee 1 (a, ¢) and knee 2 (b, d)
when the background field was removed using PDF (a, b) and LBV (c, d). The middle point between femur and tibia, which
was assigned a zero susceptibility, is marked with a black circle. The expected flat profile was reproduced most reliably when
no tissue was excluded from the reconstruction. Observe, that the results in (b) are presented using a larger y-scale than the
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Figure 10: Susceptibility maps obtained after simulating extreme values in the estimated total field map. The results are shown
in a central (a, ¢) and a medial slice (b, d) of the knee for the different background field removal techniques PDF (a, b) and

LBV (c, d).
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Figure 11: Susceptibility maps obtained after simulating residual chemical shift of (a, e) -0.1 ppm, (b, f) 0.05 ppm and (c, g)
0.01 ppm in the whole bone marrow compartment in the estimated total field map, as well as (d, h) a residual shift of 0.05 ppm
in the edges of the bone marrow compartment only. Streaking artefacts are seen for all residual shifts except for 0.01 ppm. The
severity of these increase with the size of the chemical shift.
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4.2 Analysis of in vivo images

Streaking artefacts were seen both with and without the use of CSEI, but the severity of these artefacts was
greater when no CSEI had been performed, see fig. 12. Comparing the results of masking fatty tissue with
(fig. 12(a~c)) and without (fig. 12(d-f)) CSEI, masking of fatty tissue decreased the streaking artefacts seen
in both cases.

When QSM was performed following CSEI, the results obtained for knee 1 showed streaking artefacts, pointed
out by black and white arrows in fig. 13(a, d), when no tissue was excluded. These artefacts decreased or
disappeared when fatty tissue was excluded from the reconstruction process. The areas where these artefacts
would be located are pointed out by black and white arrows in fig. 13(b, ¢, e, f). The susceptibility maps
of the articular cartilage is also seen in fig. 14, overlaid on a magnitude image. The results obtained from
knee 2 showed similar results, where streaking artefacts were reduced by the exclusion of fatty tissue, see
fig. 15. However, in the susceptibility map obtained using PDF and excluding bone marrow, see fig. 15(b),
an artefact was seen over the articular cartilage that was not seen in any of the other susceptibility maps.

Excluding no tissue Excluding bone marrow Excluding all fatty tissues

With CSEI

x [ppm]

Without CSEI

Figure 12: Susceptibility maps obtained when (a, d) no tissue, (b, €) bone marrow and (c, f) all fatty tissue was excluded from
the masks applied before the background field removal and dipole inversion steps. Results obtained with CSEI are shown in
(a~c), while results without CSEI are shown in (d-f). The artefacts seen were more severe without CSEIL

In the first knee, the profiles over the articular cartilage showed an increase in susceptibility values going
from the deep zone to the superficial zone of either bone, see fig. 16 (a, ¢). This was seen for all three
masking alternatives and both background field removal techniques, with slight variations.

In the second knee, the same shape was seen when no masking of fatty tissue had been performed, see
fig. 16(b, d). Here, larger standard deviation was seen within rows compared to knee 1. For the other
masking alternatives, the results differed between background field removal techniques. With LBV, similar
shapes were seen for all masking alternatives, but with an offset close to the femoral surface in the masking
alternatives where bone marrow or all fatty tissues were excluded. With PDF, on the other hand, distinct
differences between all three masking alternatives were seen. Here, large susceptibility difference were seen,
especially when bone marrow was masked.
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Figure 13: Susceptibility maps obtained from in vivo data of knee 1 with chemical shift removal when (a, d) no tissue, (b, e)
bone marrow and (c, f) all fatty tissue was excluded from the masks applied before the background field removal and dipole
inversion steps. The results obtained using PDF for background field removal are shown in (a-c) and those using LBV in (d-f).

Streaking artefacts were seen when fatty tissue was not excluded from the reconstruction. These were reduced by exclusion of
fatty tissue. Examples of such artefacts are marked by black and white arrows.
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Figure 14: Susceptibility maps of the articular cartilage overlaid on magnitude images for context when (a, d) no tissue, (b, e)
bone marrow and (c, f) all fatty tissue was excluded from the masks applied before the background field removal and dipole
inversion step. The results obtained using PDF for background field removal are shown in (a-c) and those using LBV in (d-f).
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Figure 15: Susceptibility maps obtained from in vivo data of knee 2 with chemical shift removal when (a, d) no tissue, (b, €)
bone marrow and (c, f) all fatty tissue was excluded from the masks applied before the background field removal and dipole
inversion steps. The results obtained using PDF for background field removal are shown in (a-c) and those using LBV in (d-f).

Streaking artefacts were seen when fatty tissue was not excluded from the reconstruction. These were reduced by exclusion of
fatty tissue.
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Figure 16: Profiles of the susceptibility values obtained over the area between the femur and tibia of knee 1 (a, ¢) and knee
2 (b, d) when the background field was removed using PDF (a, b) and LBV (c, d). The mid point between femur and tibia,
which was assigned a zero susceptibility, is marked with a black circle. Bias was observed when fatty tissue was excluded from

the reconstruction process in knee 2. Observe, that the results in (b) are presented using a larger y-scale than the others in
order to show the whole profile for all masking alternatives.
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5 Discussion

In this project, two approaches for handling the signal from fatty tissue in QSM, masking and CSEI, have been
studied using both simulations and in vivo data. The effects of masking of fatty tissue has been evaluated
with two potential sources of error in focus. First the possible information loss due to the exclusion of fatty
tissue from the reconstruction process, and secondly, the effect of introducing edges close to the articular
cartilage. Also, the effects of extreme values and residual chemical shifts in the total field map in case of
CSEI, were visualized.

Further, simulations were compared to in wvivo data. Here, reconstruction with and without CSEI was
compared, as well as the effects of masking using two different background field removal techniques.

5.1 Simulations

The simulations indicate that the excluded tissue is at least partially accounted for in the background field
removal step. This was seen particularly clearly in the area between the femur and tibia, where the local
field was higher when bone marrow was included. A reason for this may be that fatty tissue is instead
treated as a source of the background field when excluded. Likewise, this effect was illustrated when QSM
was performed with matching and mismatching masks in the background field removal and dipole inversion
steps. Here, a mismatch in the masks gave a less homogeneous susceptibility map. This indicates that the
susceptibility of the fatty tissue cannot be considered as a source of the background field unless it is excluded
from the reconstruction process in both of these steps.

However, bias was seen in the profiles extracted when masking of fatty tissue had been performed. This
is thought to mainly stem from the introduction of edges close to the articular cartilage, but effects of
incomplete removal of the magnetic field from the excluded tissue would also be included here. Generally,
the most robust results were seen when no masking of fatty tissue was performed. In three previous in vivo
studies, the range of susceptibility values over the articular cartilage was 0.2 - 0.3 ppm [6,8,10], while a
fourth study presented a profile with larger differences, around 0.8 ppm [49]. Compared to these ranges, the
bias seen in this work cannot be considered non-negligible.

The poorer performance of PDF compared to LBV when fatty tissue was excluded from the reconstruction
process may be explained by the assumptions used in either method. Although PDF is widely used, especially
in QSM of the brain, the technique includes a fundamental limitation, as the assumption of orthogonality is
not true at the edges of the ROI, thus affecting accuracy of the technique in these regions. In contrast, LBV
was shown to perform better in this aspect than PDF [30].

Interestingly, two cases showed smaller bias when all fatty tissue was excluded than when only bone marrow
was excluded: PDF in knee 1 and LBV in knee 2. In the other cases, the results were comparable between
these masking alternatives. This is somewhat surprising, as the bias would be expected to be at least the
same between the two masking alternatives. One explanation may be that the fatty tissue in the first case
is considered both a source of the background field and a source of the local field when only bone marrow
is excluded. This might be challenging for the QSM reconstruction. Alternatively, the exclusion of all fatty
tissues yields a susceptibility map which is easier to evaluate, as the ROI is completely homogeneous. This
effect, however, was not studied, and a certain explanation can therefore not be given.

The simulations of error sources in the CSEI gave streaking artefacts in both cases, but with somewhat
varying character. The results also gave an indication of what accuracy is needed in CSEI in order to avoid
these streaking artefacts, as an offset of 0.01 ppm did not result in any visible streaking.

In the phantoms used for the simulations, four different materials were defined. These were chosen so
that it would be possible to study the effects both of the exclusion of all fatty tissues and the exclusion
of bone marrow only, as these are the strategies that have been employed in earlier studies in this area.
Thus, the phantoms only included the most important parts for this project. Expanding the model used
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for the simulations, by for example including a compartment for bone tissue, may be of interest for future
works. With such a compartment, the effects of noise on the QSM reconstruction could be investigated in
the relevant geometry. In this project, however, due to the low noise levels used, this was not relevant.

5.2 Analysis of in vivo images

The comparison of masking fatty tissue with and without first performing CSEI showed that masking of
fatty tissue reduced the streaking artefacts in both cases. Without CSEI, however, the streaking artefacts
were more severe. This suggests that chemical shift removal is advantageous, even if masking of fatty tissue
is performed.

Although CSEI reduced streaking artefacts, residual artefacts were seen when fatty tissue was not removed.
These streaking artefacts showed similarities to those seen when residual chemical shifts were simulated.
This, in combination with the fact that masking of fatty tissue reduced or removed these artefacts suggest
that they were caused by non-perfect CSEI.

The model describing the evolution of signal components of fat and water is relatively robust [27]. However,
bias may occur in case of inaccuracies of the signal model. For example, bulk magnetic susceptibility effects,
fast signal decay in bone tissue and temperature dependence of the chemical shift may result in incorrect
reconstruction of AB. [46,50] An approach for avoiding inaccuracies from such effects is to incorporate
new information, e.g. about relaxation rate, in the signal model, or by iteratively updating the signal
model [26,50]. This was not done in the current project, but could be a way of improving the results of
CSEI, and thus the estimation of susceptibility values.

The profiles extracted from the in vivo susceptibility maps, with two exceptions, had the expected shape
with a maximum susceptibility in the superficial zones of the femoral and tibial cartilage. This agrees with
theoretical predictions and results which have been obtained in earlier studies [6,8,10]. In the cases where
the expected shape was not seen, artefacts were observed in the the reconstructed susceptibility maps, which
might explaining the offset.

Similarities were seen when comparing the results obtained in vivo with those obtained through simulations.
In knee 2, large biases were seen when PDF was used for background field removal in both masking cases.
Furthermore, an offset between the results obtained with and without masking of fatty tissue was seen close
to the femoral surface that corresponded well between simulations and in vivo data when LBV was used.
Knee 2 was also seemingly more difficult to evaluate than knee 1 both in vivo and in the simulations. In knee
1, the results obtained using LBV agreed well between simulations and in vivo data, as the reconstruction
yielded similar results using the different masking alternatives. Somewhat unexpected, on the other hand,
was the results obtained when masking of fatty tissue was performed in combination with PDF in knee 1.
From the simulations, a larger bias might be expected than what was seen in the in vivo case. Of course,
the evaluation of bias is complicated in the in vivo case, as the ground truth is not known.

A difference between simulations and in vivo analysis is the ability to exclude fatty tissue completely. In
the simulations, this could be done perfectly, as the compartments of each tissue was already defined, and
could be used as a basis for the masks. In the in vivo images on the other hand, perfect correspondence
between fatty tissue and areas excluded from the reconstruction process would be difficult to obtain. This
has implications on the results obtained when comparing masking of fatty tissue with and without CSEI, as
the artefacts seen when masking of fatty tissue was performed largely originated from areas where residual
depots of fatty tissue might be present. Furthermore, the issue of imperfect masking of fatty tissue is of
importance when discussing the application of QSM on the thin layer of articular cartilage. Here, masking
of fatty tissue must be done with small margins as to not loose too much information about the tissue of
interest. As such, QSM with fatty tissue excluded from the reconstruction process may be more difficult to
perform with larger numbers of subjects, than QSM with fatty tissue included, as the personalized mask
needed for each subject is more intricate. The risk of loosing cartilage volume due to imperfect masking is
also larger when fatty tissue is excluded from the reconstruction process. Additionally, the masking of all
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fatty tissues results in a mask with a larger number of edges, compared to the situations when only bone
marrow is excluded or when fatty tissue is included. This, in turn, means that two different interests: 1)
the exclusion of fatty tissue, and 2) the reduction of edges in the mask, may stand against each other using
this technique. This complication may be avoided if a accurate enough correction of the chemical shift is
developed, so that exclusion of fatty tissue may be avoided.

As was mentioned in the methods section, the values obtained from QSM are relative when not referenced to
any tissue. In this projects, this circumstance did not pose a problem, as no inter-subject comparisons were
performed. Currently, studies performing QSM of the articular cartilage have not referenced the obtained
susceptibility values to any particular tissue, which, in practice, gives a result in reference to the mean
susceptibility of the whole object. From these values, inter-subject comparisons have been made. Moving
forward, it may be of interest to investigate alternative tissues or materials that may be used as a reference,
similarly to how CSF is used as reference in brain imaging. This may, however, prove difficult, as no obvious
such alternative exists in the knee.

A limitation of this project was that image data from only two individuals was used. Thus, the effect seen
have not been possible to evaluate statistically. Moving forward, including a larger number of participants
would be of interest. In this way, effects of the amount of subcutaneous fat could also be studied more
extensively.

The evaluation of bias due to masking of fatty tissue rests mainly on the results obtained in the profiles over
the cartilage area. The majority of the effects seen here are thought to originate from the introduction of
edges close to the cartilage. However, as the effects of incomplete accounting for the susceptibility in the
excluded areas were only evaluated qualitatively, the two effects cannot be completely separated from each
other.

In this project, only one technique, MEDI, has been used for the dipole inversion step. This is an algorithm
which is widely used in QSM, making it suitable to employ for the evaluations performed. However, other
dipole inversion algorithms are available, which may be relevant to evaluate. For instance, it would be
interesting to compare results using streaking artefact reduction for QSM (STAR-QSM) [51], as it has been
used in several studies for the particular application of performing QSM in the knee.

Furthermore, some of the studies that excluded fatty tissue from the reconstruction process used fat saturation
in the image collection [6,10]. Such data was not evaluated in the current study, meaning that no comparison
between the collection techniques was made. The evaluated effects of excluding fatty tissue are not expected
to differ between these image collection methods. However, a difference between these collection techniques
is that fat saturation would not allow for CSEI to be performed. Considering the results obtained without
CSEI and with exclusion of fatty tissue, QSM reconstruction based on data collected with fat saturation
might be more susceptible to effects of imperfect exclusion of fatty tissue.

6 Conclusion

The simulations showed that the exclusion of fatty tissue from the reconstruction process introduces a bias
in the resulting susceptibility maps. The size of this bias is dependent on both the choice of background
field removal technique and the knee geometry.

In vivo, CSEI is required if fatty tissue is to be included in the reconstruction process. However, inaccuracies
in this technique results in residual chemical shifts in the estimated total field perturbation map, which
causes streaking artefacts. Exclusion of fatty tissue from the reconstruction process reduces these streaking
artefacts, but introduces bias similar to that seen in the simulations.

Moving forward, further development of the model used in the CSEI is needed in order to avoid effects
of residual chemical shifts in the estimated total field map.
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