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Abstract

When performing magnetic resonance (MR) experiments, a strong homogeneous magnetic
field is often preferred, especially in clinical applications. However, all objects that are placed
in the magnetic field will disturb the field homogeneity and cause local magnetic field
gradients. In the human body, which consists of a large number of tissues and organs of
different shape and susceptibility (the ability to become magnetised), the field distribution
becomes very complex. To minimise magnetic field inhomogeneities in the studied region,
shim gradients, of linear or higher order, are locally optimised for each measurement.

In clinical MR the trend is towards higher field strengths, from 1.5 T to 3 T and beyond, and
this leads to increased susceptibility effects, both in MR imaging (MRI) and MR spectroscopy
(MRS). To have control of the susceptibility effects, and achieve high accuracy in phantom
studies, it is valuable to have an easy and accessible method for measuring the susceptibility
value of the phantom materials. A method which utilises MRI for susceptibility measurements
was significantly improved by using an echo planar imaging sequence instead of the standard
implementation of a spin echo sequence. An increased sensitivity and accuracy provides a
possibility to detect smaller susceptibility differences, to be more flexible in choice of
reference liquid or to decrease the sample volume. An automated evaluation method based on
model fitting was also developed and this increased the accuracy even further. Finally, the
volume susceptibility of two plastics, commonly used in phantoms, was determined.

For small volume 'H MRS in susceptibility influenced regions, the spurious echo artifact has
become a problem. It is, however, seldom recognised as a susceptibility artifact. In this thesis
a k-space description was introduced and the causes and conditions of this artifact were
studied. When the shim gradients are optimised for a small volume, the possibility of
achieving a good local shim, i.e. a locally homogenous magnetic field, is increased. An
imaging technique was developed, the WSI-scan (water suppression imaging), which
visualises how the global effects of the locally optimised shim might shift the water resonance
in some regions outside the water suppression bandwidth. When regions of unsuppressed
water overlap with the excitation regions of the volume selection, the probability of a spurious
echo artifact increases significantly.

To destroy any outer volume signal strong spoiling gradients are implemented in the volume
selection sequences. By using the new modified k-space concept it was possible to
demonstrate all magnetic configurations and their relative positions prior to acquisition in one
single k-space map. This tool showed to be powerful not only for describing the artifact
formation but also for evaluating the effective spoiling of unwanted magnetic configurations
and it was applied to two volume selection methods, PRESS (point resolved spectroscopy)
and STEAM (stimulated echo acquisition mode). The k-space description was verified by in
vitro experiments where the magnetic configurations of PRESS were separately refocused
into spurious echo artifacts.

This thesis shows that shim gradients are not only likely to shift water resonances of the brain
outside the water suppression band, they might also refocus unwanted, and spoiled, magnetic
configurations into a spurious echo. The k-space concept, the WSI-scan and the susceptibility
measurements all provide important tools for evaluating strategies and prerequisites for high
quality '"H MRS of small volumes.
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1. Introduction

Magnetic resonance (MR) studies of hydrogen can be applied for a large variety of clinical
applications, both in studies of anatomy and morphology with imaging (MRI) (Fig. 1a) and in
non-invasive studies of cell and tissue metabolism using spectroscopy (MRS) (Fig. 1b).
Common for many MR applications is the need for a strong homogeneous static magnetic
field. The nuclear magnetisation of the hydrogen nuclei will be affected by this magnetic
field, and a magnetisation that is aligned with the magnetic field will be created. Due to its
angular momentum the nucleus will also start to precess and the precession frequency, i.e. the
resonance frequency, v, is determined by the Larmor equation,

v=¢-B, (1)

where B is the magnetic field strength and #is the gyromagnetic constant (42.58 MHz/T for
1
H).

By using an RF-pulse, with a bandwidth of frequencies around the resonance frequency, it is
possible to perturb the magnetisation of the hydrogen nuclei and thereby cause an excitation.
As a result a detectable signal is produced when the nuclei relaxes to equilibrium. This signal
is called the FID (free induction decay).

By applying linear magnetic field gradients in three dimensions, the magnetic field will
become spatially dependent. This can be used for spatial encoding of an MR image, or for
spatial selection of an MRS volume of interest (VOI) (1). The magnetic field gradients induce
a spatial variation of phase and frequency and in conventional MRI the two in plane
dimensions are therefore denoted phase and frequency encoding direction. The magnetic field
gradients and the RF-pulses are combined into pulse sequences and by manipulating the pulse
sequence a wide range of contrast phenomena are accomplished, resulting in many MR
applications. T1, T2 and proton density are three fundamental properties of tissues and
substances, and by changing the timing parameters of the imaging pulse sequence their
influence on signal contrast between tissues in an MR image can be varied.

1 N n N N N L 1 N N 1 N N 1
38 36 34 32 30 28 26 24 22 20 18 16 14 12
Chemical shift (ppm)

Figure 1. a) A mid-sagittal T2 weighted MR image of the head. b) A 'H MR spectrum from grey matter in the
occipital lobe in the brain. Commonly studied metabolites are marked with a number; 1) creatine, 2) glutamate +



glutamine,

3) myo-inositol, 4) choline and 5) N-acetylaspartate (NAA).

A 'H MRS spectrum (Fig. 1b) contains a number of peaks where each peak corresponds to a
molecule, or part of a molecule, that contains a 'H nucleus. The peak position is used to
identify the molecule. The intensity, i.e. the integral, of the peak is proportional to the number
of "H nuclei contributing to the peak, i.e. proportional to the concentration of the molecule.
The peak position, or frequency shift, is called the chemical shift and depends on how the 'H
nuclei is shielded from the static magnetic field by electrons and other atoms (2). The
effective magnetic field that the hydrogen nucleus experiences depends on the shielding
constant, o, which gives a modification of the Larmor frequency,

v=x¢-B-(1-0). (2)

To eliminate the dependence of the chemical shift on the nominal static magnetic field
strength, the chemical shift in a spectrum is usually given in parts per million (ppm) instead of
Hertz.

—10°. V(HZ) B Vrefference (HZ)
V(ppm) - 10 (HZ) . (3)

Vreference

where Vierrence 1 @ chosen reference frequency, the zero point in spectrum, which often is
tetramethyl-silane (TMS) for '"H MRS.

When two adjacent materials have different susceptibility, i.e. difference in magnetisation by
the applied magnetic field, a spatial variation of the magnetic field will arise in areas close to
the border between the two materials. Hence, a difference in susceptibility leads to a local
magnetic field gradient and according to the Larmor condition this gives a local variation in
the resonance frequency. Since MR techniques utilise the frequency for both spatial encoding
and molecule identification, a susceptibility induced frequency shift can result in
measurement errors, displacement of signal and artifacts. Different pulse sequences can be
more or less sensitive to the susceptibility effect. Thus, the susceptibility effects are mostly
undesirable, but they can also be used for susceptibility determination with both MRI and
MRS.

1.1 Magnetic Susceptibility
1.1.1 Physical properties

There are several ways to express magnetic susceptibility and unfortunately no common
standard have been agreed on in the scientific community. There are volume, molar and mass
susceptibility, all with different dimensions and in the literature it is seldom stated which one
is meant (3).

Volume magnetic susceptibility (yy) is a dimensionless quantity that describes the
contribution to the total magnetic flux density present, made by a substance when subjected to
a magnetic field. For materials where the magnetisation, M (A/m), linearly depend on the
strength of the magnetising field, H (A/m), the volume susceptibility is defined as

ZV:E' )



Molar susceptibility has the dimension m*/mol and is defined as

w. . -
A= (%)
P

where W), is the molar weight (kg/mol) and p the density (kg/m?).

Mass susceptibility has the dimension m3/kg and is defined as

7, = ©)
P
In this thesis and all four papers, the volume magnetic susceptibility is used. Diamagnetic
materials have low negative volume magnetic susceptibility (e.g. water: yy = -9.03 ppm at
20°C), paramagnetic materials have low positive (e.g. titanium: yp = 182 ppm) and
ferromagnetic materials have high positive susceptibility (e.g. iron: 7y = 10" ppm) (3).

H is not commonly used in the clinical MR community. Instead the magnetic flux density, B,
is used, often simply referred to as the magnetic field strength and with the unit Tesla (T).

B=;U0'(H+M)::U0'H'(1+ZV)a (7

where 14 is the magnetic constant, i.e. the permeability of free space. When there is no
material present, B and H will be redundant. But inside a material B will be affected by the
susceptibility of the material. By is used to denote the external static magnetic field of an MR
system.

1.1.2 Magnetic susceptibility in vivo

When an object with susceptibilities differences is placed in a static magnetic field, there will
be a deformation of the magnetic field around the interfaces around and in the object. There
are several methods to visualise the magnetic field variations in vivo. The easiest method is
probably to use a gradient echo pulse sequence and acquire a phase image where the magnetic
field changes have induced a phase variation over time. A sagittal phase image can be seen in
figure 2. Regions where the phase wraps (the black to white transitions) are close indicates
regions of large magnetic field gradients (0.5 ppm field variation per phase wrap). Many
groups, e.g. (4-6), have also simulated field maps using models of a head or the head and
thorax.

Most tissues are diamagnetic and have susceptibility values between -11 and -7 ppm (3), i.e.
susceptibilities close to water (yy =-9.05 ppm at 37°C). In soft tissues the susceptibility values
are very similar and therefore the susceptibility induced field gradients are small within soft
tissues. Blood (yy=-7.9 ppm (3)) and air (y»=0.36 ppm) have susceptibilities that differ from
the susceptibility of soft tissue and, hence, larger magnetic field gradients can be found near
these interfaces. The largest susceptibility difference is found in tissue-air interfaces. This
leads to large magnetic field distortions near air cavities and also near the boundaries of the
human body.



Figure 2. 3 T images of the brain. a) A sagittal T2 weighted MR image of the head. b) A gradient echo phase
image of the same slice, TE =16 ms, 0.5 ppm magnetic field variation over one phase wrap.

Beside the magnitude of the susceptibility difference, the geometry of the interfaces and air
cavities is very important. For example, the field distortions due to the air-tissue interface at
the shoulders cause magnetic field distortions affecting the magnetic field in the occipital lobe
of the brain, the cerebellum and the neck (5). When including the shoulders and lungs in a
simulation of the magnetic field distortions in the head, the size of the magnetic field gradient
in the temporo-occipital region was determined to be 0.23 ppm/cm (5).

Strong field gradients are also observed near the nasal cavity and the sphenoid sinuses. This
will affect the homogeneity in the frontal lobe of the brain and field gradients of
approximately 0.75 ppm/cm have been found (7). If the head is tilted backwards, these
regions, together with the occipital lobe and the cerebellum, are found to have a more
homogenous magnetic field, probably due to the change in geometry and angulation relative
the external magnetic field (5).

1.1.3 Shimming

The homogeneity of the static magnetic field in an empty MR system is very high, with a
variation smaller than 0.2-0.4 ppm over a sphere with 40 cm diameter (8). However, when an
object is placed in the magnetic field, the object substantially reduces the magnetic field
homogeneity. The size, shape and susceptibility are factors that determine impact on the
homogeneity, and the field distribution becomes very complex in a geometrically complex
and heterogeneous object like the human body which consists of a large number of tissues and
organs with differences in susceptibilities and shapes.

To reduce magnetic field inhomogeneities induced by the object, the magnetic field is
shimmed during the measurement. During shimming, small magnetic field gradients of first or
higher order are added to balance the local magnetic field variations in the region studied



(the image volume for MRI and the VOI for MRS). The shim gradients must be optimised for
each measurement situation.

There are two principal ways to perform shimming, iterative or calculative. Iterative FID
shimming is an optimisation method, which by repetitive measurements searches for the shim
settings that give the maximal time integral of the magnitude of the FID signal (2). A faster
optimisation can be achieved with a calculative method where the shim settings are calculated
out of the guidance of a few measurement, e.g. FASTMAP (9,10). In the FASTMAP method
the By magnetic field variations along several lines (pencil beams) in different directions
through the studied region, are determined by measuring the phase variation along these lines.
The optimal superposition of the eight orthogonal spherical harmonics of the first and second
order shim coils is then found to match the field variations from the pencil beam scans.

All shim gradients are centred in the iso-centre of the magnet and for higher order shimming
this means that in any off-centre position, the spherical harmonics will all interact (11).
Positions off-centre on a second order gradient will require the use of a linear gradient to
balance the linear component of the second order gradient. Therefore, when using second
order shimming for a VOI positioned off-centre, the linear shim gradient should both balance
the linear component of the magnetic field over the VOI and the linear component of the
second order shim gradient.

The shim magnetic field gradients are optimised to minimise local differences but are added
globally. This can result in larger magnetic field inhomogeneities in regions outside the one
studied. By using higher order shimming, more complex inhomogeneities can be balanced,
but they will also lead to a more complex global magnetic field distribution outside the
studied region. For VOIs positioned off-centre, the linear gradient used to balance the linear
component of the second order shim gradient inside the VOI, will add globally and can cause
a considerably large magnetic field gradient outside the VOI.

1.2 MRI and Susceptibility

In MRI, a susceptibility difference which induces differences in the magnetic field strengths
and hence frequency shifts, will affect the spatial encoding (1). The resulting signal
displacements can lead to accumulation as well as dispersion of the signal and appear as
intensity spots and black spots in the image. Different pulse sequences are differently
sensitive to susceptibility and the magnitude of the artifacts can vary extremely, sometimes
the artifacts are subtle enough to be masked by the tissue structures in the image and
sometimes the entire image is distorted.

1.2.1 Pulse sequences

k-space concept

The object is represented in k-space by its Fourier transform. During scanning, the point of
signal collection is moved around in k-space by the magnetic field gradients (Eq. 8) of the
MR system according to the pulse sequence (12),




k = ;zj G@)dt, (8)

where #1s the gyromagnetic constant (cf. Eq. 1), G the linear magnetic field gradient and ¢ the
time. The total k-space trajectory depends on both gradients and RF-pulses. For imaging,
most pulse sequences are repeated as many times as necessary to complete sampling of signal
from the central area in k-space, determined by the desired spatial resolution and field of
view.

Depending on the acquisition strategy in k-space, the susceptibility artifact will have different
appearance and distinction in the image. For conventional sampling, the main parameter that
affects the size of the artifact is the bandwidth per pixel. Bandwidth per pixel is the frequency
difference from one pixel to the next, which, in turn, is determined by the inverse of the time
elapsed between adjacent k-space samples. The smaller the bandwidth per pixel, the greater
the size of the susceptibility artifact will be.

Spin-echo (SE)

The spin echo sequence, SE, is one of the most common and simplest pulse sequences. The
sequence and its k-space trajectory are shown in figure 3. It has a 180° RF-pulse that
refocuses the spins at the echo time and thereby diminishes the phase shifts in the voxel,
which are caused by local static magnetic field gradients. This refocusing 180° RF-pulse
makes the SE pulse sequence less sensitive to susceptibility effects. All sample points on the
same line along the phase encoding direction are acquired at the same point in time after
excitation, implying infinite bandwidth per pixel in this direction. Therefore, the SE images
are only affected by susceptibility differences in the frequency encoding direction.

A faster version of the SE is the turbo spin echo (TSE) pulse sequence. TSE utilises several
equidistant 180° RF-pulses to create several spin echoes and thereby acquire several k-space
lines during one repetition time (TR).

Echo planar imaging (EPI)

An echo planar imaging, EPI, pulse sequence is shown in figure 4. This is an SE-EPI with a
180° RF-pulse that refocuses intra voxel dephasing. The single shot EPI acquire the entire
k-space after one excitation. This means that the scanning has to be done fast, while there is
still signal to acquire.

In EPI, several k-space lines in the phase encoding dimension are acquired in sequence after
each other, with alternating acquisition direction. There will be a phase evolution between
adjacent sample points and therefore, the phase encoding of EPI will result in the same effect
on signal misplacement as for the frequency encoding of the SE. Since the time needed to
scan two adjacent sample points on the k-phase axis can be quite long, EPI has a low effective
bandwidth in the phase encoding direction and this makes EPI extra sensitive to susceptibility
effects. The frequency encoding gradient in EPI alternates and has a high bandwidth, and
therefore the artifact will not be noticeable in this direction. Thus, for EPI the susceptibility
artifacts will appear in the phase encoding direction while for SE the artifact will appear in the
frequency encoding direction.
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Figure 3. A spin echo pulse sequence and its trajectory, a-e, in k-space. a to e illustrates one phase encoding
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bandwidth per pixel in this direction.
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Figure 4. A single shot echo planar imaging pulse sequence and its trajectory, a-e, in k-space. a to e illustrates
the path of the trajectory and the whole k-space is acquired in one excitation. All k-space lines in the phase
encoding dimension are acquired in sequence. Therefore, there will be a phase evolution between adjacent
sample points, and a low effective bandwidth, in phase encoding direction.

1.2.2 Susceptibility measurement

The geometric susceptibility artifact can be utilised for susceptibility measurements to
determine the susceptibility value for different materials (13). When imaging a coaxial
cylinder, perpendicular to the magnetic field, the susceptibility difference between the inner
and outer compartment causes the circular cross section of the inner compartment to appear as
a spear-head. The size of the artifact is related to the susceptibility difference between the
inner and outer compartment. Beuf et al. utilised a SE sequence for the susceptibility
measurements (13). However, the high bandwidth of the SE sequence, which means low
sensitivity to susceptibility effects, makes the range of susceptibilities possible to measure
highly dependent on the susceptibility of the reference liquid. The susceptibility of plastics
and tissue like materials is very difficult to measure using SE.
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Figure 5. Generic PRESS (A) and STEAM (B) pulse sequences, with the three RF-pulses (a1, a2 and a3), the
selective and spoiling gradients (Gai sel, Ga2 sely Ga3 sel and Ggpoir). In STEAM G, and Gz will form one spoiler
pair. TE is the echo time and TM the mixing time.

1.3 "H MRS and Susceptibility

In MRS, a local susceptibility effect will cause a spread and/or a shift in resonance frequency.
These susceptibility induced frequency shifts can affect all frequency selective pulses used in
MRS, e.g. for volume selection or water suppression. In the final spectrum the effect can be
seen as broadened peaks, shifted peaks or as artifacts.

1.3.1 Pulse sequences

Volume selection

Most often, MRS is performed only of a part of the object using either a surface coil or using
a pulse sequence to only acquire signal from a selected volume of interest (VOI). Two
commonly used volume selection methods for 'H MRS are PRESS (point resolved
spectroscopy) (14) and STEAM (stimulated echo acquisition mode) (15) (Fig. 5).

Both PRESS and STEAM use three frequency selective RF-pulses combined with linear
magnetic field gradients to select three perpendicular slices, their intersection defining the
VOI. The Bloch equations describes the effect an RF-pulse has on the magnetisation and can
thus be used to design RF-pulses (16). For small flip angels, the Fourier transform provides a
satisfyingly approximation and a perfect box shaped slice profile would then be represented
by an infinitely long sinc-shaped RF-pulse (cf. the Fourier transform of a box function). An
approximation with higher accuracy is provided by the Shinnar-le Roux transform (17,18) and
this method is to be preferred for larger flip angels. However, all selective slices will have
regions with varying flip angles and especially the slice borders will have a large variation in
flip angle and magnetization (Fig. 6a, b). This means that all pulses, independently of nominal
flip angle, will create regions of excitation. Due to pulse sequence implementation and
limitations of the MR system, RF-pulses of higher pulse angles often produce worse pulse
profiles.



Figure 6. a) An ideal (~+) and a more realistic (—) slice profile. b) The corresponding pulse profiles. For the
realistic slice profile the borders have bands of varying flip angles, which can result in excitation. c-f) The
volume selection excitation regions for the PRESS sequence: ¢) excitation slices of al, a2 and o3, (d) the
excitation and refocusing bars of alo2, ala3 and a2a3. (e) The four “posts” of the stimulated echo, STE, of
alo2a3 and (f) the volume of interest, VOI. The virtual stimulated echo originates from the same region as the
stimulated echo.

PRESS consists of one 90° excitation (al) and two 180° refocusing RF-pulses (a2 and a.3).
As for any three-pulse experiment, PRESS has the potential of generating nine different
magnetic configurations (19-21), also called signal partitions. The excitation regions
corresponding to these magnetic configurations are shown in figure 6¢-f. To dephase all
magnetic configurations, except the second spin echo originating from the VOI, the
refocusing pulses are surrounded by strong spoiling gradients.

STEAM consists of three 90° excitation pulses and the signal from VOI is acquired as a
stimulated echo. Since STEAM also is a three pulse experiment, the same nine magnetic
configurations are possible, and likewise, spoiling gradients are used to suppress signal from
the unwanted configurations. However, there is a difference in the volume selection excitation
regions due to the three 90° pulses in STEAM, compared to the 180° RF pulses in PRESS.
Since the magnetisation from the VOI is longitudal during the TM-period it is possible to
achieve much shorter echo times (TE) using STEAM. Therefore, STEAM is more suitable
than PRESS for metabolites with short T2. However, for the same echo time, STEAM
theoretically provides only half of the signal from the VOI compared to PRESS.

k-space concept

The k-space concept is not commonly used for MRS but may be useful when discussing
magnetic configurations. All nine magnetic configurations of the volume selection are
associated with a history: a trajectory in k-space defined by the RF-pulses and gradients that
acted on the configuration during the pulse sequence.




Phase cycling
Phase cycling is a method used to eliminate unwanted signals due to, e.g. DC offsets,

spectrometer imbalances, coherent noise and/or multi pulse artifacts, on the basis of their
phase property. The unwanted signals might have different phase behaviour compared to the
desired signal, and by phase cycling of the RF-pulses and the receiver, unwanted signals may
cancel, while the desired signal is accumulated. Phase cycling can be performed with different
number of steps and the more steps utilised, the more unwanted signals are cancelled (22-24).

Water suppression

The in vivo MRS signal from the molecules of interest is usually much weaker than the water
signal, approximately by a factor of 1/10000. Therefore, water suppression techniques are
used to spoil the water signal before acquisition. Water suppression can be achieved in several
different ways but most methods utilise the difference in chemical shift between water and
other resonances. The most commonly used water suppression method is CHESS (chemical
shift selective), which works by exciting only a small bandwidth of frequencies around the
water resonance and then spoil this signal using strong gradients before VOI localisation and
signal acquisition (25). To get a more efficient water suppression, the CHESS sequence is
often repeated up to three times before volume selection (2). The water suppression is
performed without volume selection and will preferably spoil the water signal over the entire
object. But if local magnetic field gradients or shim gradients are present, these can act as
selective gradients by shifting the water resonance outside the water suppression bandwidth
and thereby create regions with unsuppressed water.

1.3.2 The spurious echo artifact

The spurious echo artifact is one of the susceptibility artifacts in MRS. Probably all MRS
users experience it more or less frequently. It appears at various and unpredictable positions
in spectrum as a complex structure with limited bandwidth (Fig. 7). The artifact have been
referred to as ghosts, wiggles, beating signal, spurious peaks, unwanted echoes, spurious
echoes etc. and has to some extent been described (26-29). However, although recognised for
a long time, it seems as if the artifact now appears more frequently. In a retrospective study of
MRS data at our site, a spurious artifact could be found in approximately 40 % of the spectra,
when studied carefully. This does not mean that all of these spectra were unusable. Caution
must be taken when interpreting spectral data if the artifact overlaps with peaks of the
molecules of interest and therefore interfere with the result. The artifact is often easiest
observed in the residual spectrum, i.e. the difference between the measured spectrum and a
fitted model spectrum.

Four experimental conditions must concur to give rise to a spurious echo artifact (26,27).
1. There must exist unsuppressed water, e.g. due to a static magnetic field gradient that
shifts water resonances outside the water suppression band.
2. There must be an excitation of the unsuppressed water.
This water signal must be refocused into an echo during the signal acquisition.
4. The phase cancellation of unwanted signals in the phase cycling must fail.

(O8]
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Figure 7. An example of an in vivo spurious echo artifact visible at 3-4 ppm in a 'H-spectrum (left) and at
200 — 600 ms in the time domain signal (right). The VOI was placed in centrum semiovale in the right
hemisphere of a healthy female volunteer. Acquisition parameters were: PRESS, TE=30 ms, TR=6000 ms,
VOI=40x10x10 mm’.

Artifact condition 1 - unsuppressed water

All magnetic field variations, due to object heterogeneity, susceptibility effects, shim
gradients and inhomogeneities in the static magnetic field, cause variations in resonance
frequency. To achieve good suppression of the water in the VOI, shim gradients are applied
during water suppression. However, these shim gradients are global and affect the resonance
frequencies over the entire object. If the water resonance is shifted outside the water
suppression frequency bandwidth, it will not be affected by the water suppression and
therefore remain unsuppressed, i.e. the shim gradients can make the water suppression
spatially selective.

Artifact condition 2 - excitation

All three pulses of the volume selection can cause excitations in different regions. Excitation
occurs also outside the VOI, in the slices utilized for volume selection. This result in nine
possible magnetic configurations: Mg, Mo2, M3, Maio2, Maiasz, Mo2a3, Malo2as, @ Stimulated
echo, Mgrg and a virtual stimulated echo, Mgre+ (19,20). When these excitation regions
overlap with the regions of unsuppressed water, there will be water signal originating from
regions potentially larger than the actual VOI. Ideally, all magnetic configurations, except the
signal from VOI, should be spoiled by the spoiling gradients.

Artifact condition 3 - refocusing

Since the gradient spoiling of unwanted signals has a limited performance, local static
magnetic field gradients might have the potential to refocus spoiled signals. If the static
magnetic field gradients present during acquisition have certain directions and sufficient
strengths, they can complete the refocusing of unwanted signals, spurious echoes.

Artifact condition 4 - phase cycling

Phase cycling can cancel spurious echoes but object motion can render this cancellation
incomplete. In vivo, movements are compulsory due to breathing, heart beats, patient
movements, etc. Most phantoms do not have movements and therefore spurious echoes are
not common in phantom measurements.

11



1.3.3 Susceptibility measurements

The susceptibility effect in MRS can be used to measure the susceptibility of liquids (30).
This method can not be used for solid materials since the signal diminishes too fast, i.e. the T2
value for solid materials are too small. A long circular cylinder placed parallel to the magnetic
field and an identical cylinder placed perpendicular to the magnetic field will induce different
susceptibility effects and the induced frequency shift can be utilized to determine the
susceptibility of the liquid inside the cylinders (13).
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2. Aim

The aim of this thesis was to study susceptibility effects in MRI and 'H MRS, to describe and
study the spurious echo artifact in '"H MRS and to utilise the susceptibility effects in MRI to
measure susceptibility in phantom materials.

Specifically, the aim of this work was to

- describe the theoretical considerations of the spurious echo artifact in MRS using a
k-space concept.

- verify the k-space description and explore and characterise the spurious echo by in
vitro measurements.

- study different spoiling schemes for PRESS and STEAM using the k-space concept
and examine strategies to minimise or reduce the risk of a spurious echo artifact in 'H
MRS.

- study the effects of shimming on water suppression performance for small volumes in
in vivo '"H MRS and to compare the impact of first and second order shimming and

different shimming optimization methods, and

- improve the sensitivity and accuracy of susceptibility determination to facilitate
measurements on materials commonly used for MR phantoms, e.g. plastics.

13
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3. Material & Methods

3.1 Spurious Echo Artifact (paper I, Il and Ill)

3.1.1 k-space concept and simulations (paper | and Il)

As a complement to the coherence pathway formalism (27), the spurious echo artifact can be
described by using the k-space concept. Using equation 8, a trajectory for each of the nine
magnetic configurations of the MRS volume selection sequences can be calculated. At the end
of the volume selection, the endpoints of the trajectory for all magnetic configurations forms a
pattern, that was determined by the gradients and RF-pulses in the pulse sequence. Hence, at
the start of signal acquisition, the signal from VOI will have returned to the origin of k-space
(i.e. 1s refocused) and all other magnetic configurations are preferably as far away from the
origin as possible (i.e. are spoiled). In this thesis this pattern of magnetic configurations at the
start of signal acquisition will be referred to as “spoiling pattern”.

In the traditional k-space trajectory interpretation, as described by Ljunggren (12) and used
for MRI, the signal collection from the stationary magnetisation takes place along the
trajectory of a moving point. For the aim of describing the spurious echo artifact and the
magnetic configurations of the volume selection, this concept was modified. The point of
signal collection was left stationary in the origin of k-space and the magnetic configurations
continued to move along a k-space trajectory, driven by the static gradients present during
signal acquisition. Since the magnetic field over the VOI is balanced by the shim gradients,
the magnetic configuration of the VOI should remain stationary in the origin, i.e. at the point
of signal collection. The other magnetic configurations will continue their trajectory and
should any of them drift across, or in the vicinity of the origin (Fig. 8), during signal
acquisition they will contribute to the acquired signal and give rise to a spurious echo. The
acquisition time is much longer than the time for volume selection and therefore, the gradients
needed to refocus a spoiled magnetic configuration can be much weaker than the spoiling
gradient.

a

Figure 8. An example of a k-space trajectory of the transversal
b k magnetization created by o3, Mgs. Solid thick arrows show the
trajectory during volume selection, starting in the origin with the

DAY second half of the slice selection gradient followed by the second lobe
5 ",!—' of the a3 spoiler pair. The dashed arrow shows the trajectory during
7 ‘l‘ K,o acquisition, when only a static gradient i t. The irregularl
i o2 quisition, when only a static gradient is present. The irregularly
F4 shaped outline represents the extension of My; as it drifts across
P k-space. a) Creation of a spurious echo. The a3 spoiler is applied to
’

equal magnitude in a2 and a3 directions and the static gradient,
) having an unfortunate direction, refocuses My3. b) A better choice of
) spoiler direction lets the static gradient enhance the spoiling of M;.
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Computer simulations were set up to analyse and illustrate the consequences of the slice
profile and the k-space considerations of the spurious echo artifact. The simulation was setup
to mimic a single voxel '"H MRS measurement in the brain in a clinical 1.5 T MR scanner.

For PRESS one large VOI, 30x30x30 mm3, and one small VOI, 10x10x10 mm®, were
examined. Echo time, and approximate duration of volume selection, was 30 ms. Numerical
values for other sequence parameters were chosen to be representative for a clinical MR
system for in vivo application in the brain. The three RF-pulses, al, a2 and a3, were sinc
shaped, truncated after the fourth pair of side lobes and weighted with a Hann window (also
known as Hanning) (31). Pulse durations were 2.5 ms for al (90° flip angle) and 5 ms for a2
and a3 (180° flip angle). Slice profiles were calculated using the forward Shinnar-le Roux
transformation (17,18). The content of spatial frequencies in the slice profiles, i.e. the
extension of the magnetic configuration in k-space, was calculated by means of the Fourier
transform and evaluated at the levels 10" and 10™ of maximum in the modulus of the slice
profile spectrum. The levels 10” and 10~ indicate where metabolite signal and unsuppressed
water signal, respectively, would be much less than e.g. N-acetyl-aspartate (NAA) signal in
magnitude Signals below these levels were regarded as adequately spoiled, i.e. too weak to
interfere with the signal from the VOI.

For the small VOI, the slice selection gradients were 10 mT/m for the al slice and 3.6 mT/m
for the a2 and a3 slices. Consequently, the magnitude of the k-vector of the selection
gradients for the 02 and o3 slices was 766 m™ each. The corresponding values for the large
VOI were 3.3 mT/m, 1.2 mT/m and 255 m™. The k-vector for one pair of spoiler gradients
was 2x1000 m™ for both VOI sizes. Finally, the extensions of the frequency spectra of the
corresponding slice profiles were combined with the k-space pattern for the model PRESS
sequence.

Different spoiling patterns were investigated for both PRESS and STEAM. For PRESS, the
sign of the spoiling gradients were altered. Only the components in the kg, and k3 directions
of the spoiler gradient pairs were changed, and the slice selection gradients were omitted. This
gives four alternative directions for the a2 spoiler pair: (Koo, Ko3) = [(+1000m™, +1000m™),
(+1000m™, -1000m™), (-1000m™', +1000m™), (-1000m™, -1000m™)]. The a3 spoiler pair can
have any of these four directions for each alternative of the a2 spoilers, resulting in a total of
16 combinations of spoiler directions.

For STEAM only the mixing time spoiling gradient (Gry) was altered, both by a change in
strength and direction. The a2-a3 spoiler pair (¢f Gq2 and Ggz in Fig. 5) was set to
2x1000 m™'. Three values of Gtwm strength were compared, 1000 m'l, 2000 m™ and 3000 m™.
Altering the direction of the Gy only the components in the ky, and k3 directions of the
spoiler gradient pairs were changed, the slice selection gradients were omitted. This gives
four alternative directions for the TM spoiler pair: (ke2, Ko3) = [(+3000m™, +3000m™),
(+3000m™', -3000m™), (-3000m™, +3000m™), (-3000m™", -3000m™")].
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Figure 9. The measurement set up seen from the magnet front (left) and from the magnet top (right). The black
line outlines the RF-coil and the VOI is indicated in the isocentre. o1, a2 and a3 show the orientation of the
three selective slices. 1, 2, 3, 13 and 23 indicate the positions for the small sphere during the measurements of
the al, a2, a3, ala3 and a2a3 configurations, respectively.

3.1.2 Phantom measurements (paper Il)

Two phantoms were used, one large sphere (14 cm diameter) and one small sphere (a table
tennis ball, 4 cm diameter), both filled with EEC solution (0.1 mM Gd-DTPA, 0.05 mM
MnCl; and 0.09 M NacCl) (T1~800, T2~200) (32).

The measurements were performed in a research mode on a Philips Intera-Achieva 1.5 T MR
system, release 1.5, in the T/R birdcage head coil (Philips Healthcare, the Netherlands). The
large sphere was used only for all preparation steps, including power optimisation, an iterative
linear shimming, gradient tuning and water suppression optimisation.

PRESS was used for volume selection, with TE 30 ms, TR 3000 ms, 1024 ms long
acquisition, and 16 acquisitions were averaged. Since the phantom setup did not contain
movements the phase cycling was turned off. The VOI was placed in the iso-centre by setting
the off-centre parameters to zero and the small sphere was placed at different positions using a
Styrofoam holder on the edges of the head coil. The positions were chosen so that one or two
selective slices crossed the phantom (Fig. 9). Since the VOI was placed free in air, the
measurement should ideally only result in noise signal.

The linear shim gradients of the MR system were used both to shift the water resonances of
the small sphere outside the water suppression band and to alter the k-space trajectories of the
magnetic configurations. The selective pulses were turned on and off, according to different
schemes, to refine the effects from the crossing slices. In this way, the configurations could be
studied somewhat separately, e.g. by turning off the al pulse only the a2, a3 and a2a3
artifacts were possible.

Analysis
The time domain signals, TD-signals, were evaluated in Matlab (Math Works, Natick, USA).

The position, distribution, maximal amplitude and signal integral of the artifact were
determined. The integral was calculated over the whole TD-signal. The position of the artifact
was defined to the point in time where the artifact had its maximal amplitude.
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Figure 10. A schematic illustration of the different VOI
locations and sizes in the retrospective in vivo shim
study. GC: gyrus cinguli, 20x18x10 mm’. OC: occipital
cortex, including both hemispheres of the brain,
20x20x10 mm®. NCR: nucleus caudatus in the right
hemisphere 10x10x15 mm’. CSR: centrum semiovale in
the right hemisphere 40x10x10 mm’. CSL: centrum
semiovale in the left hemisphere 40x10x10 mm®. TRA: a
large transversal volume centred on the top of the corpus
callosum, 100x80x30 mm’. Dotted VOIs indicate VOIs
not intersecting with the image, i.e. not centred in the
mid-sagittal slice.

3.1.4 In vivo measurements (paper lll)

Retrospective study of in vivo shim gradients

Measurements were performed on a Philips Intera-Achieva 1.5 T MR system, releases 9, 11
and 2.1.3, using the T/R H-Head coil (Philips Healthcare, The Netherlands). During different
'H MRS studies, shim values for six different PRESS volumes in the brain (Fig. 10) were
logged. Location 1 (GC): gyrus cinguli, 20x18x10 mm’. Location 2 (OC): occipital cortex in
both hemispheres, 20x20x10 mm’. Location 3 (NCR): nucleus caudatus in the right
hemisphere, 10x10x15 mm’. Location 4 (CSR): centrum semiovale in the right hemisphere,
40x10x10 mm®. Location 5 (CSL): centrum semiovale in the left hemisphere, 40x10x10 mm’.
Location 6 (TRA): a large transversal volume centred on the top of corpus callosum covering
centrum semiovale in both hemispheres, 100x80x30 mm’. VOI sizes are given as typical
values; most VOIs were individually optimised to fit the anatomy. Locations GC, OC and
NCR were measured in 23 subjects (33), locations CSR and CSL in 38 subjects and location
TRA in 35 subjects. The imaging shim settings of a coronal MR image stack were subtracted
to correct for the global influence on the magnetic field, variations in positioning, shape and
size of the subject head.

In addition, the NCR location was measured six times in the same healthy volunteer. All
measurements were performed during the same day, and each measurement was performed as
a separate examination. Between measurements, the volunteer was taken out of the magnet
room and allowed some rest, before proceeding with the next measurement.

Evaluation of the water suppression coverage

Six healthy volunteers, three male and three female, aged 21-24 y, were examined in two MR
systems, one 1.5 T and one 3 T, both Philips Acheiva, release 2.5.3, using the manufacturers
T/R birdcage head coil (Philips Healthcare, the Netherlands). Part of the scanning was
accomplished using a special research mode on the MR system (sequence development
mode).

Two MRS volumes were studied: one 40x10x10 mm® VOI planned in white matter in
centrum semiovale in the right hemisphere, and one 10x10x15mm’ VOI planned in mainly
grey matter in the nucleus caudatus in the right hemisphere. These volumes and localisations
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correspond to the CSR and NCR locations in the retrospective shim study described above.
PRESS was used for MRS volume selection, TE=30 ms, TR=2000 ms, 1024 ms signal
acquisition and 128 measurements were averaged (NSA) for the larger CSR VOI and 128 or
256 NSA for the smaller NCR VOI. All MRS measurements were separately optimised
regarding e.g. water suppression and shimming. For each measurement a 16 NSA non water
suppressed reference spectrum was acquired for eddy current correction of the water
suppressed spectra.

The water suppression had a 1.1 ppm bandwidth. For the 1.5 T system, two different linear
shimming optimisation methods were compared for each VOI localisation; one iterative and
one calculative method called pencil beam. On the 3 T system, first and second order
calculative shimming using pencil beams were compared for each VOI localisation. The
iterative shim optimisation was performed on the VOI. For the calculative shimming, nine
projections were used, the shim optimisation volume had never any dimension smaller than
25 mm and all spherical harmonics were fitted simultaneously.

To visualize regions unaffected by the water suppression, an MRI scan which had the MRS
water suppression added as a prepulse (RF-pulses and gradients) was developed. This scan is
denoted “WSI-scan” (water suppression imaging). The WSI-scan was based on a single shot
turbo spin echo sequence (TSE) with TE=70 ms and covered the entire head. For the 1.5 T
system, the in-plane resolution was 3x5 mm’, slice thickness was 5 mm, 1 mm slice gap and
an automatic linear shimming was performed with a first scan as a reference MRI-shim. On
the 3 T system the WSI-scan in-plane resolution was 3x3 mm’, 3 mm slice thickness and
1 mm slice gap. Second order shimming was performed on a volume covering the entire head
for reference MRI-shim values. The water suppression prepulse was a double CHESS
sequence, where the second CHESS pulse was optimised for each VOI localisation. The
WSI-scan time was approximately 22 s on both MR systems.

Each MRS measurement was followed by a WSI-scan using the same shim setting and the
same water suppression RF pulse angles. Thereby, the WSI-scan could visualise the water
suppression regions for each MRS measurement. In addition, a WSI-scan which used the MRI
optimized shims was acquired and for five of the twelve measurements a water spectrum
(NSA=16) using the MRI shim settings was acquired (two 1.5 T and three 3 T). Also, a
reference WSI-scan without water suppression was performed with MRI-shim values and
with the water suppression RF-pulses angles set to zero. This pulse sequence was otherwise
identical with the other WSI-scans.

The WSI-scans were evaluated visually to give a qualitative description of the regions
containing unsuppressed water, i.e. regions where the water resonance was shifted outside the
water suppression bandwidth and therefore not affected by the water suppression. The
WSI-scans were also quantitatively evaluated using image evaluation software MIPAV (34),
where all images were segmented into binary masks showing voxels as either signalling or
suppressed. The fractional suppressed volume in percent, Vpressess Was calculated using
equation 9.

vV _ er‘efé}'ence - VWSI

suppressed

100 ©

reference

where Vieference 18 the signalling volume of the binary mask for the reference scans where no
water suppression was used and Vs is the signalling volume of the binary mask for the
WSI-scan.
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The spectra were evaluated using both JMRUI (35) and LCmodel (36) to study the occurrence
of spurious echo artifacts. J]MRUI was also used to determine the FWHM of the reference
water peak as a measure of quality of the VOI shim.

3.2 Susceptibility Measurements (paper IV)
3.2.1 Measurements

MRS phantom
Two thin glass test tubes (175 mm long; 4 mm inner diameter; NMR sample tubes, (Wilmad

Glass, USA) filled with the liquid sample were positioned horizontally in a head coil. The
tubes were arranged perpendicularly to each other, one parallel and one transversal to the
static magnetic field, Bo.

MRI phantom
The phantom used for MRI was a 290 mm long coaxial circular cylinder (Fig. 11). It consists

of an outer glass cylinder (compartment 4, 70.5 mm inner diameter) for the reference liquid
(compartment 3) and an inner rod for a solid sample (compartments 1 and 2, 20.0 mm
diameter) or an inner glass cylinder (compartment 2, 17.1 mm inner and 20.0 mm outer
diameter) for a liquid sample or air (compartment 1). Distilled water (yv =-9.03 ppm at 20°C)
was used as reference liquid. In total, 18 samples were imaged: 15 solutions with variable
CuSOy concentrations (6400 mM; pro-analysis, CuSO4*5 H,0, Merck, Germany), 2 solid
samples (PMMA and polyethylene) and air.

MR systems
Two MR systems, Philips Intera (1.5 T) and Philips ACS (1.5 T) (Philips Healthcare, The

Netherlands), were used for non-volume selective MRS (1500 Hz bandwidth and
4096 samples) in the T/R head coil. Before MRS measurements, the systems were thoroughly
shimmed using a spherical phantom (15 cm diameter) filled with doped saline solution.

T EPI phase encoding
out
i

BO J\X
—_—

i1

Figure 11. A) The phantom used for MRI in the head coil. B) Cross section of the phantom. Outer cylinder (4)
for reference liquid (3): 70.5 mm inner diameter; central sample: solid rod (1 and 2) 20.0 mm diameter or glass
tube (2) 20.0 mm outer and 17.1 mm inner diameter filled with liquid sample (1).
C) Simulation of a distortion. d is the distance between the intensity spots that appear due to signal elements
positioned close to each other by the affected spatial encoding and reconstruction.
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MRI was performed on a 1.5 T Magnetom Vision Plus software version VB33D and using the
standard T/R head coil (Siemens AG, Germany). Before measurements, the system was
thoroughly shimmed using a spherical phantom (180 millimetres diameter, containing 1000 g
distilled water and 1.25 g NiSO4*6 H,O). The SE sequence had a gradient strength of
2.44 mT/m, providing a bandwidth of 104 kHz/m in the readout direction. The imaging
parameters were as follows: FOV, 150 mm; matrix size, 256x256; TR, 300 ms; and TE,
35 ms. Five transaxial images with 10 mm slice thickness were acquired as cross sections of
the phantom, and 6 of the 18 samples were measured with a CuSO4 concentration in the range
of 12-400 mM. Samples with lower CuSO4 concentrations would not produce an artifact in
the SE images. The EPI sequence was a SE-EPI and had a constant phase encoding gradient
strength of 0.080 mT/m (corresponding to a bandwidth of 3.41 kHz/m), a frequency encoding
gradient strength of 25 mT/m and a 75% partial scan. The imaging parameters used were the
following: FOV, 245 mm; matrix size, 256x256; profile time, 1.2 ms; and TE, 137 ms. With
EPI, 13 or 19 transaxial images with 10 mm slice thickness were acquired in all 18 samples.

3.2.2 Analysis

The susceptibility of the CuSO, solutions can be calculated theoretically from the CuSO4
concentration (30) and these susceptibility values were compared with both the MRI and
MRS measurements. The images were evaluated using two different methods, one manual
and one automatic in-house designed method based on model fitting.

MRS analysis
The spectra were evaluated using JMRUI (35). The centre frequencies of the fitted Lorentzian

curves were used in equation 10 to calculate the susceptibility of the sample.
2'(5L_511):Zo_li ) (10)

where y; is the susceptibility of the liquid inside the tubes and y, is the susceptibility for the
medium outside the tubes, both given as parts per million. In paper IV, y, was denoted y..
0, and oy are the shift in reference frequency in ppm for the tube placed perpendicular and
parallel to the magnetic field respectively (30).

MRI - manual image analysis

The images were evaluated using the software Matlab 6.5 (Math Works, Natick, USA). The
locations of the image intensity spots were determined by making three regions of interest
(ROIs), one over each intensity spot, and by locating the pixel with the highest signal in each
ROI. Equations 11a—11b (13) were then used to calculate the susceptibility of the sample.
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where y, is the volume susceptibility and a, is the outer radius for compartment n (Fig. 11b).
B, =[1+%}BO (12)

B3 is the magnetic field in compartment 3 in an infinitely long coaxial cylinder, far from the
interface between compartment 2 and 3 in which there is no effect from the susceptibility of
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the sample (compartment 1). G, is the gradient strength, and the artifact length, d, is defined
as the distance between top and bottom intensity spots (Fig. 11c¢).

MRI - image analysis by model fitting

An automatic and user independent evaluation program based on model fitting and iteration
was developed. The susceptibility disturbance on the spatial encoding and the resulting
misplacement, z'—z, of the signal were calculated using equation 13 (37). A simulated artifact
was constructed by adding signals with the same image position. The simulated image was
geometrically fitted to the MR image. By iteration, the susceptibility was found when the sum
of absolute differences between pixel values of the model and the experiment was minimized.

2 2

2 2

- - - B

; . (22 yz) where ¢ :%{(Xl X2)a; ";(Xz X3)az} G30 (13)
z:+y a,

Z'—z=c-a

T

and z and y are the coordinates.
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4. Results

4.1 The Spurious Echo Artifact (paper I, Il and Ill)

4.1.1 k-space concept and simulations (paper | and Il)

Using the k-space concept it was possible to visualise how the unwanted magnetic
configurations were shifted to different positions in k-space, while the signal from the VOI
always ended up in the origin at the completion of volume selection. The spoiling of the
model PRESS and STEAM sequences shifted the unwanted magnetic configurations to
different positions in k-space, ranging from 500 m™ to 5000-7000 m™ in distance from the
signal collection at the origin, depending on spoiling strengths chosen. Signal from magnetic
configurations that are closest to the origin are most likely to refocus. In most variants of the
model sequences, both for PRESS and STEAM, this was M,;3. The extension of an unwanted
magnetic configuration determines the minimum distance that the configuration must be
shifted away from the k-space origin, to avoid contributing signal to the spectrum. The slice
profiles and their corresponding frequency spectra, i.e. their extension in k-space, are shown
in figure 12. The simulated frequency spectra of the 3 cm slice profiles were 1/3 in width in
comparison with the spectra of the 1 cm profiles. This reverse relationship between slice
thickness and k-space extension is a fundamental property of Fourier space.

When combining the PRESS k-space pattern of the spoiled magnetic configurations with the
frequency spectra of the corresponding slice profiles, the frequency spread at the 10 level of
the unwanted configurations was small compared to their distance from the origin for the
30x30x30 mm® VOI. With a VOI of 10x10x10 mm’, the frequency spread at the 10~ level
(unsuppressed water signal) was comparable to the distance from origin for the closest of the
unwanted configurations (Fig. 13), while the frequency spread was negligible for all
configurations at the 107" level (metabolite signals). With twice as strong spoiling, the
unwanted configurations were shifted to twice the distance from the origin.

Altering the direction of the spoiling gradients in PRESS, the magnetic configurations were
placed in three typical spoiling patterns (Fig. 14). The three spoiling patterns exist in four
permutations through successive 90° rotations as well as four line-mirrored versions for the
third pattern. When both spoiler pairs had the same direction (Fig. 14a) all magnetic
configurations lined up, which only left two directions for refocusing any signal, and Msrte
was unfortunately left at the origin. This was avoided when the spoiler pairs differed in
magnitude or direction, e.g. spoiler gradients applied perpendicular (Fig. 14c) which provided
equal or less spoiling for all magnetic configurations except for Msre.

When altering the direction and strength of the TM spoiling in STEAM, the magnetic
configurations were grouped into three groups. Group 1: My, My, and Mgie2. Group 2:
Moias>, Ma2a3, and Mgie2q3. Group 3: Mgte, M3 and Mgtg+. By increasing the TM spoiling
strength, the distance between these groups was increased whereas the intra group distance
was constant. Changing the direction of the TM spoiler the grouping of the magnetic
configurations was the same and the first and second group was rotated by a change of the
direction of the TM spoiling (Fig. 15¢-f).
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Figure 12. Slice profiles (left column) and their
corresponding distribution of spatial frequencies
(right column). For a 1 cm slice selection: a-b) the
excitation profile of al (90°), c-d) refocusing
profile of a2 and a3 (180°), and e-f) excitation
profile of a2 and a3. For a 3 cm slice selection:
g-h) excitation profile of a2 and a3. The
horizontal lines in the frequency lin-log-plots
indicate the 10" and 107 levels.
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Figure 13. The magnetic configurations created by the
model PRESS sequence and their positions in k-space at
the beginning of readout. The magnetic configuration of
the VOI is shown with an unfilled symbol and the
unwanted magnetic configurations are shown with black
symbols. Horizontal and vertical bars show the
approximate k-space extension at the 107 level of a
10x10x10 mm® VOI corresponding slice profiles. Signal
collection takes place at the origin, where the VOI
remains stationary (for an ideally shimmed volume),
while the unwanted configurations move across k-space,
driven by their local gradients.
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Figure 14. Examples of the three main PRESS spoiling patterns obtained by using different directions for the
gradient spoiler pairs of a2 and a3. Spoiler directions were altered by changing sign of one or more of the k,
and k,; components of the gradient spoiler pairs. The influence from selection gradients on the spoiling pattern
was neglected. a) Same direction for the a2 (+kyo, + kq3) and a3 (+kq, + kq3) spoilers. b) Opposite directions of
spoiler components a2 (-kyp, - ke3) and a3 (+kgp, + kg3). ¢) Perpendicular directions for spoiler components
a2 (-keo, T ko3) and a3 (+kgo, + Ke3). Three more sign permutations exist for a) and b) that will present this
spoiling pattern through successive 90° rotations. For ¢) seven more sign permutations exist that will present this
spoiling pattern, as well as its line mirrored version through successive 90° rotations.
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Figure 15. Examples of the STEAM spoiling patterns obtained when altering the TM spoiling strength (a-c) and
direction (c-f). The influence on spoiling pattern from selection gradients was neglected and the k-vector for the
G, and Gg3 spoiler gradients were set to 1000 m’. a) Grm(kes, ko3) = [1000m™, 1000m™] b) Grm(ke, ke3) =
[2000m™, 2000m™] ¢) Grm(kas, ka3) = [+3000m™”, +3000m™] d) Grm(ker, koz) = [+3000m™, -3000m™]
e) Grum(Kozs ko3) = [-3000m™", +3000m™'] f) Grm(Kas, kaz) = [-3000m™, -3000m™].
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Figure 16. A 2D view of the 3D k-space for different PRESS configurations. The cross indicates the point at
start of acquisition and the rest of the symbols are the point at end of acquisition. Triangles indicate situations
when the trajectory passed in the vicinity of the three dimensional k-space origin during acquisition. The grey
scale indicates the artifact size, i.e. the integral of the TD-signal. The mean noise level was determined to
0.056 i.u. (institutional units). In the figure showing a2a3 artifacts, the trajectory ending in the white circle is a
a3 artifact.

4.1.2 Phantom measurements (paper Il)

The appearance of the artifact was consistent with theory. To receive an artifact the refocusing
gradient needed to be directed from a magnetic configuration towards the origin of k-space
and with sufficient strength for this configuration to pass in the vicinity of the origin (Fig.16).

The time for when the maximal amplitude in the TD-signal was found and the calculated time
for refocusing, i.e. time for passing through the origin of k-space, agree very well (Fig. 17).
The velocity through k-space is proportional to the gradient strength and therefore the echo in
the TD-signal became compressed when the gradient strength was increased. The appearance
of the a3 artifact changed with gradient strength, and is shown in figure 18. The a3 artifact
was visible even with a zero gradient and was in the TD-signal present from the start of
acquisition (Fig. 18a, e). Effectively, the artifact appearance is a manifestation of the trace
through the k-space distribution of the magnetic configuration that produces the artifact, i.e.
the trace of the configuration when it passes the point of signal collection in the origin.

The al artifact was visible at magnetic field gradient strengths higher than 450 pT/m and the

a2 artifact was visible above 117 uT/m. The maximum integral value was obtained with a
gradient strength of -780 uT/m for a1, -470 uT/m for a2 and -220 uT/m for the a3 artifact.
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2 Figure 17. The time point in the TD-signal when the
maximal amplitude was found (filled symbols) and the
theoretical refocusing time (unfilled symbols) for different
magnetic field gradient strengths, G (mT/m), for the al
(»), a2 (¢), a3 (m) and o203 artifacts (e). The gradient
direction was always towards or from the origin of
k-space. For al, a2 and a3 negative values show velocity
towards the origin and positive values is velocity away

(ms) from the origin. For a2a3 it is the opposite, i.e. positive

600 s00 1000  Vvalues are towards the origin.
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Figure 18. The a3 artifact for different magnetic field gradient strengths. A-D shows the TD-signals and E-H
the corresponding spectra. Added gradient strengths and theoretical refocusing times are, from A to D, 0 pT/m
and o ms, 25 pT/m and 1079 ms, 125 pT/m and 212 ms and 490 pT/m and 18 ms. In the two TD-signals at the
top the spurious signal theoretically should have refocused after the acquisition window but the a3 artifacts were
present even without a linear gradient added. The artifact plots are scaled individually in magnitude; the noise
levels can, however, be used for comparison.
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Figure 19. The x, y and z-components (G, Gy and G,) (uT/m) of the mean shim gradient for different in vivo
VOI locations and sizes in the brain. GC: gyrus cinguli, 20x18x10 mm’. OC: occipital cortex, including both
hemispheres of the brain, 20x20x10 mm®. NCR: nucleus caudatus in the right hemisphere 10x10x15 mm®. CSR:
centrum semiovale in the right hemisphere 40x10x10 mm®. CSL: centrum semiovale in the left hemisphere
40x10x10 mm’. TRA: a large transversal volume centred on the top of the corpus callosum, 100x80x30 mm’.
For GC, OC and NCR n =23, for CSR and CSL n =38 and for TRA n = 35. The error bars indicate the standard
deviation.

4.1.3 In vivo measurements (paper lll)

The mean shim gradient strength for the six different in vivo VOIs can be seen in figure 19.
The error bars indicate the standard deviation in the shim settings. The observed shim values
were smaller for larger volumes and for locations central in the brain, i.e. the CSR, CSL and
TRA locations (CSR: 7.4 uT/m, CSL: 7.0 uT/m and TRA: 3.0 uT/m). For the GC, OC and
NCR locations, the VOI sizes were smaller, and higher mean shim values were obtained (GC:
14 uT/m, OC: 9.4 uT/m, NCR: 15 uT/m). If a water suppression bandwidth of 1.1 ppm was
used, these gradient strengths correspond to water suppression regions of 22 cm, 23 cm,
55 cm, 12 cm, 17 cm and 11 cm, respectively. The highest individual shim settings found
were as high as 34 uT/m, which would correspond to a 4.8 cm wide water suppression region.
These extreme values were found for both GC and NCR.

The OC VOI resulted in somewhat lower shim gradients compared to the other two small
VOIs. However, the OC VOI has higher off-centre values in the x-dimension (VOI positioned
posterior), which means that regions anterior in the brain most probably will be outside the
water suppression region.

The six repeated measurements of the NCR VOI in the same volunteer gave a standard
deviation of 7.4 uT/m, i.e. the variation in shim values was just slightly less in magnitude
compared to the variation across subjects (SD = 8.7 uT/m).

The WSI-scan proved to be a valuable tool for visualising regions which were unaffected by
the water suppression due to a resonance shift caused by local susceptibility effects and/or the
global shim gradients. Typical in vivo WSI-images can be seen in figures 20 and 21. The
second slice from the left is approximately a slice through the centre of the VOI where the
shimming is optimised. The reproducibility amongst the volunteers was very good and the
mean of the fractional suppressed volumes for the different field strengths and shimming
methods are shown in figure 22. The error bars indicate the maximal and minimal values
obtained from the six volunteers. A qualitative visual evaluation of the images correlated with
the quantitative determination of the fractional suppressed volume.
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right mid-sagittal left

Figure 20. WSI-images for the VOI placed in centrum semiovale in the right hemisphere (CSR). a) 1.5 T linear
iterative shim, b) 1.5 T linear calculative shim, ¢) 3 T linear calculative shim and d) 3 T second order calculative
shim. The images in the second column approximately represent a slice through the VOI and the third column
show a mid-sagittal slice.

Even though the regions differed between the shimming methods used, there were no WSI-
scans where the mouth, nose or basal regions of the brain were suppressed. Only smaller parts
of the eyes were suppressed, and only in some of the WSI-scans. Figure 20 shows a typical
coverage of the water suppression for the CSR location. All four shimming methods resulted
in gradients weak enough to still suppress most of the water in the brain, however, basal
regions of the brain and other well known susceptibility influenced regions were left
unsuppressed.

For the small VOI in the nucleus caudatus, the choice of shimming method was more decisive
for the water suppression. Linear iterative shimming on the NCR VOI showed a smaller mean
fractional suppressed volume compared to linear calculative shim. Figure 21 shows the
typical water suppression coverage of the water suppression for the NCR location. Second
order calculative shimming on the nucleus caudatus (Fig. 21d) resulted in leaving almost half
of the brain unsuppressed. The WSI-image stack was reformatted in the same angulations as
the multi angulated VOI in the nucleus caudatus and the central slice in each of the
localisation slices are shown in figure 23. This visualizes the volume selection slices (al, a2
and a3) of the MRS measurement and the regions that are left unsuppressed within these
slices are of potential risk for creating the spurious echo artifact.
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right mid-sagittal left

Figure 21. WSI-images for the VOI placed in the nucleus caudatus in the right hemisphere (NCR). a) 1.5 T
linear iterative shim, b) 1.5 T linear calculative shim, ¢) 3 T linear calculative shim and d) 3 T second order
calculative shim. The images in the second column approximately represent a slice through VOI and the third
column show a mid-sagittal slice.

WSI-scans using the MRI optimised shim settings had a water suppression coverage similar
or better than shimming performed on the large CSR VOI (Fig. 22). The 3 T second order
calculative MRI shim showed a water suppression covering almost the entire brain. The
FWHM of the water peak in the unsuppressed reference MRS scan is shown in figure 24 for
the different shim settings. Using the MRI shims instead of the VOI optimised shims would
increase the FWHM with approximately 0.07-0.14 ppm and this FWHM increment is small
compared to the chemical shift between water (4.8 ppm) and creatin (3.9 ppm) or myo-
inositol (3.6 ppm). The variation of the FWHM of the water peaks measured using the MRI
shim settings is not indicated since these measurements were performed on very few of the
volunteers.

30



o
[oc]
)

0.7 A
__06-
X
=~ 05 Figure 22. The mean fractional suppressed volume,
g Vuppressed (%0) of the head for the MRS VOIs in centrum
g 04 semiovale (CSR) and the nucleus cautdatus (NSC) and
§ 03 | the different shimming methods: linear iterative shim
S (LI), linear calculative shim (LC) and second order
02 A calculative shim (SC).The error bars indicate the
maximal and minimal value from the six volunteers. The
014 dotted lines indicate the mean fractional suppressed
00 volume when using the MRI shim settings for water

suppression.
LI (1.5T) LC (1.5T) LC (3T) SC (3T)

Figure 23. WSI-scans performed on the 3 T system reformatted to show the central slices through the multi
angulated VOI in the nucleus caudatus (NCR). These slices correspond to the three selective slices of the VOI
localisation, i.e. they show the potential volume selection excitation regions. Anatomical references of the slice
angulations are shown in the left column. The upper row show the WSI-scan using second order pencil beam
shimming optimised on the VOI and the lower row show the WSI-scan using MRI shim gradients.
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4.2 Susceptibility Measurements (paper IV)
4.2.1 MRS

The results from the MRS measurements showed a good correlation with the calculated
volume susceptibilities of the CuSQO, solutions. The Pearson correlation coefficient was close
to 1, R=0.999, and the zero crossing was 0.056 ppm which indicates a high accuracy in the
susceptibility of the CuSOj4 solutions.

4.2.2 MRI

MR images using EPI exhibited larger artifacts compared with those using SE (Fig. 25), and
thus EPI has a higher sensitivity in susceptibility determination. The smallest equivalent
susceptibility difference, Ay, which gave an observable artifact in EPI images was 0.02 ppm.
The lowest equivalent susceptibility difference among the tested samples that produced a
visible artifact in the SE images was 1.32 ppm. For small artifacts, model fitting gave a higher
accuracy compared with manual image analysis of the same images (Fig. 26).

The volume susceptibilities of the solid plastic rods and the inner glass tube (distilled water as
reference and sample) determined by EPI and model fitting gave a volume susceptibility of
PMMA and polyethylene of -9.01 and -9.47 ppm, respectively, and a volume susceptibility of
the inner glass tube of -9.70 ppm.

Figure 25. The MRI phantom imaged with SE (left) or EPI (middle) and the simulated EPI-image using the
evaluation program (right). Reference liquid: distilled water, sample: 216 mM CuSQ, solution, giving a Ay,
equal to 3.0 ppm.
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Figure 26. The equivalent susceptibility difference, Ay., measured with EPI and evaluated by model fitting (1)
or by manual image evaluation (x). The vertical error bars show the maximal variation in measured equivalent
susceptibility difference in six repeated measurements of the same slice. The horizontal error bar represents the
standard deviation, SD, of the calculated susceptibility differences of the solution with largest standard deviation.
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5. Discussion

The trend in clinical MR is towards higher magnetic field strengths, from 1.5 T to 3 T and
beyond. Increasing the magnetic field strength leads to increased susceptibility effects, both in
MRI and MRS. To be able to have control of your phantom studies, you need to have control
of the susceptibilities and susceptibility effects in your measurements. The susceptibility
differences of phantoms used in different studies might give a pronounced effect on your
measurement result and therefore it is valuable to have an easy and accessible method to
measure the volume susceptibility with the MR system.

The increased magnetic field strength also leads to increased SNR (signal to noise ratio), and
hence, smaller VOIs become more accessible in MRS. The smaller VOIs are often preferred
as they enable MRS measurements that are well focused on specific regions and also
increases the possibility of achieving a good local shim within the VOI (38). However, the
global effects of the locally optimised shim gradients might cause regions where the water
resonance is shifted outside the water suppression bandwidth. When these regions are large,
they are more probable to overlap with the volume selection excitation regions and hence the
probability of a spurious echo artifact increases. Based on the concept of trajectories in
k-space, it was possible to show all the different positions of the nine magnetic configurations
prior to signal acquisition in one single k-space map. This k-space description was verified
with in vitro measurements and this tool proved to be very powerful when describing the
effective spoiling of unwanted magnetic configurations. To some extent, the k-space concept
could also be used to describe how local gradients may drive the configurations differently
during acquisition.

5.1 The Spurious Echo Artifact (paper I, Il and Ill)

A VOI which is well shimmed during volume selection and signal acquisition gives more
narrow peaks, i.e. a higher spectral resolution. Many interesting parts of the brain have, in
general, been inaccessible to MRS due to severe local magnetic field inhomogeneities. Basal
and frontal areas are examples of such regions that might, to some extent, become accessible
with smaller VOIs and more advanced shimming methods (38,39). If the VOI is well
shimmed during water suppression, the water signal in the VOI can be well suppressed
without the risk of affecting any of the metabolites close to water. However, successful
cancellation of a large local magnetic field gradient in the VOI transforms, via the shim
gradient, this large local gradient to a global one, which will affect and shift the resonance
frequencies of the object within the coil sensitivity volume. Hence, water resonances outside
the VOI might be shifted outside the water suppression band.

The effects of shimming on the in vivo water suppression performance have, to my
knowledge, not previously been studied. However, an in vitro experiment which confirms that
locally optimised shimming can cause unsuppressed outer volume water signal has previously
been performed (40). The WSI-scan presented in paper III appeared to be a valuable tool for
visualising regions in vivo that were unaffected by the water suppression. It was possible to
visually evaluate the combined effects of the global shim gradients and any local
susceptibility induced magnetic fields.
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The shim gradient can only balance the mean gradient of the same order in the VOI, e.g. the
linear shim can only balance the mean linear gradient of the local magnetic field over the
VOI. Therefore, in a small VOI, more local inhomogeneities can be balanced, and hence,
higher shim values become more probable. The smaller VOIs did show higher shim values
and large regions of unsuppressed water (Figs. 19 and 22). The complex patterns of the water
suppressed regions appeared very similar for all six volunteers and unexpectedly the standard
deviation of the linear shim values was of the same magnitude for the 23 volunteers as for the
six repeated measurements in the same volunteer. However, the nucleus caudatus was chosen
as a localisation known to be influenced by susceptibility effects (41) and a small shift of the
VOI, relative to the anatomy, probably affects the magnetic field over the VOI in the same
magnitude as the variation across subjects.

As suspected, the larger VOIs showed lower shim values and larger water suppression regions
in both the retrospective shim value study and in the study using WSI-scans. For the larger
VOI, there were no large differences between the shim optimisation methods, or between first
and second order shimming.

Using second order shimming for the nucleus caudatus, the water suppression only covered
about 35% of the head. Using linear shimming, larger regions of the brain were covered but
there were still regions, mostly occipital or basal regions of the brain, where the water signal
was left unsuppressed. Compared to linear calculative shim, linear iterative shimming on the
NCR VOI showed a smaller mean fractional suppressed volume. The optimisation of the
calculative shim was forced to use a shim volume with dimensions equal to or larger than
25 mm whereas the iterative shim was performed on the actual MRS VOI, ie.
10x10x15 mm’. The iterative shim was thus optimised for a spatially smaller local magnetic
field, which explains a higher shim gradient and also a smaller water suppression region.
Hence, the difference in fractional suppressed volume is probably not caused by the
difference in optimisation method but by the different sizes of the optimisation volumes.

VOIs positioned off-centre will cause larger regions to be left unsuppressed since the spatial
centrum for water suppression is shifted with the VOI. For a VOI positioned off-centre, a
second order shim gradient will also force the use of a linear gradient to balance the linear
component of the second order gradient in VOI (11). This added linear gradient will only
balance the linear component of the second order gradient inside the VOI, while globally it
will add to the second order gradient and can thereby cause large magnetic field gradients.
Hence, using higher order shimming on small VOlIs, and especially, small VOIs positioned
off-centre, will cause significant and complex magnetic field gradients outside the VOI.

Paper III showed that when performing small VOI 'H MRS, the shim gradients will degrade
the water suppression. Even though the size of the regions differed between the large and
small VOI, there were no WSI-scans where the mouth, nose or basal regions of the brain were
suppressed. Only smaller parts of the eyes were suppressed, and only in some of the
WSI-scans. When the regions of non-suppressed water overlap with the excitation regions of
the volume selection, they become sources for potential spurious echo artifacts.

The volume selection excitation regions differ for the different volume selection methods.
STEAM consists of three 90° excitation slices whereas PRESS consists of one 90° excitation
slice and two 180° refocusing slices. However, all three-pulse experiments are capable of
forming the same nine magnetic configurations (19-21). The relative amplitude, the spatial
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regions and the regions in k-space corresponding to these configurations will differ and
depend on the pulses in the volume selection.

In the k-space concept (12) all gradients and RF-pulses of the volume selection sequence
affects the k-space trajectories for the magnetic configurations. The strong spoiling gradients
shifted the unwanted magnetic configurations away from the origin of k-space, i.e. the point
of signal collection. Changing the spoiling gradient strength and/or direction can thereby be a
powerful tool for eliminating spurious echoes. The possibilities to distribute the unwanted
configurations in k-space were different for PRESS and STEAM. For example, in STEAM
the mixing time spoiler could be used to increase the spoiling of six of the configurations
without increasing the echo time. However, the a3 configuration will not be affected by the
mixing time spoiling.

In paper I simulations of realistic slice profiles and their corresponding frequency spectra
were performed. The range of spatial frequencies with amplitudes above the 107 level
represents the extension in k-space of unsuppressed water signal from the slice that can not be
neglected if it contributes to the MR spectrum. For a 1 cm slice the extensions were about
1500 m™ and this indicates that a spoiling power of about 1000 m™ would be sufficient,
assuming a perfect homogeneous magnetic filed over the entire object.

The k-space trajectory will be affected by all magnetic field gradients present over the
excitation regions. During volume selection local magnetic field gradients and shim gradients
are probably negligible compared to the stronger selection and spoiling gradients applied in
the volume selection pulse sequence. However, during the long signal acquisition even small
local gradients may cause a significant continuation of the k-space trajectory. Shimming the
VOI prevents the magnetic configuration of the VOI from drifting off the k-space origin
during signal acquisition. The course of the other configurations is determined by the B, field
variation resulting over the respective excitation region. Susceptibility induced local gradients
together with the global effect of the shimming gradients can cause some of the
configurations to pass the origin, or in its vicinity, i.e. cause a refocusing. Moonen et al.
theoretically established that a local magnetic field gradient might act as a refocusing gradient
(27), but, the influence of the global shim gradient was not included.

The position at start of signal acquisition, in terms of both distance and direction relative to
the k-space origin, is the prerequisite to prevent an unwanted magnetic configuration from
refocusing. When combining the extension of the magnetic configuration in k-space for
unsuppressed water and a small VOI with the spoiling pattern (Fig. 13) it is obvious that those
configurations that are positioned closest to the origin pose a considerable risk of unwanted
contribution in the collection of signal. The k-space coverage for these configurations is so
large that they can hardly miss the origin, should they drift at all towards it. The results
demonstrate that a gradient spoiling sufficient for elimination of unwanted signal for a given
VOI size may not be sufficient for a smaller one. Likewise, a gradient spoiling that is
sufficient for elimination of unwanted metabolite signal may not be sufficient for elimination
of unsuppressed water signal. Hence, it is unlikely that there exists any fixed spoiling scheme
that is optimal for all in vivo measurement situations. Rather, the spoiling has to be tailored
for each measurement to eliminate the probability of spurious signal. The simulations and the
k-space description of spurious echoes provide a basic theoretical tool for analysis of spoiling
schemes and prediction of spurious signal.
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The k-space description was verified by in vitro experiments and the appearance of the
artifact was consistent with theory. To receive an artifact the refocusing gradient needed to be
directed from a magnetic configuration towards the origin of k-space, and with sufficient
strength for at least parts of the k-space distribution of the configuration to pass in the vicinity
of the origin (Fig. 16). The gradient strength will determine the velocity by which the
magnetic configuration passes the k-space origin and therefore the echo in the TD-signal
became compressed when the gradient strength was increased. The trace through the k-space
distribution of the magnetic configuration that passes through the point of signal collection
will be decisive for the artifact appearance. The smaller artifacts appeared similar to the one
published by Kreis (28), but differed somewhat from the ones published by Ernst et al. (26)
which had less structure and were not as limited in frequency range.

Papers I-III have clearly shown that for small VOI 'H MRS there are large regions of
unsuppressed water, which most likely will overlap with the volume selection excitation
regions, and that since the time for signal acquisition is much longer than the time for volume
selection any refocusing gradient can be much weaker than the spoiling gradients and still
refocus unwanted magnetic configurations into spurious echoes. As a result, there will only be
the phase cycling left to prohibit the formation of a spurious echo artifact in the acquired
spectrum. Henning illustrated how the phase cycling scheme called phase rotation effectively
can cancel the spurious echoes (42). However, at this stage, a successful measurement relies
on acquisitions from a number of phase cycles, each one contaminated with spurious signal,
which when accumulated over all phase cycles cancels the spurious signal leaving an artifact
free spectrum. PRESS and STEAM, which commonly are regarded as single experiment
volume selection methods have turned into multi experiment methods and, as such, they are
sensitive to object motion. The WSI-scans showed that regions which always were left
unaffected by the water suppression were the mouth, nose and basal regions of the brain.
These regions are also suffering from tissue motion and hence are regions where the phase
cycling is more probable to fail.

Almost all water suppression methods used are based on the chemical shift between water and
the other resonances and all methods based on frequency selective excitation will be affected
by the shim gradients. Increasing the number of CHESS pulses and implementing more
efficient water suppression methods, e.g. DRYSTEAM (43), will not change the water
suppression regions, and the regions will probably be very similar to what was shown in paper
II1. All these water suppression methods might benefit from using a more global shim for the
water suppression. The actual volume selection and signal acquisition must be performed
using the locally optimised shim to ensure a high spectral resolution. However, by choosing a
more global shim, e.g. the imaging shim, during the water suppression part of the MRS
measurement, a good coverage of the water suppression can be obtained. Due to the
difference in resonance frequency between the two different shim settings, there is a risk of
suppressing metabolite signal with the water suppression RF-pulses. In the present work,
FWHM of the water peak showed a slight increase when the MRI shim was used, compared
to when the VOI-optimised shim was used.

In this thesis several ways to improve 'H MRS measurements by reducing the risk of a
spurious echo artifact have been identified. For example, better prerequisites for MRS could
be accomplished by implementing the WSI-scan in the MRS preparation. The WSI-scan used
in this work was quick (22 s) and could easily be used for routine clinical MRS
measurements. The WSI-images can then be used to adjust the slice order so that the a3 slice
does not overlap with regions of unsuppressed water and tissue motion. Previous studies have
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recommended an optimal slice order, placing the a3 slice in a transversal direction (26,27).
With today’s use of multi angulated VOIs this recommendation needs to be updated. For
multi angulated VOIs, and due to the complexity caused by higher order shim gradients, it
will be very difficult to determine an optimal slice order without the information of the actual
water suppression regions. An alternative approach can be to use the WSI-scan to indicate
where to place saturation bands for extra outer volume suppression.

The capability of the volume selection sequences to suppress spurious signal could be
improved by increasing the spoiler gradients. The strength of the gradient will be limited by
available gradient power and the durations will be limited by TE. Larger spoiler gradients
might also lead to more eddy currents in the scanner and an increased risk of phase errors due
to motion during the application of a spoiler gradient pair (44).

Another option is to alter the directions of the spoiler gradients. This will be the equivalent to
repositioning the spoiled configurations in k-space. Since the purpose is to avoid or remedy
refocusing of spurious signal in each measurement situation, selection of spoiling directions
should be guided by the direction of the shim gradient (Fig. 8).

If it is not possible to change the sequence implementation there are several simple ways to
try to eliminate the spurious echo artifact. First, immobilise the patient to prevent motion, e.g.
using a vacuum cushion. Second, use as large VOI as possible, since the larger VOIs reduce
the shim gradient strengths and reduce the extension of the signal region in k-space. Third,
use linear shims for small VOlIs, since the spectral resolution often is high enough even with
first order shims. If second order is needed, the dimensions of the shim volume should be
increased. Fourth, try to angulate the VOI so the extensions of the volume selection slices do
not cross regions containing tissue motion. If this is hard to achieve, try using a saturation
band. Finally, it is advisable to always study the FID and spectrum during signal acquisition.
If a spurious echo artifact does turn up in the first measurements, it is advisable to abort the
acquisition, change the slice order, reangulate or move the VOI slightly and restart the
measurement.

This thesis describes and discusses spurious signal in the context of '"H MRS in the brain.
However, the theoretical considerations and the results are, in principle, valid for application
of "TH MRS in any other part of the living body.

5.2 Susceptibility Measurements (paper IV)

The MRS method for susceptibility measurements (30) was easy to use and is accurate, and
there was no need for large sample sizes or well-known references other than air. However,
due to broad peaks overlapping each other for samples with short T2 relaxation times, the
MRS method is only suitable for liquids with sufficiently long T2 values. Other liquids, and
all solids, require the MRI method. The MRI method was first implemented using a SE
sequence (13). However, using EPI and model fitting for evaluation proved to be comparable
with the MRS method with regard to accuracy and sensitivity. In the measurements using the
EPI sequence the limit for an observable artifact was Ay. =0.02 ppm (as compared to
0.01 ppm for the MRS method).

When considering the relative bandwidth per meter for the readout gradient in the SE
sequence, compared with that of the phase encoding gradient in the EPI sequence, the
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sensitivity was increased by a factor of 30 using EPI. With such a high increase in sensitivity,
it would be possible to measure much smaller sample sizes, theoretically 5.5 times thinner,
and still get the same artifact size, but the spatial resolution and SNR will be restricting
factors. The ultimate limitation of susceptibility determination with MRI is, however, set by
the field inhomogeneities remaining after shimming, i.e. it is of outmost importance that the
shimming of the MR system is thorough and that there are prerequisites for a good shim.

Model fitting was found to be superior to the manual image analysis because it utilised the
entire artifact instead of only the three intensity spots as in the original evaluation method
(13). This will make the evaluation and susceptibility determination less sensitive to other
image artifacts. It also made it possible to accurately evaluate smaller susceptibility artifacts,
e.g. images with only a barely visible artifact could be evaluated with a satisfying result.

Being able to perform susceptibility measurements of plastics using distilled water as a
reference makes it easy and accessible for everyone to perform susceptibility determination
for phantom materials with an MR system. Model fitting should be used for evaluation if very
high accuracy is needed in the susceptibility measurements. However, for many applications
the manual analysis is probably good enough if the sensitivity in the imaging is high.
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6. Conclusion

In this thesis the susceptibility effects in MRI and 'H MRS were studied. Using the well
recognised, but often unwanted, effects of susceptibility in EPI imaging the sensitivity of
susceptibility measurements could be greatly improved. In MRS, susceptibility is well known
to cause line broadening; however, the role of susceptibility in the creation of spurious echo
artifacts is unknown to many.

In this thesis the origin of the spurious echo artifact was explored using a k-space concept.
One single k-space map could show all the different magnetic configurations and their
relative positions. It was easy to follow the magnetic configurations during volume selection
and to see the effective spoiling power prior to signal acquisition. To some extent the k-space
description could also be used to describe the continuing trajectory during signal acquisition,
and any refocusing of spurious echoes.

The k-space description of the artifact was verified by in vitro measurements. Different
magnetic configurations of the PRESS sequence were separately refocused using linear
magnetic field gradients. The artifact appearance was consistent with theory. The in vitro
measurements showed that the characteristics of the artifact strongly depended on the strength
of the refocusing gradient. In the time domain signal the artifact is an imprint of the magnetic
configuration as it passed through the origin of k-space during signal acquisition.

The k-space concept provided a geometrical approach that proved to be especially valuable
for discussing spoiling strategies. The position of the magnetic configurations at the start of
acquisition, in terms of both distance and direction relative to the k-space origin, was a
prerequisite to prevent refocusing of any of the configurations into a spurious echo. The
k-space concept was applied on both STEAM and PRESS, where different spoiling patterns
were examined. For STEAM it is possible to increase the spoiling power for six of the
magnetic configurations, without affecting the shortest possible echo time which is not
possible for PRESS. For both sequences the free induction decay of the last RF-pulse in the
volume selection, a3, became the configuration closest to the k-space origin and was
therefore the magnetic configuration most likely to cause a spurious echo artifact. However,
for neither PRESS nor STEAM it was possible to increase the a3 spoiling without increasing
the shortest possible echo time.

This thesis showed how localised shimming in small VOIs can degrade the water suppression
performance in 'H MRS. An imaging scan, the WSI-scan, was developed in which the MRS
water suppression sequence was added as a pre-pulse. The accuracy of the WSI-scan was
validated in vitro. In vivo the WSI-scan, with high contrast, visualised the regions unaffected
by the water suppression, irrespective of if the shift in resonance frequency was caused by
local susceptibility effects or the global shim gradients. For the large VOI in the
homogeneous region of centrum semiovale, all shimming methods gave a similar result; the
shim values were lower and the water signal was suppressed in most parts of the brain. For
the small VOI in the more inhomogeneous magnetic field around nucleus caudatus, the
choice of shimming method was more decisive for the water suppression performance.
Second order shimming of the small VOI resulted in very large, complex regions of the brain
where the water signal was left unsuppressed. Considering the small gain in FWHM of the
water peak for second order shimming, second order shimming will most probably cause
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more damage than gain for small VOIs. The quality of the small VOI 'H MRS measurements
would most probably benefit if the water suppression shim was optimised on a more global
volume and separated from the shim used during volume selection and signal acquisition.

On a clinical MR scanner, the use of EPI instead of a standard implementation of an SE
sequence increases the sensitivity in susceptibility measurements significantly. Increased
sensitivity gives an opportunity to detect smaller susceptibility differences, to be more
flexible in choice of reference liquid and to decrease the sample radius and volume. An
automated evaluation method based on model fitting was developed, and evaluation by this
method increased the accuracy further and the volume susceptibilities of two different plastics
were determined. Being able to determine the susceptibility for phantom materials makes it
possible to reduce unwanted susceptibility effects in phantom measurements.

In summary, susceptibility is a common source for artifacts in both MRI and MRS and the
importance of understanding susceptibility effects increases with field strength. The k-space
concept, the WSI-scan and the susceptibility measurements all provide important tools for the
development of strategies to obtain good prerequisites for high quality 'H MRS measurements
of small volumes.
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