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Abstract

Magnetic resonance imaging (MRI) is still a fast growing area of research and is an important
part of the clinical tools used for diagnosis of various diseases. The diagnostic values of
diffusion imaging are well known especially for ischemic stroke in the acute phase.

This work concerns whether the apparent diffusion coefficient (ADC) and the full width at
half maximum (FWHM) changes when the imaging protocol changes e.g. when the diffusion
time or the duration of the diffusion encoding gradient duration, 8, changes.

All measurements were performed in-vivo using either on a Siemens Allegra 3T head scanner
or a Philips Achieva 3T whole body system.

The result of varying the different diffusion time shows that FWHM in of the probability
distribution in white brain matter increases linearly in the direction parallel to the fibre
structure, as expected from Einstein’s equation. Whereas in the direction orthogonal to the
fibres FWHM is increases only slightly and this is assumed to reflect the restriction of the
diffusion in this direction. The FWHM in grey brain matter shows the same tendency to
increase as for the parallel direction in white brain matter.

When the duration of the diffusion encoding gradients, 9, is increased, simulations indicate
that both ADC and FWHM should decrease. This was verified in the in-vivo measurements
although the decrease in the orthogonal direction was smaller than expected.

In most of the literature today it is assumed that the ADC and the FWHM values are
independent of the duration of the pulsed gradients. The result presented in this work
suggests that this assumption should be reconsidered.
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Chapter 1. Introduction

1 Introduction

In 2003, Paul C Lauterbur, USA, and Sir Peter Mansfield, England, received the Nobel Prize
in medicine for an invention they made during the 1970s. Lauterbur was awarded the prize
for the method of image reconstruction based on magnetic field gradients and Mansfield for
the echo planar imaging (EPI) readout technique. Their innovation led to a new non-invasive
method to examine the inner structures of the human body in-vivo. The first commercial
equipment was in use in the early 1980s and in 2002 there were over 22 000 scanners in use
around the world [1]. In the specific area of diffusion MRI, Richard R. Ernst has contributed
a great deal and he was awarded the Nobel Prize in 1991 for the work regarding the nuclear
magnetic resonance (NMR) spectroscopy. In the early 1990:s the first clinical application of
diffusion weighted images (DWI) was discovered and the diagnosis of ischemic stroke in the
acute phase was made possible [2]. Today the diffusion imaging technique is used as an
important diagnostic tool, not only for acute ischaemic stroke but also for brain tumours,
Multiple Sclerosis, Alzheimer’s disease etc.

The MR technique of today is used both in the field of chemical research and in medical
diagnostic imaging, however the equipment used in the two areas differs. NMR is used for
investigation of structures and compositions whereas MRI is a non-invasive method that
takes images of the inside of the body and is used for clinical diagnosis all around the world.
The NMR scanner has a higher magnetic field strength and stronger gradients than a clinical
scanner, however, the bore size of a NMR spectrometer is in the order of mm and only allows
studies of small test samples whereas the MRI scanner has a bore size large enough to fit a
human body.

The random, Brownian motion, of water molecules can be measured by diffusion weighted
MRI, a technique that is based on the phenomena of signal attenuation due to phase
dispersion. The diffusion motion is dependent of the temperature and the viscosity of the
fluid.

The logarithm of the diffusion weighted signal can be plotted against the strength of the
diffusion encoding (b-value) and hence results in a signal attenuation curve. The slope of this
logarithmic curve is the apparent diffusion coefficient (ADC) value, that is the speed of the
diffusion measured in m*/s. Recently the signal attenuation was found to be multi-exponential
and hence, the ADC has be divided into to parts, ADCg,ss and ADCygjoy [4]. ADCry is the
initial slope of the signal attenuation curve and ADCyg,y, is the slope of the more slowly
decaying part of the curve. Using only low b-values, up to approximately 2000 s/mm?, the
diffusion signal decay is mono-exponential and the ADC values can be estimated with a
linear regression, but if high b-values are used a bi-exponential function provides a better fit
[3], [4]. By using a linear approximation of ADCt,s and ADCygoy the ADC values are under-
and overestimated, respectively, relative to the bi-exponential fitting method [5]. A problem
regarding ADC values is that there are no consensus within the scientific community what
ADC, and ADCyoy really is describing. A theory supported by Assaf ef al. [6] and van Zijl
[7] is that the ADCyt,g corresponds to the intra cellular fluid water whereas others describe it
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like just the opposite, Sotak [8]. In one study, Schwarcz et al.[9], discards the idée that
ADC, and ADCg)o corresponds to be different cell compartments and says that we are just
measuring a combination of the both components. The conclusion was made after conduction
of two different experiments, the first where conducted on 27 mail mice where a global
ichemia was induced using a cupper rod cooled in liquid nitrogen applied to the scull of the
mice for 10 s. The cell membrane was partly or fully disintegrated and the extracellular space
were incorporated in the intracellular space. In the second blood from healthy human
volunteers was centrifuged so that the extra cellular space between the erythrocytes was
negligible. The conclusion of the study was that ADCy,y and ADCj,w not corresponds to any
particular part of the cells matrix.

An alternative way of analysing the diffusion is to perform so called g-space imaging, where
the signal attenuation curve is Fourier transformed, resulting in a probability density
distribution function. The width at half of the maximum (FWHM) of the distribution will be
an estimation of the mean displacement of the water molecules and this can be taken as a
measurement of the averaged net distance the water molecules have moved during the
diffusion time. In the case of restricted motion the FWHM will not increase with increasing
diffusion time, Ty, (the waiting time when the molecules can move around, diffuse) [3], but
will reach a value which is proportional to the structural confinement [10].

A problem when performing diffusion measurements is the fact that the duration of the
diffusion encoding gradient, J, isn’t infinitely short, the water molecules is moving during the
encoding phase. To avoid this the short gradient pulse (SGP) approximation must be valid
and 8D<<a” where a is the confinement size and D is the diffusion coefficient. SGP

approximation means the water molecules cant reach the confinement during the duration 9.

1.1 Purpose

The purpose of this study was to evaluate the possibilities to perform g-space imaging in-vivo
using clinical MRI scanners and to examine if and how the FWHM is affected when the
diffusion time is altered and also to investigate how ADCj;, . and FWHM changes when the
SGP approximation is violated. A better understanding of how different protocol parameters
affect the measurements can improve protocol optimisation and also provide a more accurate
reading of the images.

1.2 Overview of the current state of diffusion MRI and NMR

In the early 80:ties, before the clinical use of DWI was possible, Wesbey et al. performed the
first measurement of molecular self-diffusion with MRI [11]. The diffusion encoding of the
molecules was preformed only by varying the amplitude of the slice selection gradient and
not, like today with separate diffusion encoding gradients. The great advantage of diffusion
measurements with MRI according to Weseby et al. was the possibility to measure several
samples as in the case of measurement carried out with the NMR spectrometer.



Chapter 1. Introduction

In 1985 Le Bihan and Breton [12] presented a work that simplified the method that was
originally described by Stejskal-Tanner in 1965. Le Bihan and Breton presented a more direct
method for diffusion measurements and introduced the notation of the gradient factor b,
which simplified the determination of the relationship between the diffusion encoding and the
diffusion coefficient. In 1986, Le Bihan ef al. introduced the term ADC [13] that takes
restricted diffusion into account and also the time period for which the diffusion is observed.
The term “apparent” comes from the fact that the diffusion coefficient measured in-vivo
deviate from the theoretical diffusion coefficient. The difference is contributed to the fact that
when the diffusion coefficient is measured in-vivo, effects from cell membranes and cell
elements as well as the perfusion related pseudo diffusion will cause the value of the
diffusion coefficient to deviate from the theoretical value of water.

In 1991 Callaghan et al. [14] made a NMR study on porous alumina saturated in water and in
decane and on Bentheimer sandstone. Both samples were cylinders of 1.5 cm in length and
0.7 cm in diameter. The experiment was carried out as a function of the magnitude of q
(approximately proportional to the square root of b) and the echo amplitude was plotted as a
function of the A. Callaghan et al. did show that when A increases, from a few to a few
hundred milliseconds, the collisions with the pore walls reduce the effective rate of diffusion,
leading to a reduction in the slope of each curve and thereby a reduction in the ADC value.

More recently several groups have examined the effects on the FWHM when changing the
Tq4. Nossin-Manor et al. [15] performed an experiment on extracted rat spinal cord (SC) with
in an NMR spectrometer where they concluded that the white matter (WM) vs. grey matter
(GM) contrast increase when the Tq4 increase. This effect is only noticeable in the direction
perpendicular to the long axis of the SC. In the parallel direction the contrast was not affected
by the choice of the T4. They also found that the increase of the mean displacement was less
in the direction perpendicular to the SC in WM than in GM when the T4 was increased. In the
same study they performed an experiment where 8 was changed from 2 ms to 20 ms. They
concluded an increase in the probability of zero displacement and a decrease in the mean
displacement (proportional to FWHM).

Topgaard and Soderman [10] have examined the effect on the root mean square (rms)
displacement for extremely short T4 (much shorter than what can be obtained with MRI) for
restricted diffusion and found that for the shortest time the rms displacement follows that of
free water but when the T4 increase further the rms displacement becomes constant. The
measurements were performed with a NMR spectrometer on a water film with a thickness of
approximately 50 um. For the shorter T4:s the molecules will appear to be free since they do
not bounced into the walls. When the Ty is increased the restriction, made out of the walls,
will stop the spread of the molecules and the rms will become constant.

On the same topic but in a different field of research Wassenius et al. [16], have examined oil
filled polystyrene spheres with an average radius of 1.5 um with a NMR self-diffusion
measurment technique. Their results show that the rms distance of oil particles inside the
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spheres is practically constant for different Tq:s, while the rms from the particles itself
follows the behaviour of a free particle.

The effects on different parameters when changing duration of the diffusion encoding
gradient pulse, §, has been made by several groups. Mitra and Halperin presented a
theoretical work about the Centre of Mass (COM) theory [17]. Their work explains what
happens to water molecules in pores during the duration of the diffusion gradient. The COM
of the path of a water molecule during a specific time will move towards the middle of the
confinement when the gradient pulse time increases. Mitra and Halperin conclude that if d is
infinitesimal short a particle will not move during 6 and the COM will be the location of the
particle. If the time 8 increases the measured pore size will be smaller than the actual pore
size and the effect of COM will effect the measurement. If the gradient duration is increased
even further, the pore space (the space where the pores are located) will appear uniform since
the water molecule will escape the pore through the semi permeable membrane.

Malmborg et al. [18] performed an experiment on a water-in-oil emulsion in order to
investigate what happens when the SGP approximation is violated on an NMR scanner. The
result of the study, where they were measuring on molecules within oil droplets, was that if
the SGP approximation is violated the measured pore size will be considerably smaller than
the actual pore size. If the mean square distance (MSD) is of the same magnitude, or larger,
than the pore size the information about the pore size will gradually be lost for increasing .
As an example they measured a decrease of one order of magnitude in MSD when 9 is
changed from 1.5 to 50 ms. In 2006 Malmborg et al. [19] presented the results of a study
where they investigated the breakdown of the SGP-approximation. In this study they used an
oil-water-salt emulsion, where the salt was confined to the pores and the water and the oil is
moving freely. The result was a small decrease in FWHM, when varying 9§, in a salt solution
where the diffusion is limited by the droplet size. For the oil and water, where the diffusion
not is limited, the rms displacement was constant.

The above described studies have one thing in-common; they were all performed in-vitro on
NMR spectrometers. In an NMR system the gradient strength is larger and the bore size is
smaller then in an MRI scanner. Hence NMR studies are only possible on very small samples
in test tubes and can not be performed in-vivo. Due to the higher performance of the NMR
system it will show less uncertainty in the measuring points and this will increase the
probability to observe differences in ADC and FWHM. But will the violation of SGP have
effects on a clinical scanner when used in-vivo?

A tensor model were a number of different diffusion directions is combined to form a tensor,
was proposed by Assaf et al. [20]. The tensor approach gives us a value of FWHM that is
independent of the direction.
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2 Diffusion MRI Theory

2.1 Self diffusion

The self-diffusion is the random motion that originates when the molecules collide with other
molecules. The motion is called a Brownian motion and can be described by a Gaussian
probability density function.

Self-diffusion is caused by thermal mobility of the molecules. The Brownian motion of the
molecules occurring due to their thermal energy motion is described by the displacement
probability which is defined as P(s,t) where P is the probability to find a particle at a certain

place after a certain time, the variable s is the displacement and ¢ is the time interval. The
change in probability as a function of time, in three dimensions, can be written like

oP B Eq. 1

~— =DV?*P
ot

where D is the temperature dependent diffusion coefficient [m*s™].

If the molecules are free there motion are not subject to any restrictions and for a free particle
the mean-square displacement is given by

<sz> =2nDT, Eq. 2
where n is the number of dimension (1, 2 or 3) and T4 is the diffusion time [6].

2.2 Diffusion weighting

2.2.1 Diffusion weighted imaging — DWI
The diffusion weighting (DW) gives information of the mobility of the water molecules.

In 1965 Stejskal and Tanner introduced a pulse sequence suitable for diffusion
measurements, see Figure 1, [24] and together with this pulse sequence they also introduced
their famous equation which was later simplified by Le Bihan and Breton in 1985 [12]

S(b)=S(0)-e"P Eg. 3

where S(b) is the DW signal and S(0) the non-diffusion weighted signal acquired for the same
TE. The b-value is the diffusion sensitivity and describes the relationship between the
diffusion coefficient, D, and the signal attenuation. The b-value is defined by,

b= 72G252Td s ls/mzl Eq. 4
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where G is the amplitude of the diffusion encoding gradient and J'is the duration of the
gradient pulse, see Figure 1. yis the gyromagnetic ratio and 7 is the effective diffusion time
which is defined as

Eq. 5
T, =a-2 a
90° 180°
>t
_/

DY

Figure 1 The Stejskal and Tanner pulse sequence, where J is the duration of the diffusion encoding
gradients, G is their amplitude and A is the time between the onset at the two separate gradient pulses.

By labelling the water molecule with a phase shift at one time and then wait the Ty before
switching on the second gradient the distance can be estimated by the amount of the net
phase shift. The net phase shift is dependent upon the net distance the molecules has moved
so if the molecules have moved a long distance during the T4 the dephasing will be larger and
the net magnetisation vector will decrease due to phase dispersion. If the molecule hasn’t
moved between the gradient pulses (or returned to the same spot), their phase will be
refocused. The net magnetisation will depend on the degree of phase dispersion, i.e. a higher
diffusion coefficient will result in a lower net magnetisation vector.

10
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Gradient 1 Gradient 2
a)
® O
b) % /( %
X X
y’ y’
c) O
x’ X’
0
y’
d)

Figure 2 A spin (marked in the left column) is moving from one position to another (marked in the right
column) (a). The spin will be affected by the gradients with different polarity and different magnitude (b).
The first gradient will create a phase shift, ¢, (left) and the second gradient will create a phase shift in the
opposite direction, ¢, (right) (c). In one voxel there are many molecules and if they move the net effect of
diffusion will be a dephasing and the net magnetisation vector will decrease when the diffusion increase

(d).

11
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2.2.2 Apparent diffusion coefficient — ADC

The ADC is the diffusion coefficient that can be determined from the Stejskal-Tanner
equation if at least two different b-values have been measured.

. [S(bl)] Eq. 6
n —=
S(by)
by —b,

D=

The in-vivo diffusion coefficient is denoted ADC since biological effect affects the value.

Recently it has become customary to divide the ADC into two components ADCr,s and
ADCgjow. ADCryg 1s usually determined as the linear approximation of the first part of the
signal attenuation curve, for b-values up to b =2000 s/mm?> [25] (in the clinic b=0 —

1 000s/mm? is often used) and is then called ADCjiy-rast, S€€ Figure 3.

When high b-values are included in the measurement the signal decay occurring due to
diffusion is no longer mono-exponential [3], [4], but is more accurately described in terms of
a bi-exponential function, Eq. 7, [4] or even higher order exponentials.

A linear approximation of ADCy,g results in an underestimation of ADC relative to the bi-
exponential fitting method and ADCyg,, results in an overestimation of the ADC values
relative to if the bi-exponential fitting method [5].

L Eq. 7
S(b) _ Ae b-ADC + Aze—b-ADCm,w
S(0)

a0

Ln{S(k))

45—

4.0 . . s 1 . . . | . . . 1 . . . I
0 2000 4000 GO0 B0
b s/ mm2)

Figure 3 ADCjp s (thick solid lines) is the linear fit to the signal versus b-value attenuation curve. The
logarithm of the measured signal values are represented by + and the thin solid line shows a bi-
exponential fit to the signal values according to Eq. 7.

12
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2.2.3 Diffusion tensor imaging — DTI

To quantify the diffusion anisotropy one can assume a tensor model and hence perform
diffusion tensor imaging (DTI). The advantage is that the tensor is independent of the
direction in which the diffusion is measured directions. However, the measurements are not
directional independent so the directions have to be chosen in a non-linear way.

To perform DTI diffusion sensitive measurements has to be carried out in at least six non
collinear directions and one image with b =0 s/mm? has to be obtained. To the measured
ADC values (one in each direction) an ellipsoid is fitted to form the tensor. If the ADC is the
same in all directions the tensor will assume the shape of a sphere but if the ADC is restricted
or hindered in any or two of the directions the tensor will be described by an ellipsoid.

The diffusion coefficient matrix describes the tensor in the laboratory frame of reference
x,y, 7).

Eq. 8

The matrix can be diagonalized and the obtained eigenvalues multiplied by the new base
vectors (eigenvectors) is the semi-axis that forms the ellipsoid. The diagonalisation is just a
change in base vectors and the eigenvalues is the length of the eigenvectors in that direction,
see Figure 4 and Eq. 9.

A4 0 0Ye Eq. 9
0 4 O0]e
0 0 4)\e

V4
7\416

7\4262

X
7\4363

Figure 4 The tensor in the old base (x,y,z) and in the new base (e,e;,€3). A1, A2, A3 are the eigenvalues and
corresponds to the length of the eigenvectors (semi-axis), in the new base, which describes the ellipsoid.

2.3 q-space imaging

The g-space imaging is a supplement to DTL It is easier to show the bi-exponential signal
decays. The signal decay in white matter as been shown not to be mono-exponential at high
b-values [3] and in such a case the can the g-space approach be of help.

13
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The g-space approach with high b-values was first used by the chemist in NMR
measurements. The measurement is an ordinary DW measurement but with higher sensitivity.
and that makes it more easy to identify the bi-exponential decay, Eq. 3, is not valid. The
signal attenuation is better described by the bi-exponential approach in Eq. 7 or even a multi
exponential decay of the signal curve [3]

n Eq. 10
S(h)=50))_ A"

i=1
where 1 are the number of components and A, are the relative signal fraction from
molecules having the diffusion coefficient D;.

In g-space imaging the signal can be described as a function of the reciprocal space vector,
the wave vector q [m'l] defined as

Eq. 11
2z
The relation between b and q can be determined from Eq. 3 and Eq. 11
b=47%q’T, Eq. 12

The loss in signal, S, during 7, is due to the phase dispersion created by movements
occurring during 7, and can be described by the equation below [26]. The loss in signal is
more sever for higher b or q values.

rl ’A)ei}’a}(r'—l')dr'dr Eq. 13

S(G) = Ip(r)j P (r

where p(r) is the normalized spin density and P (r', A) is the average propagator i.e. the

probability that a molecule have moved the distance from r to r’ during the time A.

By substituting G with the expression q (Eq. 11) in Eq. 13,the signal can be expressed as a

function of q and will be an average of net displacement.

r' , A)eizml(r'—l')ledr Eq' 14

s@=[ o] pse

By normalizing p(r) and make the substitution r'-r =R the signal can be expressed as

S(q) = _[ Py (R, A)e™?™*R 4R Eq. 15

This follows the definition of the Fourier transform and determines the relation between the
signal and the probability density distribution

14
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S(q) = FT(P,(R,A)) Eq. 16

If the inverse Fourier transform is applied on the signal attenuation curve the result will form
a probability density distribution function.

FT7'(S(@))=Ps(R,A) Eq. 17

The probability density distribution describes how high the probability is for a molecule to
have moved a specific distance during the diffusion time.

The full width at half maximum (FWHM) is the width of the probability density distribution

at the half of the maximum and it represents the mean displacement of the molecules. If high
enough g-values are not reached, the accuracy (resolution) of the determined FWHM will be

to low. The trailing part of the signal versus g-curve (highest g-values) will correspond to the
first part of the curve after the Fourier transformation, see Figure 5.

[T, "L e s s s e B s B e B BT T T T T T T T T T T T T T T T T T
[WR=1 - i
L ] -
[+
L '
0.5 - [
w f . FFTa 400l .
- - L
! -~ \
B “-."_ [ !
I . 200 . b
0.2F ""-__ =1 5 !
L - 4
“—__1_ \
D.U- 1 1 1 0 1 L 1 1
(A8 0.5 1.0 1.5 2.0 0 2 4 4] & 10
q 1/ cm} k (o}

Figure 5 In the bi-exponential model the decay curve can be divided into two parts, represented by a
thick solid line and a dashed line. The trailing part (dashed) prior to FT corresponds to the leading part
after the Fourier transformation (right) and vice versa.

The root mean square displacement, Eq. 2, and the diffusion coefficient can be estimated
from the FWHM value according to [3].

FWHM =2./4-D-T, -In2 Eq. 18
s, =./2-D-T, =0.425- FWHM Eq. 19

The inverse of the maximum g-value will, after the Fourier transform, represent the distance
between the sample points. The resolution after the Fourier transform can then be determined

) 1 Eq. 20
Resolution = ——
Qmax

15
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Since the signal attenuation curve is an even function [24] it can be mirrored, S(q)=S(—¢q)

and that gives the g-space resolution of the measurement [27]

1 Eq. 21
Resolution = ——
qmax

Hence, in a measurement situation, if the g-value are not high enough then the FWHM value
will be overestimated [3] because the probability density distribution will be smeared out
after that the signal attenuation curve has been Fourier transformed.

2.3.1 Restricted diffusion

When the Ty is sufficiently long the particles will collide in to the boundaries, they become
restricted. To characterize the restriction a dimensionless variable, &, is defined according to

_T,D Eq. 22

£="2

where r is the diameter of the confinement i.e. the distance between the boundaries.

In the case of small Ty or large boundaries the particles will appear free, £ <<1. When Ty is

increased or the dimensions of the confinement decreased the particles becomes restricted, &
approaches one and when the particles have bounced many times in the boundaries £>1, see

Figure 6 [6]. With perfect reflecting walls the particle will be confined within the boundaries
and completely restricted. The free diffusion is described by a Gaussian probability function
whereas the restricted diffusion is non-Gaussian [21].

Free diffusion Restricted diffusion

E<<l 5

E>1

Figure 6 The path of a water molecule for different diffusion times from the case when the particle is free
(E<<1) to when it is fully restricted (§>1).
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The measured diffusion coefficient will be different depending upon if the water molecule is
free or restricted. If the diffusion coefficient is measured in a restricted diffusion direction the
value will be lower than if the diffusion coefficient is measured in a free diffusion direction.

The centre of mass (COM) of the path of a water molecule depends on how many time it
have bounced in the walls. If the Ty is infinitesimal small (§<<1) the particle will not have
time to move and the COM will be at the point where the water molecule is. When the T4 is
increased the particle will bounce in the walls and the COM will move towards the centre of
the confinement. If the Ty is infinite long the COM will be located in the centre of the
confinement, see Figure 7

- COM

&

Figure 7 The centre of mass of the path a particle have moved will shift towards the centre of the

t

confinement when the time, t, is increased. With sufficiently long time the centre of mass will be located in
the middle of the confinement.

In biological tissues the boundaries are not absolute since the cell walls consist of a semi-
parable membrane and the particles can pass through it. The probability for a particle to
migrate thorough the membrane will increase with increasing measuring time and the particle
will no longer be considered to be restricted, but only hindered. When a long Ty is used the
water molecule is likely to penetrate through the semi permeable membranes and will appear
to be free but in an apparently much more viscose substance [22].

Figure 8 An illustration of the case when the boundaries are made of semi-parable membranes and the
particle can migrate between the membranes.

An alternative theory, presented by Assaf ef al. [23], is that hindered diffusion measured in
biological tissue arises from the extra cellular fluid and is contributed to those water
molecules that moves between the cells and only effects of the tortuosity that the cells or
structures creates.

17
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O
O O

Figure 9 The hindered diffusion according to Assaf et al.[23]. The water molecule is moving between the
cell structures.

2.3.2 Short gradient pulse (SGP) approximation

If the d is so long that the motion of the molecule during d not is neglecteble Eq. 13 is not
valid. An error will be introduced and the measured distance during the diffusion time will be

wrong. The result from the FWHM isn’t true because of the movement during 9.

To avoid this, a condition for g-space analysis is the short gradient pulse (SGP)
2
N a . . . . T
approximation, 6 << D [18], where a is the confinement size. This approximation is

possible to fulfil in the NMR environment where the gradient amplitudes are in the order of
10 T/m, but in clinical MRI this condition has to be violated in order to reach high enough
g-values. This means that a g-space resolution better then 10 um can be obtained, however, a
high violation of the SGP condition is necessary.

2.4 Acquisition and post-processing

2.4.1 STEAM

STEAM (STimulated Echo Acquisition Mode) is a pulse sequence that utilises three 90°
radio frequency (RF) pulses. The first pulse flips the spins into the xy-plane and there they
will be labelled by a diffusion-encoding gradient. To give the spins time to move without
loosing signal due to T2 relaxation the spins are then flipped back into the z-direction by the
second 90° pulse. Back in the z-direction they are only affected by T1-relaxation. After a
time, the mixing time (TM) the spins are flipped back to the xy-plane and the signal is read
out by an EPI sequence after a refocusing of the diffusion encoding gradient.
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Figure 10 The STEAM pulse sequence, with three 90° pulses and two diffusion encoding gradient pulses
(black). The two gradient pulses (grey) during the TM is used for compensation for Eddy currents and
they also acts as spoiler gradients for signals excited by the second 90° pulse.

During the TM two additional gradient pulses are switched on (grey in Figure 10) in order to
cancel Eddy currents caused by the diffusion encoding gradient pulses and to spoil signal
contributions from the second 90° pulse. (Some of the spins have relaxed to the z-direction
and when the second 90° pulse is turned on and they will be flipped down to the xy-plane.
Some of the spins already in the xy-plane will not be affected of the second 90° pulse so to
get rid of these signal components a spoiler is needed.)

2.4.2 Cross terms

When determining the diffusion sensitivity of pulse sequences one often applies the Stejskal-
Tanner equation. This is however a simplification since all gradients within a pulse sequence
will affect the b-value. In order to correctly determine the b-value, the double integral Eq. 23
will have to be solved, including all imaging gradients until the MR signal is collected.

T5( 7 2 Eq. 23
b=y J[IG’(t)dtJ dz
0

0

G’ is the amplitude and 7 is the duration of the gradients. By proper design of the pulse
sequence, the effects of cross terms from imaging gradients can be minimised.

2.4.3 Eddy currents

When a magnet field gradient is switched on or off it will induce an electromagnetic force
(emf) in the scanner according to Faraday’s law of induction.

Eq. 24
oD aEdA q

The switching of a gradient creates an opposite magnetic field in the scanner that will affect
the amplitude of the desired gradient. This leads to a distortion in geometric reconstruction of
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the imaged object. The degree of the distortion varies with both the strength and orientation
of the gradient pulse.

G0 Gt (®

Figure 11 When a gradient (right) is switched on the positive slope will induce a negative eddy current
(left) and when the gradient is switched off the negative slope will induce a positive eddy current.

2.4.4 Wavelet filtering

In order to compensate for low SNR present in highly diffusion weighted images, a wavelet
filter can be aplied.

The measured MR signal consists of one imaginary and one real part. In order to perform
wavelet filtering the signal is Fourier transformed and a Wiener-like filter is applied to the
data. The filter is created from the input data and a combination of a hard threshold filter,
HTF, h,(i, j)
Lty > peo Fa- 23
h, (@, j) = .
0, otherwise

where i and j is the pixel location, p is the threshold factor set by the user and & is the
standard deviation of the noise.

The outer part is a Wiener filter, WF, [28].

HTF
+
WF

I
Input data |:'> |:'> Output data

Figure 12 The input data is used to create a wiener-like filter based on a hard threshold and a Wiener
filter. The Wiener like filter is then used on the input data to create the output data.
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3 Method

In this project, two different effects were studied, namely how the FWHM is affected by
different Tq4:s and what effect different & has on FWHM and ADCjip-fast.

The first part consisted of simulations and in-vivo studies. The in-vivo measurements were
performed in six healthy volunteers on a 3T Philips Achieva system with a maximum
gradient strength of 63 mT/m. The simulations were performed as a random walk and
simulated the COM and the signal attenuation curve so that D and FWHM could be
determined.

The second part was carried out in six health volunteers using a Siemens Allegra 3T clinical
head scanner with a maximum gradient strength of 40 mT/m.

3.1 Simulations

3.1.1 COM

To simulate the effect of the COM theory, a 10 um box with perfectly reflecting walls was
assumed and different diffusion encoding gradient durations were evaluated, & = 7, 35, 200
ms. 10 000 particles were simulated for each & and a COM was determined in two

dimensions for every particle. A diffusion coefficient of 0.8-10 m?/s [29] was chosen to
represent WM at 37°C.

3.1.2 D and FWHM

To determine D and FWHM different box sizes were assumed, box = 5, 10, 15, 20 and 50um.
e Ty=80ms ®  (max =889 cm’
e D=12510"m?/s e Number of g-values = 32

O was varied between 8=0.01ms and 124 ms.

An additional simulation was performed with higher g-values, which was used to increase the
g-space resolution. In the second simulation qm,x=2222.5 cm’' was assumed and this
corresponds to a g-space resolution of 2.2um. The FWHM was then determined.

3.2 In-vivo measurements with different o

The 3T Philips Achieva system allows a maximum effective gradient strength of 89 mT/m
when two directions are applied simultaneously (63mT/m on axis). A ramp time of 0.9 ms
was used with a specially developed DW SE-EPI pulse sequence. Six healthy volunteers
were scanned after that their informed consent was obtained. The volunteers consisted of two
females and four males with a mean age of 28 years, ranging between 25 and 41 years.

21



Chapter 3. Method

Following measurement parameters were used:
2

e TR =2000 ms ¢ In plane resolution = 2.9%2.9 mm
e T;=80ms e NEX=4
e Slice thickness = 5 mm e SENSE=2

The TE varied between 124 and 148 ms when 0 was varied between 24 and 42 ms (8 = 24,
30, 36, 42 ms). (Corresponding to a mean displacement distance of <x> =11 to 14 um for

water molecules with D = 2.5-107 m?/s)

For all measurements the q-value was varied from 0 cm™ to 889 cm™ in 12 steps.

For the measurement with different T4 the Siemens Allegra system with a STEAM pulse
sequence was used with six diffusion encoding directions. Measurements were performed in
six healthy volunteers after that their informed consent was obtained. The volunteer group
consisted of four females and two males with a mean of 28 years raging between 22 and 41
years.

Following measurement parameters were used:
2

e TR =2500 ms ¢ In plane resolution 1.81x1.81 mm
e TE=114ms e NEX=4
e Slice thickness = 5 mm e 6=43ms

q was varied between 10 and 906 cm™ in 12 equidistant steps for five different diffusion
times (Tq = 64, 81, 100, 121, 144 ms). TM was maximised for each T4 to get a constant TE.
To confirm the diffusion times and to examine any present effects of cross terms the
sequence performance was evaluated in a water phantom.

3.3 Post-processing

In order to improve SNR all images from the Siemens Allegra were filtered with the wavelet
method using a hard-threshold at 3.0 and all signal values below the noise level (mean value
of a region of interest (ROI) in the background) were set to zero.

For all in-vivo measurements the signal decay curve was mirrored so that S(g) = S(—¢) and
re-sampled to yield equidistant steps in q. No zero filling was used and this yielded a g-space

resolution of 5.6 um for the & measurement and 5.5 pm for the T4 measurement (according to
Eq. 21 [27]).

The ADCjip-rast Value was determined from b= 0 s/mm? to 1200 s/mmz, then by using the fast
Fourier transformation (FFT), on the signal attenuation curve, the probability density
distribution was obtained and the FWHM was determined. To obtain rotationally invariant
parameters a tensor model was applied to the data (both ADCjj,£.c and FWHM) and the
largest and smallest eigenvalues, A; and A3, were used to represent the parallel and the
perpendicular diffusion direction.
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Regions of interests (ROIs) were placed in the parametric maps of A;and A3. For
measurements with different 8 the ROIs were positioned in the splenium of corpus calosum

(scc, red), genu of corpus callosum (gcc, blue), and in gray matter (GM, green), see Figure
13.

For the measurements obtained with different Tq:s ROIs were positioned in grey matter (GM,
green), posterior limb of the internal capsule (plic, red) and in genu of corpus callosum (gcc,

blue), see Figure 14.

Figure 13 ROI placement in the volunteers for Figure 14 ROI places in the Td FWHM

the measurement with different §. measurements.
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4 Results

4.1 Simulations

4.1.1 COM

The simulation regarding the theory of COM clearly indicates that the COM will move
towards the centre of the confinement when the duration of the diffusion encoding gradient is
prolonged see Figure 15.

To the right in Figure 15 the profile of the COM is plotted, and it can be seen that the profile
changes from an almost even distribution over the whole area to a normal distribution with
increasing d. For infinite small 9, the distribution will approach a straight line in the profile.
The y-axis indicates the number of simulated particles that occupies a certain position, noted

on the x-axis which represents the side of the simulated box (10 um).

Figure 15 To the left a simulation of the COM, with §=7, 35, 200 ms (blue, green and orange). The x axis
represents the confinement which was 10 pum. To the right the profile of the same simulation is plotted
and the number of simulated particles at a certain position is given by value on the y-axis.

4.1.2 D and FWHM

The simulation of D as a function of d indicates that due to the COM theory, the observed D
decreases with prolonged. The smallest deviation will be noted for the largest box (50 um)
while the largest deviation will be noted for the smallest box (Sum). The results are shown in
Figure 16 where the normalised D is plotted as a function of 9 all D-values are normalized to

the measurement performed with 8 = 21 ms in order to show the relative change in D.
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Figure 16 Result from the simulations of D, all values are normalized to the measurement with 8 = 21 ms.

From the theory the expected effect on FWHM of a variation in d is a declining FWHM and
the largest effect is expected fore the smallest box. The obtained FWHM values shown in
Figure 17 deviates from theory and the smallest box experiences the smallest effect of the
increasing 9. The second simulation of FWHM, see Figure 18, shows that the result from
Figure 17 is false and that it is an effect of poor g-space resolution. Even in Figure 18 the g-
space resolution is too low to show the accurate effect of FWHM in the smallest box (5 um)
but the results from the simulation of the 10 um box now better corresponds with the results
obtained in the simulation of how the D value varies with varied 8. The g-space resolution
with the high resolution is enough to resolve the FWHM in the 10 um box.
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Figure 17 Simulation of FWHM, values are normalized to the measurement with 8 = 21 ms. Notice the
relative order of the data corresponding to different box sizes. The data corresponding to the smallest box
(of 5 um) does not appear to experience any changes with different 8 followed by smaller changes for

10 pm box. The largest deviation is seen for the 15 pm box. The results apeares erroneously compared to
the theory.
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Figure 18 Second simulation of FWHM, values normalized to § = 21ms. Notice the changed relative order
of the data corresponding to different box sizes as compared to the results shown in Figure 17. The
changes are due to the fact that a higher g-value was used in these simulations and therefore an increased
g-space resolution was obtained. This clearly demonstrates that the q-space resolution affects the result.

4.2 Effects on ADC and FWHM of different 6

The measurements were performed at the Philips 3T Achieva in order to take advantage of
the higher gradients and the better coil-performance as compared to the Siemens 3T Allegra.
However, on the Philips system it was not possible to vary the duration of & without
simultaneously changing the TE. Hence, effects of a longer TE may also affect the results.
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4.2.1 ADCjin-tast

For WM, the fitted trend line (ADC =k - § + m) showed a small but noticeable decrease in

eigenvalue one, A;.

In the diffusion direction orthogonal to the fibre direction (A3) the trend of ADC is almost the
same in the different WM ROIs. The decrease or increase is so small that the trend can be
considered constant and independent of 8. In WM gcc the slope was k = —0.001 and in WM
scc the slope was k = 0.002 with the corresponding correlation coefficients R = (.78 and

R =0.84, respectively. A decrease is supported by the simulations but at the same time it
contradicts the result since the ADC, according to the simulations should be decreasing most
in the direction with the least free space, i.e. in the direction orthogonal to the fibres.

The trend for GM is an increase in ADC for an increasing 0 and the values are in the range
between the values of A; and A3 for WM.

The results are summarised in Table 1 and shown in Figure 19.

Table 1 Results from the measurements of ADCj;, r.c Obtained from six healthy volunteers on the Philips
system. Kk is the slope of a linear trend line and R is the correlation coefficient. The data is given as (mean
+ one standard deviation) [x10'9 m2/s].

) WM (gce) WM (scc) GM

(ms) M A3 M A3 M A3
24 1.21£0.35 0.15%+0.12 1.2810.22 0.16x0.11 0.8210.12 0.7210.13
30 1.20+0.28 0.12+0.08 1.28%0.13 0.1910.14 0.88%0.12 0.74%0.13
36 1.16£0.26 0.12+0.07 1.2810.26 0.18%0.12 0.941+0.15 0.80+0.17
42 1.15+0.22 0.1240.06 1.224+0.21 0.2110.14 0.931+0.14 0.81+0.14
k | -0.004£0.0007 | -0.001£0.0009 | -0.003%0.0017 |0.00240.0009 | 0.001£0.0020 | 0.005+0.0011
R 0.92 0.78 0.77 0.84 0.92 0.97
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Figure 19 ADC as a function of 8, data corresponding to Table 1. A decreased ADC is noted for WM gcc
and scc in the direction parallel to the fibre, A;. This was not expected but the trend have to be considered
as accurate due to the correlation factor and the fact that both WM gcc and WM scc shows the same
behaviour. The ADC-values obtained in GM is in the mid range between the values for the orthogonal
and parallel diffusion direction in WM, the trend is an increase in ADC with increasing 8. The ADC in
the direction orthogonal to the fibre direction is constant in the genu and splenium of the corpus
callosum.

4.2.2 FWHM

In WM, for the most free direction a decreased FWHM is noticed with a slope of k =—0.16.
For the diffusion direction orthogonal to the fibre direction the incline is zero or slightly
positive, k = 0.02. For all A, the correlation coefficient was high (R = 1.00 and 0.93,
respectively) whereas for A3 the correlation coefficients was considerably less (R = 0.36 and
R = 0.51, respectively). This means that the slope of A; is more accurate than for A3 and a
decrease in FWHM in the parallel fibre direction can be established.

In Figure 20 the values corresponding to the GM are found in the range between the A; and A3

for WM and show almost the same trend, a small increase in FWHM with increasing 9.

The results are summarised in Table 2 and shown in Figure 20.

Table 2 Results from the measurements of the FWHM, performed on six healthy volunteers on the
Philips system. k is the slope of a linear trend line and R is the correlation coefficient. The data is given in
(mean * one standard deviation) [pm].

) WM (gcce) WM (scc) GM
(ms) A 3 M M M M
24 28.4+4.84 6.5t1.12 | 29.8%3.24 | 6.4%1.05 | 24.3£2.37 | 22.1£2.51
30 27.514.55 6.4+1.50 | 28.4%2.64 | 6.212.03 | 24.2+2.67 | 21.01£3.74
36 26.413.96 6.6£1.26 | 27.4+3.29 | 6.9£1.52 | 25.6£3.17 | 21.8+4.37
42 25.613.69 6.5t1.21 | 27.5£3.10 | 6.5£1.69 | 25.2£3.22 | 22.0£3.85
k -0.1620.006 |0.00+0.007 | -0.13£0.040 | 0.02+0.024 | 0.07+0.040 [ 0.01+0.045
R 1.00 0.36 0.93 0.51 0.78 0.09
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Figure 20 FWHM data corresponding to Table 2. In WM the FWHM is decreasing with increasing 8 for
A1. The trend is similar in both WM gec and WM sce. Regarding A;, the slope is slightly positive.

4.3 Effects on FWHM of a varying T4

The FWHM measured as a function of T4 reveals a clear difference between the diffusion
direction parallel to the fibres and the diffusion direction orthogonal to the fibres. Similar
results were obtained for both WM plic and WM gcc. In the direction parallel to the fibres the
increase in FWHM was linear with the square root of T4 (Eq. 2). The same trend was
observed for GM see Figure 21. A slight increase of FWHM-values was seen in the direction
orthogonal to the fibres as well. The same trends were observed for GM see Figure 21.

For free diffusion a fitted trend line (FWHM=k - T, + m) would give an interception of zero. In
the most free diffusion direction, an intercept of 0.26 um was obtained for WM plic (parallel
to the fibre direction). For the parallel direction in WM gcc the intercept was —1.93 um and
for the orthogonal direction the intercept was —0.49 pum. In the direction orthogonal to the
fibres the intercept was 2.82 pm for WM plic and this indicates that the diffusion is restricted
in this direction.

Table 3 Results off the FWHM measurements performed on six healthy volunteers using a

Siemens 3T system. The intercept is given by m and R is the correlation coefficient. Data is given
as (mean * one standard deviation) [um].

WM (plic) WM (gce) GM
T, Wms
{7 L) " s " s " s

8 25.942.62 | 8.4+0.45 | 30.4%£3.38 8.5+1.26 25.9£1.93 19.0£2.28

9 28.1£3.85 | 9.0+£1.07 | 36.1+4.28 7.9£1.90 29.3£1.95 22.4+2.43

10 30.1£3.70 | 10.1£0.93 | 38.4+4.71 9.313.16 32.0+2.89 24.2+2.99

11 33.314.70 | 10.3£1.39 | 42.3%£5.71 10.3£3.06 | 35.6£2.53 27.0£3.60

12 38.8£5.58 | 11.3£1.73 | 47.7£6.62 | 12.5£1.88 | 40.5%1.84 29.844.21

m 0.26+4.112|2.8240.707 | -1.93£3.110 |-0.49+2.750 | -2.84+2.264 | -1.82%+1.229

R 0.97 0.98 0.99 0.91 0.99 1.00
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Figure 21 The FWHM values obtained for A; (direction parallel to the fibres, |) and A; (direction
orthogonal to the fibres) as a function of /7, . The plotted data corresponds to Table 3 and shows a clear

difference between A; and A;. The FWHM for the direction parallel to the fibres is, as expected,
increasing linearly with the square root of T4 and if the trend line is extrapolated to the intersect with the

y-axis it will be close to zero for WM plic. The diffusion orthogonal to the fibre direction is clearly
restricted; conclusion based on the deviation from zero in the m-value, and hence only shows a slight

increase in FWHM, probably due to the semi permeable membranes.
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5 Discussion

The effects of violating the SGP approximation on ADC and FWHM are to this day
unknown. To some extent this have been done and a small decrease for the direction parallel
to the diffusion encoding direction is noticeable for both FWHM and ADC when the degree
of SGP violation is increased (0 is increased). In the diffusion direction orthogonal to the
diffusion encoding direction the results is more uncertain, mostly due to poor g-space
resolution and low SNR values.

When T4 was varied a clear difference between the direction parallel and the direction
orthogonal to the diffusion encoding direction was noticed. This may indicates that the water
in the orthogonal direction is restricted in some way and the water in the parallel direction is
free. The water in the parallel direction is showing the same pattern as the water in the more
anisotropic GM.

5.1 Effects on FWHM with use of a varying T4

The results of this study show that there is a slight increase in FWHM in the diffusion
direction perpendicular to the fibres (A3) when the diffusion time is increased, whereas the
expected value, for a confinement with perfect reflecting walls should provide a constant
FWHM [10], [16]. The slight increase may be explained by the fact that the water molecules
migrate between the cell compartments through semi permeable membranes. When the
diffusion is measured perpendicular to the fibre direction the contrast between WM and GM
increase with increasing Tq, see Figure 21, which is in agreement with the results obtained by
Nossin-Manor et al. [15]. In the diffusion direction parallel to the fibres the water is more
free than in the diffusion direction perpendicular to the fibres and the FWHM is in the same
order of magnitude as in GM. The increase of FWHM follows approximately a linear

relationship with 7, as expected for free water, see Eq. 18.

In the GM, the water appears to be more free and there is no observed difference between A,

and A3. This indicates that the diffusion in GM is, as expected, less anisotropic than in WM
[15].

In the case of free diffusion, the trend lines adopted to the A, result in Figure 21 should
intercept at zero when extrapolated to T4=0 see Figure 22. In the case of restricted diffusion
the corresponding extrapolation should not intercept at zero due to the restrictions. For short
Ty the restriction does not have any effect and the particles will appear to be free, £<<1, see
Eq. 22. When Ty is increased the restriction will affect the movement of the particles and the
trend line will deviate from the free diffusion, £>1.
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Figure 22 Extrapolating the trend lines from the measured data to T4=0 provides information regarding
if the diffusion is considered to be free or restricted. In the case of free diffusion the trend line is
extrapolated to origo whereas in the case of restricted diffusion the intercept deviates from zero.

In Table 3 we can see that for the posterior limb of the internal capsule (plic) the trend line
intercept, as expected, close to zero for A; whereas for A3 in plic the intercept deviates from
zero, indicating that it has to be restricted in some way, see Figure 22. Considering the genu
of the corpus callosum (gcc), in contradiction to what was expected, the intercept for A;
deviated slightly from zero and was even closer to zero for A;. The result might be explained
by a low SNR. The SNR for the data of gcc was much lower than for plic and this makes the
result more uncertain. In plic the nerve fibres are oriented at a right angle to the slice
direction so there will be no problem due to partial volume effects as long as the ROl is well
inside the WM. In gcc, the nerve fibres are oriented parallel to the slice and the risk of partial
volume effects becomes larger for thick slices. This means that it is considered safe to use a
thick slice when the nerves are oriented orthogonal to the slice but not when the direction of
the nerves bundles are in- plane.

5.2 Effects on ADC and FWHM of a varying &

5.2.1 Simulations

In Figure 15 where the results of the COM simulation are shown. The results agree well with
the expectation result that the COM is moving towards the centre of the confinement when
the gradient duration time, 9, is increased [17]. In this simulation the barriers are perfectly
reflecting walls, but if a parameter that permits a certain percentage of the molecules to pass
through would be introduced, a similar result would be obtained but with a decrease in
particles. When 0 is long, the probability for a particle to escape the confinement will be
higher due to the fact that the particle will be allowed to bounce in to the walls several times.

The simulation of how a measured D would be affected by a varying 0 is shown in Figure 16.
The D value is decreasing with increasing 6 and for a smaller box the relative decrease is
larger. The relative decrease is largest for the smallest box and smallest for the largest box
due to the decreasing degree of restriction.

The corresponding simulation of FWHM is shown in Figure 17. In this case, the FWHM
value is constant for the smallest box, probably since the g-space resolution is only 5.6 um
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which is larger than the actual box size (5 um). The low g-space resolution will in this case
result in an almost constant value of FWHM and the very small noted decrease is explained
by the COM theory. Even for the box size of 10 um the g-space resolution is a problem
whereas for larger box sizes the g-space resolution was high enough. The highest g-value
used for the simulation in Figure 17 was 889 cm™ and corresponds to a g-space resolution of
5.6 um. The g-value was chosen to represent the measurement performed at the Philips
system (see chapter 3.2).

The second simulation was performed in order to examine whether the effect simulated in
Figure 17 is an effect of the COM theory or an artefact due to poor g-space resolution. The
obvious conclusion that can be drawn from Figure 18 is that the resolution may interfere with
the FWHM value and “contaminate” the result. Even a g-space resolution of 2.2 um is
insufficient to correctly resolve the effect of COM in the smallest box (5 um). The FWHM
result from the 10 um box has in this case changed and coincides with the expected value due
to the COM theory, see Figure 18. The demonstrated resolution problem might become a
potential problem for interpretations of the result for the in vivo measurements.

5.2.2 ADC

In the simulations the ADC value is determined from the simulated signal attenuation curve.
The real measurements were performed in six diffusion encoding directions and hence a
tensor model could be applied. From the tensor model, which allows, an approximation of the
ADC values in all directions the largest ADC value (A;) and the smallest ADC value (A3) was
extracted. For A3 (corresponding to the most restricted direction) the ADC value were
constant in WM gcc and increasing in WM scc, but the data shows a larger correlation
coefficient for WM gcc. According to the simulations, the ADC for the smallest confinement
should decrease the most. The discrepancy between the simulations and the measurements
may depend on cell boundaries. In the simulations, the boundaries are perfectly reflecting
walls whereas in vivo they consist of semi permeable membranes. Additionally, in the
simulations there were no other confounding factor such as e.g. a second diffusion coefficient
which is believed to be present in the in vivo case. The result might also be explained by the
fact that in this direction the 8 does influence the results since already for the smallest &

(8 = 24 ms) the particles have reached the boundaries and are bouncing into the walls so often
that the ADC value is as low as it’s gets i.e. when 9 is increasing the ADC value can’t
decrease any more. If § is increased and are so long that the particles bounces many times in
the boundaries the probability of the water molecules escape the confinement becomes so
large that the water molecule appear free and the ADC then becomes constant. The same is
expected in the direction parallel to the fibres (A;). In this direction the boundaries will not
affect the particles since they are considered free. The results from the measurements are
however showing a decrease in ADC.

The simulations of the ADC value is decreasing relatively more when the confinement is
smaller than if the confinement is larger, compare 5 um and 50 um in Figure 16. This

indicates that A3 will decrease more than A; since A; is the direction that represent the most
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restricted direction and therefore have the smallest space to move in. The result might be
explained by differences in the walls, in the simulation the walls are perfect reflecting and in
the measurement the walls are semi-permeable. The semi permeability will allow the water
molecules to pass and the effect of COM will not be as large as in the simulation.

For GM the result shown in Figure 19 presents a small increase in ADC. Eigenvalues one and
three, are showing the same trend as A for WM but with different ADC values. The
difference between A, and A; indicates that GM is less anisotropic than WM [15].

The pulse sequence protocol was designed to measure FWHM and not ADCji.tast. Further
studies with a protocol with additional measuring points for lower b-values is needed to
further investigate the effects on ADC with of a varying 8. Further more the ADC values
were obtained using a linear fit described in Chapter 2.2.2. The bi-exponential fit that have
been suggested in the literature [5], [31] are a favourite by many authors but is still
controversial. The linear approximation was chosen because of the complexity of the bi-
exponential fit. We estimated that the underestimation of ADCjj, ¢, relative to the bi-

exponential method is equal for all & and that the trend would be the same with the linear fit.

When comparing different data one should be aware of the fact that the SNR is different in
different measuring points. An increased noise (decreased SNR) will add apparent anisotropy
and lead to an underestimation of the diffusion tensor [30].

5.2.3 FWHM

The expected FWHM for A, when 0 is increased, is a constant value since Ty is constant.
This expectation was not in agreement with the result obtained from the measurements, see
Figure 20. The result indicates that there is a restriction even in the parallel direction.

In the most restricted direction (A3) the FWHM value was almost constant. This was in
agreement with the first simulation of FWHM and a box of approximately 5 um in Figure 17
where the FWHM was constant probably due to a poor g-space resolution. The box is smaller
than the g-space resolution and this poses a problem. To compensate for the poor g-space
resolution the tensor model can be used. Using the tensor model we can resolve smaller
objects than the spatial resolution, since the model provides data that is fitted from many
measurements. See Appendix B. The measured FWHM value of approximately 7 pm can
then still be the restriction that the water molecules “feel”, even if it is close to the g-space
resolution and the simulations point towards that this is a much to poor g-space resolution.

Both the T4 and the J results are preliminary and further studies are needed to establish the
effect of different & and Tj.
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Chapter 6. Conclusion

6 Conclusion

The result of the FWHM measurement obtained with varying Ty indicates a restriction in the
direction perpendicular to the fibres in white brain matter.

To optimise T4 one has to decide what the goal of the measurement is. If the goal is to
measure the size of the confinement T4 should be as small as possible in order so that the
effect of water molecules migrating over the cell membrane is minimised. The T4 should also
be so long that all of the confinement is sampled. If the confinement is in the magnitude of
10 um, then the time should be approximately 20 ms according to Einstein’s equation, Eq. 2.
If the goal is a high contrast between WM and GM, the T4 should be longer since the FWHM
values for WM and GM is diverging, see Figure 21.

When values from diffusion measurements are compared between clinics, notice is normally
not taken to different diffusion encoding gradient duration, d, and ADC and FWHM are
considered to be independent of 8. Based on the findings in this preliminary study, sequence
parameters ought to be considered when comparing measurements are carried out at different
sites. Even if the changes are not huge, the COM theory will affect the values and & should be
kept as low as reasonable achievable. The effect on ADC and FWHM when & is doubled is a
decrease with approximately 10 % in FWHM and 5 % in ADC. To establish the decrease
further investigation is needed.

In the most restricted direction the ADC and FWHM values are constant and no notice have
to be taken to the duration of d.

Most MRI systems today are not capable of resolving structures in vivo. The problem with
low g-values and hence low g-space resolution can not be avoided despite the use of the
tensor model to estimate the structure sizes in the brain. Some of the smallest structures may
be hard or even impossible to measure and as the result shows so can the FWHM values
obtained in the most restricted direction not be trusted due to the poor g-space resolution.
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Appendix A
Signal decay for 8 measurements

Philips

Table 4 Signal decay from q=0 cm™ to qg=889 cm™. The mean of the signals for the two last q-values have
been divided by the signal for =0 cm™. The smallest signal decay of all six directions and all ROISs is
noted in the table.

O (ms) | WM (%) | GM (%)
24 82.8 97.5
30 82.2 97.0
36 79.5 96.8
42 79.8 97.1




Appendix B

Tensor measurement example

As an example a 2D tensor is fitted to the measuring points in Figure 23. The tensor is

described by the 2x2 matrix in Eq. 26 and the values on the tensor (black line) can then be

calculated from Eq. 26. The red circle in Figure 23 is the g-space resolution, given by Eq. 21

depending on gmax, and by fitting a tensor to the measurements information about points

inside the g-space resolution is given.

(cos @ sin 6’){

0) cos@
0 O)\siné@

Eq. 26

Figure 23 To the measured points (black dots) a tensor is fitted (black solid line). The tensor have the
shape of a peanut in the 2D example. The red dashed circle is the q-space resolution and the tensor gives
information about points inside the q-space resolution.
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Appendix C
Abstract ISMRM

Dipes changes in gradient durafion influence g-:pace-bazed determinations of displacement in vive?

E Nordh', J. Lan', A Nissea', A. Eydiss', & Brockseedt', and F. Seiblberg'
"hiadical Radiation Physics, Lund University, Lund, Swedsn
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Appendix D

ADC
COM
D
DWI
DTI
EPI
FFT
FOV
FWHM
gcc
GM
MRI
MSD
NEX
NMR
plic
Rms
ROI
SC
scc
SE
SGP
SNR
STEAM
Ta
TE
™
TR
WM

Abbreviations
Apparent Diffusion Coefficient
Centre of Mass
Diffusion coefficient
Diffusion Weighted Imaging
Diffusion Tensor Imaging
Echo Planar Imaging
Fast Fourier Transformation
Field of View
Full Width at Half Maximum
genu of corpus callosum
Grey Matter
Magnetic Resonance Imaging
Mean Square Distance
Number of Excitation
Nuclear Magnetic Resonance
posterior limb of the internal capsule
Root Mean Square
Region of Interest
Spinal Cord
splenium of corpus callosum
Spinn Echo
Short Gradient Pulse
Signal to Noise Ratio
Stimulated Echo Acquisition Mode
Diffusion time
Echo Time
Mixing Time
Repetition Time
White Matter
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Appendix E
Svensk popularvetenskaplig sammanfattning

Emil Nordh
Har méittiden nigon inverkan pi resvltatet vid diffusionsméttningar med
magnetresonanstomografi (MRT)?

Vattenmaolekyler tr i stindig slumpmissig rirelse som beror pé systemets termisk energi, dvs
temperaturen. Diffusionsrérelsen kallas fiven Brownsk rirelse efter den engelske botanikerns
Brown, som upptickte fenomenet pi 1800 talet.

Minniskokroppen bestir t1l 70 % av vatten, vilket gor det limpligt att anvinda MRET for att
studera diffusionse genskaper i biologisk vivnad och fir klinisk diagnostik av ex. akut
ishemisk stroke eller for studier av sjukdomar som péverkar hjfirnans vita substans s som
demens och multiple skleros.

i man tar en diffusionsbild med MRET anvinder man tvii extra diffusionskodande
magnetfiltspulser, uttver de som anvinds for sjilva bildtagningen. DA olika vattenmolekyler
kdnner av olika starka magnetfilt kan man detektera diffusionsréirelsen, som normallt inte Sr
mer dn ca 10-50 mikrometer vid normal kroppstemperatur, genom s kallad fasdispersion,
Hastigheten pd vattnets slumpmiissiga rimelse bestiims av dels av cellemas genomsliplighet i
kroppen samt av hur linge vi studerar diffusionsrtrelsen. Genom att bestimma den skenbara
diffusionshastighet som uppkommer till fisljd av att olika vivnadstyper har olika e genskaper,
kan man generera bilder som anviinds i den kliniska verksamheten. En viktig tllimpning
inom diagnostiken 4r att lokalisera blodproppar i hjtirnan vid s k. hjirninfarkt. Beroende ph
arsaken sitts olika behandlingar in, didrav 4r det viktigt att fort stidlla riet diagnos, Idag dr
diffusionsviktad MRT den enda bilddiagnostikmetoden didr man kan urskilja proppen i ett
akut skede.

Denna studie syftar till att studera om och i sd fall hur stor effekt den faktiska méttiden av
diffusionsriirelsen har. Dels undersiiktes effekterna av varaktigheten av de extra
diffusionkodande magnetfiltetspulsen har och dels effekterna av tidsskillnaden mellan demy,
dov.s. diffusionstiden. Diffusionstiden som studerades ligger mellan 50 till 150 millisskunder.
Urvirderingen gjordes med s.k g-space analys vilket tir en analysmetod som framfir allt
anvinds inom fysikaliskkemi fir att studera strukturella storlekar av exempelvis protoner.
Frin g-space analysen utvirderades mittet pd hur lingt vattenmolekylerna utbreder g under
diffusionstiden d.v.s. FWHM (full width at half maximum). Om vattnet skulle vara hindrat i
négon rikining (begrinsa till en cell) skulle FWHM vara oberoende av diffusionstiden sd snan
mittiden 4r tilledickligt 1ang for att vattenmolekylerna ska hinna sl i cellviggarna Viden
sfidan sitnation skulle FW HM kunna anvindas for att méta cellstorlekar inne i kroppen,

Miir man jamfor diffusionsbilder mellan kliniker idag anser man att den uppméitta
diffusionshastigheten inte piverkas av hur ling tid de diffusioninkodande pulserna varit
pdslagna Resultat av denna studie visar att det mejligen finns et samband och att man
underskattar dif fusionsrorelsen di de diffusioninkodande pulserna i péislagna under en
relativt ling tid.

Den andra parametern som har understkts dr hur FWHM varierar med sjilva diffusionstiden.
Resultatet visar att vatimet ir hindrat i sin diffusion i vissa cellriktningar och FWHM blir i
stort sett konstant vid métningar tvirs fiberrikiningnen i vit hjfirnvivnad. Far mitningar Engs
med fiberrikiningar visar FWHM en svag dkning, vilket mijligen kan bero pd att cellernas
membran dr genomslippligt for vattenmolekyler under de tider som vi studerar
diffusionsfirloppet.

Handledare: Sara Brockstedt, Jimmy Liti
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