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Abstract

Gradient echo (GRE) imaging, a magnetic resonance imaging (MRI)

technique that is sensitive to changes in the magnetic susceptibility

property of tissues, has recently revealed significant signal heterogeneity

in white matter (WM) at high magnetic field (B0 ≥ 3T ). Various as-

pects of the underlying white matter microstructure have been linked to

the observed contrast between white matter regions. This thesis inves-

tigates the origins of the observed differences in GRE signal behaviour.

We proposed an explicit multi-compartmental model of WM that

incorporates realistic representation of the geometry and magnetic sus-

ceptibility of the underlying microstructure that can be used to study

the effects of WM microstructural changes on GRE signal characteris-

tics. In particular, we looked at the apparent transverse relaxation rate

(R2*) and the resonance frequency, as well as their respective deviations

from mono-exponential decay and linear phase evolution.

Next, we investigated the effect of WM fiber orientation on GRE sig-

nal using healthy human volunteers at 3T by correlating the GRE signal

from different WM regions with WM fiber orientation information. Us-

ing literature-based parameters, we demonstrated that the geometric

model predicted similar trends.

Lastly, we studied the effect of myelin on GRE signal using a cupri-

zone mouse model at 7T. An ex vivo study was used to correlate GRE

signal in fixed mouse brain with normalized myelin stain intensity. Sim-

ulated GRE signal from hypothetical scenarios of demyelination were

then compared with the experimental results. R2* and resonance fre-

quency were then used in an in vivo longitudinal study to track myelin

changes during demyelination and subsequent remyelination.
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1 INTRODUCTION

1 Introduction

1.1 Motivation

Gradient echo (GRE) based imaging techniques are well-known for their sensi-

tivity to magnetic field inhomogeneity. Recent reports of GRE signal contrast

within WM suggest that this contrast originates from differences in the under-

lying tissue microstructure [37,38,89].

However, the link between the actual tissue microstructure and the observed

GRE signal behaviour is not well understood. In order to bridge this gap

in knowledge, we explicitly modeled the underlying WM microstructure to

obtain the whole magnetic field distribution from which a full repertoire of

GRE signal behaviours can then be simulated. This geometric model provides

a simple yet powerful way to investigate the effects of specific changes in WM

microstructure on multiple aspects of GRE signal behaviour.

Specifically, we studied the dependence of GRE signal in WM on orientation

to B0. This relationship has been previously linked to the underlying WM

microstructure but none of these studies have looked explicitly at the effects

of WM microstructure and orientation dependence [11,33].

We also studied the effects of myelination on GRE signal. The ability to infer

myelination patterns from GRE signal would be helpful in understanding the

progression of demyelinating diseases such as multiple sclerosis and to provide

markers for recovery from such diseases.

1



1 INTRODUCTION

1.2 Thesis overview

Chapter 2 : Basic concept of MRI The basic concepts of MRI are in-

troduced here. This chapter begins with a discussion of the phenomenon of

nuclear magnetic resonance which is responsible for generating the signal mea-

sured in MRI before moving on to how image formation occurs in MRI. The

GRE sequence will be introduced here together with a brief discussion about

GRE signal behaviours (e.g. signal magnitude decay and phase evolution).

Chapter 3 : White matter microstructure and magnetic suscepti-

bility This chapter deals with white matter microstructure and its link to

susceptibility contrast. We start with a brief description of white matter mi-

crostructure, and move on to myelin changes that can happen in the white

matter. A short review of MR techniques used to study myelination is then

given. Special focus is then given to the concept of magnetic susceptibility.

Chapter 4 : Geometric model of white matter The geometric modeling

of white matter microstructure is discussed. A phantom study was used to val-

idate the use of geometric modeling to simulate the GRE signal changes. The

2D geometric WM model is introduced here. This is followed by discussions

about the various components of the model.

Chapter 5 : B0 orientation effects In this chapter, we look at the rela-

tionship between GRE signal in WM with WM fiber orientation to B0. We

performed a study that correlates orientation information from WM pixels

obtained from DTI to GRE signal in healthy human volunteers at 3T. The ex-

perimental GRE signal trends were then compared with simulated GRE signals

2



1 INTRODUCTION

using the geometric WM model.

Chapter 6 : Myelin effects In this chapter, the effect of myelination on

GRE signal at 7T will be investigated using the cuprizone mouse model. We

first correlated GRE signal behaviours(e.g. resonance frequency and R2* )

with histological measures of myelination. We also investigated the longitudi-

nal changes in GRE signal of mice undergoing demyelination and subsequent

remyelination. The geometric WM model was then used to create hypothetical

scenarios of demyelination to predict the corresponding GRE signal changes.

Chapter 7 : Conclusion This final chapter will summarize the work per-

formed in this thesis. This chapter will also discuss possible improvement to

the existing work and also the future direction of the work.

3
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This is a blank page.
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2 BASIC CONCEPT OF MRI

2 Basic concept of MRI

This chapter discusses some of the basic concepts of magnetic resonance imag-

ing (MRI). We begin with a discussion about the phenomenon of nuclear

magnetic resonance (NMR) which forms the underlying basis for the signal

measured in MRI. We will then show how this NMR signal can be spatially

localized in MRI to create images. The multi-echo GRE sequence that was

used in the various studies in this thesis will also be introduced. The rela-

tionship between the underlying frequency distribution and the GRE signal

characteristics will be discussed last.

2.1 NMR

Any introduction to MRI will usually begin with the phenomenon of NMR

which was first observed in 1946 by Purcell [127] and Bloch [16] separately.

2.1.1 Nuclear spin

Subatomic particles possess an intrinsic angular momentum called spin. Spin is

a purely quantum mechanical phenomenon that is quantized and has a value of

1/2 for many nuclei. The spin within a nucleus is the net total of the individual

spins from the component subatomic particles. These spins tend to pair up

and thus only nuclei with odd number of protons or neutrons will generate a

net angular momentum. The hydrogen nucleus with a single proton has a net

angular momentum and due to its abundance in the human body (e.g. in the

form of water molecules H2O) is the most investigated nuclei in MRI.

5



2 BASIC CONCEPT OF MRI

2.1.2 Precession

A proton can be thought of as a rotating positive charge which creates its

own magnetic moment. The hydrogen nucleus thus behaves like a minuscule

magnet with its poles parallel to the spin axis. In the presence of an external

magnetic field, a torque is produced on the hydrogen nucleus that would rotate

the magnetic moment such that its poles are in alignment with the external

field. However, due to the angular momentum of the hydrogen nucleus, the

nucleus does not align with the external field but instead precesses around the

field axis (Fig. 1).

z

x

y

B0

μ

Figure 1: A proton with angular momentum µ precessing about the direction
of the main magnetic field B0

This motion is analogous to that of a spinning top whose spinning axis is tilted

away from the vertical. Gravity applies a torque to tip the spinning top over

but because of its angular momentum, the spinning top precess around the

vertical axis at a constant angle to the horizontal instead. The precession fre-

quency of the nucleus is called the Larmor frequency or the resonance frequency

6



2 BASIC CONCEPT OF MRI

(ω0) and is related to the magnetic field strength (B0) by the gyromagnetic

ratio (γ). This relationship is given in the following equation:

ω0 = γB0 (1)

The gyromagnetic ratio of a few commonly used nuclei are shown below:

Nucleus γ (MHz/T)

1H 42.6

13C 10.7

19F 40.1

23Na 11.3

31P 17.3

Table 1: Gyromagnetic ratio of common nuclei in NMR

2.1.3 Magnetization

In reality, we do not look at an individual spin but an ensemble of spins. In

the absence of a strong external magnetic field, the magnetic moment has no

preferred orientation such that a collection of spins are randomly oriented to

one another and thus creates no net magnetization (Fig. 2). In the presence of

an external magnetic field B0, spins have a slight tendency to align themselves

with the direction of the field (without increased tendency to point in any

other orientation e.g. opposite the field) to produce a net magnetization M0

pointing in the direction of B0 field [58]. The axis parallel to B0 is normally

denoted as the longitudinal axis and the plane orthogonal to the longitudinal

axis is known as the transverse plane.

7



2 BASIC CONCEPT OF MRI

(a) (b)

B0

M

Figure 2: Net magnetization (a) In the absence of an external magnetic field
, magnetic moments are randomly oriented with no net magnetization. (b) In
the presence of an external magnetic field, slightly more magnetic moments
point towards B0 resulting in a net magnetization. Diagrams courtesy of Dr.
Karla Miller adapted from Hanson [58].

2.1.4 Excitation

In the presence of an external magnetic field B0, a net magnetization M0 is

created. The magnetic field produced by M0 is many orders of magnitude

weaker than B0 and is thus undetectable in the B0 direction. On the other

hand, magnetization in the transverse plane is detectable. Radio frequency

(RF) pulses are used to tip magnetization from the longitudinal axis onto

the transverse plane to produce an observable, time dependent signal. This

RF pulse is effectively a second magnetic field (B1) which oscillates at the

Larmor frequency in the transverse plane. Despite this magnetic field being

many orders of magnitude smaller than B0, the resonance condition ensures

efficient transfer of energy to tip M0 into the transverse plane. An analogy

is that of pushing a swing. If the pushing frequency matches the swinging

frequency, a small periodic force can eventually produce a large displacement

of the swing. On the other hand, if the pushing frequency does not match

8



2 BASIC CONCEPT OF MRI

the swinging frequency, a much larger force would be required to produce an

equivalent displacement. When the equilibrium magnetization M0 is tipped

into the transverse plane, any component of the magnetization in the transverse

plane also precesses at the Larmor frequency. The amount of excitation for

a hard pulse (i.e. the angle between magnetization vector and the z-axis) is

dependent on the strength of the RF magnetic field B1 and the duration of

the pulse tp and is given by Eqn. 2.

α = γB1tp (2)

Rotating frame of reference It is helpful to introduce the concept of the

rotating frame of reference which is often used to simplify the description of

magnetization in a NMR experiment [108]. By defining the rotating frame of

reference as a frame rotating at the Larmor frequency about the z axis (i.e.

direction of B0), it can be seen that magnetization precessing at the Larmor

frequency is stationary with respect to rotation about the z axis (Fig. 3). In

the rotating frame of reference for excitation, B1 simply tips M0 away from

the z-axis.

yx

(a)
y'x'

(b)

ω0

y

x

z z

Figure 3: Rotating frame of reference. (a) Trajectory of precessing (ω0) mag-
netization as it is rotated by 90◦ onto the xy plane. (b) Trajectory of same
magnetization in a rotating frame of reference.
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2 BASIC CONCEPT OF MRI

2.1.5 Relaxation

After excitation, relaxation returns the excited magnetization back to equi-

librium and is described by two different time constants. T1 describes the

regrowth of the longitudinal magnetization while T2 describes the loss of trans-

verse magnetization . T1 relaxation is also called the spin-lattice relaxation in

which the spin system loses the extra energy from the RF excitation to the

surrounding ‘lattice’. T2 relaxation is also known as the spin-spin relaxation

in which decay of transverse magnetization is caused by the loss of phase co-

herence among spins due to random fluctuations of local magnetic fields at the

molecular scale. This decreasing transverse magnetization causes signal loss.

Another source of signal loss can occur when spins dephase under the pres-

ence of static magnetic field inhomogeneity and this is called T2’ decay. The

main difference between T2’ and T2 is that signal loss from T2 is irrecoverable

but signal loss from T2’ is recoverable (e.g. using a spin echo sequence). The

loss of transverse magnetization due to T2 and T2’ is given by the apparent

transverse relaxation time (T2*) and their relationship is given by :

1/T ∗2 = 1/T2 + 1/T ′2. (3)

2.1.6 Bloch Equation

The behaviour of magnetization in a NMR experiment can be described by a

single differential equation, which was first described by Felix Bloch [16] and

is given by:

dM

dt
= (γM×B)− Mxx̂+Myŷ

T2
− Mz ẑ −M0

T1
(4)

10
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where M = [MxMyMz]
T is the magnetization, B is the total magnetic field, M0

is the equilibrium magnetization (which lies along the z axis) and T1 and T2

are the longitudinal and transverse relaxation times respectively. The above

differential equation can be easily solved to give the following solutions corre-

sponding to the time dependent configuration of the components of the mag-

netization along the three axes.

Mx(t) = (Mx(0)cosω0t+My(0)sinω0t) · exp
(
−t
T2

)
(5)

My(t) = (My(0)cosω0t−Mx(0)sinω0t) · exp
(
−t
T2

)
(6)

Mz(t) = M0 + (Mz(0)−M0) · exp
(
−t
T1

)
(7)

where ω0 = γB

2.1.7 Free induction decay

After excitation, the precessing magnetization produces a time varying mag-

netic field. This induces a voltage in a receiver coil to produce a measurable

NMR signal which is proportional to the strength of the precessing magne-

tization. The signal gradually decays and is called the free induction decay

(FID). This FID follows a T2* decay in the presence of static external magnetic

field inhomogeneity. This FID can also be loosely referred to as gradient echo

(GRE).

2.1.8 Spin echo

This brings us to the concept of spin echo (SE) [56] in which signal loss,

caused by dephasing due to static external magnetic field inhomogeneity, can

11
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be recovered with the use of a 180◦ pulse. Suppose that a spin isochromat

(originally along the y-axis at time t=0) precesses with a constant angular

velocity ω. From t=0 to t=T, the isochromat would have precessed by ωT.

A 180◦ pulse about the y-axis then flips this spin isochromat about the y-axis

such that at t=T+δt the angle between the spin and the y-axis is -ωT. From

t=T+δt to t=2T, the spin isochromat would precess by the same amount ωT

which puts the spin isochromat back at the same location along the y-axis as

t=0. This happens for any spin isochromat undergoing a constant precession

resulting in the formation of a spin echo at t=2T. In contrast, for GRE, the

same isochromat would have precessed by an angle of 2ωT during the same

period. The inability to reverse such dephasing effects makes GRE sensitive

to magnetic field inhomogeneity.

12
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Figure 4: Gradient echo vs spin echo. (a) GRE scenario. (b) SE scenario.
Consider a collection of spin isochromats originally in phase at time t=0. In
the presence of static magnetic field inhomogeneity, spin isochromats undergo
constant dephasing. At t=T, a 180◦ pulse is applied in the SE case such that
isochromats are flipped about the y axis at t=T+δt. The isochromats continue
to precess at the same speed and at t=2T, isochromats in SE would have com-
pletely rephased but isochromats in GRE are dephased.
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2.2 MRI basics

2.2.1 Spatial localization

MRI is essentially a NMR spectrometer with signal localization capability.

This capability comes from a set of magnetic fields more commonly known as

gradients. MRI scanners normally have 3 sets of gradient coils Gx,Gy and Gz

that create a linearly changing magnetic field aligned to B0 along x,y and z

axes according the following equation

B(r) = B0 + G · r (8)

where r = [x, y, z]T is the spatial location and G = [Gx,Gy,Gz]T is the

gradient field vector. By varying the local magnetic field according to its

location in space, the resonance frequency (since ω(r) = γB(r)) at different

spatial locations can be varied thus allowing signal to be localized.

2.2.2 Image formation

In the absence of any gradient field, the MR signal detected from an object

comes from the sum of magnetizations present at different locations M(r) and

is given by

s(t) =

∫
M(r)dr (9)

where M(r) = ρ(r)exp(iθ(r)), ρ(r) is the magnetization density at r and θ(r)

is the local phase angle due to precession at the local resonance frequency.

The magnetization density is a function of proton density (PD) and time (due
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to relaxation) while θ(r) is also a function of time. These dependences on

time are important for generating different contrasts in images (e.g. T1, T2,

PD weighting). In the present discussion, we are only concerned with the

generation of an image corresponding to a specific time point (e.g. snapshot

[20]) so we can temporarily neglect the time dependence of M(r).

In the presence of the gradient fields, the magnetization (M(r)) at each posi-

tion in space acquires an additional phase shift and the MR signal (demodu-

lated at the Larmor frequency) can be expressed as

s(t) =

∫
M(r)exp(iγ

∫ t

0

G(τ).rdτ)dr (10)

where the extra exponential term represents the additional phase shift created

by the gradient field at each location. By letting

k(t) =
γ

2π

∫ t

0

G(τ)dτ (11)

We can rewrite Eqn. 10 as below

s(t) =

∫
M(r)exp(i2πk(t).r)dr (12)

Eqn. 12 shows a Fourier relationship between the measured signal s(t) and the

spatial frequency parameter k(t). By taking an inverse Fourier transform of

the entire spatial frequency domain, an image of the spatial distribution of

magnetization M(r) can thus be formed. The aim of a MRI experiment then

is to read out the MR signal during the time course of gradients such that

k(t) covers the whole spatial frequency domain, also referred to as the k-space.

Different schemes of filling up the k-space exist and one of the most common

is the cartesian k-space trajectory which will be discussed next.
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2.2.3 MRI signal acquisition

A basic GRE sequence will be used here to demonstrate MRI signal acquisi-

tion. Fig. 5 shows a schematic (also known as pulse sequence diagram) that

demonstrates how the GRE sequence is used to acquire signal.

RF

Gz

Gy

Gx

ADC

S

TR
TE

Figure 5: Pulse sequence diagram of a basic GRE sequence. It consists of a
radio frequency (RF) pulse that is used for excitation of magnetizations. 3 sets
of gradients Gz,Gy and Gx are used for signal localization. TR is the repetition
time. For each TR, the value of Gy is altered. TE is the echo time between
the time of excitation and signal acquisition. ADC is the analogue to digital
converter which transform the measured induced current in the receiver coil
into digital signal.

The first step of signal acquisition is normally to localize the signal from a

single slice or slab. This is achieved by applying a gradient field (Gz) along

the z direction such that there is a varying magnetic field along the z direction.

The resonance frequency is then given as a function of location along the z axis

(Fig. 6).
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Figure 6: Effects of the slice selection gradient on resonance frequency. The
resonance frequency is a function of location along the z axis and can be used
to spatially excite magnetizations along z.

Next, we apply an RF pulse to excite a specific range of frequencies (∆f). The

selected range of frequencies will determine the position (z1) and thickness (∆z)

of the slice selected. Only spins in that selected slice will be excited and thus

only signal from the selected slice will be detected subsequently. Due to the

presence of a distribution of frequencies within a slice because of the linearly

varying gradient field, there is a need to rephase the excited spins. This is

achieved by applying another gradient lobe of opposite polarity but with half

the area under the lobe such that the dephased spins are fully rephased by the

rephasing gradient.

After slice selection, we spatially encode the x and y direction using gradients

in the x and y directions. We can view the effects of these gradients as a means

to fill up k-space (remember that the inverse Fourier transform of k-space gives

the MR image which we are interested in) in which a series of gradients along

the x and y axis are applied to move through k-space (e.g. k-space trajectory)

such that the entire 2D k-space can be sampled. It can be seen from Eqn. 11

that shifting can be accomplished by changing the gradient and/or the duration

of the gradient (i.e. area under the gradient at a specific time which represents

the amount of dephasing imparted onto the isochromats).
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We look specifically at how the basic GRE sequence samples the entire k-space

using a Cartesian trajectory (Fig. 7). Upon the excitation of the magnetiza-

tion, the k-space trajectory starts at the middle of k-space. A gradient in the

y direction (commonly known as the phase encoding gradient) is applied for

a short period of time and then switched off. On the k-space, the effect of

applying the phase encoding gradient is to shift k-space along the ky direction

and the trajectory will remain in the same ky row after switching off Gy. In

the x direction, a prephasing gradient is applied to shift k-space in the neg-

ative kx direction, after which, another gradient called the readout gradient

with opposite polarity and double the gradient area is applied together with

the ADC and signal is sampled to fill up a single row of k-space. A gradient

echo is formed at the middle of the readout gradient which corresponds to the

point at which the readout gradient cancels out the effects of the prephasing

gradient.

An implementation that uses the cartesian k-space trajectory is demonstrated

here. In the first TR, the most negative phase encoding gradient is applied

together with the negative prephasing gradient to shift the k-space trajectory

to the bottom left hand corner. The phase encoding gradient is switched

off and the readout gradient is then switched on together with the ADC to

sample a single row of k-space. On the next excitation, the k-space trajectory

again starts from the middle of k-space and with a slightly less negative phase

encoding gradient, a new line of k-space above the previously filled one is filled

during the frequency readout. The process continues until the required k-space

is filled up.
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Figure 7: Cartesian k-space trajectory. The dots represent the discrete k-
space coordinates. The first TR with the most negative phase encoding gradient
coupled with the negative prephasing gradient pushes the k-space trajectory to
the bottom left hand corner. During signal readout, one row of k-space is filled
from left to right. On the next excitation, the k-space trajectory again starts
from the middle of k-space and with a slightly less negative phase encoding
gradient, a new line of k-space above the previously filled one is filled during
signal readout. The process continues until the required k-space is filled up.
(Gradients are not drawn to scale)
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2.2.4 2D multi-echo GRE

The 2D multi-echo GRE pulse sequence is used extensively in this thesis and is

adapted from the basic GRE sequence discussed previously. The main differ-

ence lies in the acquisition of multiple echoes during each TR through the use

of multiple pairs of bipolar gradients that consecutively dephase and rephase

the magnetization to enable sampling of the GRE signal over time. Another

addition is the crusher gradients (red boxes in Fig. 8) towards the end of the

TR that serves to dephase any remaining net magnetization in the transverse

plane. This process is called gradient spoiling and is used together with RF

spoiling which adds a (n+1)*117◦ phase to the following RF pulse to further

ensure that no coherence is built up by remnant magnetization in the trans-

verse plane [12]. The complex GRE signal obtained at each TE can then be

used to characterize the GRE signal.

RF

Gz

Gx

Gy

S

TR
TE1 TE2 TE3 TE4 TE5

ADC

T2* decay

ϕ
j

ϕ + (j+1)*117°
j

Figure 8: Pulse sequence diagram of a multi-echo gradient echo sequence. The
decrease in signal magnitude in each subsequent echo is due to T ∗2 decay.
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2.3 Frequency distribution and GRE signal

The basic effect of a frequency distribution is to cause spin isochromats to go

out of phase with one another such that there is an overall reduction in the

net magnetization. Specifically, the width of the frequency distribution affects

the decay of the transverse magnetization magnitude and the mean of the

frequency distribution affects the phase of the net transverse magnetization.

To visualize these effects, consider 3 different frequency distributions (each

denoted by a different color, as shown in the frequency histogram in Fig. 9(a)).

The effects of T1 and T2 relaxation of the isochromats are assumed to be

negligible in this illustration.
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Figure 9: Effects of frequency distribution on transverse magnetization. (a)
shows the frequency histograms of 3 different frequency distributions. (b) shows
the distribution of isochromats at an arbitrary time t for the 3 frequency distri-
butions. Black arrows indicate the original net transverse magnetization and
the blue, red and green arrows correspond to the net transverse magnetization
at time t.

The distribution of spin isochromats after signal dephasing (as dictated by the

frequency distribution) at an arbitrary time t is displayed in a fan plot whereby

the intensity indicates the population of isochromats at a particular phase and

the coloured arrows represent the effective net transverse magnetization. Af-

ter time t, all the net transverse magnetization can be seen to decrease (i.e.

shorter colored arrows compared to the black arrows) as a result of isochro-

mats going out of phase with one another. The red distribution, which has a

wider frequency distribution than the blue distribution, demonstrates a larger

fanning out of the phase of the isochromats thereby resulting in a smaller sig-
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nal magnitude. The green distribution which has the same width but different

mean of frequency distribution shows an identical amount of fanning out of

isochromats as the blue distribution but the phase of the net magnetization is

shifted due to the difference in their mean frequency.

It is useful to formulate the relation between the frequency distribution and the

resultant net signal evolution with time (due only to the effects of dephasing

caused by the frequency distribution and ignoring other relaxation effects).

For a given frequency distribution P (f), which represents the population of

isochromats, the net signal evolution S(t) is given by the integral of the signal

evolution of each isochromat weighted by the frequency distribution and can

be written as below

S(t) =

∫
P (f)exp(i2πft)df = F−1{P (f)} (13)

where exp(i2πft) is the signal evolution of an isochromat (ignoring the effect

of relaxation and proton density). This equation implies a Fourier relationship

between the net signal evolution and the underlying frequency distribution.

Assuming a Lorentz shaped frequency distribution

P (f) =
1

π

[
Γ

(f − f0)2 + Γ2

]
(14)

where f0 is the median frequency and Γ is the half-width at half-maximum

(HWHM). If we substitute Eqn. 14 into Eqn. 13, we get an exponential function

which is the Fourier pair of the Lorentz distribution

S(t) = exp(i2πf0t− Γt) (15)

23



2 BASIC CONCEPT OF MRI

where

|S(t)| = exp(−Γt) (16)

φ(t) = ∠S(t)

= 2πf0t (17)

From Eqn. 16, it can be seen that the signal magnitude follows an exponential

decay with the decay rate directly proportional to the width of the frequency

distribution. From Eqn. 17, signal phase evolution is seen to be determined

by the mean (median for a Lorentz distribution) frequency.

2.3.1 GRE signal parameters

GRE signal magnitude decay and phase evolution are characterized by T2*

and resonance frequency respectively. The extraction of the parameters T2*

and resonance frequency from GRE magnitude and phase data reduces the

confounding factors of spin density, T1 and RF coil sensitivity variations as-

sociated [37] with magnitude and phase images and allows for more robust

quantification of the tissue properties.

T2* decay GRE signal magnitude decay follows the following equation

|S(t)| = |S(0)|exp(−t/T ∗2 ) (18)

where |S(t)| is the measured signal magnitude at time t and T2* is the apparent

transverse relaxation time. In order to find T2* , GRE signal magnitudes of

at least 2 time points (e.g. TE1 and TE2) are used in a linear fit of the log of
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the signal magnitude (Eqn. 19). Multiple time points can generally be used in

the linear fit to obtain a better estimation of T2* .

T ∗2 =
TE1− TE2

log(|S(TE2)|)− log(|S(TE1)|)
(19)

T2* decay is actually a combination of T2 and T2’ decays. T2 decay is the spin-

spin relaxation that was discussed previously and T2’ represents additional

dephasing of the underlying spins by the presence of static magnetic field

inhomogeneity (e.g. the frequency distributions in Fig. 9a) and it is this T2’

that is directly associated with the underlying frequency distribution. Thus,

T2* is related to the width of frequency distribution i.e. the 2nd moment of

the frequency distribution. It is sometimes more convenient to refer to the

apparent transverse relaxation rate R2*, where R∗2 = 1/T ∗2 .

Resonance frequency The GRE phase changes according to the following

equation :

φ(t) = 2πft (20)

where φ(t) is the measured signal phase at time t and f is the resonance

frequency. The resonance frequency can be obtained from at least 2 time points

by fitting a linear equation and obtaining the gradient (Eqn. 21). Multiple time

points can be linearly fitted to get a more accurate estimation of the resonance

frequency.

f =
1

2π
· φ(TE2)− φ(TE1)

TE2− TE1
(21)

The resonance frequency measures the mean of a frequency distribution i.e.

the 1st moment of the frequency distribution.

Brain tissues in general are expected to display the above mentioned signal
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characteristics but deviations from mono-exponential T2* decay and linear

phase evolutions have been experimentally observed in WM. These deviation

behaviours will be one of the topics brought up in the course of this thesis.
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3 White matter microstructure and magnetic

susceptibility

White matter microstructure is highly complex, consisting of various cellu-

lar structures that are in turn made up of different biological materials (e.g.

lipids, proteins) that have different chemical and physical properties such as

magnetic susceptibility. This can create mesoscopic magnetic field inhomo-

geneities that affect the behaviour of GRE signal, thus making GRE sensitive

to WM microstructure. Studies have suggested myelin to be one of the major

contributors to the observed susceptibility contrast [83,92].

We begin this chapter by giving a brief overview of WM microstructure be-

fore turning our focus to myelin changes followed by a short review of MR

techniques used to study myelination. Special attention is then given to the

concept of magnetic susceptibility.

3.1 White matter microstructure

WM is highly heterogeneous and is made up of a wide variety of cellular

structures belonging to cells that can be broadly classified as neuronal or glial

[120]. These cellular structures have unique physical and chemical properties

that allow them to work together to allow the WM to perform its function.

Long thin projections known as axons extend from the neuronal bodies present

in the gray matter into the white matter. These axons can be thought of

as wirings for the conduction of electrical signal that connect the different

brain regions allowing them to communicate with one another. During signal

transduction, an action potential is first started at the initial unmyelinated
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segment of the axon [120]. This action potential will then have to travel along

the entire length of the axon to reach its target. This current is relayed via

movement of ions through the sequential opening of sodium and potassium

ion channels [64]. In the absence of any insulating membrane, substantial

current loss occurs due to leaks and charging of the membrane to alter the

membrane potential. Since the conduction velocity of unmyelinated axons is

directly proportional to their diameters [52,59], the size of the axons would be

excessively large in order to achieve rapid propagation of electrical impulses.

To increase the speed of signal transmission without the need to increase axonal

diameter, most axons are wrapped around by myelin sheaths, which provide

electrical insulation to the axon [120].

Myelin is composed of about 70% lipids and 30% proteins [154] unlike most

biological membranes that have a higher ratio of proteins to lipids. Each

myelin layer is composed of two layers of lipids to form a bilipid layer that is

about 17nm thick [128]. The bilipid layer is wound around the long axonal axis

multiple times to form the myelin sheath. The ratio of the myelin thickness

to the axonal diameter (or the more widely used definition of g-ratio which is

the ratio of the axon diameter to the entire fiber diameter) is tightly regulated

in the brain. A g-ratio of between 0.6 to 0.7 is commonly reported in both

simulations and experiments and this has been shown to correspond to the

maximum conduction velocity achievable for a fixed axonal diameter [70]. The

myelin sheaths significantly reduce the loss of current by acting as insulators

to current leak across the membrane and by reducing the capacitance of the

membrane [107]. Myelin sheaths do not continuously cover the entire length of

the axon but form segments along the axon separated by small unmyelinated

gaps called nodes of Ranvier. These nodes contain a very high concentration
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of sodium channels acting as booster stations to propagate the signal to the

next node [21]. This process is also known as saltatory conduction and is

responsible for the fast conducting speed of 100-120ms−1 in myelinated axons

compared to the speed of 25ms−1 in the unmyelinated squid axon [65].

Interspersed between these axons are various types of glial cells. Unlike neu-

ronal cells, glial cells do not directly conduct electrical signals and have long

been overlooked as a ’brain glue’ or ’gap filler’ that hold the more important

axons together within the white matter [42]. These cells however do play im-

portant supporting roles for the normal functioning of the axons. One of the

most abundant are the star-shaped astrocytes with their many long fiber-like

processes that extend to blood vessels and nodes of Ranvier [144]. They were

originally thought of as passive cells that provide mechanical support for the

axons. However, there is evidence that they are also responsible for neural

transmitter secretion and absorption. Also present are oligodendrocytes that

are responsible for the production and maintenance of the myelin sheaths [29],

as well as microglial cells that function as macrophages responsible for the

autoimmune defence within the brain [5]. Blood vessels run through the WM

providing the various cells with essential nutrients.

3.2 Myelin changes

Myelin changes can occur throughout a human lifetime. Myelination begins in

the spinal cord 12 to 14 weeks after gestation [161]. From mid gestation to the

end of the second postnatal year, myelination is believed to account for the

almost tripling of the weight of the brain [72]. Myelination continues through-

out childhood, adolescence and into adulthood with the final maturation of
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the intracortical fibers of the cerebral cortex after some 30 years [173]. Myelin

changes are not just restricted to development. For instance, some studies

have found evidence of activity-dependent myelin plasticity in both humans

and rodents [41]. Myelin then starts to degenerate during the aging process

resulting in widespread damage to the myelin sheaths. In the aging rhesus

monkey brain, the amount of damage to the myelin sheath correlates strongly

with a decline in the cognitive status of the animals suggesting that myelin

breakdown reduces conduction velocity in the affected nerve fibers [121].

Myelin integrity can be affected in diseases. Since myelin ensures the proper

transmission of signal between brain regions, it can be seen that disruptions

in the myelination of axons can have serious consequences. Two main classes

of myelination diseases can be identified based on the mechanism for myelin

pathology [97]. In the first class, there is a failure to form normal myelin

and this is termed as dysmyelinating disorders. They are mainly caused by

genetic factors, and can also result from environmental influences such as io-

dine deficiency that can lead to hypothyroidism and associated myelination

failure [159]. Krabbe disease is an example of dysmyelination disease caused

by genetic mutation resulting in a deficiency of the lysosomal enzyme galacto-

sylceramidase which is responsible for metabolizing lipids. The accumulation

of un-metabolized lipids disrupts the formation of normal myelin sheath and

causes severe motor deficits leading to death [149].

The second class of myelination diseases is known as demyelinating disorders

in which normal myelin is destroyed. The most widely studied demyelination

disease is multiple sclerosis. Multiple sclerosis (MS) is a chronic, inflammatory

and often incapacitating immune-mediated disease in which the body’s own

immune system attacks the myelin sheaths covering the white matter axons
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[116]. MS accounts for the majority of non-traumatic disability among young

adults with enormous socioeconomic impact in developed countries [36]. It is

estimated that 2.5 million people worldwide are affected by MS [162].MS is a

highly heterogeneous disease in which the symptoms, time courses and severity

differ from person to person, depending mainly on the locations of the lesion

sites [77]. Despite decades of extensive research, the origin of the disease

is unknown and there is currently no effective cure for MS with treatment

targeted mainly at mitigating symptoms and slowing down the progress of the

disease [19].

A third class of myelination disorder may be identified as hypermyelination in

which there is excess myelination surrounding a given axon. Hypermyelina-

tion is often focal and observed together with regions of hypomyelination, for

instance the Charcot-Marie-Tooth (CMT) disease [130].

3.3 Animal models of myelin deficiency

Myelin pathologies are widely studied in both humans and animal models.

There exists a variety of animal models that have been used and similar to the

classification of myelin deficient diseases, animal models can also be largely

grouped into dysmyelination and demyelination models.

The shiverer mouse is a classic dysmyelination animal model [73]. The shiverer

mouse model is caused by mutations of the myelin basic protein gene. Myelin

basic protein is essential for the formation of compact myelin. Shiverer mice

are characterized by incomplete myelin formation in the CNS in which the

myelin sheaths are mostly absent or are very thin and loosely packed around

normal axons [174]. The absence of axonal damage and inflammation makes
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the shiverer mouse model a good choice for the study of the effects of myeli-

nation.

The cuprizone mouse model is a toxicity induced demyelination model [106].

The introduction of cuprizone into the diet of young mice causes acute de-

myelination with complete demyelination observed after 6 weeks. The time

course, location and extent of the demyelination are all highly reproducible,

making this an attractive model to study the effects of demyelination. Both

mouse models have been previously used to study the effects of myelination on

GRE signal [83, 92, 93]. In our study, we were primarily interested in induc-

ing different degrees of myelination within the WM and the cuprizone model

provides an excellent platform to achieve this.

3.4 MR techniques to study myelination

Various MR techniques have been used to probe myelination in white matter.

These include conventional methods such as T1and T2-weighted imaging, and

more advanced techniques such as magnetization transfer (MT) imaging and

ultrashort TE (UTE) imaging. Most of these techniques look at the effects

of myelin indirectly (e.g. T1,T2, MT) while some attempt to look at myelin

directly (e.g. UTE). In this section, we introduce some of the MRI techniques

that have been used to study myelination in white matter.

Conventional T1,T2 T1 and T2 relaxation times in WM have been linked

to the amount of myelination in WM. Since myelin water has a short T1 and

T2, the increase in myelination has been hypothesized to bring about the

shortening of T1 and T2 relaxation times. This causes WM to change from
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hypointense to hyperintense with respect to gray matter (GM) in T1-weighted

images and vice versa in T2-weighted images [66]. In the clinic, T1 and

T2-weighted images are used routinely to monitor normal brain maturation

and mental development. T1 and T2-weighted images have also been used

with success in the diagnosis of demyelination diseases such as MS [9, 46].

However, T1 and T2-weighted images are not only affected by myelination but

also by other factors such as water content and thus lack specificity [112] to

a given aspect of the neuropathology (e.g. inflammation vs demyelination).

This is exemplified by the lack of success in using T1 and T2-weighted images

in predicting the progression of disease in patients already diagnosed with MS

[43].

Magnetization transfer imaging Magnetization transfer (MT) imaging

techniques probe protons of macromolecules such as those belonging to large

lipids present in myelin [61]. Under normal circumstances, MRI is only capa-

ble of imaging protons with sufficiently long T2 (e.g. > 10ms), thus rendering

imaging of protons of macromolecules with much shorter T2 (e.g. < 100µs)

impossible. However, interactions between the free pool of protons and the

restricted pool of protons can be utilized to probe the restricted pool of pro-

tons. More specifically, there exists a coupling between the two pools of protons

which allows the exchange of magnetization between macromolecular and fluid

protons. The macromolecular protons have a much broader absorption line-

shape compared with the fluid protons, which allows the macromolecular spins

to be preferentially saturated with an off-resonance irradiation with a sensi-

tivity of up to 106 [61]. This saturation of the macromolecular spins can then

be transferred to the liquid spins via exchange. Taking the difference between

images with and without off-resonance irradiation thus provides information
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about the pool of macromolecular protons. Subsequent quantification of the

relative size of the restricted proton pool, exchange and relaxation rates is

possible with a two-pool model.

MT has been shown to be sensitive to myelin. Strong correlations have been

reported between the derived restricted proton pool size and myelination ob-

served in postmortem MS brains [134, 135] . MT parameters have also been

shown to vary with different degree of myelination in the different WM fiber

tracts of normal subjects and especially in very densely myelinated WM fiber

tracts [143]. In MS, the derived restricted proton pool size decreases signif-

icantly in chronic lesions with a smaller but significant reduction in normal

appearing WM [30]. The main disadvantage of using MT methods to study

myelination is the partial specificity to myelin since protons belonging to other

macromolecules such as proteins cannot be readily differentiated [86]. Another

concern with the use of MT in MS is the sensitivity of MT to edema and in-

flammation since MT is also sensitive to changes in water content [124].

Multicomponent transverse relaxation Another method that has been

proposed to look at myelin is multicomponent T2 relaxation [100, 167, 168].

Unlike MT techniques that distinguish between the liquid and non-liquid con-

stituents of the tissue, the multicomponent relaxation method looks at distin-

guishing different pools of liquid subpopulations. Two pools model of the WM

have been proposed in which short T2 species (≈20ms at 3T) would represent

myelin water while longer T2 species (≈70-90ms at 3T) would represent extra

and intracellular water [79]. In a three-pool model of WM, the longer T2 pool

has also been subdivided into an intermediate T2 myelinated axon water pool

and a longer T2 mixed water pool [76]. The resulting T2 decay curve is thought
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to be a summation of the different T2 species weighted by their volume fraction.

Thus, we can estimate the volume fractions and T2 decay rates of each species

by fitting a weighted sum of exponentials to a T2 relaxation curve obtained

from a multiecho spin echo sequence. The myelin water fraction (MWF) is

computed as the volume fraction of the compartment with the smallest T2 in

both the two and three pools model. The general assumption of this method

is that volume fraction of water trapped between the myelin layers is directly

proportional to the actual amount of myelin present. Reduced MWF has been

reported in lesions [100] as well as in normal appearing white matter (NAWM)

in MS subjects [79]. An interesting observation is the reported lack of corre-

lation between MT data and MWF [50] which demonstrates a need to further

probe the underlying mechanism behind each measure.

More recently, multicomponent T2* relaxation [35,155] has also been investi-

gated. It is based on the same premise of water compartmentalization leading

to distinct water pools but is based on GRE sequences.The main advantages

of T2* contrast include the relatively strong contrast amplification and low

power deposition of GRE (compared to SE sequences) at higher field strength.

However, in multicomponent T2*, there is a need to consider the frequency

shift [155] that is experienced by the different water pools with respect to

each other since this phase effect is not negated by GRE sequences as would

be in a SE sequence. This increases the number of unknowns to be fitted in

order to account for the frequency shifts between compartments. This has

indeed been verified by a study by van Gelderen et al. [155] that showed that

summation of multiple exponential T2* relaxation curves with frequency shifts

showed better fitting than multiple exponential curves without phase shifts.
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Direct MR detection of myelin In a recent paper by Wilhelm et al. [170]

, direct MR detection of myelin in situ and in reconstituted suspension of

myelin lipid extract was demonstrated using ultrashort echo time (UTE) MRI

methods. Direct imaging of myelin is hampered by its short T2* (50-1000

µs [67]). UTE methods on the other hand allow the FID to be sampled almost

immediately after excitation (e.g. 20µs). When UTE is combined with the

attenuation of long T2* water signal using adiabatic inversion and complex

echo subtraction, it has the ability to directly image myelin. This direct vi-

sualization of myelin is attractive especially since other methods such as MT

and multicomponent relaxation measure indirect changes of myelin via the in-

teraction of myelin with detectable water signals and are hence affected by

non-myelin related changes, for example changes in other macromolecules in

MT studies. This method is still in its infancy and translation of the technique

would require improvements in the MR hardware, e.g. ability to produce very

short duration RF pulses.

Magnetic resonance spectroscopy Proton magnetic resonance spectroscopy

(MRS) can be used to detect changes in the concentration of important metabo-

lites that can reveal pathology in the brain during demyelination events [44,

112,125]. Choline resonance changes can reflect the breakdown of myelin and

the subsequent release of choline containing membrane phospholipids and el-

evation of choline has been detected in both acute lesions [7] and pre-lesion

normal appearing white matter (NAWM) [151]. Direct observation of lipids

which are normally not detectable in MR spectra due to their restricted mo-

bility in membranes becomes possible when they are released from membranes

during demyelination [44]. N-acetylaspartate which is present only in neurons

and processes in normal brain can be used to detect axonal injuries and loss
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[48]. However, MRS techniques are often limited by several technical issues

such as the acquisition of a single voxel (which may be rectified using chemical

shift imaging), the relative long duration of acquisition time and low signal to

noise ratio (SNR) [125].

Diffusion MRI Diffusion MRI is based on signal attenuation typically in

the presence of a pair of bipolar gradients [80]. In the presence of the first

dephasing gradient, the protons experience a local magnetic field that varies in

strength along the gradient and begin to dephase with respect to each other.

When the second rephasing gradient of the same strength but opposite in di-

rection is applied, an opposite magnetic field is created which causes stationary

protons to precess in the opposite direction and return to the original phase

as before the first gradient. In the presence of Brownian motion, the moving

protons do not experience the same magnetic field as the first gradient and

incomplete rephasing occurs. This causes an attenuation of signal being mea-

sured. Since only displacement along the gradient direction can be detected,

multiple measurements along different directions are normally acquired from

which a diffusion tensor can be obtained. Various measures, such as mean

diffusivity and fractional anisotropy, can then be obtained from the diffusion

tensor (i.e. diffusion tensor imaging (DTI)). It is often enticing to directly

relate the above scalar measures to pathology. For example, Song et al. [145]

has proposed that radial diffusivity (obtained from the average of the second

and third eigenvalues of the diffusion tensor) reflects myelin content. It was

however pointed out by Wheeler et al. [166] that the link between radial diffu-

sivity and the underlying tissue structure was an over-simplification and may

not hold in various pathological scenarios.
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3.5 Susceptibility-based GRE techniques

GRE based MRI techniques are sensitive to magnetic field inhomogeneities.

Large scale magnetic field inhomogeneity is often associated with magnetic

field distortions leading to image artefacts and signal dropouts e.g. imaging

near metallic transplants [126]. On the other hand, mesocopic magnetic field

inhomogeneity caused by tissue microstructures can provide unique contrast in

GRE images. The recent popularity in magnetic susceptibility based contrast

generated from GRE sequences is largely due to the amplification of contrast

at higher field strengths [38]. From a GRE scan, both magnitude and phase

images [53] can be used to probe the underlying tissue microstructure. The

focus of this thesis is to look at the effects of WM microstructure on GRE

signal behaviour and thus allow a better understanding of the link between

actual tissue microenvironment and observed GRE signal characteristics.

3.5.1 Magnetic susceptibility

Magnetic susceptibility (χ) is a quantitative measure of a material’s tendency

to be magnetized in the presence of an applied magnetic field. The magnetized

material then interacts with and distorts the applied magnetic field [133]. Most

biological materials can be categorized into two main groups according to their

magnetic susceptibility. Diamagnetic materials have negative magnetic suscep-

tibility and are repelled by an external magnetic field (insignificant effects at

low field strength) while paramagnetic materials have positive magnetic sus-

ceptibility and are attracted to an external magnetic field. It is also common to

report the magnetic susceptibility of materials with respect to a reference such

as pure water. Other forms of magnetism such as ferromagnetism exist but
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are beyond our scope since they are uncommon in normal biological materials

of the brain.

In diamagnetism, an applied external magnetic field changes the orbital mo-

tion of electrons. According to Lenz’s law, an additional magnetic field that

opposes the external magnetic field is created [111]. The resultant magneti-

zation is relatively weak and is independent of temperature. Diamagnetism is

the default form of magnetism in all materials in the absence of other stronger

mechanisms.

Paramagnetism is caused by the polarization of unpaired electrons [111]. Elec-

trons possess intrinsic magnetic moments which tend to align parallel to the ap-

plied magnetic field. According to Pauli’s exclusion principle, electrons tend to

pair up as spin-up and spin-down pairs that have a zero net magnetic moment.

The presence of unpaired electrons produces a non-zero magnetic moment. Un-

paired electrons can be found in transition metal elements such as manganese

and iron as well as rare earth elements such as gadolinium. Salts/ solutions

containing these ions are therefore strongly paramagnetic. The alignment of

the magnetic moment in the same direction as the applied field reinforces the

applied magnetic field. Unlike diamagnetism, paramagnetism is temperature

dependent due to greater random motion at higher temperature.

In the presence of differences in magnetic susceptibilities, there is a pertur-

bation in the magnetic field. For example, putting a subject into the middle

of the bore of the MRI machine distorts the originally homogeneous magnetic

field due to the difference in magnetic susceptibility between the object and

the surrounding air. Inhomogeneities in the magnetic field at the macroscopic

scale are often undesirable as they can cause signal dropouts, for example

in brain areas near the sinus where there is a significant susceptibility differ-
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ence between the brain and the air pockets. This is the source of artefacts

and distortions in echo planar imaging (EPI) [68] as well as blurring in spiral

imaging [176].

At the microscopic scale, susceptibility differences between cellular structures

can create magnetic field inhomogeneities that can be used to provide valuable

information about the underlying tissue microenvironment. In microscopi-

cally heterogeneous tissues, the constituent cellular structures can have differ-

ent magnetic susceptibilities due to their unique chemical compositions and

molecular arrangements. The presence of magnetic susceptibility differences

between the cellular structures results in local magnetic field inhomogeneities

and hence a distribution of magnetic field. The resultant magnetic field dis-

tribution pattern depends on the geometry and chemical composition of each

of the cellular structures as well as their spatial arrangement with respect to

each other. This distribution of magnetic field creates a resonance frequency

distribution for underlying spins which affects the measured MRI signal e.g.

GRE phase and T2*.

3.6 Magnetic field calculation

Magnetic susceptibility effects in heterogenous tissues have been widely stud-

ied. Various numerical and theoretical models about signal behaviors due to

susceptibility effects in heterogeneous tissues have been proposed to explain

experimental data from GRE phase images and R2* maps.

Iterative numerical methods of solving the differential equations of magne-

tostatics [69] have been used to study susceptibility effects in heterogeneous

tissue [22,47,101]. These methods can be used to explicitly generate the actual
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magnetic field distribution due to a given geometry of magnetic susceptibility.

However, such approaches are limited by the prohibitive computational over-

head of numerical methods for calculating field distribution and it was noted

by Yablonskiy et al. [172] that such methods are often not generalizable and

cannot be applied to similar problems.

Yablonskiy et al. [172] introduced a generalized theoretical description of NMR

signal decay in which they simplified the tissue microstructure by consider-

ing single compartment microscopic structures embedded in a homogeneous

medium. The microscopic structures are approximated using perfect ellip-

soids and/or spheres with additional assumptions made about their volume

fractions and spatial arrangements. For example, ferrite contrast agents were

modeled as randomly distributed spheres, blood vessel networks as parallel

infinite cylinders and bone marrow as randomly oriented cylinders embedded

in a homogeneous medium. Such generalized approximations enable the same

theoretical description to be used for multiple systems.

Two methods were used in this project for magnetic field calculations. The

first is an analytical method that can give precise solution of the magnetic field

perturbation from regular ellipsoids. The second is a 3D Fourier method that

can be used to approximate the field perturbation caused by any arbitrary

susceptibility distribution [102,129].

3.6.1 Analytical method

The magnetic field perturbation of a solid infinite cylinder is widely used in

geometric simulations and can be obtained by considering the boundary con-

ditions in magnetostatics [54]. The resultant frequency perturbation is given
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by Eqn. 22.

∆fSC(r) =


1

2
B0γ∆χ

[
cos2θ − 1

3

]
if r < R;

1

2
B0γ∆χsin2θcos2φ

(
R

r

)2

if r > R.

(22)

where γ is the gyromagnetic constant, ∆χ is the magnetic susceptibility dif-

ference between inside of the cylinder and outside (e.g. ∆χ = χi−χe), θ is the

angle between B0 and the long axis of the cylinder, r is the distance between

the position vector r and the origin and φ is the angle between the position

vector r and the x-axis (see Fig. 10).
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Figure 10: Analytical solution for frequency perturbation caused by an infinite
cylinder. (a) and (b) show the coordinate system used for the analytical solu-
tion. (c) and (d) show examples of frequency maps caused by infinite cylinders
with long axis at 0◦ and 90◦ to B0 respectively.
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Frequency perturbation by a nested infinite cylinder The frequency

perturbation caused by a nested infinite cylinder can be derived from the ana-

lytical solution for solid infinite cylinders (e.g. Eqn. 22).Consider the frequency

perturbation caused by a nested cylinder with magnetic susceptibility differ-

ence ∆χ between the nested cylinder and the surrounding medium and an

outer radius Rout and inner radius Rin. Using the principle of superposition,

the frequency perturbation caused by a nested cylinder (∆fNC(r)) can be ob-

tained by subtracting the frequency perturbation of a solid cylinder of radius

Rin from the field perturbation of a solid cylinder of radius Rout (Eq:23).

∆fNC(r) = ∆flarge.SC(r)−∆fsmall.SC(r) (23)

We can derive the analytical expression for the field generated in each of the 3

compartments of the nested cylinder with external radius Rout and inner radius

Rin. For the inner compartment where r < Rin, there is a total cancellation

of the field leading to zero frequency perturbation:

∆fNC(r) =
1

2
B0γ∆χ

[
cos2θ − 1

3

]
− 1

2
B0γ(∆χ)

[
cos2θ − 1

3

]
= 0 (24)

For the middle compartment where Rin < r < Rout, the net frequency is the

subtraction of the frequency outside the smaller cylinder from the frequency

inside the large cylinder.
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(25)
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For the outer compartment where r > Rout, the net frequency is the subtraction

of the frequency outside of the smaller cylinder from the frequency outside of

the large cylinder and the frequency.

∆fNC(r) =
1

2
B0γ∆χsin2θcos2φ
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r

)2

− 1

2
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R2

out −R2
in

r2

]
(26)

To summarize, the frequency perturbation caused by an nested cylinder can

be expressed as follows:

∆fNC(r) =


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Lorentz sphere An important concept called the Lorentz sphere for calcu-

lating the field offset within an object is discussed here. When an object is

placed in a medium with different magnetic susceptibility in the presence of

an external magnetic field, a shift in Larmor frequency is created. The fre-

quency shift is affected by the macroscopic effect due to the bulk shape of the

object and a nanoscopic effect due to the interaction between the nanoscale

magnetic susceptibility inclusions that make up the object. This nanoscopic

contribution in often described in terms of a Lorentz sphere effect [34, 40, 95].

The Lorentz sphere is an imaginary boundary used to account for the inter-

nal magnetic field experienced by a nucleus in a homogeneous medium in the

presence of an external homogeneous magnetic field (Fig. 11a).
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Bmic=0
Bmac=-2/3XB0

(a) (b)

Figure 11: (a) Bulk shape of a cylinder with a zoomed in cartoon of the molec-
ular ’granularity’ of the supposed continuous medium. Dashed lines represent
an arbitrary Lorentz boundary (b) Effective contribution from macroscopic and
microscopic field sources.

Consider a system in which susceptibility inclusions are modeled as magnetic

dipoles and are distributed randomly throughout an object. To find the mag-

netic field experienced by a single nucleus within the object, an imaginary

sphere surrounding the nucleus is constructed. The sphere is assumed to be

microscopically large such that the nucleus sees the outside of the sphere as a

uniform macroscopic continuum but macroscopically small as compared to the

bulk shape of the object. Within the sphere, the combined field experienced

by the nucleus from the dipoles is practically zero due to the symmetric distri-

bution of dipoles. Since the nucleus sees the outside of the sphere as a uniform

macroscopic continuum, the field due to the Lorentz sphere in a homogeneous

object can be approximated as the inside of a continuous sphere. The effective

field seen by the nucleus is the summation of the field from within the Lorentz

sphere (which is zero) and the field from outside the Lorentz sphere(Fig. 11b).

Since the sphere is macroscopically small, the same conclusion can be extended

to all nuclei within the object. This correction for the effective field seen by

the nucleus is added to the nanoscopic field contribution due to the bulk shape

of the object when calculating the actual magnetic field perturbation due to a

homogeneous object of a particular bulk shape in an external magnetic field.
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3.6.2 Fourier method

The 3D Fourier method [102,129] is a fast and efficient method used for approx-

imating the magnetic field perturbation caused by an arbitrary distribution of

magnetic susceptibility. The basic idea is to convert the convolution of the

underlying susceptibility distribution with a unit dipolar field into an element-

wise multiplication in the Fourier domain [102]. This method compares well

with other more accurate but slower iterative methods [75] as well as theoretical

values for well-defined ellipsoids, with observable errors only near susceptibility

boundaries, where the finite extent of calculation in the Fourier domain limits

the ability to represent abrupt spatial changes. This method has been used

for post-acquisition image correction and magnetic field shimming [75, 102].

The 3D Fourier method has also been used to model tissue microstructures

of much smaller scale such as in a realistic model of the cortical vasculature

of a rat brain [103]. More recently, this method has been inverted to obtain

susceptibility maps from GRE phase maps [31, 136, 139, 163]. This method

was used in this thesis for simulating the magnetic field perturbation of some

non-ellipsoidal 3D structures (e.g. Fig. 34).
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4 Geometric model of white matter

GRE signal phase and magnitude are sensitive to mesoscopic magnetic field

inhomogeneities caused by the underlying tissue microstructure. Recent stud-

ies have attributed GRE phase and magnitude contrast observed between WM

and GM and within WM itself [89] to microstructural differences. However,

most studies do not relate the explicit WM microstructure , which is inher-

ently a geometric property of tissue microstructure, with the observed GRE

contrast.

The aim of this study is to create an explicit geometric model of WM that

can be used to simulate the effects of the actual WM microstructure on GRE

contrast. We begin with a look at existing models that describe the effects

of tissue microstructure on GRE signal. Next, we introduce the concept of

using geometric modeling to obtain the actual magnetic field perturbation

from a spatial distribution of magnetic inclusions. We then test the validity

of geometric modeling by simulating the frequency perturbation caused by a

random packing of parallel cylinders and comparing the resultant orientation

dependent GRE signal with a polypropylene fiber phantom. Thereafter, we

introduce our geometric model of WM and show the simulated GRE signal

characteristics from a sample scenario before discussing some considerations

in the model.
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4.1 Effects of tissue microstructure on GRE signal

4.1.1 R2* changes

Geometric models have been used in the brain to quantify changes in R2*.

Ogawa et al. [118] used a single representative cylinder to model BOLD related

changes. Fisel et al. [45] and Boxerman et al. [18] used multiple cylinder models

to study the effects of paramagnetic contrast agents in vasculature.

The use of geometric models to quantify changes in the WM is less common.

The observed orientation dependence of R2* in WM has been closely linked

to the long structure of the axons. Bender et al. [11] has linked this depen-

dence to the theoretical approach for parallel cylinders proposed by Yablon-

skiy et al. [172]. According to Yablonskiy et al., R2* change (assuming that

R2 does not change, such that ∆R2* = ∆R2’) of parallel randomly distributed

cylinders depends on a number of factors and can be expressed as Eqn. 28

∆R2∗ = 2π · 1

2
· γ ·∆χ ·B0 · sin2θ · ζ (28)

Where γ is the gyromagnetic ratio, ∆χ is the susceptibility difference between

the magnetic field perturbators and the medium, ζ is the volume fraction of

the magnetic field perturbators and θ is the orientation of the long axis of

the cylinder to B0. ∆ R2* is expected to show linear variations with changes

to magnetic susceptibility and volume fraction of the perturbators and a sin2

variation with orientation to B0. Underlying assumptions include low volume

fraction of the susceptibility inclusions such that signal change is only consid-

ered in the medium (not the perturbers) and that the static dephasing regime

is valid. The extension of a similar approach to study MR signal behavior in
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WM is non-trivial due to the presence of signal from multiple compartments

and the significant volume fraction of each of these compartments. The sum-

mation of signal contributions from the different compartments can cause the

deviation of the signal behavior from that predicted by a single compartment

model.

4.1.2 Resonance frequency changes

Phase changes in WM are often regarded as bulk changes to a homogeneous

distribution of magnetic field perturbators [38] and analytical solutions based

on Lorentz sphere correction are then used to calculate possible frequency

shifts.

Anisotropic cellular structure can cause orientation dependence of signal [60].

Especially in WM which is actually composed of a large number of longitu-

dinal structures such as myelin sheaths and filaments that mostly run along

the long axis of the WM fibers. These longitudinal structures have different

magnetic susceptibilities compared to the surrounding environment (e.g. lipid

rich myelin sheaths are expected to be diamagnetic [38]) and are expected to

generate orientation dependent magnetic field perturbations. He et al. [60] has

previously reported that the Lorentz sphere correction is unable to account for

the lack of large resonance frequency difference between the WM and cere-

brospinal fluid (CSF) in the motor cortex despite the substantial difference

in their magnetic susceptibility. He et al. argued that the Lorentz sphere

correction is incompatible with a system in which the microscopic susceptibil-

ity inclusions are longitudinal structures that cannot be accurately approxi-

mated using point dipolar sources. He et al. therefore proposed a generalized

Lorentzian cavity theory which takes into account the presence of longitudinal
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structures by introducing a Lorentz cylinder instead of a Lorentz sphere in

order to properly enclose the susceptibility inclusions. According to He et al.,

the microscopic frequency shift due to longitudinal structures (excluding any

bulk shape effects) can be expressed as below

∆f =
1

2
· γ ·∆χ ·B0 · sin2θ · ζ (29)

Where γ is the gyromagnetic ratio, ∆χ is the susceptibility difference between

the magnetic field perturbators, ζ is the volume fraction of the magnetic field

perturbators and θ is the orientation of the long axis of the cylinder to B0.

Similar to ∆ R2*, resonance frequency is predicted to change linearly with

magnetic susceptibility and volume fraction of the perturbators and with a

sin2 trend with orientation to B0. The longitudinal structures themselves are

assumed not to give off MR signal themselves. In accounting for the lack

of difference in resonance frequency of CSF and WM, this Lorentz cylinder

theorem predicted an orientation dependence of WM resonance frequency.

Another mechanism that can lead to changes in resonance frequency is changes

in magnetic susceptibility [82, 91] itself when orientation to B0 changes. The

mechanism is termed susceptibility anisotropy and is attributed to the pres-

ence of highly ordered structures at the molecular level that can cause an

orientation dependent disturbance in electron orbit [37]. Such anisotropy has

been observed in various biological structures spanning a range of length scale,

including helical proteins, bilipid layers and muscle fibers [37]. Susceptibility

anisotropy in WM was first demonstrated by Lee et al. [82] using postmortem

WM sections in which he showed non-local GRE phase changes when orienta-
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tion changes despite controlling for bulk shape effects. Lee et al. then used sim-

ulations incorporating susceptibility anisotropy to explain the observed non-

local effect, which was not predicted by the Lorentz cylinder theory.

Despite increasing evidence that WM microstructure affects GRE signal, there

is a lack of a model that shows a direct link between the experimental obser-

vations to actual changes in WM microstructure. The aim of this project

is to develop a multi-compartmental geometric model of WM microstructure

in which we explicitly model the myelin sheaths and axons to simulate the

changes in frequency perturbation. It is noted here that since the start of this

project, other groups have also introduced similar geometric models of WM

microstructure [131,164], and comparisons with these models are not discussed

in this thesis but would be a subject of future investigation. We then gener-

ate the field distribution to simulate the full spectrum of signal behaviours in

GRE(i.e. time evolution of both signal magnitude and phase from which lower

moments such as R2* and resonance frequency as well as higher moments such

as deviation from mono-exponential decay and deviation from linear phase

evolution can be studied). This is important because most signal theories

are only designed to answer a single aspect of the signal characteristics with

respect to changes in the local magnetic field due to microstructure changes.

However, it can be seen that these changes share a common origin and it would

be beneficial to use a single model that can be used to study a wide range of

signal behaviours.
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4.2 Geometric modeling

The frequency perturbation caused by a single infinite cylinder at a specific

orientation to B0 can be calculated using Eqn. 22. For an ensemble of infi-

nite cylinders, the effective frequency perturbation is the summation of the

frequency perturbation created by each individual cylinder. For a circular

bundle of randomly arranged cylinders, the resultant frequency perturbation

when the long cylinder axis is parallel and perpendicular are shown in Fig. 12e

and f respectively.

(a) (b) (c)

(d) (e) (f)

(g) (h)

B0

-6 0 6 (Hz)

B0

B0 B0

Figure 12: Geometric modeling of a bundle of cylinders. (a) Susceptibility
map of a single infinite cylinder. The frequency perturbation maps caused by
the single cylinder when the magnetic field is parallel and perpendicular to the
long axis of the fiber are given in (b) and (c) respectively with ∆χ=0.1ppm.
(d) Circular bundle of infinite cylinders. The frequency perturbation maps at
0◦ and 90◦ are given by (e) and (f). (g) and (h) shows the bulk shape of the
fiber bundle when the magnetic field is parallel and perpendicular respectively.
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4.2.1 Macroscopic vs microscopic field

The effective magnetic field can be decomposed into a macroscopic component

(bulk field due to overall phantom shape) and microscopic component (intro-

duced by each fiber). The macroscopic field in the circular bundle of cylinders

is due to the cylindrical shape of the bundle with the long axis of the bulk

shape being in the same direction as the constituent cylinders (Fig. 12g-h). It

is useful to separate the microscopic field contribution (due to the suscepti-

bility inclusions) from the macroscopic field contribution (due to bulk shape).

The microscopic field contribution would be equivalent to the magnetic field

caused by an infinite extent of susceptibility inclusions. Going back to the

circular bundle of fibers, we can imagine the outside of the circular bundle to

be filled with fibers (Fig. 13b). The presence of an infinite extent of fibers

outside the fiber bundle creates a magnetic field within the fiber bundle. This

additional magnetic field can be calculated by treating the fibers outside of

the fiber bundle as a homogeneous medium with magnetic susceptibility equal

to the mean volume susceptibility of the modeled fibers (Fig. 13c).

In order to find the microscopic field contribution from the fiber bundle, we first

find the magnetic field caused by the fiber bundle embedded in a medium of null

susceptibility. We then find the magnetic field due to an infinite extent of fibers

outside the circular bundle, which can be calculated as the constant magnetic

field within an infinite cylinder with susceptibility equivalent to negative of the

mean volume magnetic susceptibility of the circular bundle. Adding these two

magnetic fields would give the microscopic magnetic field (Fig. 13d-i). It can

be seen that the effective magnetic field and the microscopic magnetic field are

linked by a constant field shift which will not affect the simulated GRE signal

decay rate but will have implications in predicting frequency shifts.
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Figure 13: Microscopic magnetic field perturbation. For a circular bundle of
fibers (a), the magnetic field perturbation generated is associated with the bulk
shape. In contrast, the microscopic magnetic field perturbation is equivalent to
the magnetic field perturbation that would be experienced if the fiber bundle is
just a subsample of an infinite extent of parallel fibers shown in (b). The outside
fibers can be approximated as that by a bulk continuum with equivalent mean
volume susceptibility (c). (d) represents the frequency map within a circular
bundle when the fibers are parallel to B0. (e) represents the frequency map
contribution from the outside fibers. (f) shows the frequency map obtained by
the sum of (d) and (e). (g) to (i) correspond to the case for fibers perpendicular
to B0. Note that for (d) to (i) only the intra-bundle fields which are of interest
are illustrated.
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4.2.2 Effective frequency distribution

The effective magnetic field perturbation at a given location is the sum of

the macroscopic magnetic field perturbation caused bulk shape of the subject

and the microscopic magnetic field perturbation resulted from the underly-

ing microstructure. Given the bulk shape and the microscopic magnetic field

perturbation due to the underlying microstructure, the frequency distribution

(e.g. frequency histogram) due to both effects can be obtained by the convo-

lution of the frequency distribution due to the bulk shape with the frequency

distribution due to the microstructure.

4.2.3 Single cylinder approximation

At low volume fractions and susceptibility, it is sufficiently accurate to use

a single cylinder [117] to model frequency changes that will be caused by a

collection of smaller cylinders with the same volume fraction. However, this

approximation gets more inaccurate as the volume fraction or susceptibility

increases [45] . This is especially so if we were to consider the signal from

inside the cylinder.

Effects of FOV shape on single cylinder simulation To simulate the

frequency perturbation of a single cylinder with large volume fraction, the

shape of the region of interest (ROI) can affect the field pattern sampled, lead-

ing to potentially important differences in the simulated GRE signal. The

selection of field of view (FOV) can bias the sampling of the frequency per-

turbation (Fig. 14). Let us consider the frequency perturbation caused by a

single cylinder (∆χ = 0.1ppm) with volume fraction 0.4. We consider 3 dif-
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ferent FOVs representing a concentric circle FOV, square FOV centred at the

middle of the cylinder and an off-centred square FOV (Fig.14).

-6 0 6 (Hz) B0

Figure 14: FOV shapes and location. Diagram shows the frequency map gener-
ated by a single cylinder perpendicular to the magnetic field. 3 different FOV
shapes were drawn corresponding to circular FOV (blue), centred square FOV
(red) and shifted square FOV (black)

Considering only the outside of the cylinder compartment, the frequency his-

togram for the circle FOV is distinctly different from that of the centred square

FOV (Fig. 15a). 2 distinct peaks are seen for the circle FOV while 3 are seen

for the centred square. The resultant GRE signal magnitude decay (Fig. 15b)

is significantly faster for the circle FOV compared to the square FOV. Both

the circle and centred square FOVs displayed a linear phase evolution at 0Hz

(Fig. 15c). On the other hand, the evolution of signal phase with time for the

shifted square FOV shows a peculiar non-linear trend. This non-linear phase

evolution can be explained by the asymmetric frequency distribution caused by

biased sampling of frequencies in the shifted square FOV. Unlike the circle and

centred square FOVs in which the symmetric frequency distribution ensures

complete cancellation of the positive and negative frequency shifts, the shifted
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square FOV does not have a median frequency about which positive and nega-

tive frequencies can completely cancel out each other. The shifted square FOV

can also be seen to cause less signal decay than the centred square FOV.

If we include contribution of signal from the intra-cylinder compartment, the

frequency distribution is skewed to the negative frequency(Fig. 15d). Inter-

estingly, the GRE signal magnitude decay (Fig. 14e) seems to be slower with

the signal interference from the intra-cylinder compartment, although the cir-

cle FOV still decays faster than the square FOV. The asymmetric frequency

distributions in all three FOVs show significant negative non-linear phase evo-

lution (Fig. 14f).
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Figure 15: Effects of FOV. The first column shows the effect of FOV on the
frequency map sampled from outside of the cylinder. Blue, red and black rep-
resents the circle, square and shifted square FOVs respectively. (a) shows the
frequency histogram. (b) shows the signal magnitude decay. (c) shows the phase
evolution. The second column (d-e) shows the effect of FOV on the frequency
map sampled from the whole FOV (i.e. outside and inside of the cylinder)
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Single vs multiple cylinders Next, we investigate the approximation of

field generated by an ensemble of multiple cylinders using a single cylinder of

equivalent volume fraction. We first consider a single cylinder model (Fig. 16a)

with a large volume fraction and a multiple smaller cylinders model (Fig. 16b)

with the same volume fraction (0.4). Some details of the model include χ =

0.1ppm and B0 at 90◦ to the long axis of the cylinder. The bulk shape of the

multiple small fiber packing is circular and a central square region is considered

here.

(a) (b)

B0

-6 0 6 (Hz)

Figure 16: Single vs multiple cylinders. Frequency maps generated by (a) single
cylinder and (b) multiple cylinders with the same volume fraction and magnetic
field perpendicular to long cylinder axis.

The frequency distribution for the single cylinder with a centred square FOV

is distinctly different from that of random packing of smaller cylinders. In

general, a more smoothed out frequency distribution is obtained for the ran-

dom packing of multiple smaller cylinders in which the multiple peaks seen in

single cylinder are no longer visible (Fig. 17a,d). This is due to the superpo-

sition of frequency perturbations generated by the individual cylinders. The

signal magnitude decays of the single and multiple cylinders display minute

differences when only the extra-cylinder compartment is considered (Fig. 17b).

Specifically, the decay for the multiple cylinders is faster than the single cylin-

der before 70ms. The difference becomes more obvious when considering all
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compartments (Fig. 17e). Here, the multiple cylinders display a faster signal

decay throughout the whole range of TE simulated. The difference between a

single cylinder and multiple smaller cylinders is expected to be more significant

as the volume fraction of the perturbators increase. For phase evolution, both

single cylinder and multiple random cylinders create a linear zero phase evolu-

tion when considering only the extra-cylinder compartment which is expected

due to the symmetric distribution (Fig. 17c). The contribution from inside

the cylinder will cause both phase evolutions to be negative and non-linear

(Fig. 17f). Minimal difference is seen between the phase trends from the single

and multiple cylinders.
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Figure 17: Results of single vs multiple cylinders simulations. The first column
shows the effect of packing on the frequency map sampled from outside of the
cylinder. (a) shows the frequency histogram. (b) shows the signal decay. (c)
shows the phase evolution. The second column show the frequency map sampled
from the whole FOV (i.e. outside and inside of the cylinder) (d) shows the
frequency histogram. (e) shows the signal decay. (f) shows the phase evolution.
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4.2.4 Effects of different packings

In a multiple cylinder model, the spatial packing of the cylinders can affect

the frequency distribution, which will in turn affect the simulated GRE signal

characteristics. To illustrate this, we compared the frequency perturbations

caused by random, hexagonal, square and rectangle packings (Figs. 18a-e). For

rectangle packings, we considered 2 cases in which one packing is rotated 90◦

with respect to the other. Like before, we separate the observations made if we

consider only the external compartment and if we consider both the internal

and external compartments.

B0

-6 0 6 (Hz)

random(a) hexagon(b)(b) square(d)(c)

rect (e)(d) rect rotated(f)(e)

Figure 18: Effect of packing was illustrated with the frequency maps corre-
sponding to the following packings (a) Random (b) Hexagon (c) Square (d)
Rectangle (e) Rectangle rotated. Slight perturbations were added to all the
packings. Small box at the bottom right of each sub-figure shows a represen-
tation of the spatial arrangement of the cylinders.All scenarios have the same
volume fraction (0.4) and volume susceptibility (χ = 0.1ppm)

Considering only the outer compartment, we can see that the hexagonal pack-

ing produces an asymmetrical frequency distribution (Fig. 19a). The decay
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rate can be seen to be faster than that of the random packing (Fig. 19b).

The asymmetry introduced significant non linear phase evolution (Fig. 19c).

A square packing leads to a frequency histogram with 2 large peaks near the

ends of the frequency range, a result of the biased overlapping of the fre-

quency distribution at the poles of the cylinders. The resultant signal decay is

the largest compared to the other packings. Phase evolution is zero and linear

due to symmetry of frequency distribution. For the rectangle packings (orange

and magenta lines), two highly asymmetric frequency histograms which are

mirror reflections of each other about the y axis can be seen. The resultant

decay curves are identical while the phase evolution curves are reflections of

each other about the x axis. This implies that for the same spatial arrange-

ment of magnetic field perturbators it is possible to obtain frequency changes

that varies with orientation to B0. Both phase evolution curves are non linear

as expected from asymmetrical frequency distributions.

If we consider both inner and outer compartments, all the previously sym-

metrical frequency distributions become highly skewed to one side (Fig. 19d).

The decay rates for all the packings appear to decrease except for the rect-

angle packing with horizontal long axis (orange line) in which the decay rate

increases. The addition of the inner compartment causes the frequency dis-

tribution of the 2 rectangle packings to no longer be reflections of each other,

leading to a different signal decay curve. All the phase evolution curves gain

a negative gradient and deviations from linear phase evolution can be seen.
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Figure 19: Results of packing. Each line represents to one of the packings in
Fig. 18. The first column shows the effect of packing on the frequency map
sampled from outside of the cylinder. (a) Frequency histogram. (b) Signal
magnitude decay. (c)Signal phase evolution. The second column show the
frequency map sampled from the whole FOV (i.e. outside and inside of the
cylinder) (d) Frequency histogram. (e) Signal magnitude decay. (f) Signal
phase evolution.
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4.3 Phantom validation

Most GRE signal models have considered susceptibility inclusions which have

low volume fraction and simple geometry e.g. modeling the magnetic field

perturbation from blood vessels using a single cylinder [118, 172]. A realistic

model of WM microstructure will include more complicated geometries and

tighter packing due to the higher volume fraction of perturbators (e.g. myelin).

As a first step, we validate the geometric modeling of high volume fraction

perturbators using a polypropylene fiber phantom. Specifically, we compare

the experimental orientation dependence of resonance frequency and R2* of

long polypropylene fibers with simulations results.

4.3.1 Materials and methods

Phantom construction The phantom consists of a central cubic region

with straightened polypropylene fishing lines (Vantage Pro lbs brown, 13-

353-14, 0.35mm) stacked approximately parallel to each other. An outer ring

of fishing lines was arranged orthogonal to these fibers in order to roughly

match the magnetic susceptibility of the inner square (Fig. 20). The cylindrical

bulk shape of the fibre-packed region minimizes the bulk susceptibility effects

between different spatial regions when the phantom is rotated. This fishing line

phantom was then immersed into a container filled with copper (II) sulphate

doped water.
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Figure 20: (a) Polypropylene fishing line phantom. (b) Dimensions of the
phantom. Cross sectional views of the phantom along the xy plane and yz
planes are shown in (c) and (d) respectively. The blue arrow indicates the
direction of B0 and the red arrow indicates the direction of rotation of the
phantom about the mid point.

Imaging and fitting protocol The phantom was carefully rotated about

the x-axis at the middle of the phantom to obtain 10 different orientations of

the long fiber axis to B0 from 0◦ to 90◦ in steps of 10◦. R2*, R2 and resonance

frequency measurements were carried out at each of the 10 orientations. A

2D multi-echo GRE sequence was used to measure the R2* decay. Eight,

2mm-thick interleaved slices were acquired with 6 echoes at TE 20,24,28,32,36

and 40ms (TR = 1500ms, FOV 128 × 128mm2, matrix 64 × 64, 2 averages

and flip angle 45◦). The R2* value was estimated with linear fitting to the
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logarithm of the magnitude images for even echoes. T2 was measured with

a 2D dual-echo spin-echo sequence with 2 echoes at TE 12 and 50ms (TR =

1500ms, FOV 128×128mm2, 64×64, 2 averages), and R2 was fitted using the

same procedure. GRE phase was obtained from the GRE echoes at TE 4 and

20ms (TR = 1500ms, FOV 128× 128mm2, matrix 64× 64, 2 averages and flip

angle 10◦). The complex conjugate of the raw image of the second echo was

multiplied with the raw image of the first echo and the resultant phase image

was phase unwrapped using FSL [71]. The final resonance frequency map was

then obtained by dividing the phase difference by the echo time interval and

2π. Background phase contribution was removed by fitting a 2D 4th order

polynomial to the unwrapped phase images and then deducting the fit from

the original image. A 10mm × 10mm middle region at slice 5 was selected

for ROI analysis. The actual orientation of the fibers were found to deviate

slightly from the 10◦ step and the adjustment to the actual orientation was

performed by measuring the angle along a prominent edge of the central cubic

region in the magnitude images using ImageJ.

Geometric modeling We model the polypropylene fibers as randomly dis-

tributed infinite cylinders . Since the macroscopic field contribution from the

phantom does not change with each rotation of the phantom, we consider only

changes due to microscopic field contribution at each orientation (i.e. Fig. 13).

To create a random distribution of parallel infinite cylinders of various volume

fractions, we randomly placed circles in a circular FOV in a sequential, non-

overlapping manner until the required volume fraction is obtained. Multiple

re-runs of the circle packing process are normally required to obtain higher

volume fraction packings.
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The volume fraction of the fibers can be estimated from the volume of fiber

used in making the phantom (length=952m, diameter=0.35mm) divided by

the volume occupied by the fiber phantom in the container (height=42mm,

diameter=60mm) to give a volume fraction of 0.19. The magnetic susceptibil-

ity difference between the polypropylene fibers and the solution is unknown.

This value was estimated by fitting the simulated R2* and GRE frequency

at different orientation to B0 and getting the best fit (computed using least

squares fitting). The best fit magnetic susceptibility obtained was 0.24ppm.

4.3.2 Results and discussion

Resonance frequency changes The measured resonance frequency shows

a sinusoidal increase as θ (angle between long fiber axis to B0) is increased

(Fig. 21). The simulated GRE frequencies over the range of θ follows a sin2θ

trend and matches the experimental results well. This sin2θ trend is similar

to that predicted by He et al. [60].
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Figure 21: Changes in resonance frequency with orientation to B0. Blue line
shows the experimental results with the error bars indicating standard error
across pixels. Red line shows the model results.
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In the polypropylene fiber phantom, rotation of the phantom does not change

the bulk shape of the phantom with respect to B0. Therefore, the resonance

frequency change observed can be attributed to changes in the microscopic

field changes and not macroscopic field changes.

R2* changes The measured R2* shows a sinusoidal increase as θ (angle

between long fiber axis to B0) is increased (Fig. 22). The simulated R2* over

the range of θ follows a sin2θ trend and matches the experimental results well.

This sin2θ trend is similar to that predicted by Yablonskiy et al. [172].
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Figure 22: Changes in R2* modulation with orientation to B0. Blue line shows
the experimental results with the error bars indicating standard error across
pixels. Red line shows the model results.

The R2 relaxation rates at the different orientations do not show any significant

differences ( P = 0.1173, one-way ANOVA test) indicating that the decrease is

likely due to R2’ (since R2* = R2 + R2’). This is expected as the dipolar pattern

generated by these long structures are at the maximum when perpendicular to

B0 thus generating a large distribution of local magnetic field perturbations.

The R2* trend shown here is similar to a study by Yablonskiy et al. [171] on
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a fiber matrix phantom used to mimic the bone structure. Major differences

from our phantom include the density of fiber packing and the bulk shape of

the phantom.

According to the theories of R2* and resonance frequency changes by Yablon-

skiy et al. [172] and He et al. [60], changes in R2* and resonance frequency

caused by parallel fibers are linked [83]. It can be seen that these two equations

Eqns. [28-29] imply a direct relationship between the expected frequency shift

and R2*. More specifically, we can see that frequency shift is related to R2*

by a factor of 2π or about 6.28. From our results, the factor is 6.55 which is

very similar to that predicted by theory. Differences may be attributed to the

higher volume of perturbators used as compared to the low volume fraction

of perturbator used in the theory by Yablonskiy et al. [172]. The polypropy-

lene fibers were assumed to be perfectly parallel to each other and deviation

from this assumption is also expected to contribute to deviation from predicted

trend.
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4.4 Geometric white matter model

In the polypropylene fiber study, we have previously shown that geometric

modeling using analytical solutions for infinite cylinders can be used to model

the magnetic field perturbation and hence GRE signal (GRE phase and R2*)

modulation in a system of high volume fraction susceptibility inclusions, which

by themselves do not contribute to MR signal directly. The orientation depen-

dence of GRE signal observed in the fiber phantom is similar to recent reports

of dependence of GRE signal on WM orientation to B0 [11, 33] supporting

the idea that phase and T2* variation in WM fibers is related to magnetic

susceptibility effects associated with axonal micro-geometry.

To investigate the magnetic field perturbation caused in WM, we explicitly

model the underlying WM microstructure. This is to allow the effects of high

volume fraction of perturbators to be considered as well as to incorporate

the effects of myelin water which unlike the polypropylene fibers do give off

detectable MR signal. Diffusion effects can also be simulated on the frequency

maps generated.
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4.4.1 Formulation of WM model

A 2D geometric model of white matter is proposed here. The aim is to create a

realistic representation of the WM microstructure. This 2D model represents

a single plane transecting an ensemble of white matter fibers. Macroscopically,

the model consists of a circular bundle of WM fibers surrounded by a reference

medium (Fig. 23). The choice of the macroscopic shape of the WM fibers is

important because it affects the overall magnetic field perturbation. A circu-

lar bundle will result in a relatively homogeneous macroscopic magnetic field

perturbation across all the white matter fibers. If we were to let the magnetic

susceptibility of the reference medium be equivalent to the mean susceptibility

of the fiber bundle, we are effectively looking only at the microscopic magnetic

field perturbation, similar to the discussion for the polypropylene phantom

(see section 4.3.1 page 53). It should be noted that in reality, the macroscopic

magnetic field perturbation differences at different locations due to the irregu-

lar bulk shape of the various brain structures will affect the effective magnetic

field perturbation experienced. If we know the bulk shape of the object, we

can approximate the frequency distribution due to this bulk shape using a

forward model of the Fourier method of field calculation and convolve it with

the microscopic frequency distribution from our model to obtain the effective

frequency distribution (see section 4.2.2 page 55 ).
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20um

2um

Figure 23: 2D representation of WM microstructure. WM is modeled macro-
scopically as a circular bundle embedded in a reference medium (gray region).
Within the WM fiber bundle, the axonal compartment is represented in red, the
myelin compartment in yellow and the extra-axonal space in blue. The white
bar in the main cartoon represents a length scale of 20µm and the white bar in
the zoomed-in box represents 2µm.

The WM fiber bundle is divided into 3 micro-compartments corresponding to

axon, myelin and extra-axonal space (Fig. 23 white box). The axon whose

length ( 1mm to 1cm [119]) is much longer than its diameter ( 1µm [119]) is

approximated as a solid infinite circular cylinder. A nested cylinder is used to

model the myelin sheath surrounding each axon. The myelin thickness around

each axon follows a pre-defined mean g-ratio of 0.65 [4, 70] unless otherwise

stated, where g-ratio is defined as the ratio of inner to outer diameter of the

myelin sheath. The myelinated axons are densely-packed at random locations

(using a circle packing algorithm [27]) with a mean volume fraction of WM

fibers of 0.7 (assuming 0.2 extracellular space [114, 150] and 0.1 glia volume
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fraction [85]). The WM fibers (axon+myelin) have a mean diameter of ap-

proximately 1µm and the fiber diameter follows a gamma distribution [1].

The extra-axonal space includes interstitial fluid, glial cells and blood vessels.

It can be noted here that the geometry of the glial cells has not been modeled

exclusively in this model. This may be justified partially by the relatively low

volume fraction of the glial cells in WM. The assimilation of glial cells into the

extra-axonal space also implicitly assumes that glia has the same susceptibility

and MR relaxation properties as interstitial fluid. Blood vessels have also been

excluded from our model due to their relatively low volume fraction in white

matter.

The mean magnetic susceptibility of the myelin compartment is -0.08ppm [83,

92] and the axonal and extra-axonal compartments and reference space are set

at 0ppm, unless otherwise specified. T2 values at 3T for the myelin and extra-

axonal compartments were set to 25ms and 75ms, respectively [79]. To account

for the reduced water fraction in myelin compartment, the proton density of

the myelin compartment is set to half that of the axonal and extra-axonal

compartments [154]. For realism, the magnetic susceptibility, g-ratio and WM

fiber orientations are randomly varied from one axon to the next. The WM

fibers are approximately parallel with slightly randomized orientation (angular

variance of 5◦).

The 2D model was simulated over a FOV of 0.35mm×0.35 mm to calculate

signal for an area roughly comparable to a single MRI pixel. A high resolution

grid space was used to ensure that the frequency perturbation pattern for

each axon is sufficiently represented. After considering the trade-off between

accuracy and computational feasibility, the grid was chosen such that 28×28

grid points covers 1 × 1µm2 (exactly framing an axon of median diameter)
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and the simulated FOV comprises approximately 7000×7000 grid points with

50,000 axons.

The important parameters used in the WM are summarized in the table below

g-ratio 0.65 VF 0.7

myelin axon extra-axonal

χ(ppm) -0.08 0 0

T2(ms) 25 75 75

PD 0.5 1 1

Table 2: Parameters used in WM geometric model. VF refers to volume
fraction of WM fiber (myelin and axon). PD refers to proton density. T2
values are at 3T.
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Frequency perturbation by a single myelinated axon The frequency

perturbation for a single myelinated axon can be calculated from the sum-

mation of the frequency perturbations generated by a solid infinite cylinder

(Eqn. 22) and a nested infinite cylinder (Eqn. 27) representing the axonal and

myelin compartments respectively.

For the axonal compartment with susceptibility difference ∆χax (∆χax =

χax−χea , where ax and ea denote the axonal and extra-axonal compartments

respectively ) and radius Rax, the frequency perturbation comes only from the

solid cylinder since the frequency perturbation from the nested cylinder is zero

∆fax(r) =
1

2
B0γ∆χax

[
cos2θ − 1

3

]
(30)

For the myelin compartment with susceptibility difference ∆χmy (∆χmy =

χmy − χea , where my denotes the myelin compartment) and external radius

Rmy, the frequency perturbation comes from the body of the nested cylinder

and that outside of the solid cylinder.

∆fmy(r) =
1

2
B0γ∆χmy

[
cos2θ − 1

3
− sin2θcos2φ

(
Rax

r

)2
]

+
1

2
B0γ∆χaxsin

2θcos2φ

(
Rax

r

)2

(31)

For the extra-axonal compartment, the frequency perturbation is the sum of

fields from outside both the nested and solid cylinders.

∆fea(r) =
1

2
B0γ∆χaxsin

2θcos2φ

(
Rax

r

)2

+
1

2
B0γ∆χmysin

2θcos2φ

[
R2

my −R2
ax

r2

]
(32)
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The final expressions for the frequency perturbation caused by a myelinated

axon is given below (see Fig. 10 for coordinate system).

∆fax =
1

2
B0γ∆χax

[
cos2θ − 1

3

]
(33)

∆fmy =
1

2
B0γ{∆χmy

[
cos2θ − 1

3

]
(34)

− [∆χmy −∆χax]

(
Rax

r

)2

sin2θcos(2φ)}

∆fea =
1

2
B0γsin

2θcos(2φ){∆χmy

(
Rmy

r

)2

(35)

− [∆χmy −∆χax]

(
Rax

r

)2

}

For a given WM fiber, the frequency perturbation contribution is calculated

at every grid point by selecting between Eqns. [33–35] depending on which

compartment the grid point lies in with respect to that axon, and the total field

at a given point is the summation of field contributed by all axons. WM fiber

orientations were varied by changing θ, which is an approximate and simplistic

method for adding slight angular variation to an otherwise perfectly parallel

fiber system. Thus, although the axons are simulated as perfect circles in the

simulation, the field effects reflect a narrow range of orientations. Simulation

was performed using Matlab (R2010a, Mathworks, Natick, MA) and requires a

total processing time for one simulated FOV of about 1 hour when run parallel

on a 100-node cluster.

4.4.2 Basic white matter model predictions

Here, we demonstrate the use of the WM model to simulate the frequency

distribution from the WM model at 3T with the WM fibers orientated at 90◦
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to B0. The simulated frequency distribution (corresponding only to the mi-

croscopic field perturbation) is shown in Fig. 24a. The myelin compartment

shows a double peak distribution with a shifted mean phase due to the suscep-

tibility difference between the axonal/extra-axonal and myelin compartments.

The axonal and extra-axonal compartments both show single peak frequency

distributions centred at the same mean frequency. The extra-axonal compart-

ment can be seen to display a wider distribution of frequency compared with

the axonal compartment.

The simulated GRE signal magnitude decay and phase evolution curves are

shown in Figs. 24b and c. By fitting a mono-exponential curve to the signal

magnitude decay, it can be seen that the decay curve can be mostly described

by a mono-exponential function but there does exist an observable deviation

from mono-exponential decay of approximately 2% of the original signal mag-

nitude (Fig. 24d). The phase evolution can be seen to differ from a linear

function, which is further confirmed by a linear fitting to the phase evolution

curve (Fig. 24e).
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Figure 24: WM model simulation of microscopic magnetic field perturbation
when WM fibers are oriented at 90◦. (a) Frequency histogram of the different
compartments. (b) Signal magnitude decay with time (Blue line). Red line
represents mono-exponential fit to decay curve. (c) Phase evolution with time
(Blue line). Red line shows linear fitting to phase evolution curve. (d) Devia-
tion of magnitude decay from mono-exponential decay. (e) Deviation of phase
evolution from linear evolution.
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Deviation from mono-exponential decay Various sources can contribute

to the deviation of the T2* signal magnitude decay from mono-exponential de-

cay. First, it can be clearly seen that the frequency distributions in each of the

compartments have different widths, implying the presence of multiple species

with different T2’. This is coupled to the different T2 of the different com-

partments. It would be tempting to model this as a simple sum of multiple

exponential decays [35]. However, this contribution is further complicated by

the presence of frequency shifts between the compartments, which in our case

would correspond to the frequency shift between the myelin compartment and

the other 2 compartments. van Gelderen et al. [155] have shown the improved

fitting obtainable by including frequency shifts between compartments in their

multiple exponential signal decay model. Another source of deviation from

mono-exponential decay may be the deviation of the distribution itself from a

Lorentzian distribution. In our model, it can be seen that the myelin compart-

ment with its dual rounded peaks cannot be modeled as a single Lorentzian

function.

Deviation from linear phase evolution Non-linear phase evolutions can

originate from a couple of scenarios. Firstly, it can be caused by an asymmetric

frequency distribution. It can be seen in future examples that when the fre-

quency distribution is asymmetric due to specific packing patterns that lead to

biased sampling of the underlying magnetic field, the resultant phase evolution

is non-linear. Secondly, it can also be the result of the presence of multiple

frequency shifted distributions with different decay rates. Since the effective

frequency shift is the weighted contribution from the frequency distribution

in each compartment, the difference in decay rate will result in an unequal

weighting as time progresses. From the frequency histogram (Fig. 24a), it can
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be seen that each of the individual compartments have a symmetrical shape.

However, due to the frequency shift in the myelin compartment, there is an

asymmetry in the overall frequency distribution. The shifted myelin compart-

ment also has a different decay rate due to differences in both R2 and R2’.

The interplay between these asymmetric frequency distribution and multiple

T2 species modulates the observed deviation from linear phase evolution.

Previous models have looked mainly at R2* and phase changes by treating

WM as a homogeneous bulk material with a characteristic mean susceptibility

value. Those models do not predict the presence of the signal deviations that

are observed in our geometric model.

4.4.3 Effects of tissue parameters

Other than the geometry of the different compartments that makes the WM

microstructure, other factors can affect the simulated frequency perturbation

and/or the simulated GRE signal. These factors will be discussed next.

Diffusion The static dephasing regime was assumed for the simulation re-

sults shown thus far. To investigate the effect of diffusion on the simulation

results, Monte Carlo simulation was performed on 50,000 spins. Spins were

randomly placed in the 2D frequency map corresponding to a fiber orientation

of 90◦ (which results in the largest magnetic field perturbations and therefore

greatest sensitivity to diffusion). Each spin undergoes a random walk with

compartment-specific diffusion coefficient. The diffusion coefficient of spins

in the axonal and extra-axonal compartments was set at 1µm2ms−1 [26] and

spins present in the myelin are assumed to be stationary. All boundaries are

impermeable and spins are reflected at the boundaries (by treating the bound-
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aries as being perpendicular to the 2D plane). The effects of varying diffusion

coefficient on the GRE signal magnitude and phase at different echo times was

investigated.

Simulation results (Fig. 25) show very similar GRE magnitude decay and GRE

phase evolution curves for simulations with and without diffusion. These simu-

lations suggest that the change in the signal due to diffusion is relatively small

and should not significantly affect the simulations calculated without diffusion

effects (i.e., the static dephasing regime is a sensible approximation). In addi-

tion, the simulations demonstrate that the dependence on diffusion coefficients

is negligible for the range of values found in white matter (0.1-1 µm2ms−1),

indicating that the orientation dependence should not be driven by preferential

diffusion along axons.

The assumption of negligible diffusivity in myelin is important to this result,

as the myelin sheath is the region of largest field heterogeneity. MRI studies

have demonstrated that diffusion within myelin is lower than intra- or extra-

cellular diffusion by at least a factor of two in peripheral nerves [6], while a

recent microscopy study of myelin in functional axons concluded that diffusion

is “profoundly slower” in axons in the central nervous system compared to

peripheral nerves [157]. These studies would suggest that negligible diffusion

within myelin is a reasonable assumption.
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Figure 25: Effects of diffusion

Magnetic susceptibility In general, the simulated GRE signal magnitude

and phase are dependent on the magnetic susceptibilities of the various com-

partments. The volume magnetic susceptibility of a bulk object can be ac-

curately measured using a magnetic susceptometer (e.g. Evans balance [39]).

Biological samples such as red blood cells can also be extracted from the body,

purified and its magnetic susceptibility measured. Theoretically, we can isolate

the myelin sheaths from brain samples and then measure its magnetic suscep-

tibility, however, such a measurement requires high technical proficiency and

is rarely performed [133]. Also, the molecular structure of the isolated com-

partment may change ex vivo and is thus not a good approximation of its in

vivo property.

Another method would be to approximate the volume magnetic susceptibility

of the WM compartments from the volume fraction and magnetic susceptibility

of the constituent biological materials (e.g. the different types of proteins
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and lipids) [60]. This method would require good estimates of the relative

composition of the different biological materials in the WM compartments.

There is also the assumption that the difference in the molecular structure

of the constituent materials in vivo and ex vivo does not affect the magnetic

susceptibility. This is unlikely to be true especially for the myelin compartment

in which the lipids in the myelin sheaths are highly ordered and its magnetic

susceptibility will be different from a solution of constituent lipids.

The magnetic susceptibility of the myelin compartment used in our model was

estimated from literature values. The estimated -0.08 ppm is within the range

of χmy values proposed by other authors. Lee et al. [83] proposed a value of

between -0.089ppm and -0.068ppm. A value of -0.0825ppm can be deduced

from the paper by Liu et al. [92] if the myelin volume fraction is assumed

to be 16%. However, it should be noted that these values proposed by the

other authors were derived assuming the validity of more generic signal decay

models. Lee et al. assumed that GRE phase changes can be explained by

the Lorentz cylinder theory and R2* changes can be explained by the parallel

cylinders signal decay theory. Liu et al. on the other hand assumed that

the underlying microstructure is homogeneous in using QSM to quantify the

susceptibility.

To investigate this dependence of the simulated GRE signal on magnetic sus-

ceptibility for our relatively complicated geometry, the GRE signal phase and

magnitude was simulated for a range of magnetic susceptibilities for fibers

oriented at 0◦ to B0. The magnetic susceptibilities of myelin and axonal com-

partments were independently varied from -0.2 ppm to 0.2 ppm (i.e., ranging

from diamagnetic to paramagnetic) while fixing the magnetic susceptibility of

extra-axonal compartment at 0 ppm. TE is 20ms and all other modeling pa-
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rameters are the same as Table.2. The simulated results are shown in Fig. 26.
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Figure 26: The effect of varying susceptibility values for χmy and χax on reso-
nance frequency and R2*. White crosses represent 2 distinct pairs of χax and
χmy that can create the same resonance frequency and R2*.

Both frequency and decay rate plots show significant changes with χmy and

χax. Fig. 26a shows that there exists a range of values of χmy and χax (along in

an oblique line in the χmy × χax plane) that would create the same calculated

phase. This suggests the intuitive result that the phase is driven by χmy +χax

(for a fixed extra-axonal susceptibility, volume fraction, etc). Likewise, Fig. 26

b shows that there exists a range of values of χmy and χax (which lies in an

ellipse in the χmy×χax plot) that would create the same calculated decay rate.

These 2 observations imply that for an observed set of R2* and frequency

changes in a single experiment, the values of χmy and χax are generally not

unique since the intersection between the oblique line and ellipse will yield 2

distinct solutions (see white crosses in Fig. 26 ) except at the circumference

of the ellipse. The elliptical trend observed in the decay rate plot also shows

that the decay rate is primarily driven by the difference in susceptibility of

myelin and axonal water (extremes at the upper left and lower right corners of
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Fig. 26b), with a more minor effect of the relative offset of both to extra-axonal

water (upper right and lower left corners). These dependencies are expected

to vary with orientation as well as with different values of χea.

T2 of myelin compartment The susceptibility-shifted myelin compart-

ment plays an important role in modulating the signal magnitude and phase

behavior. However, the non mono-exponential decay and non-linear phase ac-

crual will also be affected by the fast decay of myelin signal [167]. As such, it is

expected that changing the T2 of the myelin compartment would also change

behavior of both the signal phase and magnitude decay. From Fig. 27, it could

be seen that increasing T2 of myelin shifts the peak of the phase curve to the

right and produces a larger phase change. The shapes of the magnitude decay

curve change with increasing T2 . At shorter T2 , a faster decay at the early

time point can be seen. These results indicate that both the T2 and magnetic

susceptibility of myelin modulates the signal temporal dynamics. However, T2

cannot create the profound orientation dependence observed in the temporal

dynamics of both phase and magnitude signal, indicating that susceptibility

plays a crucial role in the observed temporal dynamics.
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Figure 27: Effects of varying myelin T2. (a) shows the change in signal phase
over time for a range of simulated T2 of myelin. (b) shows the change in signal
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4.5 Conclusion

We have introduced a geometric model of white matter from which the mag-

netic field perturbation and the subsequent effects on GRE signal behaviour

can be modeled. This provides a platform to study the link between the actual

WM microstructure and observed GRE signal changes. We have tested the va-

lidity of using a geometric model to model GRE phase and R2* changes in a

system of high volume fraction of perturbators by using a polypropylene fiber

phantom and studying the orientation dependence of the GRE signal. The

magnetic field perturbation caused by our WM model has been shown and the

effects on GRE signal magnitude and phase has been discussed. Our model

predicts deviation of the GRE signal from conventional GRE signal from a

homogeneous sample, specifically, deviation of signal magnitude decay from

mono-exponential and deviation of phase evolution from linearity. We have

also discussed some of the important aspects of the model such as the effects

of packing.

The following 2 chapters will focus on studying changes in GRE signal due

to specific changes in WM microstructure. In the next chapter, we look at

dependence of GRE signal on the orientation of WM fibers to B0 in a human

study at 3T. In the chapter after the next, we look at the effects of myelination

changes in a rodent study at 7T both in vivo and ex vivo. In both chapters, we

compare experimental results with simulations from the geometric WM model.
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5 B0 orientation effects

Orientation dependence of GRE signal magnitude and phase have been re-

ported by various groups in recent years [11,33,60,82,132,169]. However, the

source of this orientation dependence is not well known. Various mechanisms

have been used to explain the observed experimental trends but most of these

focus only on a limited aspect of the signal behaviour. We used the geometric

WM model presented in the previous chapter, in which compartmentalized

susceptibility produces a microscopic pattern of magnetic field perturbations,

to predict GRE signal changes due to orientation differences. Comparison of

GRE signal predictions from this model to measured GRE signal from human

subjects demonstrated good agreement. This work has recently been published

in NeuroImage [24]. I would like to acknowledge the assistance provided by

Dr Sean Foxley and Dr Karla Miller in the MR image acquisition.
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5.1 Introduction

Large signal heterogeneity has been previously reported within WM fibers in

T2*-weighted images at 7T [89]. The ability to discern large fiber bundles e.g.

between the splenium and tapetum led to postulations of possible sources of

this contrast. These include differences in iron concentration [55], myelination

[83] and fiber orientation [11,33,169]. In particular, the relation between fiber

orientation and changes in GRE signal e.g. T2* and GRE phase has received

widespread attention.

Wiggins et al. [169] first explicitly demonstrated the orientation dependence of

T2* in WM using a macaque brain at 7T. In their experiment, Wiggins et al.

showed that signal intensity in T2*-weighted images of the cingulum changes

when the orientation of the WM fiber tract changes with respect to B0 as

the macaque’s head position was changed. Schafer et al. [132] reported sim-

ilar effects on T2* in the human brain. In addition, frequency shifts were

investigated and geometric modeling of the white matter fiber bundles as solid

cylinders was performed to simulate the frequency shift. In a study at 1.5T,

Henkelman et al. [62] reported that T2* in the white matter does not depend

on orientation to B0, which may reflect weaker susceptibility effects at low

field strength. Interestingly, Li et al. reported no observable dependence of

T2* on orientation at 7T [88] by changing the orientation of the human brain

through the tilting of the head at an angle of about 27◦. This lack of difference

may partially be attributed to insufficient deviation in the orientation of the

WM fiber tract of interest [11]. In another study, Cherubini et al. [25] ob-

served differences in T2* between clusters of WM voxels oriented parallel and

perpendicular to B0. However, it was also observed that nearby fibers having

the same orientation can have large variations in relaxation rates. Also, for
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fibers with different orientations, similar relaxation rates have been observed.

More detailed studies have been recently performed to look at this orientation

dependence effect in WM. Bender et al. [11] looked at the whole brain cor-

relation of WM fiber orientation obtained using DTI with measured R2* and

concluded significant effect of orientation on R2*. An additional experiment

looking at head tilting to achieve orientation changes of up to 45◦ also reported

significant differences between R2* at different head positions. Denk et al. [33]

used a similar method to correlate R2* with fiber orientation obtained from

DTI and reported similar trends.

Dependence of GRE phase contrast in WM on orientation to B0 is less studied.

GRE phase contrast in WM has been recently proposed by He et al. [60] to

be orientation dependent. To explain for the lack of phase contrast between

WM and CSF in the motor cortex despite significant differences between their

magnetic susceptibilities, He et al. introduced a concept of a Lorentz cylinder

to incorporate the effects of longitudinal magnetic field perturbators e.g. fila-

ments and myelin sheaths. This concept introduces an orientation dependence

to the microstructural magnetic field perturbation. In the study performed by

Denk et al. [33], GRE phase was also correlated to fiber orientation in addi-

tion to R2*. Lee et al. [82] investigated the orientation dependence of GRE

phase using ex vivo WM fiber tracts. By negating bulk shape contribution

from their experimental setup, Lee et al. observed a non-local effect from the

rotated WM fibers and proposed that susceptibility anisotropy was responsible

for the orientation dependence.

Several mechanisms have been proposed to explain the observed signal prop-

erties. These include approximating GRE signal decay using a parallel infinite

cylinders model [172] ,which is characterized by low perturbator volume frac-
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tion and single compartment signal contribution, and attributing GRE phase

changes to Lorentz cylinder effect [60] or susceptibility anisotropy [82, 91].

These models generally attributed the orientation dependence effects to the

microenvironment, but without explicitly modeling the microstructure. While

being able to provide closed-form expressions for the orientation dependence

of signal phase, these models were designed to explain a limited range of signal

behaviors.

In the previous chapter, we introduced an explicit multi-compartmental geo-

metric model of the WM, which encapsulates magnetic and geometric prop-

erties of the underlying tissue microstructure, that can be used to investigate

the contribution of the tissue micro-architecture in modulating GRE signal

properties. The power of this approach is that it predicts the entire frequency

distribution contained within a voxel, capturing the full richness of information

in this distribution, thus providing a simple but powerful approach to predict

the full spectrum of GRE signal characteristics (i.e. both low- and high-order

moments [109,155])

In this chapter, we study the dependence of WM GRE signal (both phase

and magnitude) on orientation of the underlying WM fiber to B0 in human

volunteers at 3T. A method similar to Bender et al. [11] and Denk et al. [33] is

used to complement GRE results with orientation information obtained from

DTI. We investigate both low-order moments of the GRE signal (e.g. R2* and

resonance frequency) and higher-order moments such as non-linear phase [131,

136, 164] and non-mono-exponential magnitude time courses [155]. The WM

model is then used to predict the dependence of the full GRE signal behaviour.
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5.2 Methods and materials

5.2.1 Geometric model simulation

The geometric WM model described in Chapter 4.4 was used to simulate the

frequency perturbation at a range of orientations (θ) with respect to B0 (by

rotating B0 relative to the simulated 2D plane). The magnetic susceptibility of

the reference medium was set to be the same as that of the extra-axonal com-

partment (i.e. ∆χ = 0ppm), thereby assuming a cylindrical bulk shape for the

WM fiber bundles [33, 60]. A forward model using parameters from literature

is used in the geometric model to show that the geometric model can be used

to generate similar trends observed in experiments. See Table. 2(page 75) for

a summary of important parameters used in the model.

5.2.2 MRI acquisition and data processing

Seven healthy volunteers were scanned using a 3T Siemens Trio MRI scanner

with a 12-channel head coil. A 2D multi-echo GRE pulse sequence was used to

obtain phase and magnitude images at 128 echo times (FOV 192 × 192mm2;

matrix 96 × 96; 5 axial slices with 12mm separation; flip angle 10 ◦; TR

1.5s; TE 4 − 260ms; ∆TE 4ms; scan time 25mins). The R2* value was

estimated with least-squares linear fitting to the logarithm of the magnitude

images for echoes from 4 to 148ms. Unwrapping of the signal phase was

performed on a voxel-by-voxel basis in 1D (Matlab) on echoes acquired from

4 to 60ms, and fed into least-squares linear fitting to determine voxel mean

frequency. Background field variation was removed by subtracting a low pass

filtered phase image from the original phase image (5×5 mean filter). DTI data

(2× 2× 2mm, b=1000s/mm2, 30 directions) was acquired in the same session
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and used to determine the orientation of WM fibers relative to B0, and to

create a WM mask (FA>0.3). Eleven bins were used to classify the orientation

of the WM fibers with bin-width proportional to sinθ (to avoid a paucity of

voxels contribution at the lowest angles). To characterize the signal evolution

over time, the deviation from linear phase and mono-exponential magnitude

decay were calculated by subtracting off the fitted linear phase and R2* decay

from the phase and magnitude time courses, respectively. This was calculated

separately for the average time courses corresponding to approximately parallel

(0◦ − 15◦) and perpendicular (75◦ − 90◦) WM fibers.

We compared several model predictions to GRE signal measured in seven vol-

unteers at 3T. In the first instance, we considered the orientation dependence

of resonance frequency and R2* . The predominant angle of WM fibers to B0

was extracted from diffusion tensor imaging (DTI) data acquired in the same

scan session (see Fig. 28). We also studied the time evolution of the signal

phase and magnitude [131, 136, 155, 164]. Model predictions for the temporal

deviation from linear phase and mono-exponential decay were compared to

measurements.

-101 252015 90450 10.50

(a) (b) (c) (d)

Figure 28: In vivo dependence of resonance frequency and R2* on orientation of
WM fibers to B0. (a) Frequency map. (b) R2* map. (c) Map of angle between
principle eigenvector with B0 from DTI. (d) Fractional anisotropy (FA) map.
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5.3 Results and discussion

5.3.1 Frequency modulation with orientation

Significant difference (P < 0.001) between the mean resonance frequency for

each group of WM pixels was obtained using a one-way ANOVA test. Fig. 29

shows the measured and simulated dependence of the signal resonance fre-

quency on orientation to B0. The measured resonance frequency of WM fibers

approximately perpendicular to B0 (θ ≈ 90◦) is positive relative to WM fibers

approximately parallel to B0 (θ ≈ 15◦), in agreement with previous stud-

ies [25,33,82]. The resonance frequency increases with θ up to a peak between

45◦ − 65◦, and then decreases after the peak (Fig. 29a).
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Figure 29: Frequency modulation with orientation to B0(θ). (a) Measured fre-
quency modulation. Error bars denote standard error. (b) Simulated frequency
modulation. Blue line shows the simulated frequency modulation from the geo-
metric WM model. Black dashed line shows the best fit sin2θ of the measured
data.

A similar trend was reported previously by Denk et al. [33]. They reported

a GRE phase change of 0.02 rad at a TE of 20ms which translates to a fre-

quency change of about 0.16Hz which is about twice of our measured frequency
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change of 0.08Hz. Discrepancies can be attributed to difference in the phase

processing procedure (e.g. background phase removal procedure) and acquisi-

tion procedures (e.g. resolution of scan and the brain FOV).

The orientation dependence of resonance frequency predicted from our model

(blue line in Fig. 29b) exhibits a similar peak, albeit less pronounced and at

a slightly larger angle 65◦ − 75◦. Most strikingly, this forward model (using

parameters taken from literature) predicts a comparable range of frequencies

as the measured data.

Two models have been proposed for orientation dependence of GRE signal

phase: the generalized Lorentz cavity [60] and susceptibility anisotropy [82].

The generalized-Lorentz model predicts a sin2θ dependence induced by the

presence of cylindrical, susceptibility-shifted inclusions. Denk et al. used this

generalized-Lorentz model to fit their data but they required an ad hoc scaling

of the frequency axis to account for the observed phase peak [33]. Denk et al.

attributed this deviation from sin2θ dependence to the averaging of signal

phase over multiple brain regions. In our model, the deviation from sin2θ can

be explained in terms of the presence of multiple susceptibility shifted compart-

ments. In the generalized-Lorentz model, signal from a single compartment is

considered (i.e .outside the magnetic field perturbators). In our model, there

is signal contribution from frequency shifted myelin water. This signal inter-

feres with the signal from the axonal and extra-axonal water leading to this

deviation from sin2θ dependence.

The susceptibility anisotropy model assumes an orientation dependence of the

magnetic susceptibility itself, which can occur in certain biological structures

like membranes, and also follows a sin2θ dependence. Fitting a sin2θ depen-

dence to the experimental data produces a poor fit (R2=0.584, black dashed
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line in Fig. 29b). Both the generalized-Lorentz and susceptibility-anisotropy

models calculate the phase orientation dependence for a single compartment,

which may in general contain fractional contributions from multiple species

with varying susceptibility. Other than accounting for contributions from

multiple microstructural compartments, our WM model also explicitly incorpo-

rates the micro-geometry of the WM compartments to provide a more accurate

description of the orientation dependence effect.

5.3.2 R2* modulation with orientation

Significant difference (P < 0.001) between the mean R2* for each group of WM

pixels was obtained using a one-way ANOVA test. Fig. 30 shows the measured

and simulated dependence of R2* on orientation to B0. The experimental R2*

results exhibit a roughly sinusoidal increase with θ (Fig. 30a) spanning about

2 Hz which is in good agreement with other studies (2.8 Hz and 1.8 Hz reported

by Bender et al. [11] and Denk et al. [33] respectively).
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Figure 30: R2* modulation with orientation to B0(θ). (a) Measured R2* modu-
lation. Error bars denote standard error. (b) Simulated R2* modulation. Blue
line shows the simulated R2* modulation from the geometric WM model. Black
dashed line shows the best fit sin2θ of the measured data.
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The model simulation matches quite well with the experimental results (blue

line in Fig. 30b). According to Yablonskiy et al. [172], parallel cylinders of

susceptibility-shifted material are predicted to have a sin2θ dependence (with

the underlying assumption of low volume fraction), which produces a good fit

to our data (adjusted R2 = 0.976, black dashed line in Fig. 30b). However,

at the smaller angles (< 30◦) the change in R2* with respect to angle as

predicted by the sin2θ trend is larger than our experimental data. The sin2θ

trend typically considers only the extra-cylinder component and at 0◦, no

signal decay due to magnetic field inhomogeneity would be expected . In

our simulation, even at 0◦ the presence of susceptibility shifted frequencies

cause an interference pattern that drives signal changes. Previous work on

fixed brain at 7T has reported a sin4θ dependence, which was attributed to

myelin magnetic anisotropy [84]. Fitting a sin4θ dependence corresponds to

an adjusted R2 value of 0.977. A p-value of 0.792 was obtained from a F-test

comparing the fit with and without an additional sin4θ dependence suggesting

that our data at 3T does not display a significant sin4θ dependence.

The simulated baseline R2* value at θ ≈ 15◦ is smaller than what was mea-

sured from the experiments (16Hz from our simulation vs 18.5Hz measured

from our experiments), which likely reflects additional sources of signal de-

cay which were not considered in our simulations (e.g., imperfect shim). In

addition, the contributions from other substructures such as iron-rich oligo-

dendrocytes and hemoglobin-bearing blood vessels were not explicitly mod-

eled in our model. The inclusion of these structures would contribute further

magnetic field perturbations, thereby shifting the baseline of R2*, but is not

expected to introduce orientation dependence. The approximately spherical

shapes of the oligodendrocytes [119] suggest that their contribution would gen-
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erate orientation-invariant magnetic field perturbations [54]. WM vasculature

is generally aligned with the WM fibers, but has been reported to have insignifi-

cant contribution to phase contrast due to the low volume fraction [81,104,160].

5.3.3 Signal phase evolution

We investigated how the signal phase evolution deviates from linear phase ac-

crual [136, 164]. Analysis of the experimental phase evolution against time

revealed significant deviation of the measured phase from a linear relation-

ship with echo time. The phase residuals (after subtraction of the linear fit)

are approximately quadratic forms, with negative and positive coefficients for

perpendicular and parallel WM fibers respectively (Fig. 31a). The geometric

model predicts very similar trends with echo time, and replicates the difference

between parallel and perpendicular WM fibers (Fig. 31b).
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Figure 31: Experimental and simulated deviation from linear phase evolution
(signal phase minus linear fit). (a) Measured deviation. (b) Simulated de-
viation. Blue and red lines represent parallel and perpendicular WM fibers
respectively.

Linear phase evolution implies that there exists a central frequency about

99



5 B0 ORIENTATION EFFECTS

which signal from positive and negative frequency offsets cancels at all time

points. Deviations from this behavior indicate this cancellation does not hap-

pen, either because the frequency distribution is not symmetric or because R2

signal decay correlates with frequency, either of which implies compartmental-

ization. Compartmentalization of R2 (e.g., in myelin) will influence the shape

of the signal phase evolution; however, the dependence on orientation indicates

that susceptibility also plays a role in this effect (since R2 is orientation inde-

pendent [62]). This phenomenon illustrates an important difference between

our model and the simpler approach of approximating the distribution from

the field generated outside of a single cylinder characterized by a mean mag-

netic susceptibility: the latter model predicts a linear phase evolution, while

ours encapsulates non-linear evolution.

Frequency difference mapping The presentation of non-linear phase evo-

lution as the residual of a linear fitted line to the actual measured phase evo-

lution shown above is a convenient way of observing deviation of the phase

evolution from linearity, similar to observing deviation of the magnitude de-

cay from mono-exponential decay. Alternate representations of this effect

have been proposed by other groups in the form of frequency difference map-

ping [131, 136, 164, 165], which involves linear fitting phase corresponding to

TE1 with TE2 to TEn to form (n − 1) frequency readings. The frequency

difference is then obtained by subtracting the first frequency (calculated from

TE1 and TE2) from all the frequencies (calculated from TE1 and the later

echoes). For a homogeneous sample in which no deviation from linear phase

evolution is expected, the frequency difference across the different TEs are ex-

pected to be the same giving rise to a horizontal line. For non-linear phase

evolution, deviation from a constant is expected.
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5.3.4 Signal magnitude evolution

The residual time course of the signal magnitude (subtracting the R2* fit)

revealed significant deviation from mono-exponential decay (Fig. 32a), with

different characteristic shapes for parallel and perpendicular WM fibers. Sim-

ulated results predicted similar trends (Fig. 32b).
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Figure 32: Experimental and simulated deviation from mono-exponential decay
(signal magnitude minus R2* decay fit). (a) Measured deviation. (b) Simulated
deviation. Blue and red lines represent parallel and perpendicular WM fibers
respectively.

Non mono-exponential behavior of GRE signal decay in WM has been pre-

viously reported [35, 155]. An early study attributed this behavior to the

presence of a myelin water pool with a short T2 and a larger water pool with

longer T2 corresponding to intra- and extra-axonal water [100]. More recently,

it has been suggested that these water pools are also frequency shifted with

respect to each other [155]. In our experiments, parallel and perpendicular

WM fibers exhibit distinct oscillatory behaviors that are consistent with the

presence of compartments with magnetic susceptibility differences. With re-

spect to signal inflection points, the deviation curve for parallel WM fibers are
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expanded in time relative to the perpendicular WM fibers, which may reflect a

narrower frequency separation. Signal inflection points have also been shown

previously to occur at shorter echo times as field strength increases, consistent

with a susceptibility-driven effect [155]. The simulated signal decay from each

individual compartment exhibits Gaussian-like decay at the early time points

[172], which contributes to the deviation from mono-exponential decay, but is

not the primary factor driving the shape of these curves (as indicated by a

poor fit to a Gaussian). Low spatial frequency background gradients caused

by poor shim and macroscopic susceptibility differences interfaces could have

contributed to deviations from mono-exponential decay but there should not

be any preferential modulation towards GM or WM.

5.3.5 Susceptibility anisotropy

Previous work has considered susceptibility anisotropy as a bulk property to ex-

plain orientation dependence [82,83,92]. Within our geometric model, this ef-

fect would operate at a compartmental level, most likely in the myelin [82]. We

incorporated susceptibility anisotropy in the myelin compartment. Here, we

assume the most basic form of susceptibility anisotropy which corresponds to a

cylindrically symmetric susceptibility tensor with principal axis along the long

fiber axis, which can be written as χmy(θ) = χiso + χaniso × sin2(θ) [82], with

χaniso = −0.04ppm (which is the susceptibility anisotropy measured on lecithin

membranes using phase contrast microscopy [17]) and χmy(90◦) = −0.08ppm.

Susceptibility anisotropy results in a frequency modulation with a slightly re-

duced range of values, but the general trend remains, including the frequency

peak between 65◦−75◦ (Fig. 33a). The resultant R2* modulation is again sim-

ilar, with susceptibility anisotropy altering the specific shape but preserving
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the overall trends (Fig. 33b). These simulations suggest that, while suscepti-

bility anisotropy is not inconsistent with our results, neither is it required to

generate the general effects seen in the experimental data.

(a) (b)

0 20 40 60 80
0

2

4

6

8

TE(ms)

∆
F

re
q
u
en

cy
(×

10
−
2
H

z)

0 20 40 60 80
0

0.5

1

1.5

2

TE(ms)

∆
R

2
*

(H
z)

Figure 33: Effects of susceptibility anisotropy on orientation modulation. (a)
Simulated frequency modulation. (b) Simulated R2* modulation. Blue line
represents simulation without susceptibility anisotropy while red line represents
simulation with susceptibility anisotropy.

Recently, various authors have used more realistic representation of the sus-

ceptibility anisotropy in the myelin by considering the radial arrangement of

the long lipid chains in the myelin sheath [131, 164]. This more realistic rep-

resentation has not yet been implemented in our model and warrants future

investigation into the effects of this form of susceptibility anisotropy on our

simulated signal behaviour.

Quantitative Susceptibility Mapping The quantitative use of GRE phase

measurements is limited due to the non-local effects of phase images. Quanti-

tative susceptibility mapping (QSM) has been proposed to calculate the sus-

ceptibility distribution from frequency maps. This susceptibility map should

provide a more local representation of the magnetic property of the underlying
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tissue. This is achieved by performing the inverse of the 3D Fourier method

to calculate the susceptibility distribution that can create a particular mag-

netic field perturbation. However, there is an underlying assumption that the

Lorentz sphere assumption holds in the investigated volume. The orientation

dependence of MR phase is thus translated to a change in susceptibility of the

tissue, implying susceptibility anisotropy in WM tissue. It can be seen from

our discussion (Chapter 5.3.6, page 105) that the orientation of longitudinal

microstructures can modulate signal phase as well. The exclusion of the effects

of such mechanism in QSM would require researchers to be mindful of such

effects when interpreting QSM results in different WM regions.
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5.3.6 Anisotropic cellular structure vs anisotropic susceptibility

Both anisotropic cellular structure and anisotropic susceptibility can lead to

changes in resonance frequency that depend on orientation to B0. However,

their spatial effects are different. To demonstrate this we can look at the mag-

netic field perturbation resulted from cubes that represent the different mech-

anisms (Fig. 34). The magnetic field perturbation from the simulated cubes

were calculated using the 3D Fourier method over a matrix size of 400x400x400

grid points.

x
z

x
z

y
B0

B0
-12 0 12 (Hz)

Susceptibilityd
Anistropy

χ(0°) = 1.0ppm

Susceptibilityd
Anistropy

χ(90°) = 2.0ppm

Longdbeams
Parallel
χ = 1.0ppm

Longdbeams
Perpendicular
χ = 1.0ppm

(a) (c) (d)(b)

Figure 34: Simulating frequency changes due to susceptibility anisotropy and
microstructure. Solid cube with susceptibility anisotropy at (a) 0◦ and (b) 90◦.
Heterogeneous cube with long beams (c) parallel and (d) perpendicular to B0.
Upper row shows a 3D representation of the simulated volumes, bottom row
shows corresponding simulated frequency maps.

To demonstrate the effects of susceptibility anisotropy, we consider a solid cube

(Fig. 34a,b) that is made of a material that displays magnetic susceptibility

105



5 B0 ORIENTATION EFFECTS

anisotropy according to :

χ(θ) = χ(0◦) + χaniso · sin2θ (36)

where χ(0◦) = 1.0ppm, χaniso = 1.0ppm and θ is the angle between principal

susceptibility axis with B0(susceptibility is assumed to occur in a single axis

along an edge of the cube). This gives us a susceptibility value χ(90◦) = 2.0ppm

(Fig. 34b) . We simulate changes in the frequency map when the susceptibility

axis is oriented 0◦ to B0 and when it oriented 90◦ to B0. A line plot (Fig.35)

across the midline of the frequency map shows that when the susceptibility

value changes due to anisotropy, the frequencies both outside and inside the

cubes changes. This change is not a constant shift but is a scaling of the

frequency profile (Blue solid line vs blue dashed line).

To demonstrate the effects of anisotropic microstructure, we consider a cube

made of smaller parallel long square beams (assumed not to contribute any

signal) arranged in a regular alternate hexagonal pattern with a volume sus-

ceptibility χ = 1.0ppm. Similarly, we simulate changes when the long axis of

the beams are parallel (Fig. 34c) and when they are perpendicular (Fig. 34d)

to B0. By looking at their line plots, there is no change in the frequency

pattern outside of the cubes which is expected since they have the same bulk

shape and volume susceptibility. Within the cube, there is a constant shift in

frequency. The amount of frequency shift is dependent on the actual geometry

and arrangement of the microstructures, which in this case corresponds to a

regular hexagonal packing of square beams.
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Figure 35: Line plots of the frequency maps corresponding to the simulated
volumes.

Through our simulations, it can be clearly seen that the magnetic field pertur-

bations caused by anisotropic cellular structure and anisotropic susceptibility

result in distinctly different pattern of frequency modulation. Specifically,

anisotropic cellular structures cause frequency shifts within the object only

while anisotropic susceptibility causes frequency shifts within and beyond the

object (i.e. non local). These simulations were designed such that we see the

change caused by each individual mechanism separately. In real life, it is dif-

ficult to attribute the source of frequency shifts to either mechanism e.g. to

distinguish between local frequency shifts from non local ones, although very

careful experiments have been carried out ex vivo to look at changes in specific

WM tract specimens [82]. It is also highly likely that both mechanisms coexist

to modulate the observed frequency changes.
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5.3.7 Contribution from other sources

In order to study the orientation dependence phenomenon, it is ideal to focus

on the same tissue region and change the orientation of B0 with respect to the

tissue. Since B0 is static in the scanner and the direction cannot be changed, it

would be instinctive to change the orientation of the tissue instead. However,

owing to the restricted space in the scanner, this is not practical especially

when using small head coils. Instead, we looked at the R2* and resonance

frequency at various locations and correlated them with the corresponding

orientation information from DTI.

We have shown using our simulations how the orientation of white matter

fibers can modulate R2* and resonance frequency. However, it can be seen

that the presence of any other susceptibility sources that have an anisotropic

arrangement can potentially contribute to this orientation dependence. Cylin-

drical blood vessels in the white matter have been reported to run primarily

along the same direction as the fiber bundles [23]. Spherical iron-rich oligoden-

drocytes have been observed to be arranged in rows in an axis again along the

long fiber axis [29, 87]. These parallel structures should modulate the signal

in a similar trend as the simulated WM fibers. In our model, the contribution

from blood vessels and oligendrocytes have been assimilated into the extra-

axonal compartment. Considering their relatively low volume fraction, their

contribution is not expected to be significant.

In this study, we linked orientation information from the brain using DTI to

R2* and resonance frequency measurements. The underlying assumption is

that the sole difference between the different regions is the orientation of the

WM fiber to B0. However, it can be seen that different regions may express
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differences other than orientation of WM fibers. Differences in local concen-

tration of non-heme iron has been found to be the underlying cause for R2*

and resonance frequency differences in deep gray matter such as putamen and

globus pallidus. However, it has been reported that iron concentration in the

white matter is low [57]. A study by Li et al. [90] reported insignificant differ-

ences in total iron content (determined by chemical analysis) in WM regions

with large R2* differences. These indicate that iron does not play an impor-

tant role in modulating the signal change in WM. The distribution of myelin

in WM is however more variable. In the same study by Li et al. [90], difference

between the T2* in superior region of corona radiata and cingulum has been

attributed to differences in amount of myelination observed via histological

staining and electron microscopy.

5.4 Conclusion

The relationship between GRE signal behaviour and the orientation of WM

fibers to B0 has been investigated. We have not only seen how resonance

frequency and R2* vary with orientation but we have also observed higher

order signal properties that change with orientation such as deviation of R2*

decay from mono-exponentiality and deviation of GRE phase from linear phase

evolution (see Fig. 36 for a summary of results). Conventional GRE signal

models are unable to account for several aspects of the experimentally observed

GRE signal behaviours such as a deviation of relationship between resonance

frequency and orientation to B0 from a sin2θ trend and the presence of higher

order signal properties. On the other hand, such behaviours are predicted by

the geometric WM model that explicitly models the different compartments

of the WM microstructure.
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(a) Measured Model (b) Measured Model

(c) Measured Model (d) Measured Model
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Figure 36: Summary of frequency and R2* modulation with orientation to
B0(θ). (a) Frequency modulation (b) R2* modulation. Dashed line represents
best fit sin2θ dependence. (c) Deviation from linear phase evolution. (d) Devi-
ation from monoexponential decay. Red and blue lines represent perpendicular
and parallel fibers respectively. Error bars denote standard error.

Importantly, this forward model uses parameter values based on literature

rather than fitting the model to the experimental results. The success of this

simple model in predicting a broad range of signal properties provides confi-

dence that signal behaviour is, in fact, driven by the modelled microstructure.

The power of this approach is in generating the entire frequency profile, rather

than simply the low-order moments, leading to a much richer description of

signal in the presence of microstructural changes.
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6 Myelin effects

In this chapter, the effect of myelination on GRE signal behaviour is studied.

A cuprizone model of demyelination, which involves feeding C57BL/6 mice

a special diet containing the neuro-toxin cuprizone, was first used to induce

different amount of demyelination in the mouse brain. After which we studied

the relationship between ex vivo GRE contrast (R2* and frequency) with the

histologically determined amount of myelination in the corpus callosum (CC).

Geometric modeling was performed to simulate hypothetical cases of myelin

loss and compared with our ex vivo results. Furthermore, an in vivo longitu-

dinal study was performed to track GRE signal changes in the CC over a 6

weeks period of cuprizone-induced demyelination followed by a subsequent 6

weeks of remyelination after termination of the cuprizone treatment.
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6.1 Introduction

Cuprizone, also known as bis(cyclohexanone)oxaldihydrazone, is a copper chela-

tor commonly used in spectrophotometry [123]. Introducing cuprizone into

the diet of young adult mice causes copper deficiency, which upsets the energy

metabolism in oligodendrocytes and results in specific damages to oligoden-

drocytes followed by extensive breakdown of the myelin sheaths [158]. This

demyelination is characterized by an intact blood-brain barrier with a conse-

quent lack of T cells thus negating confounding contributions from the immune

system [8]. The time course for the demyelination is highly predictable and

complete demyelination was reported at the end of 6 weeks of feeding [106].

In addition, the region of demyelination is highly localized to specific brain

tracts (e.g. CC and superior cerebellar peduncles) [14, 96] while seemingly

not affecting other brain tracts, thereby allowing easier assessment of specific

regions of the brain. The removal of cuprizone from the diet induces sponta-

neous remyelination [15], allowing for the investigation of the remyelination

process. Chronic demyelination [96] can also be induced by extending the

feeding period to 12 weeks with limited remyelination occurring after stop-

ping cuprizone feeding. These characteristics make the cuprizone model an

excellent model to look at the demyelination and remyelination process.

Various studies have used animal models of myelin deficiency to show that

myelin is a major contributor to GRE phase and T2* contrast between gray

and white matter. Baxan et al. [10] reported that mice scanned after 12 weeks

of cuprizone diet showed significant reduction in gray-white matter contrast

in GRE phase images. A similar cuprizone induced demyelination study by

Lee et al. [83] reported that both GRE phase and T2* contrast were reduced

after 6 weeks of cuprizone diet. Liu et al. [92] and Lodygensky et al. [93]
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compared the GRE phase of control and shiverer mice and showed significantly

reduced gray-white matter contrast in the shiverer mice.

The aim of this study is to better understand the relationship between myeli-

nation and observed GRE signal characteristics. With the cuprizone model

of demyelination, we can induce different amount of myelination in the mouse

brain by varying the duration of the cuprizone diet that an animal under-

goes [106]. We focus specifically at changes in the CC since this is one of the

most studied region of the cuprizone mouse model [106]. We can then per-

form ex vivo scanning of these mouse brains and correlate the GRE signals

with histological measures of myelination to get a more accurate relationship

between myelination and GRE signals. Unlike the previously mentioned stud-

ies [10, 83, 92, 93] that used only two time points to look at the difference

between totally myelin deficient brains with normal brains, our investigation

on different degrees of myelination should provide additional insights into how

the demyelination process affect the GRE signal.

To ellucidate the potential mechanisms that can modulate the GRE signals,

we simulated hypothetical cases of the demyelination processes to investigate

the effects of geometry and composition of the WM compartments on GRE

signal. This is especially important since most of the studies on the effects of

myelination on GRE signal have considered a general bulk loss of myelin from

the white matter [83,92,93] and do not consider the actual morphological and

biochemical changes of the myelin compartment.

Finally, we explored the use of resonance frequency and R2* to monitor the

process of demyelination and remyelination in vivo in a longitudinal study.
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6.2 Materials and Methods

Ex vivo and in vivo studies were carried out on two separate sets of animals.

The ex vivo study looks at quantifying different degrees of demyelination by

feeding animals cuprizone for various durations (up to 6 weeks). The in vivo

study looks at longitudinal changes over 6 weeks of demyelination due to cupri-

zone feeding and a subsequent 6 weeks of remyelination following the cessation

of cuprizone feeding.

6.2.1 Animal preparation

Cuprizone diet Normal mice chow (Harlan Laboratories, Inc) was grounded

into fine powder using an electric grinder. For every 100g of powdered mice

chow, 0.2g of cuprizone powder (Sigma-Aldrich Co. LLC.) was added and

mixed well to obtain a 0.2% (by weight) cuprizone diet. Fresh powdered diet

was prepared every two days. In order to ensure that the powdered chow

is not contaminated by animal waste, custom mice chow feeding structures

constructed from polyvinyl chloride (PVC) sheets were used for feeding. The

feeding structure (Fig. 37) consists of a feeding trough to hold the powdered

chow and a cover sheet with a long slit which the mice can access the powdered

chow only with their mouth.

Feeding schedule For the ex vivo study, 9 C57BL/6 mice (8-weeks old)

were fed 0.2% cuprizone diet ad libitum for different periods of time ranging

from 0 to 42 days to induce varying degree of demyelination in the mouse

brain. Feeding starts at different time points such that the final time point

for all mice coincided (See Fig. 38). The animals were monitored daily and
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Opening for feeding 

Trough for holding 
food

PVC cover 

Figure 37: Custom-made cuprizone diet feeder

their weights were measured weekly to ensure their well being. For the in vivo

study, 5 C57BL/6 mice (8-weeks old) were fed 0.2% cuprizone diet for a total

of 6 weeks followed by a normal diet for another 6 weeks.
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Figure 38: Ex vivo experiment schedule. 9 mice were fed for various durations
for a maximum of 42 days. Mice brain were then extracted and soaked in
formalin for 1 week, followed by 24hr of PBS. Mice brain were then placed in
FC40 fluorinated solution filled tube and scanned using MRI.

Brain extraction and fixing For the ex vivo study, after the last day of

feeding, all mice were perfused intracardially with saline solution followed by

115



6 MYELIN EFFECTS

10% neutral buffered formalin (NBF). The brains were then removed from the

skull and stored in 10% NBF and fixated for 1 week. After 1 week, excess NBF

was removed by washing with phosphate buffered saline (PBS) thrice and then

soaked in PBS for 1 day. Next, the brain was placed in the mid point of a

tube filled with fluorinated oil (FC40, 3M, Inc) and sealed. Care was taken to

ensure that no air bubbles were trapped in the oil.

6.2.2 MRI

A 7T animal MRI scanner (Bruker Clinscan, Ettlingen Germany) was used

in this study. A multiple echo GRE sequence was used to obtain 14 even

echoes. Only signal at the even echoes were acquired while the duration of

the odd echoes was minimized (by increasing the gradient strength) to reduce

the inter-echo time. For each brain, 3 coronal slices were obtained at the

following location with respect to Bregma: 0mm, 0.4mm and 0.8mm (Franklin

and Paxinos, 2007). The acquisition parameters for the ex vivo scans were as

follows : TEs = 3,7,11....55, ∆TE = 4ms, TR = 1500ms, flip angle = 70◦,

matrix size = 128 x 128, FOV = 10mm x10mm, slice thickness = 0.3mm, slice

gap = 0.1mm and number of measurements = 10. The parameters for the in

vivo scans are the same except for matrix size = 192 x 192 and FOV = 15mm

x 15mm. Each scan takes about 1.5hr.

For the in vivo study, all animals were scanned once before the start of the

cuprizone diet and then weekly for an additional 12 weeks. Animals were first

anaesthetized using 3% isoflurane with oxygen and medical air and placed in a

prone position on a standard mouse holder with the head of the animal tightly

secured using a tooth bar and ear bars. Rectal temperature was maintained

at 37◦c using a hot air blower with feedback control. A 4 channel head coil
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was used for signal reception while a body coil was used for excitation.

MR image processing GRE phase and magnitude images were recon-

structed directly on the scanner. Each R2* map was obtained by first taking

the log of the 14 magnitude images (corresponding to the 14 echoes in ascend-

ing order of TE) and then performing a linear fitting on each individual voxel

in these log magnitude images. The negative of the slope of the fitted line

would give the R2* value at each voxel. Each resonance frequency map was

obtained by first performing a 1D phase unwrap followed by a linear fitting on

individual voxels across the 14 GRE phase images. The slope of the fitted line

will give the resonance frequency at each voxel.

6.2.3 Histology

Luxol fast blue myelin staining Luxol fast blue (LFB) myelin staining

was used to obtain brain slice images that would indicate the relative amount of

myelination present at the different brain locations. The brains were first em-

bedded in paraffin and sectioned at Bregma 0mm, 0.4mm and 0.8mm (Franklin

and Paxinos, 2007) and then stained with LFB using a standard staining pro-

tocol [74]. LFB reacts with the lipoproteins present in the myelin sheath to

give a dark purple stain under a light microscope. All histology work was per-

formed externally by the Advanced Molecular Pathology Laboratory, IMCB,

A*STAR, Singapore.

Measuring myelination A common method of measuring the amount of

myelination from LFB images is to assign scores to each image slice based on

individual observations [51] (e.g. a score of 0 for total demyelination and 3 for
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no demyelination). This method is subjective and only provides a limited range

of values to describe the underlying myelination. We use normalized stain in-

tensities to provide a more objective semi-quantitative measure of myelination.

Intensity normalization The raw LFB image in red-blue-green (RGB) for-

mat is first converted to gray-scale [110] such that the image intensity reflects

the amount of myelination. A visual inspection on individual brain slice images

revealed negligible intra-slice inhomogeneity. However, there was inconsistent

brightness and contrast level across different slices of the same brain and also

across different brains (Fig. 39), which is due to the staining procedure [99].

Each individual histology slice was normalized using a mean-standard devia-

tion normalization algorithm [156,175]. Two GM ROIs were first drawn in the

left and right cortical GM regions above the CC. Each image is individually

normalized by subtracting the mean intensity of the GM ROIs and dividing

by the standard deviation of the intensities within GM ROIs. This normaliza-

tion scheme assumes that all cortical gray matter regions are not affected by

the cuprizone diet and thus should stain equally for myelin. Although recent

studies have reported subtle changes in the gray matter regions after cuprizone

diet, it was reported that LFB staining does not have the sensitivity to de-

tect such changes [142]. As such, the above assumption can be justified. The

contrast of the myelinated region in the normalized image is reversed so that

myelin appears brighter (Fig. 39).
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ORIGINAL NORMALIZED

Figure 39: Intensity normalization. The left column shows 2 original LFB
slices from different mouse brains. The right column shows the same images
after normalization. The blue polygons denote the GM ROIs used in the nor-
malization.

6.2.4 Ex vivo analysis

In the ex vivo study, we looked at the variation of the mean WM R2* and

resonance frequency from each MR image slice with the mean WM intensity

in the corresponding normalized LFB image slice. For each pair of R2* and

resonance frequency maps in each slice, a ROI of the CC region was manually

drawn on the R2* image using the image processing software AMIDE [94].

The mean WM R2* and resonance frequency in this ROI was calculated. A

corresponding ROI was also manually drawn on the normalized LFB image to

obtain a mean stain intensity. The mean R2* and resonance frequency from

each ROI in each slice were then correlated with the mean normalized LFB

stain intensity.

In addition, we investigated the variations within a single image slice. A

single brain slice that displayed partial demyelination was selected. Manual

registration of the high resolution LFB image to the R2* map was performed

using the image processing software AMIDE [94]. The registered LFB image

was then down sampled to the same resolution as the GRE images. We remove
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pixels with partial WM volume from the down sampled LFB image and then

looked at the voxel-wise correlation between the LFB stain with WM R2* and

resonance frequency (Fig. 43).

(a) (b)

(c) (d)

Figure 40: Single slice GRE and LFB intensity images. (a)R2* map
(b)Frequency map (c) Normalized LFB image (d) shows the manually drawn
white matter ROI where the gray outline is the ROI drawn on the higher reso-
lution histology image and white area is the downsampled ROI with the removal
of regions with possible partial volume. Partial myelination pattern is observed
with lesser myelination at the sides of the CC compared with the middle region.

6.2.5 In vivo analysis

In the in vivo study, we followed changes in the resonance frequency and R2*

in the CC of 5 mice during 6 weeks of demyelination followed by 6 weeks of

remyelination. From the 3 image slices acquired during each scan, we selected

a single R2* image slice that best corresponds to the same location across

all time points. Therefore, for each subject we will have a total of 13 image

slices. Using the first image slice (corresponding to week 0) as the reference,

the other image slices were registered manually onto the first image using

AMIDE [94]. A WM skeleton ROI was drawn over the CC on the reference

image and propagated to the other image slices. We then looked at changes
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in the R2* and resonance frequency values in the ROI across a total of 12

weeks. To quantify changes in R2* and resonance frequency, we first perform

a 1-way ANOVA test on the mean R2* and frequency values from the five

subjects over 13 time points (starting from week 0 to week 12) to test if there

is significant deviation of the mean R2* and frequency over time. If significant

deviation (p<0.05) was detected by the ANOVA test, the Tukey’s test was

used to determine significant differences between time points. Statistical tests

were performed using GraphPad Prism (GraphPad Software, Inc, CA, USA).

Specifically, we were interested to see when does observations of demyelination

and remyelination become statistically significant.
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6.2.6 Demyelination simulations

Three different hypothetical scenarios of demyelination were simulated (Fig. 41)

by making corresponding changes to the geometric WM model. For each sce-

nario, myelin damage was assumed to start from the outside and progresses

inwards, causing the thinning of the myelin sheaths and a progressive change

in myelin volume fraction from 0.4 to 0 (total demyelination).
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Figure 41: Simulating demyelination changes. Rows (a) to (c) show 3 different
scenarios of demyelination. Each column represents a specific volume fraction
of myelin ranging from 0.4 to 0 (total demyelination) (a) shows thinning of
myelin sheath without reduction in intra-axonal distance. (b) shows gradual
thinning of myelin sheath accompanied by a reduction in the distance between
axons. (c) shows a similar change as (a) but with an erosion of myelin mate-
rials into the extra-axonal space thereby changing the compartment’s magnetic
susceptibility.

In the first scenario (Fig. 41a), as the myelin sheath gets thinner, the gaps left

behind by the degenerating myelin is replaced by extra-axonal space and the

removed myelin is assumed to be cleared rapidly from the extra-axonal space

resulting in no change of chemical composition and hence magnetic suscepti-
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bility of the extra-axonal compartment. We term this first scenario as myelin

clearance.

In the second scenario (Fig. 41b), as the myelin sheath gets thinner, the axons

becomes closer together to fill up the gap. The removed myelin is also assumed

to be cleared rapidly from the extra-axonal space. This scenario is termed

myelin clearance with contraction.

In the third scenario (Fig. 41c), geometric changes are the same as in the first

scenario but the chemical composition of the extra axonal compartment is as-

sumed to change due to the accumulation of myelin materials. The myelin

debris is assumed to be evenly distributed in the extra-axonal compartmental

leading to a uniform change in the magnetic susceptibility of the extra-axonal

compartment but the mean magnetic susceptibility of the whole region is con-

stant. This scenario is termed myelin debris.

The magnetic field perturbation maps are then simulated for each of the dif-

ferent scenarios and the GRE signal is calculated as discussed previously. For

these simulations, the T2 of the extra-axonal and axonal compartments were

both reduced from 75ms to 50ms [122] to correspond the increase in field

strength from 3T in the orientation dependence study to the 7T used in the

myelination studies.
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6.3 Results

6.3.1 Animal model

Histology LFB staining confirmed successful demyelination in the cuprizone

fed mice as can be seen from the almost absence of contrast between the CC

in the mice fed cuprizone for 6 weeks (Fig. 42a) as compared to the strong

contrast present in the control mice (Fig. 42b).

(a) (b)

Figure 42: LFB results (raw images before normalization). Myelinated regions
shows a dark purple staining. (Reversed contrast is shown in our normalized
images) (a) shows extensive demyelination after 6 weeks of cuprizone diet while
(b) shows normal myelination in a normal diet animal.

Animal health Significant weight loss from 25.5±1.9 to 23.2±1.4 (paired

t-test, p < 0.005) was observed immediately in the week following the intro-

duction of the cuprizone diet. The mean weight loss of all animals at the end

of the 6 weeks of feeding is about 14%. Despite the significant weight loss,

animals were observed to be relatively normal. Animal survival rate was 100%

and no significant immobility or handicap developed in the animals.
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6.3.2 Ex vivo study

In the ex vivo study, significant changes can be seen in both frequency and R2*

images (Fig. 43). Similar changes can also be identified in the corresponding

normalized LFB stain intensity. There is a general reduction in the gray-white

matter contrast with increasing duration of cuprizone diet seen with in all

three types of images.

Histology Frequency R2*

42

37

32

27

23

16

12
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0

-3 3 -5 Hz 5 Hz 0s-1 50s-1

Days

Figure 43: Ex vivo study. Column 1 shows normalized histology images, col-
umn 2 and 3 show corresponding phase andR2* images respectively. Each row
corresponds to a different cuprizone diet duration.
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ROI analysis By correlating the mean ROI change across all image slices at

all time points, a strong correlation (r = 0.930) was obtained between the R2*

and the normalized intensity from the LFB stained images (Fig. 44). Since

the intensity of the LFB images is directly proportional to the underlying

myelination, this can be construed as an increase inR2* with an increase in

myelination. From the scatter plot, the distribution of clusters of data points

that have been color coded to represent similar durations of cuprizone treat-

ment shows a general decrease in R2* and normalized stain intensity as the

duration of cuprizone diet increases.
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Figure 44: Ex vivo correlation between ROI averaged R2* and histology inten-
sity. Error bars represent the standard deviation within each ROI.

There is also a weaker correlation (r=-0.656) between the measured frequency
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and normalized intensity (Fig. 45 b). The weaker correlation with frequency

may be due to the non-local characteristics of phase images. The non-local

characteristics may be amplified when looking across different subjects and

slices, resulting in an even weaker correlation.
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Figure 45: Ex vivo correlation between ROI averaged frequency and histology
intensity. Error bars represent the standard deviation within each ROI.

The correlations presented here suggest that R2* and resonance frequency

are strongly affected by myelination but they do not necessarily imply the

presence of a simple direct linear relationship between R2* and frequency with

myelination. We will show using our geometric model that the relationship is

not as straight forward and can be affected by various factors such as volume

fractions of compartments, packing patterns etc.
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Voxel-wise analysis We have looked at the correlation between the ROI av-

eraged resonance frequency and R2* with normalized histology intensity across

multiple subjects and brain slices. It is informative to look at deviations that

can occur in each voxel within a single brain slice. It can be noted here that

while error associated with LFB image normalization can affect the ROI anal-

ysis correlation results by increasing the dispersion of data points within the

scatter plot, the voxel-wise study within the same slice is not affected by the

normalization. In this voxel-wise analysis, a strong correlation ( r = 0.862) was

obtained between the R2* and the normalized intensity from the LFB stained

images (Fig. 46). It is surprising that the voxel-wise correlation coefficient of

0.862 is lower than the 0.930 obtained from the ROI analysis if we take into

consideration the error involved with intensity normalization across multiple

ROIs. A possible explanation for this discrepancy is the non linear relationship

between R2* change with myelination which will be discussed in more details

later on.
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Figure 46: Voxel-wise correlation between R2* and normalized intensity in a
single image slice.
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There is a strong correlation (r=-0.828) between the measured frequency and

normalized intensity (Fig. 47). This correlation coefficient of -0.828 is stronger

than the -0.656 reported in the ROI analysis. This can be mainly explained

by the reduction in error involved with intensity normalization across multiple

subjects and brain slices.
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Figure 47: Voxel-wise correlation between resonance frequency and normalized
intensity in a single image slice.
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Deviation curves Deviation of the GRE magnitude decay from mono-

exponentiality has been observed. Fig. 48 shows the deviation curves from

2 mice brains, one that has gone through 42 days of cuprizone diet and an-

other that has not gone through any cuprizone diet. The residual from a

mono-exponential fit on the decay curves of WM revealed negative trends in

the deviation residuals. The deviation from mono-exponentiality is greater in

the non-cuprizone diet mouse brain. Deviation from linear phase evolution

has also been observed. The cuprizone diet mouse shows a positive quadratic

trend while the normal diet mouse shows a negative quadratic trend.
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Figure 48: Deviation from normal GRE signal characteristics. (a) shows de-
viation of GRE signal magnitude from mono-exponential decay. (b) shows
deviation of resonance frequency from linear phase evolution. Blue line repre-
sents mice fed with normal diet while red line represents mice that has gone
through 42 days of cuprizone diet. Error bars represent standard error.
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6.3.3 Simulation results

R2* changes The simulation results show different trends of R2* for the

3 scenarios (Fig. 49). For both scenarios of myelin clearance (i.e. with and

without contraction) in which there was no change in the magnetic suscepti-

bility of the extra-axonal compartment, there is a monotonic decrease in R2*

as the myelin volume fraction decreases. On the other hand, the myelin debris

scenario shows an initial decrease in R2* which then increases back to almost

the same level before demyelination. The trends of the two myelin clearance

scenarios do not follow the same path in the course of demyelination with the

decay rate for myelin clearance without contraction (black line) being higher

than that of myelin clearance with contraction (blue line) for the same myelin

volume fraction.
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Figure 49: Simulated change in R2* with amount of myelination.

To better understand the differences in R2* despite the same myelin volume

fraction, let us look at the frequency histograms for all scenarios when the

myelin volume fraction corresponds to 0.25 (Fig. 50). An obvious difference

between the frequency distributions of the myelin clearance scenarios (with-
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out vs with contraction) is the volume fraction of the axonal and extra-axonal

compartments. Myelin clearance without contraction has a larger extra-axonal

space volume fraction and a corresponding smaller axonal volume fraction

(keeping in mind that myelin volume fraction was kept constant) (Fig. 50a).

The widths of frequency distributions within the axonal space are the same

but the width of the frequency distribution in the extra-axonal space is larger

in myelin clearance without contraction. Therefore, the higher extra-axonal

volume fraction in myelin clearance without contraction which has a larger fre-

quency spread results in the larger overall frequency spread leading to a faster

decay rate. Myelin debris shows a very different frequency histogram with fre-

quency shifts between the axonal and extra-axonal compartments (Fig. 50c).
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Figure 50: Simulated frequency histograms when myelin volume fraction is0.25.
(a) Myelin clearance without contraction (b) Myelin clearance with contraction
(c) Myelin debris

Comparing the R2* changes in the single slice study with our simulation results.

We found a close resemblance between the experimental data with our scenario
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of myelin clearance with contraction. The two sets of data are displayed on

the same figure in Fig. 51. The trend of the experimental R2* seems to agree

well with the non linear trend predicted by the simulation.
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Figure 51: Comparison between ex vivo R2* measurements (single slice study)
represented by the black circles with simulated R2* from myelin clearance with
contraction scenario represented by the blue line.

The simulation predicts a slower change in R2* with amount of myelination

when the myelin volume fraction is relatively low and then a faster change

in R2* when the myelin volume fraction is higher. The data points from the

voxel-wise analysis also appear to follow such a trend although a significant

amount of data points are clustered at the lower myelin volume fraction. This

non linear relationship between R2* and myelination may also explain the

reduced correlation of R2* with normalized intensity in the voxel-wise analy-

sis (r=0.862) as compared to the ROI analysis (r=0.930) in which averaging

across ROIs and subjects may average out the effects of different underlying

133



6 MYELIN EFFECTS

demyelination mechanism (e.g. averaging out the curves in Fig. 49 to get a

more linear relationship). It is noted here that Fig. 51 does not imply that we

are performing a fitting of the simulation results to the experimental data, the

main purpose was to show similarities between our simulation and experimen-

tal results.

We can also simulate the corresponding change in R2 by weighing the R2

of individual compartments by the change in their volume fractions during

the demyelination process. The simulated change in R2 due to a reduction

in the myelin compartment is 3s−1. This value is comparable to 4s−1 re-

ported by Aharoni et al. [3] in EAE mice at 9.4T and the 2.4s−1 reported by

Zhang et al. [177] in cuprizone mice at 9.4T.

Resonance frequency changes The frequency response for the two cases

of myelin clearance are very similar, showing an almost linear increase from

negative frequency to 0 (Fig. 52b). The frequency response for myelin debris

shows a monotonic increase but the trend is different from that of the two

myelin clearance scenarios. From the gradient of the simulated frequency plots,

it can be seen that myelin debris causes a larger initial change of resonance

frequency when myelin volume fraction is reduced from 0.4 but the change

decreases as the myelin volume fraction decreases.
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Figure 52: Simulated change in resonance frequency vs amount of myelination.

Myelin debris vs clearance may represent different stages of demyelination

rather than a fundamental characteristic of demyelinating disease, in which

the myelin enters the extra-axonal compartment as debris and is later removed

by phagocytosis [28]. This would then imply that during disease progression,

early demyelination would be marked by a large phase change, which would

be reduced to a more linear resonance frequency change as myelin clearance

begins. This difference could be useful, for example, in studying Wallerian

degeneration, where myelin clearance is thought to be a key determinant of

different time courses in peripheral and central nervous systems [147].

Similar to the comparison of R2* modulation in the voxel-wise analysis with

the simulated myelin clearance with contraction scenario, we can plot the ex-

perimental resonance frequency data together with the simulated frequency

trend (Fig. 53) using the same mapping of myelin volume fraction to normal-

ized intensity from Fig.51. Slight shifting (without scaling) of the frequency

axis, which only shifts the baseline frequency but does not affect the range of

signal change exhibited, was performed to obtain a better visual match. The
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simulated frequency shows a roughly linear decrease in frequency over a similar

range when myelination increases which is similar to the experimental data.

However, from Fig. 53, we can see that the frequency trends for the other two

scenarios also show a general increase over a similar range. It should be noted

here that both Figs.51 and 53 do not imply any form of fitting but rather they

show that the experimental and simulation results exhibit similar trends.
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Figure 53: Comparison between ex vivo resonance frequency measurements
(single slice study) represented by the black circles with simulated resonance
frequency from myelin clearance with contraction scenario represented by the
blue line.

Deviation curves Deviation curves from our simulations were similar to

those obtained from the ex vivo studies. Fig. 54 shows deviation curves se-

lected from the myelin clearance with contraction scenario. The deviation from

mono-exponential magnitude decay shows very similar trends. The negative

value of the simulated magnitude deviation curve agrees with the experimental
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deviation curve. This interesting observation from our data shows that due to

the presence of frequency shift, the decay curve does not necessary contain an

observable fast decaying component on the decay curve (i.e. the decay over

the first few echoes being faster than the decay over the later few echoes).

Deviation from linear phase evolution shows that the more myelinated subject

shows a more negative quadratic trend while the less myelinated subject shows

a more positive quadratic trend. The difference between the more myelinated

trend and the less myelinated trend from the simulation shows a range similar

to the experimental results but the actual deviation curves are different. This

difference may represent sources of nonlinear phase which were not accounted

for.
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Figure 54: Simulated deviation curves vs experimental deviation curves. (a)
shows deviation of GRE signal magnitude from mono-exponential decay. (b)
shows deviation of GRE phase from linear phase evolution. Thick red and blue
lines represent 5% and 35% myelin volume fraction respectively. Thin red and
blue lines represent 42 and 0 days of cuprizone diet from Fig. 48
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It is interesting to note here that the same set of parameters were used in

the geometric model except for the reduced T2 of the extra-axonal and ax-

onal compartments. This forward model was able to predict a largely similar

trend as observed in the experimental data at 7T which gives us confidence

in the ability of the model to explain the effects of myelin on GRE signal

characteristics.

6.3.4 In vivo study

We have established strong correlations between amount of myelination (de-

termined by LFB stain intensity) with resonance frequency and R2* ex vivo.

Here, we look at the use of resonance frequency and R2* in detecting longitu-

dinal changes in myelination during the cuprizone induced demyelination and

subsequent remyelination after stopping the cuprizone diet.

Visually, obvious reduction in the contrast of the CC can be seen in both R2*

(Fig. 55) and frequency maps (Fig. 56) of all individual subjects during the six

weeks of cuprizone feeding. The contrast can then be seen to increase again

after termination of the cuprizone diet. Enlarged ventricles can be seen in

subject IN2. The in vivo images are observed to be of inferior quality compared

to the ex vivo images, which is likely due to possible motion artifacts during

respiration as well as the poor shimming of the mice brain in vivo.
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Figure 55: R2* change during demyelination and remyelination. Each row
shows the R2* map at each time point in weeks. Time point 0 corresponds
to time before starting cuprizone diet, week 1 to 6 corresponds to duration
of cuprizone diet, week 7 to 12 corresponds to period of normal chow. Each
column corresponds to each of the 5 subjects.
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Figure 56: Frequency change during demyelination and remyelination. Each
row shows the frequency map at each time point in weeks. Time point 0 cor-
responds to time before starting cuprizone diet, week 1 to 6 corresponds to
duration of cuprizone diet, week 7 to12 corresponds to period of normal chow.
Each column corresponds to each of the 5 subjects.
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R2* changes Looking at the subject averaged R2* over the CC at different

time points (Fig. 57), R2* can be seen to decrease from 37s−1 before the start

of the cuprizone diet (i.e. week 0) to a minimum of 28.5s−1 at the end of week

6 resulting in a total reduction in R2* of 8.5s−1. Significant reduction of R2*

is first seen at week 3 (p < 0.01). This observation is similar to histological

studies which also indicated seeing significant changes in myelination from

week 3 of cuprizone feeding [106]. After stopping of the cuprizone diet at week

6, R2* shows a general increase with significant increase in R2* achieved 3

weeks after stopping the cuprizone diet (i.e. week 9). R2* values 6 weeks after

stopping cuprizone still shows significant differences as compared to week 0.
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Figure 57: In vivo changes to R2* in CC (a) R2* maps from each subject at
week 0. Blue line represents the ROI drawn for the CC (b) shows the average
change in R2* over 12 weeks. Week 0 corresponds to time before starting
cuprizone diet, week 1 to 6 corresponds to duration of cuprizone diet, week 7
to 12 corresponds to period of normal chow. Error bars denote the standard
error across subjects. ∗∗ represents p < 0.01. Black represents comparison
with week 0 and blue represents comparison with week 6.
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Since the relationship between normalized intensity with cuprizone feeding

duration can be obtained from the ex vivo study, we can use the change in

in vivo R2* with cuprizone feeding duration to obtain a relationship between

normalized intensity with myelination in vivo. Specifically, at each time point

(i.e. from week 0 to week 6), we can plot the in vivo R2* against the normalized

intensity from the exvivo ROI study. A strong correlation (r=0.862,p<0.05)

was obtained from the plot. This indicates that R2* obtained in vivo is a

strong indicator of the amount of underlying meylination.
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Figure 58: Correlating in vivo R2* with normalized LFB intensity from ex vivo
data. Each data point corresponds to a single time point (from week 0 to 6)
and the error bars indicate standard error.

142



6 MYELIN EFFECTS

Frequency changes Using the same ROIs as the R2* study, we can see a

roughly similar trend as R2* changes across the different time points (Fig. 60).

However, large error bars at each time point can be seen and a one-way ANOVA

test yielded no significant difference (p > 0.05) between the mean frequencies

across all time points. This can be attributed to the presence of non-local

artifacts that may be due to both the acquisition process and the phase pro-

cessing. This is especially significant at the middle of the CC tract which is

in close proximity to the ventricles thus rendering this region to be unsuitable

for analysis.
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Figure 59: In vivo changes to frequency in CC (a) Frequency maps from each
subject at week 0. Blue line represents the ROI drawn for the CC (b) shows
the average change in frequency over 16 weeks. Week 0 corresponds to time
before starting cuprizone diet, week 1 to 6 corresponds to duration of cuprizone
diet, week 7 to 12 corresponds to period of normal chow. Error bars denote
the standard error across subjects. No significant difference was found with a
one-way ANOVA test.

However it can be seen from Fig. 56 that the more lateral portions of the CC

seem to be less affected by non-local effects. Therefore, we removed the middle
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portion from the original ROIs and repeated the same analysis. Frequency can

be seen to increase from −0.6Hz at week 0 to a maximum of 0.2Hz at the

end of week 6 resulting in a total increase in frequency of 0.8Hz (Fig. 60).

Significant difference (p < 0.005) between the mean frequencies across time

points was observed from a one-way ANOVA test. In addition, a Tukey HFD

test found significant difference (p < 0.05) between frequency at week 0 and

week 6. In general, our resonance frequency data in vivo does not seem to be as

robust as our R2* data in vivo. More advanced post processing procedures [136]

especially for removal of background phase contributions may help to improve

our GRE phase data.
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Figure 60: In vivo changes to frequency in lateral CC (a) Frequency maps from
each subject at week 0. Red line represents the ROI drawn for the CC (b) shows
the average change in frequency over 16 weeks. Week 0 corresponds to time
before starting cuprizone diet, week 1 to 6 corresponds to duration of cuprizone
diet, week 7 to 12 corresponds to period of normal chow. Error bars denote
the standard error across subjects. ∗ represents p < 0.05. Black represents
comparison with week 0 and blue represents comparison with week 6.

Other than the inferior SNR, the in vivo images also suffer from poor temporal
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stability. Deviation curves (deviation of the GRE magnitude decay from mono-

exponential and deviation of the GRE phase evolution from linearity) produced

from in vivo images were inconsistent and are not shown or discussed here.

From the R2* images, it is suggestive that complete remyelination was not

achieved 6 weeks after stopping the cuprizone diet. This observation was sup-

ported by comparing the normalized intensity of LFB staining from one of the

animals sacrificed after the last scan compared with a control animal (p<0.001

using a 2 sample t-test) (Fig. 61). Complete remyelination has been previously

reported but those studies were looking not at the complete recovery of the

original myelin volume fraction but rather the number of axons that have been

remyelinated (without taking into consideration the amount of myelin volume

fraction recovered) [106]. Mason et al. [105] has also reported incomplete

remyelination (in terms of mean thickness of myelin sheath) at 6 weeks.

(a) (b)

Figure 61: Incomplete remyelination. Figure (a) shows the normalized LFB
stain intensity of a normal control mice. (b) shows the normalized stain inten-
sity of a mice 6 weeks after the stop of the cuprizone diet. The void in between
the ventricles in (b) is caused by damage during histology.

145



6 MYELIN EFFECTS

6.4 Discussion

6.4.1 Myelin as major contributor to GRE contrast

The results shown so far reinforce the idea that myelin plays an important

role in modulating GRE signal. By correlating different amounts of myelina-

tion with resonance frequency and R2* measurements, the effects of myelin

on resonance frequency and R2* contrast was demonstrated. The resonance

frequency contribution of myelin can be approximated to be 2.0Hz from the

range of ex vivo study (Fig. 45). This 2.0Hz agrees well with other stud-

ies. Lodygensky et al. [93] reported an in vivo frequency difference of 0.8Hz

and Liu et al. [92] reported an ex vivo frequency difference of 1.7Hz between

Shiverer and control mice, and Lee [83] reported an ex vivo 3.0Hz frequency

difference and in vivo 2.0Hz frequency difference between cuprizone-induced

demyelinated mouse and a control mouse. A likely source of discrepancy with

these studies is the post-processing procedure to remove the background field

contribution.

From our study, an ex vivo R2* change of approximately 15.0s−1 and in vivo

R2* change of approximately 8.5s−1 can be estimated from Fig. 44 and Fig. 55

respectively. The difference between the ex vivo and in vivo approximation

of R2* may be partly attributed to the difference in image quality, effects of

tissue fixation, temperature etc. For changes in R2* , Lee et al. [83] reported

a value of approximately 9.0s−1 ex vivo and 10.0s−1 in vivo. The discrepancy

between our results and the results from Lee et al. can be partly attributed

to the processing of the R2* maps from each subject. Lee et al. registered all

the different subjects’ images onto the same space and compared the subject

averaged R2* maps of control and cuprizone treated mice. This averaging
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may have masked out variations between subjects and resulted in the smaller

ex vivo R2* change reported.

The use of both R2* and resonance frequency data can better distinguish

the origins of signal differences originating from WM. For example from our

demyelination simulations, myelin clearance with and without contraction dis-

plays the same trend in frequency changes but different trend in R2* changes.

Unlike other multi-modality methods that generally require 2 separate scans,

for example the use of both T1 and T2, a single GRE scan can be used to

obtain both R2* and resonance frequency data.

6.4.2 Morphological changes during demyelination

So far, most of the studies on the effects of myelination on GRE signal have

considered a general bulk loss of myelin from the white matter ( [83, 92, 93]

and do not consider the actual morphological and biochemical changes of the

myelin compartment. From our simulations of different scenarios of demyeli-

nation, we have also seen how spatial distribution and chemical composition

of compartments can affect the frequency distribution and the corresponding

GRE signal. Here, we discuss possible morphological changes during demyeli-

nation that can affect the micro-architecture.

In our demyelination simulations, myelin loss was simulated as the gradual

thinning of the myelin sheath from the outside in. This is similar to the

stripping of the myelin layers from the axon by microglias described by Blake-

more et al. [13,14] using ultrastructural studies. Several other mechanisms for

myelin loss have also been observed by the same authors. Myelin sheaths have

been observed to be vacuolated and subsequently phagocytized. Translocation
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of the myelin to the side of the axon to leave behind a naked axon has also

been observed. In other instances, surrounding myelin disintegrated into large

disordered layers or into small vesicles. Direct invasion of the periaxonal space

and the surrounding of the myelin by the phagocyte’s cell body can also occur.

It is likely that a combination of such myelin removal mechanisms exists.

After myelin loss, it has been observed that the demyelinated axon may be

surrounded by enlarging astrocytic processes coupled by an increase in the

number of microglial cells [63]. In addition, increase in the population of

astrocytes has also been reported although this effect on the volume fraction

of extra-axonal space is countered by the decrease in the oligodendrocyte pop-

ulation in the cuprizone-induced demyelination [97, 106]. This is similar to

our simulation scenarios in which the inter-axonal distance does not decrease

following myelin loss (e.g. first and last scenarios).

After the breakdown of the myelin sheath, the myelin lipids are digested by

the microglial cells and transformed into neutral lipids [78]. Debris clearance

by microglial cells not only tidies up the myelin debris but also encourages

repair [113]. Delayed myelin debris clearance has been observed to delay

remyelination in the CC of the cuprizone-induced demyelination mouse [141].

The effects of myelin clearance have also been demonstrated in our simulations

in which we compared rapid clearance of myelin debris (first simulation) versus

the non-clearance of the myelin debris (third simulation).

In our simulations, the axons are not affected by cuprizone (i.e. no change in

the geometry and magnetic susceptibility of axons). Mason et al. [105] observed

only rare instances of necrotic axons in the cuprizone-induced demyelination

mouse while Stidworthy et al. [146] observed a small but significant popula-

tion of axonal dystrophy using the same animal model. On the other hand,
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axonal swelling has been reported by Song et al. [145]. Our model assumes no

change in the axons but it can be noted that the effects of axonal changes (e.g.

change in size of the axons) can be easily incorporated into our model. In our

model, we have modeled the effects of contraction of the axonal spacing with

each other which reflects the volume fraction of the extra-axonal water. A

decrease in extracellular water associated with axonal swelling has previously

been reported [148].

6.4.3 Other factors affecting GRE signal

So far, myelin has been discussed as the major contributor for the observed

GRE signal changes. Other sources may yet play a role in modulating the GRE

signal. Iron has been previously shown to be a major contributor in GRE signal

modulation especially in the deep gray matter such as the globus pallidus and

basal ganglia as well as for selected cortical regions [49]. The concentration

of iron in these deep gray matter regions is significantly higher than that in

white matter (e.g. 213.0 (µg Fe/ g tissue) in the globus pallidus [57] vs 15.0

(µg Fe/ g tissue) in the CC [153]). In contrast, iron concentrations in the

cortex and the CC are reportedly very similar [57]. It has also been reported

that the concentration is even lower in the CC of mice than in humans [137].

The study by Lodygensky et al. [93] has reaffirmed this point by showing that

removing iron from the tissues does not affect the contrast between the CC

and cortex much. Fukunaga et al. [49] also showed that iron extraction does

not remove the contrast between gray and white matter thus implying that

iron is not the main contributor to gray white matter contrast and that other

factors must have contributed to this contrast.

The effects of chemical exchange has so far been neglected. It has been pre-
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viously shown that chemical exchange occurring between water and macro-

molecules found on the myelin bilayers can result in positive frequency shifts

[98,140]. The loss of the macromolecules during demyelination would decrease

this positive frequency shift contribution i.e. contribute a negative frequency

shift. This negative frequency shift due to the decrease in chemical exchange

is opposite to the positive frequency shift due to a loss of diamagnetic myelin.

If we were to consider chemical exchange in our model, this would imply that

a larger susceptibility-induced frequency shift (e.g. a more negative value for

the magnetic susceptibility of the myelin compartment) has to be introduced

to offset the negative frequency shift.

It is well known that tissue fixation changes T1, T2 and diffusion which can be

restored by soaking in PBS [138]. For our study, it is observed that the R2*

for fully myelinated WM in both in vivo and ex vivo scans is around 37s−1.

This gives us the assurance that our preparation procedures (including the

soaking of sample in PBS) are effective at mitigating the effects of fixation

and restoring water content.

Our simulations have focused on susceptibility-related changes in the WM (e.g.

changes in volume fractions and magnetic susceptibilities of compartments)

that can bring about changes in the frequency distribution and hence affect

GRE signal characteristics. However, it should be noted that the model is not

restricted to only frequency distribution changes. Changes brought about in

relaxation times e.g. T2 and even diffusion coefficients can be incorporated into

our model and these changes would also cause changes in the observed GRE

signal behaviours even in the absence of differences in frequency distribution.

In our simulations, it was assumed that water molecules are trapped between

myelin sheaths and display negligible diffusion. It is intuitive to think that
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this assumption may no longer hold during demyelination as the integrity of

the myelin sheaths is compromised and the diffusion coefficient of myelin water

may increase significantly.
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6.5 Conclusion

We have successfully implemented the cuprizone mouse model of demyelina-

tion and used susceptibility based MR in the form of GRE resonance frequency

and R2* to visualize these demyelination changes both ex vivo and in vivo. For

the ex vivo images, excellent image quality was observed and the GRE derived

indexes were found to correlate well with normalized LFB stain intensity. Sim-

ulated resonance frequency and R2* from hypothetical cases of demyelination

have not only shown similar range of changes but also demonstrated how GRE

signal changes can be affected by geometric and biochemical changes during

the demyelination process. In vivo images, though of inferior quality, can

detect longitudinal changes during periods of demyelination and subsequent

remyelination.
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7 Conclusion

7.1 Summary

Despite the increased interest in susceptibility based MR contrast in the WM,

there is a gap in our knowledge about the source of this MR contrast in WM.

Different groups have linked this contrast to the underlying tissue microstruc-

ture. Various methods have been used to explain the various signal charac-

teristics (e.g. R2* and resonance frequency), but most of these methods are

designed to explain a single aspect of the signal. Moreover, the underlying

assumptions used in these methods may not be applicable to WM e.g. the

high volume fraction of magnetic susceptibility inclusions (myelin in our case).

We have introduced an explicit geometric model of white matter based on re-

alistic estimates of parameters from literature. The aim was to bridge the link

between actual white matter microstructure with susceptibility based MRI

signal such as R2* and resonance frequency. This method also has the ad-

vantage of being able to simulate the whole range of signal behaviour. In

addition to resonance frequency and R2*, simulation results suggested the

presence of interesting deviations in WM GRE signal such as deviation from

mono-exponential T2* decay and deviation from linear phase evolution. We

have also shown the importance of the spatial arrangement of perturbators in

modulating the GRE signal. We validated the use of a geometric model in

modeling field changes by studying the signal change in a polypropylene fiber

phantom when the long fiber axis changes orientation to B0. Other aspects of

the model were also discussed such as the effects of diffusion and dependence

of the accuracy of the model on the estimates of tissue parameters such as T2

and susceptibility of compartments.

153



7 CONCLUSION

The dependence of WM GRE contrast on orientation to B0 was investigated

by combining fiber orientation information from DTI with GRE phase and

magnitude data. Using the geometric WM model in a forward mode (i.e no

fitting was performed and parameters were estimated from existing literature),

we were able to observe similar trends in the change of GRE phase and R2*

with orientation. Importantly, these trends show deviation from the normal

sin2θ dependence that is predicted by the generic GRE signal models meant

for lower volume fractions. Deviation of GRE signal from mono-exponential

decay and linear phase evolution were observed in our experimental data and

similar trends were also predicted by our geometric model. These temporal

characteristics can be partly attributed to the multiple compartments present

in the WM. Most signal models generally assume signal from only a single

compartment and thus do not predict such characteristics.

The effects of myelination on GRE contrast was next studied. A toxin based

mouse model of demyelination which involves the feeding of young mice with

cuprizone was used. This model is able to produce well controlled amount

of demyelination in the mouse brain that is dependent on the feeding dura-

tion and quantity of cuprizone. We induced different amount of demyelination

by feeding the mice 0.2% cuprizone diet for different durations before sacri-

ficing the animals for ex vivo scans and myelin staining. Our ex vivo study

showed high correlation between GRE phase and magnitude to the intensity

of myelin staining. An in vivo longitudinal study was also conducted to track

myelination changes during cuprizone induced demyelination and subsequent

remyelination after stopping cuprizone diet. The in vivo images were gener-

ally of poorer quality but clear trends of demyelination could be observed. An

interesting observation was the incomplete remyelination that was seen from
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our GRE data and was later verified by comparison of histology of a selected

animal with a control. Hypothetical scenarios of changes in WM microstruc-

ture was then simulated using our geometric model. It was seen that the

R2* and GRE phase can be used to provide complementary information in

characterizing microstructural changes.
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7.2 Recommendations for future work

7.2.1 Model Fitting

So far, the geometric WM model has only been used in a forward mode using

literature values to predict corresponding signal changes due to microstruc-

tural changes. The next progression of this work will be to fit the GRE signal

derived from our geometric model to experimental data to obtain important

parameters about the underlying WM microstructure. Such an approach has

recently been adopted by various groups [131, 164]. However, fitting of the

signal from the geometric model to the experimental data is expected to be

computationally expensive due to the relatively large numbers of unknown

parameters. This would require setting sensible range of values for the fit-

ting. Some of the unknown parameters may also be estimated using other

MR methods such as using dual echo spin echo sequences to obtain the T2

estimates.

7.2.2 Geometric model

Currently, the myelin compartment has been modeled as a simple homogeneous

hollow cylinder. It would be interesting to investigate the effects of a more

detailed model of this compartment. For example, individual layers of myelin

sheaths can be modeled as concentric hollow cylinders with multiple radii. The

resultant magnetic field perturbation from such a distribution of susceptibility

inclusions is expected to be significantly different than that generated by a

single homogeneous hollow cylinder.

In our study, we have only looked at a simple case of magnetic susceptibil-
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ity anisotropy in which we considered a cylindrically symmetric susceptibility

tensor with principal axis along the long fiber axis. Recently, other groups

have reported the use of more accurate representation of the susceptibility

anisotropy by using a cylindrically symmetric tensor with radially oriented

principle axis [131, 164]. The addition of this susceptibility anisotropy is ex-

pected to modulate but not drive the observed signal behaviour.

Exchange processes have so far been neglected in our GRE signal generation.

It is known that exchange can cause phase shifts in WM and its effect on the

overall GRE signal should be investigated.

The current 2D geometric model can be extended into a 3D model to allow

a more accurate representation of the underlying WM microstructure. Non-

parallel WM fibers and even crossing WM fibers can be simulated with such

a 3D model. Contributions from iron-rich spherical oligodendrocytes may also

be simulated. The 3D Fourier method may be used for the calculation of

magnetic field perturbation associated with the 3D model [102,131].

7.2.3 Phase image processing

In this work, basic methods such as mean filtering and 2D polynomial fitting

have been used to remove background phase contribution to the phase images.

More sophisticated methods such as the SHARP algorithm has been proposed

to allow more accurate background phase removal [136]. Future work should

investigate the effects of using these more sophisticated methods.
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7.2.4 Orientation dependence

The orientation dependence study looked at different WM fiber tracts that may

not only differ in their orientation to B0 but also other forms of microstructure

e.g myelination. It would be desirable to concentrate on the same WM fiber

tract and change its orientation to B0 . This is highly restrictive in human

imaging due to the restricted space in the magnet but it is possible using

small animals such as macaque or mice. This will allow us to better focus on

the source of microstructural changes. Another option would be to use brain

samples in vivo in which case it will be easier to remove any dependence on

the bulk shape orientation to B0 .

7.2.5 Demyelination

A semi-quantitative approach using myelin stain intensity was used to correlate

with the GRE data. The intensity normalization scheme was based on a simple

mean - standard deviation method, which assumes relative homogeneity of

staining intensity within the same brain slice and also non-saturation of the

stains. More sophisticated normalization scheme could be explored to obtain

better intensity normalization. Alternatively, a quantitative measurement of

the myelin content from each corresponding slice in each subject would provide

a better link between the actual myelin content with the GRE data. Myelin can

be isolated with a high degree of specificity from the brain and then its total

volume can be measured to get the volume fraction of myelin present [115].

The in vivo GRE phase and magnitude images are inferior to the ex vivo

images giving rise to poor quality R2* and resonance frequency images. This is

probably due to the presence of bulk magnetic field inhomogeneity and also the
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presence of motion artefacts from the respiratory motion of the anaesthetized

animal. Susceptibility artefacts leading to inhomogeneous signal drop offs can

be reduced by the use of gel caps [2]. Respiratory motion is another cause

of concern for poor image quality especially in the presence of a long TR.

The purpose of the long TR was to ensure that the transverse magnetization

has completely decayed. This long TR of 1.5s could essentially be reduced

significantly due to the presence of gradient and RF spoiling. A shorter TR

would then allow respiratory gating to be used to reduce motion artefacts.

In our study, we have focused on the cuprizone mouse model of demyelination

that is excellent for looking at myelin changes in the WM . However, the

cuprizone model is physiologically different from human demyelination diseases

such as MS. For example, the myelin loss in the cuprizone model is secondary

to damage to myelin-maintaining oligodendrocytes and there is also a lack of

overall immune response (e.g. from the T cells) [106]. It would therefore be

interesting to look at other models of demyelination which are physiologically

closer to human demyelination diseases such as MS such as the experimental

allergic encephalomyelitis model which can produce similar immune response

involving T cells and production of antibodies [32] and the Theiler’s murine

encephalomyelitis model which uses virus to induce direct damage to the myelin

sheaths [152].
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This is a blank page.
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