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Abstract

Quantitative 7, measurements in magnetic resonance imaging (MRI) can provide
information about water environments in biological structures. Here, an extended
Carr-Purcell-Meiboom-Gill sequence (CPMG) with echoes out to 1120ms was used
to characterize Long-T, times of healthy white matter in brain. One of the white
matter structures, the corticospinal tract (CST), was previously found to be bright
on T>-weighted images and myelin water fraction (MWF) images. The intra-/extra-
cellular water (IE) 7, peak of the CST was found to be broadened in comparison
to that from other white matter structures and often split into two distinct peaks.
In the CST, it appeared that the intracellular and extracellular water environments
had different 75 times, causing the intracellular water peak to be pushed down into
the myelin water 7, regime and the extracellular peak to be pushed up to higher 75
times. The conventional 75 limits of 10 — 40ms used for the MWF at 1.57 result in
an artificial increase in MWF, which causes the CST to be bright on myelin water
images. When the upper limit of the MWF range was decreased to 25ms, the CST
exhibited MWF values similar to those found for adjacent anterior and posterior
regions.

Using 75 time of 25ms for the myelin water (MW) upper limit and IE lower limit,
a moderately strong relationship between IE geometric mean 7, (GMT;) and MW
was found across all structures and subjects. This relationship did not necessarily
hold when examined across subjects within individual structures The relationship
between IE GMT, and MWF could arise from a non-biological source, such as the
algorithm used in calculating 7> or from a biological source, such as exchange
between the water environments or increased extracellular water. Based on our

results the fitting algorithm does not appear to be responsible for this relationship
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based on our results. However, either varying amounts of extracellular water or

exchange between MW and IE could explain this relationship.
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Chapter 1

Introduction

An important tool used to non-invasively examine the body is magnetic reso-
nance imaging (MRI), it is particularly useful in examining the brain and associated
pathologies such as multiple sclerosis (MS) [40]. Determining the magnetic reso-
nance (MR) characteristics of healthy tissue is important for proper differentiation
between it and pathological tissue. Quantitative 7, relaxation and examination of
the 75 distributions of healthy tissue provides information that could be used to

compare to pathological tissue [32, 35].

1.1 MRI and Brain Biochemistry

The brain is comprised mostly of water, resulting in a high presence of protons
(hydrogen nuclei), which allows the brain to be well imaged using MRI. MRI is
able to detect protons in different water environments and non-invasively produce
images that can display brain anatomy and pathology. The water environment in
which protons are found will have an effect on how the proton will react in the
presence of a magnetic field and, as a result, different water environments will
produce different signals in an MRI. Differences in water environment and the
amount of water in different regions of the brain will provide contrast between
these regions in a conventional MRI.

If the brain was comprised only of water it would appear as one bright region

on an MRI with no contrast. However, the brain does not have a homogenous water



environment; the brain is made up of many different cells and structures, all of
which will affect the signal detected in MRI in a different way. MRI can distinguish
between white matter and grey matter in the brain due to the differences in the
amounts of water and water environment depending on the type of image being
produced.

The main distinction between white matter and grey matter is the high preva-
lence of myelin surrounding the white matter axons. Myelin is a protein-lipid
bilayer that is wrapped in concentric circles around axons [33, 51, 52, 57]; the
high lipid content in myelin is responsible for the white-ness of white matter [57].
Myelin provides insulation to the enclosed axons allowing for faster signal con-
duction [33, 51, 54, 57]. The size of the axon also has an influence on the speed
of signal conduction; larger diameter axons are able to send signals faster than
smaller diameter axons and have thicker myelin sheaths [55]. In general, the in-
formation in the brain that needs to be processed very quickly is sent along large
myelinated axons [57]. Myelin composition is about ~ 80% lipids and ~ 20%
proteins [33, 48, 51, 52] and in between the wrapped lipid-protein bilayers there is
water, which accounts for approximately 40% of myelin’s wet weight [12]. With
conventional MRI sequences the protons on lipids and other non-water molecules
are usually undetectable; this is due to the fact that the signal arising from these
protons decay too quickly [7]. As a result, the signal measured from white mat-
ter is exclusively from water, and all water in the central nervous system (CNS) is
thought to be measurable using MRI [13, 38]. Since directly measuring the sig-
nal from the myelin sheath is difficult, MRI techniques that measure the amount of
myelin water, which should be a reflection of myelin content, have been developed
[33].

The signal from white matter is a combination of the signal the from all the
different water environments. This signal can be analyzed in such a way that the
amount of each water environment can be separately determined (this technique
will be described in Section 2.3). An important MRI concept is relaxation of the
MRI signal; relaxation is responsible for much of the contrast on conventional MRI
and can be used to identify pathological tissue, such as lesions in MS [40]. Relax-
ation is based on the inherent nature of the protons in a magnetic field to return to

thermal equilibrium after being displaced. There are two types of relaxation: 7,



which characterizes the return of the protons to a Boltzmann population aligned
along the direction of By; and 75, which is the time it takes for the signal to decay.
T, is called the spin-spin relaxation and is influenced by the surrounding ’spins’,
or the protons and molecules in its vicinity and the general motion of the protons
(Brownian motion) [39]. The proximity of the proton to non-aqueous protons in-
creases the decay of the proton’s signal; protons closer to lipid bilayers would have
shorter 77 and 7> decay time [40].

A T, distribution can be created by plotting the amplitude of the signal arising
from different water environments against their respective 7, times. This distri-
bution can provide information about the different water environments; the area
underneath the peak is a reflection of the amount of protons in each environment
and the width and location of the peaks can provide additional information about
the homogeneity [62]. While the amount of water in each environment is impor-
tant, it is not the only information that can be useful in comparing healthy tissue to
pathological tissue [34, 35] and in comparing among different healthy white matter

structures [70].

1.2 Myelin Water Imaging

In theory, if only the water signal is being measured, the total signal from all these
different water environments can be summed and when corrected with an external
water source can be used to calculate the total water content of the brain [70]. In or-
der to measure different water environments, which give rise to a multi-exponential
signal decay, a 32-echo sequence was applied by MacKay et al. [38] to sample a
large range of echo time (TE) times enabling the detection of shorter and longer 7
times. The water content of white matter as measured by Whittall et al. [70] using
the MacKay et al. [38] technique was similar to that measured in tissues using wet
lab techniques [2, 11, 26, 49, 56, 63-65], adding further support for this technique
as a measure of all water in the brain. Since all the water in the brain is detectable
and there is a high prevalence of water between myelin sheaths, the water between
sheaths or myelin water (MW) should be measurable.

In white matter 7 relaxation experiments at least two different water environ-

ments have been detected; one arising from intra-/extra-cellular water (IE), which



is the water within an axon, the water between axons, and the water in glial cells;
and another faster decaying 7> component which has been identified as the water
between myelin sheaths [38, 42-44, 62, 70]. This shorter 7, component around
~ 20ms had been assigned as MW in several in vitro studies [13, 42, 62, 66] before
being detected in vivo [38].

Myelin content is determined by measuring the amount of myelin water signal,
as a fraction of the total water signal, has been called myelin water fraction (MWF)
and has been shown to be similar to the expected MWF of the white matter when
calculated from histological myelin contents [30]. The MWF has also been shown
to be proportional to the myelin content as estimated by histology [15, 16, 31, 36,

46, 67] and decreases in known myelin degenerated areas [30, 40].

1.3 Research Goals

The purpose of this work was to better characterize healthy white matter using a
multi-exponential 7> decay analysis with an extended Carr-Purcell-Meiboom-Gill
sequence (CPMG) sequence that is used to better examine longer 7, times [59]. The
corticospinal tract (CST) was found to have a unique 7> distribution for healthy
white matter, which included signal at longer 75 times but was not quantitatively
compared to other white matter structures [35]. A proper understanding of ‘normal’
T; characteristics can help to distinguish it from pathological tissue. Healthy white
matter 7; distributions have not been compared using a sequence that allows proper
characterization of longer 7, times, this is important since longer 75 times are often
associated with pathology [34, 35].

The relationships between two different quantitative MR measures, MWF and
location of the IE peak in health white matter were also explored. This relationship
may provide additional information about the underlying physical characteristics
of tissue. Possible relationships arising from experimental data must also be ex-
amined for non-physical influences, such as analysis techniques. Without proper
examination of techniques used, the meaning of certain relationships cannot be
considered to be real ‘physical’ relationships and this may lead to incorrect as-
sumptions.

The full extent of the information available from examination of a 7> relax-



ation in biological systems is not known. The purpose of this work is to expand on
the current information available for ‘normal’ healthy white matter specifically us-
ing T, relaxation and to examine several possible outside non-physical influences.
The first step in determining whether tissue is abnormal and possibly arising from

pathology is to determine the properties of normal tissue.



Chapter 2

Background

21 NMR

The phenomenon of nuclear magnetic resonance (NMR) occurs in nuclei with spins
(quantum number s) greater than zero when in the presence of an external magnetic
field, By. A nucleus with s > 0 also has an angular momentum, J, and a magnetic

moment, i, which are non-zero. They are related by the following equation

u=yJ @2.1)

where 7 is the gyromagnetic ratio, which is dependent on the nucleus state and is
determined by finding the J and p of a nucleus in a given magnetic field [60]. In
the presence of By, 1 will line itself up with Bg. If another magnetic field, B is
applied at the resonant frequency of the system, u will be tipped away from By
and will precess around the direction of By [20]. It will precess with an angular
frequency called the Larmor (the resonant frequency) determined by the Larmor

equation which is given below

The most common NMR nucleus is hydrogen, 'H, which has an s = 1/2 and
therefore will be found in a superposition of the spin-up, s = —i—% or spin-down,
s = —% state. When placed in By, p interacts with By and the hydrogen nucleus

will have energy, which is dependent on its state (spin-up vs. spin-down). The



energy difference between the two spins states is found to be
AE = yhBy (2.3)

where 7 is the reduced Planck constant [60]. The energy difference is small, how-
ever, when a bulk of hydrogen nuclei are placed in B they will have a small prefer-
ence to align themselves parallel and anti-parallel to the field. Using the Boltzmann
distribution probability, it is found that there is a difference between the number
of spins in each state due to the energy difference. This causes a net total J and
magnetization, M, in the direction of By; the net magnetization of bulk nuclei, My,
allows for detectable NMR signal. If My is now tipped by By the nuclei will pre-
cess as dictated by Equation 2.2 [S]. The moving nuclei will induce a torque, which

is the rate of change of J. The equation of motion for the bulk nuclei becomes

dM
—- =1MxB. (2.4)

Equation 2.4 was determined using classical mechanics; the same solution can
be obtained using quantum mechanics [60, 72]. The precession of M produces
a signal that can be detected through Faraday’s induction in an NMR receiver coil.
Precession will not continue forever as given in Equation 2.4, the nuclei will instead
return to thermal equilibrium (Mg ||By) through a process called relaxation.

It is convention in NMR to use a frame of reference rotating at the Larmor
frequency denoted as x’,y’, 7' [20, 72]. Thus, the changes to M are due to relaxation
and B;. As stated before, B; must also be rotating at @y, which tips My away from
By through an angle ¢ given by

A8 =yBT (2.5)
where 7 is the duration of the By field [5, 20, 72].

2.1.1 Relaxation

When M(t) is tipped away from equilibrium (') by a radio frequency pulse there
is now M(¢) in X’ and y’ direction. After By is turned off M(¢) in the 7'-direction or



longitudinal magnetization (M (¢)) will grow as M(¢) returns to equilibrium and
the x’,y component or transverse magnetization (M (z)) will decay. The magne-

tization equation becomes

dM(t)  M&+M§ (M. —Mo)2

dt T T

(2.6)

where M, is the initial magnetization in 2/, and T} and 75 are the longitudinal and
transverse relaxation times respectively [72]. T characterizes the time it takes to
return to Boltzmann equilibrium along 2’ and T, characterizes the time it takes
for the transverse magnetization to dephase. Assuming that initially M, = My and

solving Equation 2.6, the longitudinal magnetization grows as
My (1) = Mo(1—e ) 2.7)

and the transverse magnetization decays as

t

M, (1) =M, (0)e = (2.8)

where M| = M, %'+ M,§' [20, 60]. T5 is also called the spin-spin relaxation time
as the decay is due to the interactions between different spins. These interactions
are due to the Brownian motion of molecules which produces fluctuating magnetic
fields, causing dephasing and decay of the 75 signal [6, 40]. Energy is conserved in
this relaxation process and the signal is non-recoverable. The opposite is true for
the 77 relaxation process where energy is not conserved and the magnetization is

recoverable [40].

2.1.2 T, Measurement

The 7, being measured in Equation 2.8 is for an ideal system. However, in real
experiments the 7, decays at a faster rate and what would be measured in Equa-
tion 2.8 is designated as 75" [20]. Part of the 7" magnetization is recoverable, T,
which arises from B field inhomogeneities. In order to measure the real 7, time a
pulse sequence like a spin-echo, such as a CPMG needs to be used [41]. A CPMG

involves a 90° pulse around the x’ axis, this brings all the magnetization into the



transverse plane. The signal dephases due to the B inhomogeneities and the spins
spread out in the x'y'-plane during some elapsed time 7. At T an 180° pulse ap-
plied which flips the spins and causes them to rephase along +y axis, in this way
the signal lost to the B inhomogeneities is recovered at a time 27. At 27 what is
called an echo is formed. If the 180° pulse is repeated at times nt, where n is a
non-negative integer, the intensity of the resulting echoes can be used to measure

the real 7, using the following equation,
_TE
S(TE)=S(TE=0)e - (2.9)

where TE is the time where the echo occurs [20, 60, 72]. The output signal can be
plotted on an amplitude verses log TE time curve that can be fit with an exponential

equation to extract the real 7, times. This will be further discussed in Section 2.3.

2.2 MRI

MRI is NMR with extra localization steps, which allow the creation of images, and is
particularly good for tissue contrast in anatomy. This is achieved by the application
of another B, which varies on top of By, that is called a gradient, G and is defined
by

5B. OB. OB.
5x Y 3y Tk oz

As a result of Equation 2.2 the Larmor frequency will also vary in space. In the

G=i (2.10)

z-direction the magnetic field would then be represented by [72]
B,(r,r) =By +r-G(r) (2.11)

where r is the position of the area being excited [20]. By encoding different areas
of a sample with different Larmor frequencies the location can be determined or

one area can be excited by the RF pulse, allowing for an image to be produced [72].

2.3 MRI in the Central Nervous System

In pure water the resultant decay curve from a CPMG can be fit using Equation 2.9

and thus appears as a straight line on a semi-log decay plot of signal vs. TE time. In



the brain, however, the water environment is inhomogeneous; it contains many dif-
ferent molecules in different water environments, this affects MRI results. In white
matter, the decay curve does not follow a straight line, it is made up of different
exponential decays from different water environments and is better represented by
the following equation

S(TE) =Y Sie T 2.12)
where T5; is the T, time associated with different water environments i [40]. To
properly characterize the different water environments with a range of 7,s, many
echoes at different TEs should be used. A 32-echo sequence was applied by MacKay
et al. [38] to image the brain at 1.5T and obtain 7> decay curves. Not only is a
proper sequence needed but also a proper fitting technique; this has been discussed
and examined elsewhere [40]. A common technique used is a non-negative least
squares (NNLS) fitting [37] which turns the decay curve into a distribution plot
with amplitude of signal verses 7, time. The different water environments appear
as peaks on this distribution. A general form of the multi-exponential decay curve
can be given as [39, 69]

i

M
yi=) s(T)e ™ +&, i=12,--,N (2.13)
j=1

where N is the number of measurements at time #;, T>; are the times of the water
components, j, and s(7;) is the amplitude of these components. By splitting the
T» spectrum into M summed & functions the spectrum can be computed, where the
spectrum is logarithmically partitioned into M T5s, represented by 75;. The term
& accounts for the noise associated with each point i. The NNLS fitting program

minimizes the following terms

M
K +u Y s(hy)?,  u>0. (2.14)
j=1

where y? is the degree of misfit. The second term is called the regularizer, this
constrains the system,  is the regularization factor and sum of s(Tsj)2 over j
components is the energy of the distribution. This factor smoothes discrete spike

peaks into curves as U is increased from 0, the curved peaks are more robust to

10



noise. Since the true y2, would result from p = 0 producing discrete spikes, u
is increased to obtain a new fit by minimizing Equation 2.14 using the following
constraints

1022, < x° < 1.025%2,, (2.15)

in order to create smooth, rounded 75 peaks [69].

2.4 Exchange

The exchange between two water environments can be important in MR measure-
ments. Exchange is due to the movement of water protons from one environment
(phase) to another where their relaxation will be different. The phase change of
these protons, which is mostly due to diffusion in the brain, has an effect on the
relaxation times . Exchange can cause an increase in the dephasing of the 75 signal
and therefore cause a decrease in the apparent 75 of the pool being measured; the
lifetime of the 7, signal is thus artificially decreased [74]. If the exchange time is
long on the timescale of the experiment then the exchange is considered too slow
to affect the decay times. The signal can then be separated into different water
environments with their own distinct characteristic decay times. However, if ex-
change is fast on the timescale of the experiment the 7, time measured will be a
combination of the different pools and cannot be accurately separated into com-
ponents. The following derivation is taken from Zimmerman and Brittin [74] and
Edzes and Samulski [10]. A modified Bloch equation can be used to describe the z

magnetization in the presence of exchange of a two-pool water model as

d
mr) — —Am(r)
(2.16)
1
A T + k; l—ki
—kj T, +kj

where k; is the exchange rate of protons in i going to pool j and vice versa for k;.

The solution for Equation 2.16 can be expressed in the form

m(r) = e A'm(0) (2.17)
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where ¢4’ is the matrix exponential and is defined by

QE(1)Q ! =¢M (2.18)
where Q = ey, ...e, is the eigenvectors with the corresponding eigenvalues A1, ...A,
and

elll 0 ce 0
0 M
E(r) = ] ' ] (2.19)
0 el,,t

are the solutions of the differential equation [19]. This solution holds for diagonal-
izable or non-diagonalizable matrices and the matrix exponential can be generally
expanded using a power series as

2A2

eA’:I+tA+t7+-~-. (2.20)

A way to determine the matrix exponential involves using a polynomial method,

where it can be expressed as [45]

n—1 n A—lkl

Ar __ Ajt
e —Ze H Aj—kk.

J=0 k=Lk#j

2.21)

In the two-pool model there are two eigenvalues and two eigenvectors, so Equa-

tion 2.21 becomes

M= e’“’i]__%: - e*ﬂw (2.22)
and for our case of —A the matrix exponential can be written as
e N = gol+g1(1)A (2.23)
where Ao A
go(t) = R (2.24)
gi(t) = e_Z:ZM (2.25)
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and A; and A, are the eigenvalues of the matrix A determined by
det/A — A1) =0. (2.26)

Inserting Equation 2.24 and Equation 2.25 into Equation 2.23 and solving for

the eigenvalues using Equation 2.26, the matrix exponential becomes

e—Az 1 ([ lzefllt _ lle—/lzt

T A
k_+_i —},2[_ —)Lll _k —kzl_ —lll‘
(ki n)(i ¢ ) ]l(e » )A 2.27)
—ki(e™? —em M) (kj+ g ) (e —e M)

J

where A; and A, are given by

1
(ki kj g+ 7) £ [(—hj ki g — 71)7 -+ 4hik )

Ao = 5 (2.28)
Thus the solution of the original differential given in Equation 2.16 is
. ke YoMt o1 Lot
mi(t) | G (lo—ki— 7 )e M+ (A +ki+ 7 )e
mj(t) AZ _)Ll —ki(eilzt —e’l't)
e iyt — )
-1 —A
A —A (Az—kj—%j)e 1t+(—kl+kj+ﬁj)e ot
(2.29)

where Cj » are constants to be determined. Solving for C > using the initial con-
ditions that m; j(0) = P, ;, where P, ; is the probability that the spin is found in the
state i or j and

P+Pi=1 (2.30)

then
Ci=h
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C,=P;.

The final general solution of the ordinary differential equation becomes
— —Mt — Aot
M(t) = qe ™" + aje (2.31)

where »
1 _ B _ 5
Qi = M—A (12 Ty Tz,/)

(2.32)
— 1 P b
o= g (A + 7+ 7).
The eigenvalues of the equation, A; are the apparent relaxation rates and in

the case of slow exchange (where k; ; — 0) the eigenvalues and their respective

constants become

M= i, o; =k
(2.33)
1
),2 = T o = Pj
and the magnetization equation reduces to
_ L —-L
M(t) = Pe ™ + Pje Bj (2.34)

where two separate decay times can be measured for two different water environ-
ments and the values measured experimentally are the correct, ‘real’ T, times of

the environments.
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Chapter 3

Evidence of ‘Long-T,’ Times and
Higher Myelin Content in the
Corticospinal Tract

3.1 Introduction

In healthy white matter at least two water environments can be distinguished,
one arising from MW and another from IE. In addition, a Long-T, component
(200ms < T, < 800ms) has been observed in the white matter of subjects with
phenylketonuria (PKU) and MS, as well in the posterior internal capsule (IC) of
most normal subjects [34, 35]. A model 75 distribution for structures with a Long-
T, component can be seen in Figure 3.1, this is based on the results that Laule et al.
[35] found for the posterior IC. The CST is contained within the posterior limb (PL)
of the 1C [24, 73] and is most likely responsible for the presence of Long-T, times
observed in the IC [73]. The PLIC was also found to have a high myelin content
than other white matter structures [70], the CST is expected to also have a high
myelin content. The relationship between myelin content and the amount of Long-
T, signal has not previously been studied in healthy white matter.

In this study, the relationship between the MWF and Long-7, fraction (LT;F)

was examined in the CST and the anterior internal capsule (AIC) using two different
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Figure 3.1: Expected T, distribution for a structure with a Long-T, compo-
nent.

LToF T, ranges. The AIC was expected to have a low LT,F based on LT,F maps
from an earlier study [35]. The 7, distributions for the CST, the AIC and other
white matter structures were also examined to look at the peaks in the area of the

measured Long-T, signal.

3.2 Methods

3.2.1 Subject Information

Sixteen healthy subjects were selected for this study; one was rejected due to ar-
tifactually high MWF and another was rejected due to file corruption/motion ar-
tifacts. Fourteen normal healthy subjects were examined; mean age= 26.6 -4
(SD) years (range= 19 — 34); 6 males and 8 females. The study was supported
by a Vancouver Hospital and Health Sciences Centre Interdisciplinary Grant [58].
The research protocol was granted Ethical Approval by the UBC Clinical Research
Ethics Board.
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3.2.2 MR Studies

The research was carried out on a 1.57 MR scanner (Echo Speed; GE Medical
Systems, Milwaukee, Wis) operating at version 5.7 of the software and hardware.
After a localizer, proton density and 7>-weighted images (TR/TE (ms), 2500/30
and 80) were followed by a 48-echo modified CPMG sequence with variable repe-
tition time [32, 58]. The 7> sequences excited a single transverse slice (Smm thick;
128 x 128 matrix, four averages) through the base of the genu and splenium of the
corpus callosum. The echo spacing for the CPMG sequence was 10ms for the first
32 echoes and 50ms for the last 16 echoes [59]. To decrease the acquisition time, a
variable repetition time (TR) was used; the TR was 3.8s for the 20 central lines of
k-space and TR linearly decreased from 3.8s to 2.12s for the k-space extremities.

The effect of this variable TR strategy on 75 distributions is negligible [32].

3.2.3 Data Analysis

Regions of Interest (ROIS) were drawn on T>-weighted images for the genu (the
right or left side of the genu was used if the slice location made it not possible
to take the entire genu and a Region of Interest (ROI) value for one subject was
not obtainable) and splenium of the corpus callosum (CC) and bilaterally for the
CST, AIC and major and minor forceps. Approximate locations of the ROIS can
be seen in Figure 3.2. The location of the CST was taken as the bright focal area
within the posterior IC on a heavily 7>-weighted image (T E = 230ms), Figure 3.2b
[73]. T analysis was completed using a program called AnalyzeNNLS [3]. This
program carries out a regularized non-negative least squares fitting [37] of a multi-
exponential decay curve [69]. The output 7; distributions for each structure were
compared.

The MWF was defined as the area under the MW peak divided by the total area
under the 7, distribution peaks for each ROI, the lower limit for MWF estimation
was Sms and the upper 40ms. Changing the range of 7, times over which the LT,F
is examined may have an effect on the relationship between LT,F and MWF. To
examine this, the LT,F was defined in two different ways, using a variable Long-T»
time range and a fixed Long-T, time range. The lower limit of the variable LT,F

was selected by observing LT, F images with different 7, time ranges, and choosing
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Figure 3.2: Axial image of one subject (a) To-weighted image TE = 10ms
with representations of the ROIS of different white matter structures 1)
genu of CC, 2) minor forceps 3) AIC 4) splenium of CC and 5) major
forceps. (b) Heavily T;-weighted image TE=230ms with CST ROIS

the 7> time range that gave rise to signal from the CST but not from the surrounding
tissue for each subject separately, the lower limits ranged from 7, = 120 — 145ms
(average T, = 135ms). In a second analysis, the aforementioned variable Long-T,
range was changed to a fixed Long-T, range of 120 — 800ms for each subject. The
variable LT,F was determined by the fraction of signal arising from the Long-T,
range, (120 — 145)ms — 800ms for the variable LT,F, and 120 — 800ms for the fixed
LT,F, divided by the total signal from all 75 times.

The MWF and LT,F were determined for the CST and AIC. The average subject
MWF and LT,F for the CST and AIC were plotted against each other and examined
using a linear regression for the two different LT,F ranges. MWF and LT,F maps
were created for each subject by the fraction of each component within a voxel.
Statistical analysis was completed using Student’s t-test, a p < 0.05 was considered

to be significant and the errors presented are standard errors.
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Figure 3.3: MWF map for one subject.

3.3 Results

The MWF map for one subject can be seen in Figure 3.3, the CST showed a higher
MWF than the surrounding posterior IC and AIC. The average MWF for the AIC,
0.066(£0.004), was 62.0% lower than the average MWEF for the CST, 0.173(+£0.009),
(p < 10719). The LT,F map for one subject with the variable LT,F range and fixed
LT,F range, are given in Figure 3.4 and Figure 3.5 respectively. The CST shows a
distinct brighter intensity at longer 7, times.

Using the variable range for LTF, the average LTF for the AIC, 1.9 x 1073(41.9 x
1073) was 99.99% lower than the average LT,F for the CST, 0.22(£0.01), (p <
10~19). The relationship between LT,F using a variable LT,F threshold for the CST
and AIC can be seen in Figure 3.6. The LT,F and MWF were moderately correlated
in the ST, R* = 0.4781. This was not seen in the AIC as only one AIC ROI had a

non-zero LT,F.
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Figure 3.4: LT>F map for one sub- Figure 3.5: LT,F map for one sub-
ject, T, = 140ms — 800ms ject, T, = 120ms — 800ms

Using the fixed LT,F range (120ms — 800ms), the average LT,F for the AIC,
0.0011(+£.0007), was 99.6% lower than the average LT,F for the CST, which was
0.32(+.01). The relationship between LT,F using a fixed threshold and MWF for
the CST and AIC can be seen in Figure 3.7. The LT,F and MWF are poorly corre-
lated, R?2 = 0.0231, however the slope is still significant, p < 10~°. This was not
seen in the AIC as only two AIC ROIS had a non-zero LT;F.

Changing the LT,F threshold from a variable range to a fixed range appears to
eliminate the relationship between LT;F and MWF, the R? decreased from 0.4781
to 0.0231. The increase in LT,F seen in Figure 3.6 may have been induced by
changing the LT,F threshold for each person, rather than from changes in MWE.
The lower limits, which supposedly corresponding to the Long-T, peak, used for
LT2F calculation had a significant impact on the relationship between MWF and
LT,F in the CST.

A sample of common 7, distributions for different white matter structures are
given for the variable LT,F threshold, see Figure 3.8, and fixed LT,F threshold,
see Figure 3.9. The designated LT,F 75 range is highlighted in yellow on each 7
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Figure 3.8: T, distributions for different white matter structures with high-
lighted variable LT, F range (7o =~ 135ms — 800ms)

distribution. It appears the LT,F being measured is not from a separate Long-T,
peak but rather from part of a broadened IE peak. CST ROIs also often show split

peaks but this splitting usually occurs at lower 7; times than 100ms.

3.4 Discussion

The CST is different than other structures; it appears as a bright area on LT, F images
and MWF images, this was not seen in the nearby structure of the AIC or other
white matter structures. This was reflected in the relationship between LT, F using a
variable LT,F threshold and MWF seen in the CST. The relationship was not seen in
the A1C. The 7> distribution for a typical AIC ROI showed that no overlap between
the LT,F threshold and the IE peak. The strength of the relationship between LT,F
and MWF in the CST was diminished by changing the LT,F threshold.

When the 7, distribution of the CST was examined carefully it showed that the
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Figure 3.9: T, distributions for different white matter structures with high-
lighted fixed LT,F range (120 — 800ms)

LT,F was for the most part measuring part of the IE peak. The concept of Long-T,
does not appear to be appropriate for the CST as changes in the measured LT,F are
the result of changes in the IE peak and is not arising from a separate water pool.
The relationship between LT,F and MWF seen in the CST does not appear to be real.

The higher MWF structures (the splenium of CC and CST) appear to have wider

IE 7> peaks centred at higher 7. This was consistent with earlier results [70].

3.5 Conclusion

The relationship between LT,F and MWF in the CST does not appear to be the result
of a separate 7, peak at higher 7, times (i.e. another water environment), but rather
the result of the IE peak characteristics. The LT,F is not an appropriate measure

for comparing between healthy white matter structures, though it has been used

23



successfully to compare healthy tissue to pathological tissue [35]. The possible

relationship between MWF and the 7, peak location will be examined in Chapter 5.
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Chapter 4

Origin of the Bright Signal in the
Corticospinal Tract on
T,-weighted Images and Myelin
Water Images.

4.1 Introduction

For most normal healthy adult subjects, the CST can be identified on heavily T5-
weighted MR images as a bright focal region, and on 7j-weighted images as a
darker area [73]. Bright regions in the CST, which are thought to be qualitatively
different than healthy bright regions [73], sometimes occur in the motor neuron
disease amyotrophic lateral sclerosis (ALS) and were previously thought to be a
sign of pathology [14, 18]. However, these areas have been found to be insignif-
icantly different from the CST of healthy tissue for 7, measurements made using
two TEs [23] and using a 32 echo pulse sequence with a monoexponential fit [27].
Since bright regions on T;-weighted images can also be an indicator of pathology,
properly characterizing and identifying what gives rise to the bright areas of the
CST in healthy normal tissue is important.

The CST is an important descending nerve fibre tract that originates in the cere-

25



bral cortex, travels through the PL of the IC [24, 73] and finally into the spinal
cord [47, 50]. The CST is responsible for distinct, voluntary motor movements [50]
and has over 1 million fibres in each tract; the majority of these fibres are small
in size ( 90%) but 3.5% of the fibres are very large axons (>20um) up to 22um
[28, 29, 50]. At the level of the IC the fibre morphology of the CST was found to be
mostly large diameter axons (implying large myelin sheaths [55]) of low density
when compared to areas directly anterior and posterior [73]. These morphological
properties of the CST presumably give rise to its unique appearance on MR images.

A variety of MRI methods including diffusion tensor imaging (DTI), magnetiza-
tion transfer ratio (MTR), and 7> relaxation have been used to characterize the CST
in brain [22, 53]. T; relaxation is influenced by the interactions of water protons
with protons on other molecules (non-aqueous) in its vicinity and is also affected
by water diffusion on the timescale of the experiment [40, 70]. In healthy white
matter, 7, decay curves are multiexponential and can be separated into at least
two components, which arise from different water environments [38, 43, 70]. The
shortest component (~ 20ms) is from MW, which is water trapped between the
myelin sheaths in white matter; a longer 75 (~ 80ms) arises from IE (intracellular
is also called intra-axonal) [38, 42, 44, 62]. The MWF is defined as the fraction of
the 7, distribution in the shorter 7, component. MWF was found to correlate with
myelin content in histological studies [15, 16, 31, 36, 46, 67]. The shape of 7>
distributions from different structures can provide biological information as well
as be used to compare healthy and pathological tissue [34, 35, 58].

The PLIC containing the CST has unique MR relaxation properties, which is
unsurprising given its appearance on MR images. Yagishita et al. [73] proposed
the CST had longer 7, and 7 times in the IC, when compared to areas directly an-
terior and posterior. In a more recent study with a monoexponential 7, analysis,
the CST itself was reported to have, on average, longer 7, and 77 times, as well
as lower MTR values when compared to regions directly anterior [22]. In another
study, which used 48 TE times and calculated 7, distributions, the PLIC showed
evidence of a water reservoir with longer 7, times (signal arising in the range of
T, = 200m — 800ms) in 10/15 healthy subjects; this was not seen in any other
healthy white matter structures examined but was found in pathological white mat-

ter in phenylketonuria and multiple sclerosis lesions [35]. In a study of normal
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healthy brain structures Whittall et al. [70] found that compared to other cerebral
white matter structures, the PLIC had a higher MWF than surrounding tissue and
thus appeared bright on MWF maps. As well, Whittall et al. [70] found that the
PLIC had the highest 75 for the IE peak compared to all other white matter struc-
tures examined and the highest IE peak distribution width of all structures; the
widening of the IE peak could be a reflection of morphological inhomogeneities
[62, 70]. Furthermore, the IE peak in the CST and the splenium of CC were found
to often split into two peaks while other white matter structures rarely exhibited
this behaviour Whittall et al. [70]. 7, measurements with limited TE coverage [22]
are known to produce inaccurate results [71] and multi-echo sequences for which
the longest TE time is 320ms [70] are sub-optimal for accurate detection of the
longer 75 times of IE peak in the CST [59].

The goal of this study was to re-examine the 7, behaviour of the CST using a
pulse sequence especially designed to provide more accurate 7, distributions for
the IE T peak [59]. Our T, sequence made use of 48 echoes, extending to a final
echo at 1120ms. Our study focused on the characteristics and shape of the 7>
distributions of various white matter structures in the vicinity of the CST with the
aim to understand, in terms of the 75 distribution, why the CST appears bright on
heavily 7>-weighted images and MWF maps in comparison to other structures. In
addition, areas posterior and anterior to the CST were examined to compare with

results from earlier literature.

4.2 Methods

4.2.1 Subject Information

See Section 3.2.1.

4.2.2 Magnetic Resonance Studies
See Section 3.2.2.
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Figure 4.1: Axial image of one subject (a) T;-weighted image TE = 30ms
with representations of the ROIs of different white matter structures 1)
genu of CC, 2) minor forceps 3) AIC 4) splenium of CC and 5) major
forceps. (b) Heavily 7>-weighted image TE=230ms 6) Anterior to CST
7) CST 8) Posterior to CST.

4.2.3 Data Analysis

ROIS were drawn on 7>-weighted images as outlined in Section 3.2.3, but the CST
was redrawn to be more conservative to only include the brightest area on the
heavily-weighted 7> images (T E = 230ms). As well, the previously unobtainable
genu ROI was included. Approximate locations of the ROIS can be seen in Fig-
ure 4.1a. As well, areas anterior and posterior to the CST were drawn bilaterally
sufficiently separated that they would not overlap with CST, which spreads out as
the tract leaves the spine and travels upwards into higher slices [50]. These ante-
rior and posterior ROIS were taken outside the bright area on the TE = 230ms echo
and drawn on the 1st echo to avoid overlap with other structures. An example of
the anterior and posterior to CST ROIS can be seen in Figure 4.1b. 7, analysis was
completed using a program called AnalyzeNNLS [3]. This program carries out

a regularized nonnegative least squares fitting [37] of a multi-exponential decay
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curve [69]. The output 7, distributions for each ROI were then summed together
for each structure and normalized by dividing the distribution by the maximum
summed signal intensity, allowing for examination and comparison between struc-
tures of the general 75 distribution shape. The MWF was defined as the area under
the MW peak divided by the total area under the 7; distribution peaks for each ROI;
the lower limit for MWF estimation was Sms and two MWF upper limits were used,
40ms and 25ms. The position of the IE peak was examined using the geometric

mean 7> (GMT;), which is the mean 75 on a logarithmic scale. Given by

4.1
L S(r) -

2min

[z%z;: S(T3) log B]
gmT, = exp

for a given peak defined from Ty, to Toymax [3,69] where T5,,,;,, Was the designated
boundary between MW and IE water (25ms or 40ms) and T5,,,x = 600ms. The
limit of 600ms was chosen to avoid overlap with cerebrospinal fluid (CSF), but to
include IE signal from the CST in the 400 — 600ms range, no other structure had
signal in this range. All errors are reported as standard deviations unless otherwise
stated. Student’s t-test was used to test significant differences between MWFs of
the CST and three other ROIs (splenium of CC, anterior to CST and posterior to
CST). Bilateral structures right and left were examined separately. The p values
were Bonferroni corrected, there were 21 t-tests, so p < 0.0024, was considered
to be significant. Significance was also tested between the two MW/IE interface
limits 25ms and 40ms for each structure and Bonferroni corrected, p < 0.003 was

considered to be significant.

4.3 Results

The summed and normalized 75> distributions for each structure can be seen in
Figure 4.2. Figure 4.2a demonstrates that the CST 75 distribution had a distinctly
different shape from other white matter structures and in particular from anterior
and posterior white matter areas, see Figure 4.2b. The CST IE peak was both shifted
to higher 75 times and distributed over a wider range of 7, times. The CST had an

atypical T, distribution shape; the IE peak was split into two subsidiary peaks in
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Figure 4.2: Normalized summation of 7, distributions with vertical lines
drawn at 25ms and 40ms to show MWF/GMT; limits comparing a) CST
and other white matter structures and b) CST and areas anterior and pos-
terior to CST

50% of the ROIs. The summed and normalized 7, distribution of the CST split or
no-split distributions can be seen in Figure 4.4 compared to one of the “normal”
T, distributions, that of the splenium of the CC. In summary, the NNLS 7, distri-
butions from the CST imply that the CST possesses two separate water reservoirs,
one with 7; of approximately 40ms and the other with 7, of approximately 120ms.
Depending upon the signal to noise of the 7, decay curve in the NNLS analysis,
these two peaks may appear as two separated peaks or as a single broad 75 peak.
The MWF map (5 —40ms) for one subject can be seen in Figure 4.3a, the CST
appears bright compared to other white matter areas, meaning higher MWF. How-
ever, based on Figure 4.2 and Figure 4.4 it appears that part of the IE peak overlaps
with the region designated for MW and the MWF is consequently artificially in-
creased. A MWF map for 5 —25ms can be seen in Figure 4.3b. There was a general
but slight decrease in MWF for most white matter structures, but contrast between
the CST and other structures was no longer evident. The average MWF and percent
change between the two upper limits were determined for all structures and is given
in Table 4.1. The average MWF for the CST went from 0.19(.05) to 0.11(.04) and
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Figure 4.3: MWF maps for one subject with two different 7, ranges; a) 5 —
40ms and b) 5 — 25ms.

Table 4.1: Changes in MWF for two different cutoffs in white matter struc-

tures.
Structure MWF MWF % MWF p-value
(5-40ms) (5-25ms)  Change
CST 0.19(.05) 0.11(.04) 8.5 2.11x10°¢
Splenium of cC  0.14(.04)  0.11(.04) 3.5 0.061
Major Forceps  0.11(.04)  0.086(.02) 2.5 0.0021
Anterior to cST  0.11(.03)  0.095(.03) 1.7 0.010
Posterior to ST  0.098(.02)  0.096(.02) 0.1 0.32
Genu of CcC 0.085(.03) 0.060(.03) 2.5 0.041
Minor Forceps  0.074(.02) 0.069(.02) 0.6 0.040
AIC 0.066(.02) 0.060(.03) 0.6 0.12
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Figure 4.4: Normalized summation of 7 distribution of CST where it splits
and doesn’t split into two peaks compared to the splenium of the CC
with vertical lines drawn at 25ms and 40ms to show MWF/GMT, limits

was similar to the mean MWF found for the splenium of the CC, which was initially
at 0.14(.04) and decreased to 0.11(.04) when the cutoff was changed. For the 25ms
limit, the MWF of the splenium was not significantly different from the MWF from
the CST (p > 0.5). With the 40ms cutoff, the areas anterior and posterior to the
CST had a MWF of 0.11(.03) and 0.098(.03) respectively and all right and left ROIS
were significantly different than the CST ROIs (p < 0.002). By moving the cut-
off to 25ms, the anterior and posterior region MWFs decreased to 0.095(.03) and
0.096(.03) respectively, and they were no longer significantly different from the
CST (p > 0.07). It therefore appears that the two peaks from the CST contributed
non-negligible signal intensity in the 7, range of 25 — 40ms thereby artificially in-
creasing the estimated MWF. Changes in the IE 7> peak location were examined
by changing the IE GMT, range from 40 — 600ms to 25 — 600ms. The results for
all structures examined can be seen in Table 2. The CST had the largest changes
in IE GMT, and MWF. The CST 7, distribution clearly differed from that of other
structures, which show much less signal in the 25 — 40ms range and thus very little

change in IE GMT; when the lower limit was reduced to 25ms. The CST and the
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Table 4.2: Changes in IE GMT; for two different cutoffs in white matter struc-

tures.
Structure IE GMT, IE GMT, % Change  p-value
(40-600ms)  (25-600ms)

CST 104.8(8) 93.6(6) 10.7 54x10°°
Splenium of cC 85.5(8) 81.8(6) 4.3 0.063
Major Forceps 84.2(4) 82.0(3) 2.7 0.0028
Anterior to CST 81.4(4) 79.9(3) 1.9 0.015
Posterior to CST 80.0(3) 80.0(3) 0.1 0.47
Minor Forceps 74.6(3) 74.3(2) 04 0.042

AIC 72.4(4) 72.0(3) 0.6 0.14

Genu of CcC 72.2(3) 70.7(3) 2.0 0.029

major forceps were the only structures that were significantly different for the two
different limits, p < 107> and p < 0.003 respectively, for both MWF and IE GMTj.

4.4 Discussion

T, distribution characteristics can provide information about different water envi-
ronments in brain. Decreased proximity to non-aqueous protons, such as those on
phospholipid head groups, cause less dephasing of the transverse magnetization,
hence the 7, times increase [40]. Laule et al. [35] previously reported bright areas
on some long-7> maps (fraction of 7, signal from 200ms — 800ms) in the area of
the 1C of normal subjects, showing an increased amount of the longer 7, compo-
nent in this structure. Here we characterized the 75 distribution of the CST using a
48-echo sequence extending to 1.120s and found the IE GMT; shifted to higher 7>
times causing the CST to appear bright on 7>-weighted images, in agreement with
the previous literature [22, 53, 73].

The CST was also found previously to have increased MWF compared to sur-
rounding tissue [70] contradicting the earlier histology studies from Yagishita et al.
[73] who reported a lower density of axons and thus proposed that the CST had
lower myelin density compared to surrounding areas. Figure 4.2, Table 4.1, and
Table 4.2 demonstrate that a non-negligible amount of signal in the CST arose from

water with 7, times in the range of 25 — 40ms. This suggests that it was not in-
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creased myelin density that caused the bright focal regions of the CST on MWF
images, but rather the extension of the CST IE peak into the MW 7, region. The
frequent appearance of split peaks in the CST most likely reflects the presence of
two distinguishable water environments. The most likely candidates for these two
environments are intra-axonal water and extracellular water. Two possible explana-
tions for this anomalous behaviour of the CST IE 7, peak are increased extracellular
water or decreased exchange. We believe that the most likely explanation for the
unique shape of the CST T distribution is increased CST extracellular water in com-
parison to the other structures [22, 70, 73]. From histology the CST is known to
have larger extracellular spaces compared to areas directly adjacent [73]. In Figure
2b the areas anterior and posterior to the CST exhibited much narrower IE peaks
at lower GMT; times when compared to the CST. When there is large extracellular
water spaces, water protons in these extracellular spaces will have limited inter-
actions with nonaqueous protons, such as membrane surfaces, and should have
longer 75 times. These unique CST T; distribution characteristics appear to also be
responsible for its appearance on MWF maps; separation of the peaks could push
the intracellular water to lower T5s thereby causing the intracellular water peak to
overlap with the MW peak. Alternatively, the separation of the two water envi-
ronments in the CST could arise from a decrease in exchange between intraaxonal
and extracellular water due to the presence of thicker myelin sheaths in the CST
compared to adjacent white matter [9, 21, 35, 70]. Other structures having smaller
axons compared to the CST, such as the splenium and genu of the CC, which have
axons up to 4 —Sum and 3 — 4um respectively [1], may experience greater ex-
change between the intracellular and extracellular water pools [9, 21]. Yagishita
et al. [73] found smaller closely packed axons in the regions anterior and posterior
to the CST. Increased exchange should cause not only a decreased GMT, time but
also a narrowing of the IE peak [4, 74]. This could explain why the consistent
splitting of the IE peak seen in the CST is not as often seen in other structures.
Whether water exchange between the intracellular and extracellular regions occurs
on the timescale of the T, experiment, and therefore would have a large influence
on the 7, measurements, is still in question. Two bovine studies found that ex-
change was too slow to affect the measurements dramatically on the timescale of

T, experiments [4, 61] and a recent in vivo human brain study found that exchange
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had little effect on MWFs in several brain structures [25]. Other studies in rat spine

determined that exchange did affect the 7, values appreciably [9, 21].

4.5 Conclusions

By using a 75 relaxation measurement designed to better explore the shape of the
T; distribution at times in the vicinity of 100ms, this study found the corticospinal
tract gave rise to a summed 75 distribution with a IE peak which was not only
shifted to longer times but also exhibited a second IE peak with a shorter 7, time.
The shift of the IE peak to longer 7, times is responsible for the bright focal regions
observed on heavily 7>-weighted images of the CST. The additional IE component
with shorter 7, times caused bright regions of MWF maps due to overlap of the
IE peak into the myelin water window. It is postulated that the mechanism for
this shift and broadening of the IE peak is due to the presence of significantly
more extracellular water in the corticospinal tract. Magnetization exchange on the
timescale of the experiment may also play a role in creating the CST’s anomalous
T, distribution. The cortical spinal tract is a unique structure that has unique MR
characteristics; hence special considerations are required when interpreting MR

results from it.
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Chapter 5

Increased Myelin Content
Correlates with the Longer T,
Times of the Intra-/Extra-cellular
Water in White Matter
Structures

5.1 Introduction

Whittall et al. [70] found the ranking of white matter structures from highest to
lowest MWF, and highest to lowest IE GMT,, were the same (highest to lowest:
PLIC, splenium of CC, major forceps, genu of CC and minor forceps). Although this
ranking was not exactly the same as was found in Chapter 4 using the 5 —25ms T,
time range for MWF (see Table 4.1 and Table 4.2), the CST still had the highest MWF
(tied with the splenium of CC) and highest IE GMT; of all structures examined. In
the current study the relationship between MWF and IE GMT,; was examined in
more detail with the goal of finding an explanation for this result.

In Chapter 4, it was found that high measured MWF in the CST could be the
result of a widened IE 75 peak extending into the MW peak area. These results sug-
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gested that a more conservative 7, time range of 5 —25ms would be more appro-
priate for the CST, rather than the conventional 5 —40ms range. The conventional
T, range was found to be appropriate for other structures; there were no significant
changes in MWF between the two T, ranges for the non-CST structures, with the
exception of the major forceps (see Table 4.1).

It was found that the CST IE peak not only extended to lower 7, times but also
to higher 7; times, which was most likely due to increased extracellular water with
longer 7> times. To accommodate the broadening of the CST IE peak, for the IE
GMT; a Tpyay = 600ms was used to encompass the entire IE peak and the IE GMT,
from 25 — 600ms was compared to 40 — 600ms. Again, it was found that there
were no significant changes in IE GMT; between the two 7, ranges for the non-CST
structures, with the exception of the major forceps (Table 4.2). Based on the results
from Chapter 4, the MW/IE 7, time interface was taken to be 25ms for this current

study.

5.2 Methods

5.2.1 Subject Information

See Section 3.2.1.

5.2.2 MR Studies

See Section 3.2.2.

5.2.3 Regularization

In NNLS fitting of multi-exponential 7> data the convention is to present 75 distri-
butions as rounded peaks. This is based on the fact that regularized 75 distributions
are more robust in the presence of noise and the assumption that real tissue data has
broad peaks [69]. As shown in Equation 2.14, a regularization factor, u, is added
to modify the shape of the peaks. Common practice for analysis of 7, data involves
minimizing Equation 2.14 using the constraints given in Equation 2.15; this gives
rise to widened curved peaks, see Figure 5.1. In the case of no regularization,

u = 0, the peaks present as discrete spikes, which can be seen in Figure 5.1. Reg-
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Figure 5.1: Regularized and non-regularized 7, distribution for one CST ROI.

ularization can have an effect on the position of the 7, peak, especially when two
water environments are combined into one peak, which often occurs in IE. To ex-
amine what effect the regularization may have on the relationship between IE GMT,

and MWF, these two quantities were collected with and without regularization.

5.2.4 T, Simulation

A series of simulations were performed to examine the effects of the NNLS fit-
ting algorithm on IE GMT; in the presence of increasing MWF. Artificial multi-
component decay curves were computed given a 75 distribution with two discrete
peaks corresponding to MW (Tpyw = 0.020s) and IE water (T = 0.065s). The
was chosen based on the lowest IE GMT, found experimentally, which was in the
AIC, Tyig = 65.8ms. The input intra-/extra-cellular water fraction (IEF) was deter-
mined by

IEF =1—MWF. (5.1)

For 49 MWF values linearly spaced between 0.02 and 0.5, 100 realizations of Rician
noise (Gaussian on two channels) were added according to a prescribed signal-to-

noise-ratio (SNR) of 100. The noisy decay curves were analyzed using the regular-
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Table 5.1: Initial “no exchange” input parameters for a two-pool model

Topw (ms) Puw Tose (ms) 1975

20 0.200967 100 0.799033

ized NNLS technique to create a 7; distribution (see Section 2.3), from which the
output GMT; and output MWF were extracted. In this way, for each inputted value
of MWF, the mean calculated GMT, was determined and the output MWF and GMT,

were compared.

5.2.5 Exchange Model

The general magnetization equation for two-pool exchange model, Equation 2.31,
was used to model our system [10, 74]. The two water pools were assumed to
be i = MW and j = IE. An initial no-exchange starting point was used, where it
was assumed kyw r — 0 causing Equation 2.31 to reduce to Equation 2.34. The
introduction of exchange between MW and IE was modelled by increasing kysw,

kg was calculated from the input kyw using [4, 17]

P
ki = %kw. (5.2)
IE

where Pyw = MWF and Pig = IEF (see Equation 5.1), at the no-exchange limit.
The resultant output probabilities and decay times were determined using Equa-
tion 2.28 and Equation 2.32 respectively.

The initial “no-exchange” values that were input into the exchange model are
given in Table 5.1. The initial Py was taken from the largest experimental MWF
of all the ROIS and the input 75, was its associated GMT,. The output apparent IE
GMT, (Ay) was plotted against apparent MWF (o) and compared to the experi-
mental IE GMT, and MWF to determine whether exchange could account for their

relationship found experimentally.
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Figure 5.2: Relationship between IE GMT, and MWF across all structures and
all subjects

5.2.6 Data Analysis

See Section 3.2.3. The ROIS from Chapter 4 were used and MWF was calculated us-
ing the new 75 time range of 5 —25ms. The relationship between IE GMT, and MWF
was examined by a linear regression for all structures together and each structure
individually. The errors reported in the measurements are the standard errors. A
Students t-test was used to determine whether the slope for all structures and each
individual structure was significant. The p-values for the comparison of IE GMT,
and MWF in individual structures were Bonferroni corrected so a p < 0.00625 was

considered to be significant, otherwise p < 0.05 was considered to be significant.

5.3 Results

The relationship between IE GMT, and MWF has been presented in three different
ways. First, all structures (all ROIs) for all 14 subject were examined, see Fig-
ure 5.2. The IE GMT, and MWF showed a moderate correlation of R? = 0.3771
and a significant linear slope (p = 9.61 x 1072?) (see All Structures in Table 5.2).

Second, each structure was examined individually across the 14 subjects, the re-
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Table 5.2: Results of linear regression analysis between IE GMT, and MWF

Structure Slope R? p-value
All Structures 146413 0.3777  9.61 x 1022
Average 313+£77 07319 6.75x 1073
CST 136+77 0.5555 5.35x10°°

Spleniumof cC  96+29  0.4835 0.0058
Major Forceps  65£26 0.1966 0.018

Anterior to CST 42423 0.1122 0.081

Posterior to CST 47423  0.1401 0.050

Genu of CC 29+28  0.0870 0.31
Minor Forceps  334+23  0.0772 0.15
AIC 54+22 0.1822 0.024

sults from the linear regression analysis for IE GMT; verses MWF for each structure
are given in Table 5.2. It appears that the same relationship between IE GMT, and
MWF does not hold in every individual structure. The CST and splenium of CC had
the highest slopes of all structures and are the only structures that showed a sig-
nificant individual relationship between IE GMT, and MWF. Third, the relationship
between average IE GMT; and average MWF across all subjects for each structure
was examined, see Figure 5.3. A strong correlation between average IE GMT, and
average MWF was found, R* = 0.7319 (see Average in Table 5.2).

The effect of u = 0 on the relationship between IE GMT, and MWF was exam-
ined by plotting these two values for the non-regularized and the usual regularized
situation, shown in Figure 5.4. The introduction of regularization did not have a
large effect on the slope of the linear regression or the correlation between IE GMT,
and MWF. Regularization appears to bring in outliers at the higher MWF values and
appears to push the peaks further in the MWF range.

The output IE GMT, and MWF from the NNLS simulations were plotted, Fig-
ure 5.5. Increasing the amplitude of the MW peak (increasing MWF) by a factor
of 10 resulted in a decrease in IE GMT, of about 2ms, while in the experimen-
tal data the same change in MWF resulted in an increase of IE GMT; from 65ms
to ~ 100ms. Therefore, fitting with NNLS is not likely to be responsible for the

relationship between IE GMT, and MWF across all structures.
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Figure 5.3: The average IE GMT, and MWF for white matter structures across
subjects

The output apparent IE GMT, and MWF in the presence of exchange with the
initial parameters from Table 5.1 are plotted in Figure 5.6a. The exchange model
had a higher slope than the slopes found in the experimental data for individual
structures and across all subjects and structures. Thus, the exchange model was
compared with the regression for the averages of each structure, which had the
highest slope. Exchange does not appear to give rise to the same relationship be-
tween IE GMT; and MWF that was found in the experimental data. The initial input
parameters were modified in an attempt to fit the exchange model to the experi-
mental data. Using the parameters listed in Table 5.3 the experimental data could

be well modelled using exchange, see Figure 5.6b.

5.4 Discussion

Examining relationships between different quantitative brain measures may pro-

vide additional information about the underlying anatomy. The significant rela-
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Figure 5.4: Relationship between IE GMT, and MWF across all structures for
regularized and non-regularized NNLS fitting.

Table 5.3: Initial “no exchange” input parameters for a two-pool model that
were found to fit the experimental model best

Tomw (ms)  Pyw  Typ(ms) P
15 0.195 117 0.805

tionship between MWF and IE GMT; across all white matter structures appears to
be enhanced by the moderately strong correlation between these measurements in
the individual structures of the CST and splenium of CC. These two were the only
structures with a significant linear regression when structures were examined indi-
vidually. The strongest relationship between IE GMT, and MWF was found when

the average IE GMT, and average MWF were compared for each structure across

subjects.
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input parameters in Table 5.3
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Two non-biological computational influences were examined and will be dis-
cussed here; regularization, and, NNLS fitting. As well, two biological influences
that could responsible for the apparent positive linear relationship between IE GMT;
and MWF will be discussed; increased extracellular water in higher MWF structures,
and, decreased exchange in higher MWF structures.

Regularization can have an effect on the position of the 7, distribution peaks,
however, it is convention to include regularization to produce wider curves peaks
rather than distinct spikes as these curves are more robust in the presence of noise.
The relationship between IE GMT, and MWF does not appear to be the result
of regularization, similar linear regression results were found for data from non-
regularized and regularized 75 distributions.

The positions of the 7, peaks are influenced by the NNLS fitting program, es-
pecially if two water environments are close in 75 time [59, 69]. This current study
found that the NNLS fitting algorithm was not responsible for the relationship be-
tween MWF and IE GMT; across all structures. Rather a small gradual decrease is
seen in the IE GMT, as MWF is increased, the algorithm appears to be pull the two
peaks closer together.

However, according to Whittall [68] higher IE GMT, values were found to be
associated with higher MWF data points using a different NNLS simulation. This
simulation used a single input MWF and GMT, with the introduction of noise to
produce a range of output MWF and corresponding output IE GMT; values. A white
matter model of M () = 0.2e2ms +0.8¢~ s with 1500 realizations of 1% Gaussian
noise was used in a non-regularized NNLS calculation. Those results containing
only two 7> components were used to plot IE GMT, and MWF. The resultant fit
had an equation given by IEgmT2 = S8MWF + 68. These results suggest the
relationships seen in individual structures could be the result of NNLS and not an
underlying biological factor. However, the high correlation between average IE
GMT, and average MWF across all structures (see Figure 5.3) does not appear to
be accounted for by NNLS because different structures give rise to different slopes
(see Table 5.2).

Previous work by Whittall et al. [70] found a positive linear relationship be-
tween MWF and IE distribution width (W), a reflection of the variance in the 75 dis-

tribution on a logarithmic scale. The 1C and splenium of CC had significantly higher
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IEW than all other structures examined; this suggested a greater inhomogeneity in
the water environment of these structures [62]. A source of inhomogeneity is the
myelin sheath itself, which separates water environments and restricts diffusion
across the sheath [8]. In the previous chapter, the CST and splenium of CC were
found to have the widest IE peaks and the largest amount of signal in the 25 — 40ms
T, time range. It was proposed that this may arise from increased extracellular
water in these two structures.

In fact, the relationship between MWF and IE GMT, could also be accounted
for by increased extracellular water. We speculate that higher MWF structures have
higher extracellular spaces and thus higher extracellular water. It is possible that
larger thicker axons implying a higher MWF, could result in less axon packing
and larger spaces in between, and thus increased extracellular water which would
result in longer 1IE 75 times. The CST is already known to have large axons with
large clear spaces in between [73], however the amount of extracellular water has
not been quantified and compared to other structures.

Exchange has been a subject of debate in MRI, specifically in 77 and 7, relax-
ation measurements [4, 9, 21, 25, 61]. Myelin is known to restrict diffusion across
the sheaths [8], however, diffusion still occurs and may have an effect on the 75
peaks. Two studies looked at exchange in rat spinal cord and found that smaller
axons are affected by exchange due to the presence of thinner myelin sheaths; as a
result the MWFs being measured may not be a proper representation of the actual
myelin water content of the area [9, 21]. The presence of exchange blurs the sepa-
ration of the water environments, and the measured 75 times measured arise from
combinations of different water environments. However, if exchange is in the slow
regime than it has a negligible affect on the 7, values and a multi-exponential 75
fit can be used to separately measure the true 7>s of different water environments
[10, 74].

The CST is known to have some of the largest axons in the brain [28, 29, 50],
some of the other structures are known to have smaller axons [1, 73], the lack of
exchange in the large axons and increase in exchange in the smaller axons could
account for the changes in MWF and IE GMT; across all the structures [9, 10, 21, 61,
74]. The initial ‘no-exchange’ parameters input into the exchange model did not

result in an acceptable fit to the experimental data. These initial input parameters
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were taken from the experimental data and predicted to be the MWF and IE GMT»
that would occur in the absence of exchange. However, the two-pool model could
be made to fit by manipulating the input parameters. In order to make the exchange
model fit, the input Tryw was decreased to 15ms, this caused the output predicted
Tomws to be as low as Sms corresponding to the lowest experimental IE GMT;. T;
times this low are difficult to measure experimentally because there are few TEs
from which the low 7, times are calculated and noise at these low TEs have a large
effect on the extracted 75 times. For example, a component with 7, = Sms will only
contribute ~ 14% of its total signal at our first TE time of 10ms. In summary the
exchange model can be made to fit, however the lower T5mws obtained from this
model are unlikely to be measured reliably in experiment. As well, recent studies
have found this is unlikely on timescales of these experiments [4, 25, 61]. However,
exchange cannot eliminated as the mechanism for the correlation between IE GMT,
and MWF.

Of the individual structures the CST had the strongest correlation between 1E
GMT, and MW. The CST has a wide distribution of sheath thicknesses [8, 28, 29,
50], resulting in a large range of exchange times from fast to slow which could

account for the large range of MWFs and IE GMT5>s.

5.5 Conclusions

A relationship between IE GMT, and MWF was found when examined across all
subjects and white matter structures. The strength of this relationship varied when
individual structures were examined across subjects. Four different mechanisms
were explored to explain this relationship, two had to do with the fitting algorithm
and two were of biological origin.

The strong relationship across all structures and subjects could not be ex-
plained, however relationships within single structures may be the consequence
of noise in 75 distribution estimations.

The speculation was made that the higher MWF structures have increased ex-
tracellular water, which would give rise to increased IE GMT; in these structures.
This could be responsible for the strong relationship between IE GMT, and MWF

across all structures.
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The two-pool exchange model for IE and MW can be made to fit experimental
data. It can be made to fit the experimental data for average IE GMT; and average
MWF. This model did, however, predict Ty that are short and difficult to measure

reliably in the experimental data, these may be unrealistic Ty values.
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Chapter 6

Conclusions

Long-75 times in healthy white matter structures have not been previously char-
acterized using a multi-exponential 7, technique with an extended echo sequence.
Using a sequence with echoes extended to 1120ms, it was found that the LT,F was
not appropriate for examining the CST. The 75 distribution of the CST showed
that the LT,F was arising from signal in the IE peak and not from a separate water
environment at longer 7, times as previously thought.

The 75 distribution of the CST was found different from the 75 distributions
of other white matter structures. The IE peak of the CST was broadened and ex-
tended to higher and lower 7, times, which accounts for its bright appearance on
T>-weighted and MWF images respectively. The CST should not be examined using
the conventional MWF 75 time range of 5 — 40ms, as this appears to result in an
artificial increase in MWF. Based on these results, the CST does not appear to have
the high level of myelin that was originally thought, but rather has a MWF similar
to that of the splenium of CC and areas anterior and posterior to the CST.

The MWF and IE GMT, was found to be moderately correlated across all struc-
tures and subjects, and within the individual structures of the splenium of CC and
CST. Four sources for this relationship were discussed, two non-biological and two
biological. The real source of the relationship between IE GMT, and MWF across
structures could not be determined, but could be the result of exchange between
MW and IE or increases in extracellular water in high MWF structures. The rela-

tionship within structure may be the result of noise in the 7, distribution analysis.

49



The complete nature of the 7, signal in white matter is still not known, however,
examining the 7; distribution of structure more closely can provide additional in-

formation about the water environments of these structures.

6.1 Future Work

Increase in extracellular water in the CST and splenium of CC could account for
the unique quantitative MR measures seen in these structures. The CST has already
been found to have large clear extracellular spaces in comparison to areas poste-
rior and anterior to it [73]. However, the amount of extracellular water in the CST
has not been quantitatively compared to other white matter structures. The next
step would be to determine the extracellular water using brain tissue samples and
compare amount of extracellular water in different structures. If the extracellular
water is responsible for the differences in 7; distributions between structures, the
structures with the narrower IE peaks should have a lower extracellular water con-
tent. The high MWF in the CST may be artifactual; this could also be examined
histologically staining for myelin. If the staining intensity is similar between the
CST and other structures such as and splenium of CC and anterior and posterior to
the CST, than the previously found high MWF in the CST is most likely artifactual
as proposed in Chapter 4.

The relationship between MWF and IE GMT; in the individual white matter
structures may or may not be biological. The effects of NNLS on the movement of
the IE peak need to be further examined by replicating the simulation completed
by Whittall [68].

The work done here could be further extended to look at cases of ALS which
give rise to pathological bright spots in the area of the CST on 7>-weighted im-
ages. T, distributions could provide better resolution in comparing these cases
with healthy CST tissue, than earlier 7> studies, which were not appropriate for

examining separate water environments within a structure.
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