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Abstract

Quantitative transverse relaxometry is an MRI method that has shown promise for study of iron
accumulation and demyelination in healthy brain and in associated neurological disorders.
Multiple sclerosis (MS) is one such neurodegenerative disorder in which iron accumulation in
deep grey matter (DGM), demyelination in white matter and brain atrophy have been observed.
This thesis concerns the development and application of transverse relaxation mapping to
evaluate iron sensitivity and track the disease progression in relapsing-remitting MS (RRMS)

using high field (4.7 T) as well as standard clinical (1.5 T) MRL

A two-year longitudinal study was conducted to evaluate the changes in iron
accumulation in MS DGM using spin echo based transverse relaxation rate (R;) mapping
methods and atrophy measurements. Relative to controls, measurable differences in DGM
structures using R, mapping showed strong association with disease severity in patients with
RRMS, particularly in the globus pallidus and the pulvinar. Atrophy of the globus pallidus over

two years was related to R, increase.

At high fields such as 4.7 T, tissue heating is a major limitation of R, mapping using a
typical multi-echo spin echo sequence. This sequence typically uses 16-32 echoes. To overcome
the tissue heating limitation reduced echo train lengths were evaluated. Stimulated echo
compensation was used to account for the use of non-ideal refocusing pulses. Consistent R,
values were found with as few as 4 echoes compared to 20 echoes. Radiofrequency power
savings through the use of reduced number of echoes enabled increased slice coverage without

effects on R, from incidental magnetization transfer.
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Quantitative transverse relaxometry methods can be used to evaluate iron accumulation
in human brain. However, added iron specificity may be obtained by using subtractive measures.
The benefits and limitations of within and between field difference transverse relaxometry
methods (R2’= Rz* - R, and Field Dependent Relaxation Increase FDRI) for iron accumulation
were compared in human brain and in an iron-doped agar phantom using 4.7 and 1.5 T. Using
47 T, R, was found to provide more specific iron measures due to its small intercept with
estimated post-mortem iron concentration. However, in white matter, R, was highly sensitive to
fiber orientation relative to By which increases with field strength, while FDRI was much less
sensitive to this orientation. Overall for brain iron correlation, the transverse relaxation
difference methods added little value over a single R,” measurement at highest available field,
which was 4.7 T.

Proton density (PD) and T,-weighted images have been part of clinical MRI protocols for
MS for many years. From these images, quantitative T, maps were obtained using indirect and
stimulated echo compensation. After demonstrating feasibility in healthy controls, seven-year
changes in T, were examined retrospectively and correlated with disease severity and brain
atrophy in MS brain. Changes in T, in brain structures particularly in globus pallidus, caudate
and posterior internal capsule showed significant correlations with disease severity in MS over 7
years. Given the wide use of PD and T,-weighted images in MS clinical trials, this retrospective
T, method may provide an additional measure of disease progression and state. Furthermore, the
use of a dual echo PD and T,-weighted FSE would enable tracking of quantitative T, in clinical

€xams.
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Fractional anisotropy color maps obtained at 4.7 T (h-j) from one subject showing WM ROIs and
fiber directions: (h) OR (green, anterior-posterior), (i) PIC (blue, inferior-superior), PCC (red,
left-right), and (j) CS (blue, inferior-superior). Note two different y-axis scales are used for R,,

R," (a-d) and difference methods (S USRS 114

Figure 5.1: (a) Normalized flip angle map from a healthy brain obtained using double angle
method at 1.5 T; (b) The normalized flip angle profiles from seven healthy subjects and the mean

flip angle profile (thick line) obtained along the horizontal box in (a).....cc.ccceveevieriienieneennn. 135

Figure 5.2: R, (1/T;) maps obtained from a 29 year old healthy volunteer using: (a) full MESE
via ISEC with actual flip angle map; (b, c¢) two-point exponential fit with PD and T,-weighted
images (d, e) two-point ISEC fits using mean flip angle map averaged over seven healthy
subjects; (b, d) FSE180° and (c, e) FSE150°. Note the exponential results differ greatly with flip
angle (b vs. ¢), while the two point ISEC fits do not (d vS. €). ..cccvevveivieeiieeiieeeiie e, 136
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Figure 5.3: Baseline (a-c) and 7 year images (d-f) from a 31 year old MS patient. (a, d) Proton
density (PD),(b, e) T-weighted spin echo images and (c, f) R, (1/T,) maps with intensity scale..
R, values are increased in deep grey matter (head of caudate and globus pallidus) and ventricular
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Figure 5.4: Baseline and 7-year T, measurements using two-point ISEC method for some DGM
and WM structures from patients with MS. Thick black line is the averaged value over the MS

cohort. Note different y-axis limits are used in most cases. b: baseline and f: final time point. 138

Figure 5.5: Predictors of disease severity and disability in MS using multiple regressions of the 7
year R, difference measurements with MS severity scores (MSSS) and with EDSS scores.

Globus pallidus and caudate nucleus are included in the regression models. The regression line
equations: MSSS (after 7 years) = -0.71*ATycp -0.48*AT,cp +1.83; EDSS (after 7 years) = -
0.29*ATygp -0.13*AT,cp +2.05; where AT,gp and AT, cp are the differences in T, over 7 years for

globus pallidus and head of caudate nucleus respectively..........cooceriiiiiiniiiniiniieeeeeee, 139
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Chapter 1. Introduction

1.1 Thesis Overview

Magnetic Resonance Imaging (MRI) is a very successful imaging modality commonly used in
clinical practice and for medical research purposes to provide visualization of internal structures
of biological tissues. Compared to other imaging modalities such as x-ray, computed tomography
(CT), positron emission tomography (PET) and single-photon emission tomography (SPECT),
MRI uses non-ionizing radiofrequency (RF) radiation and provides excellent soft-tissue contrast
that can be customized for anatomical identification and to understand the effect of diseases. For
example, multiple sclerosis (MS) is a neurodegenerative disease which affects the central
nervous system with inflammation, demyelination, and axonal loss. MRI is an essential tool to
investigate MS disease processes and evolution using various contrast mechanisms at different

time points.

This thesis is a combination of published research articles bound by introduction and
conclusion chapters. In the first introductory chapter, the fundamental principles of MRI are
described. This is followed by a short description of the brain, MS and the objectives of the
thesis. Chapter 2 describes a two-year longitudinal study of quantitative T, and brain atrophy
measurements in MS at 4.7 T. Quantitative T, in human brain using stimulated echo
compensation via reduced echoes is presented in Chapter 3. Chapter 4 presents evaluation of
brain iron using within and between field transverse relaxometry methods. Chapter 5 comprises a
retrospective MRI study on MS using a two-echo T, fitting approach on a standard clinical
scanner (1.5 T). It is followed by brief concluding remarks and recommended future directions in

Chapter 6.

1.2 Physics of MRI

Basic MRI descriptions can be found in a series of textbooks [1-5]. In this work we refer mainly

to the following text book [4].



1.2.1 Nuclear magnetization

Nuclear magnetic resonance arises from the interaction between the spin angular momentum
and the external magnetic field producing resonant behavior of nuclei. Spin angular momentum,
most commonly known just as spin, is the intrinsic property of nuclei of atoms as well as of

electrons. The spin angular momentum is a vector and its magnitude can the expressed as

s=hJI0 + 1) (1.1)

where f is the Planck’s constant divided by 27 and I is the spin quantum number. Only nuclei
with an odd number of protons and/or neutrons give rise to non-zero net spin and hence to the

nuclear magnetic resonance phenomenon. The proton has a spin '2 and possesses a nuclear

magnetic moment associated with S which is expressed as

fi=ys (1.2)
where v is the gyromagnetic ratio and y/2n = 42.576 MHz/T for proton.

The orientation of spins in a sample is random and the total magnetic moment is close to
zero in the absence of an external magnetic field. When placed in a magnetic field, spins align
parallel and antiparallel to the applied magnetic ﬁeldBT, = ByZ. However, a whole sample
contains many spins and the resultant magnetic moments are more likely to be aligned with the
field, though the likelihood is relatively small. There are two quantized energy levels possessed
by the magnetic moment of proton along the Z-axis. The energy difference between the two

levels is given by
AE = yhB, (1.3)

The difference in energy levels leads to an imbalance in spin population, using the

Boltzmann distribution formula

x—z = exp (,fTET) (1.4)

where N, and N, are the number of spins aligned parallel and antiparallel to the applied field, T
is the temperature of the spin system and kg is the Boltzmann constant. Since the energy
difference between the levels is so small compared to the thermal energy, Eq. (1.4) can be

written as



M~ AE
2a 1+ (). 1.5)
The population difference is therefore
YhBy
N, — N, = Ny —— .
P o~ Ns 2kgT (1.6)

where N is the total number of spins available in the sample. The total net magnetic moment or
bulk magnetization, M, is the sum of all the individual magnetic moments u, and can be written

as [6]

—  yh Y2h?B,
My=|M,|=—(N,—N,) =N
0 | Z| ( p a) N 4kBT

(1.7)

for proton.

Moreover, the energy difference between the levels is equivalent to the energy of
electromagnetic wave, because the magnetic resonance phenomenon is achieved by applying an

oscillatory magnetic field perpendicular to u, with frequency 9, is given by
AE = hY,. (1.8)
Combining Equations (1.3) and (1.8) yields Larmor equation
wo =Y By (1.9)
where w, = 9, /2m, angular frequency.

1.2.2  Bloch equations and relaxation

From the basic concepts of physics, if we place a spin system in the magnetic field B, the
magnetic moment u of the system experiences a torque which is proportional to the temporal

derivative of the angular momentum. Thus the equation of motion for a single magnetic moment

can be generalized for the total magnetization M as

L0 = yME©) x B (1.10)

where B (t) may contain the time-dependent components as well as the static magnetic field B_(;

— d_) — —
and torque T = d—f =M X B.



The simple solutions of Eq. (1.10) describing a magnetization vector in a static magnetic

field (B = B, 2) are
M,(t) = M,(0) (1.11)
M,y () = My, (0)eiwot (1.12)

where M, and M,, are the longitudinal (along the applied field) and transverse magnetization
(perpendicular to the field) respectively. As well, transverse magnetization is complex and

defined by My, = M, + iM,,, w, is the processional frequency of the transverse magnetization
as defined earlier in Eq. (1.9). Thus any transverse magnetization precesses with frequency w, in
xy-plane while longitudinal magnetizations remain stationary.

As there is no net transverse magnetization of a spin system in thermal equilibrium, a
perturbation is required to initiate transverse magnetization and induce precession can be

achieved by applying time dependent oscillating magnetic field, rotating about B_(; at the Larmor

frequency. Bulk magnetization of the sample now precesses about the combined field
B = B_o) +B, (1.13)
It is easier to visualize the process if we use a new frame of reference, rotating about B_(;
at Larmor frequency, where precession about B_O) appears stationary.
In the transverse plane,

B, = 2B™¥(t)coswtR (1.14)

where B{***is the maximum amplitude of the applied field, w is the angular frequency of the RF

field and X is a unit vector along x-axis. This field oscillates only in one direction and can be

decomposed into two circularly polarized fields rotating in opposite direction about the z axis

B() = By (t) +B; (1) (1.15)
Where B—f(t) = B (t)(coswtk + sinwt) = B (t) e'wt (1.16)
And B—f(t) = BI"**(t)(coswtX — sinwtP) = BM*(t) e~iwt (1.17)

However, the Bf component remains stationary in the rotating frame of reference while

the B component rotates in the negative sense at a rate of 2w and influences the spins to the

4



By

2
order of (2 ) which is very small number. Thus the effective magnetic field approached by the

0

spin system in the rotating frame of reference is
Beff = BInaxQIC\ . (1.18)

The solution of the Bloch Eq. with B = Besy is similar to Egs. (1.11, 1.12) but with

magnetization precessing about X of rotating frame of reference by an angle « is then

a= fyBl(t)dt (1.19)
0

where 7 is the RF pulse duration. For a rectangular pulse envelope this flip angle is reduced to
a = yByrt. (1.20)

The flip angle for the desired magnetization vector depends on the duration of the pulse

and the amplitude of the applied B, field.

As stated earlier, a torque is induced on the magnetization due to B; field and
consequently the magnetization M rotates away from its equilibrium position while continuing
around the z-axis. However, M eventually returns to its equilibrium state as the result of the
regrowth of the longitudinal component of the magnetization, M,. The time constant governing

the return to equilibrium is T; for regrowth of the longitudinal magnetization

dM; _ (Mz=My)

=0 (1.21)

dt Ty
where M, is the longitudinal magnetization at equilibrium.

Another occurring phenomenon is the decaying of the transverse component, M,,, along
with the regrowth of M,. The time constant governing the return to equilibrium for the decay of

transverse component of magnetization is T5.

dey _ Mxy
dt T,

(1.22)

Practically, the signal decays faster than predicted T,, due to the magnetic field
inhomogeneity causing little shifts in the resonant frequency. The time constant for this faster

decay is related as



11,1
o + 7 (1.23)

where T, accounts for imperfections in the main magnetic field.

So the time dependent phenomenon of magnetization in the presence of applied B, (t)

field is described by the Bloch Eq.

MO _ 1) x B(t) — MM (MMo)? (1.24)
dt T; Ty
The solutions of the equations are then
M,(t) = My(1 — e t/T) + M,(0)e~t/T 1.25)
M,y (t) = M,y (0)e @otet/T2 (1.26)

1.2.3 Relaxation mechanism

Following a perturbation, the spin system approaches thermal equilibrium with the surrounding
environment (i.e., lattice) via two simultaneous processes: polarization of longitudinal
magnetization and decoherence of transverse spins. The longitudinal relaxation reflects a net
change of spin states and there must be an exchange of energy between the spin states and the
lattice. This exchange of spin states are stimulated by a perturbation of the magnetic field at the
Larmor frequency. On the other hand, transverse relaxation can occur either through the
exchange of energy or without energy exchanges into the lattice. Transverse relaxation takes
place due to the magnetic field fluctuations at the nucleus and results in the loss of transverse
magnetization. Fluctuating magnetic fields, mostly stemming from the dipole—dipole interactions
between spins, will exchange energy with the spins until thermal equilibrium has been
established. Inherently, any type of interaction that causes fluctuating magnetic fields is a
possible source of spin relaxation. For spin 2 particles in solution or in most aqueous tissues,
dipole-dipole interaction is the dominant relaxation mechanism. The theory behind the dipole-

dipole interaction for relaxation is described below.

Because of the Brownian motion and molecular tumbling magnetic moment of one spin

influences the local magnetic field at other spin position arbitrarily. According to classical

physics, a local dipolar magnetic field E produced by a magnetic moment /i is given by



(1.27)

B = Mo [3EDT E]
B, = 477.'[ 5 r3
where p, is the permeability in the free space and 7 = rfi, r is the separation between two spins
and 71 is the unit vector in the direction joining them. From the interaction energy (E = —[i. §L)

between two identical spins with angular momentum vectors §1 and §2 is then

E =t g & 3(3.7)(3,.0)] (1.28)

47r3

Now if we transform 71 into spherical coordinates, then the dipolar Hamiltonian can be

written as
2
Haipotar = "L [A+B +C+D +E +F] (1.29)
Where A=S5,,5,,(1—3cos?0) (1.30a)
B = —2(S{ST +S7S{)(1 — 3cos26) (1.30b)
C = —2(S¢Ss + 5,158 )sinfcosbe™ . (1.30¢)
3 o l.

D=- > (851 S22 + 5,155 )sinBcosBe'? (1.304d)

3 + Y ein20p—2i@ 1.30
E=—Z(SlSz)sm fe (1.30e)

3 —C\einlAp2ip

F=-7 (S7S7)sin%Be (1.30f)

In fact, the dipole-dipole interaction depends on the orientation of the two spins and their
relative positions. In the above Eq. (1.29), A and B terms are known as secular term of Hpoar-
The term ‘A’ represents static interactions as the spin operators ‘S,;’ and ‘S,,’ join like states.
While ‘B’ term allows the spins to exchange their orientations via flip-flop interactions.
However, both ‘A’ and ‘B’ terms allow the transitions between equal Zeeman energy states i.e.,
no transitions that lead to net exchange of spin orientation; eventually these terms do not
contribute to longitudinal relaxation. The ‘C’ and ‘D’ terms allow transitions that lead to one of
the spins to flip with transition energy of hw,, whereas ‘E” and ‘F’ terms allow both the spins to
flip with transition energy of 2Aw, with the lattice. The ‘C’, ‘D’, ‘E” and ‘F’ terms contribute to

both transverse and longitudinal relaxation.



In order to get more insight into the relaxation, we can utilize perturbation formalism of
quantum mechanics using dipolar Hamiltonian as the perturbation. As well, we need to introduce

the autocorrelation function which is a decaying function and is expressed by [6]
G(t) = B2e "/ (1.31)

where 7, is the correlation time which corresponds to the average time taken for a molecule to
rotate through one radian. As we know, relaxation is usually induced if the frequency
components of the fluctuating magnetic field are pretty close to the Larmor frequency. These

frequency components can be analyzed by Fourier transform of the autocorrelation function
(form a Fourier transform pair J(w) = fjozo G(1)e T dr) known as spectral density function

and is expressed by

Tc
1+w?72

J(w) = 2B? (1.32)

and J(w) implies the power available to induce relaxation as a function of the angular frequency.
Figure 1.1(a) shows the spectral density function for various rotational motions: very fast motion

w?1? « 1, intermediate w?7? ~ 1 and slow motion w?7? > 1.

In terms of spectral density function relaxation can be expressed as

1 3y*p?
— = 10+ DI (o) + 2 (2w0)] (1.33)
1
T—lz = 3y:h2 I(1+1) E]o (0) + 5/1(wg) + %]2 (20)0)] (1.34)

where /,(0), J;(wy) and J,(2w,) are the Fourier transforms of the autocorrelation functions of

three spatial terms (1 — 3cos26)/r3, (sinfcosfe™*) /r3 and (sin®6e~2*?)/r® in Egs. (1.30).
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Figure 1.1: Relaxation principle: a) Spectral density functions J(ay) for three substances: bound
water (long z.), structured water (medium 7.) and free water (short z.). The number of protons
undergoing oscillations at ay is largest for structured water. b) Variation of relaxation times 77
and 7> with the rate of molecular tumbling. Molecular tumbling rate increases from bound water

(large molecule), structured water (soft tissue) to free water (small molecule) (based on [7]).

Jo(0) represents the static energy density and corresponds to the transition where there is
no energy exchange between spin and lattice. This low frequency component contributes only to
the transverse relaxation. However, J;(w,) and J,(2w,) are the energy densities of the
fluctuating magnetic field at frequencies w, and 2w,. As mentioned earlier, exchange energy for
C, D terms is hw, and for E, F terms is 2hwyin Eqgs. (1.30) [8]. Thus for the spin relaxation,
fluctuation of the magnetic field at certain resonance frequencies must be provided by the
molecular motion. For spins at a constant separation 7, the relaxation rates can be written as [7,

91,

! —2)/4h21 [+1
T, 5r¢ ( )

TC + TC
1+ wdt? 1+ 4wit?

(1.35)



B }/4le

T, 576

57, N 2T,
1+ wité 1+ 4wit?

I+ 1) |37, + (1.36)

For non-viscous liquids such as water, the rotational motions are very fast (w372 « 1).

Combining the equations (1.35,1.36) gives

1 2y

1 452
5T r: I(T+ Dz, (1.37)

Hence for water, the relaxation times are independent of frequency tern (Eq.1.37), and T;
and T, are similar under common magnetic field strengths. As well, relaxation rates are not
affected by the field strength for very fast motion molecules. On the other hand, for solid the
rotational motions are very slow(wgz2 > 1), Tyand T, are very different. For intermediate
rotational motion (w3t ~ 1) in viscous liquids, T; is frequency dependent while T, is less
frequency dependent and always shorter than T; as frequency independent secular term
dominates on T, [10, 11]. The relationship between relaxation times ( T;, T,) and molecular
tumbling rate (inverse of correlation time 7.) is represented in Fig. 1.1 (b). It is showed that T; is
always larger than or equal to T,. Note T;is strongly dependent on temperature. With the
increase of temperature the molecular energies increase resulting the rapid fluctuation of local
dipolar filed, making them less effective at inducing relaxation. Substances with paramagnetic

content also influence the relaxation processes.

Biological tissue contains diverse, free tumbling ions and molecules, proteins, lipids, and
relatively immobilized or rigid macromolecules that may exchange with the protons in the water
molecules. Moreover, biological tissues are heterogeneous and contain various types of cells or

other structures, and may have multi-component relaxation times.
1.2.4 Cross relaxation, chemical exchange and magnetization transfer

The relationship between transverse relaxation and molecular motion can be explained by
magnetization transfer (MT). MT can take place via several mechanisms like chemical exchange
or cross relaxation, and relies on the difference in T, values between free, unbound water proton,
and bound water proton to macromolecules. So, two pools of protons are considered: one is
mobile pool for free water; and another is bound pool which is motionally restricted and linked
with macromolecules in brain tissue. The mobile pool includes both the mobile bulk water

molecules and water molecules bound to the macromolecular surface which is termed as

10



hydration water. These two water fraction exist in a chemical equilibrium state that can be
considered as a single mobile pool. The hydration water molecules communicate with the bulk
water molecules through diffusion. The transfer of magnetization from hydration water with the
macromolecule protons occurs through a special form of dipole-dipole interactions and is termed
as cross-relaxation. In cross-relaxation protons of bulk water and hydration water molecules
exchange the chemically nonequivalent spins. Figure 1.2 depicts the mechanisms of cross-
relaxation and chemical exchange. Previous work suggested that chemical exchange is not a

significant factor in the MT processes [12, 13].

o~
-
1{5;\

N
&

¥

macromolecule

chemical
exchange

Figure 1.2: Magnetization transfer takes place via cross-relaxation or chemical exchange
mechanisms.

We know free water protons have long T, values (> 10 — 100 ms) because of fast
molecular motion (7, ~ 3 X 10725 ) and free water has a very narrow resonance bandwidth

(10 — 100 Hz) around the Larmor frequency. Whereas, bound water protons have short T, (<

11



0.2 ms) due to restricted motion (7, ~ 10~8s) and bound water has broad frequency bandwidth
(10 = 50 kHz). In addition, both pools have almost same Larmor frequency. However, the
bound pool is not visible with conventional MRI as T; is too short. The magnetization or energy
is continuously exchanged between the pools under normal condition. It is possible to perturb the
bound pool and monitor the magnetization transfer effect on the mobile pool. If the bound pool is
selectively saturated, there will be no net magnetization in the bound pool and eventually a
variation between magnetization between the pools will be obtained. Magnetization will be
transferred from the free pool to bound pool due to exchange or cross relaxation. The frequency
bandwidths of two pools and the magnetization transfer mechanism are shown in Fig. 1.3.
Saturation is achieved in several ways such as continuous wave (CW) irradiation, on-resonance
binomial pulses and off-resonant RF pulse. Moreover, incidental magnetization transfer effect is
observed specially in multi-slice imaging with multiecho spin echo sequence where slice
selective excitation and refocusing pulses RF pulse act as off-resonance pulse for neighboring

slices. More details on incidental magnetization transfer is given in section 1.4.1.4.3.

Free Pool

& Bound pool
e | o

>

[

Figure 1.3: Magnetization transfer: Off-resonant RF pulse saturates the magnetization associated
macromolecular protons of bound pool but not magnetization in free pool. The exchange of
magnetization between the pools results in the reduction of magnetization of free water pool and

hence its signal intensity.

1.2.5 Free induction decay

Free induction decay (FID) of nuclear magnetization is defined as the signal generated after the

application of an excitation pulse. Usually a subject being imaged is placed in the uniform

12



magnetic field By and the sample magnetization initially aligns to By,. An RF pulse is then
applied to the RF coil, surrounding the subject, which can generate a time dependent magnetic
field B;. The RF pulse, oscillating at the Larmor frequency, causes the spins to tip into the
transverse plane. The time dependent emf or signal is induced into the coil by the net
magnetization of the subject after switching off the RF pulse. The duration of the signal is
ultimately limited by transverse relaxation and but the signal decays more rapidly due to the
mutual interference between different NMR frequencies depending upon static magnetic field
homogeneity. The overall FID signal is exponential in nature. In fact, FID duration is of the
order of seconds for proton NMR but it might be in the range of microseconds in the case of

solid state NMR where the NMR line shapes are not relaxation limited.
1.2.6 Signal detection and reciprocity

In MRI we measure the voltage (i.e., signal) from the coil and the magnetic field producing such
voltage. According to reciprocity, the coil’s ability to receive signal from a certain location is
proportional to its ability to produce fields at that locations [14]. Therefore, complex RF signal

from the imaging volume V has an expression of the type
S(t) = f By (r).M(r). e tkr+wot) gy (1.38)
14

which implies that a signal S(t) is induced across an RF coil by a time varying magnetization.

In the above Eq. (1.38), By (r) is the receive sensitivity of the coil and is expressed as By =

(le_iBly)*

. , a circularly polarized component rotating in sense opposite to that of the spins; M(r)

is the transverse magnetization, k(t) is the position in k-space at time t which describes the

phase accumulation due to the gradients and w, is the Larmor frequency.

The stationary frame of reference is the basis of reciprocity principle. As discussed
earlier, nuclear spins are only influenced by a B field rotating in the same sense as their
precession and the By, the transmit field, causes nutation of the spin. If quadrature PSD is used,
the received signal is detected in the rotating frame of reference which depends on the counter
rotating By. At low frequency, Bf ~ By while at high frequency Bjfand By differs
significantly. Eventually the receive sensitivity depends on the B, the negatively rotating field

component [15].
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1.3 Imaging

In order to get MR images of the subject, spatial localization of the nuclear spins is required.
Going back to the history, localization of NMR signal using a field gradient was proposed in
1973 by Lauterbur [16]. The key idea is to get a projection through an object using the NMR
frequency encoding. By varying the direction of the field gradient applied during data
acquisition, projections from different angles were then combined to form an image using the

filtered back projection, a protocol borrowed from CT.

Due to the natural abundance and high gyro-magnetic ratio, hydrogen proton imaging is
the natural choice and is vastly used in clinical MRI studies as well. Generally, MR imaging
starts with signal excitation followed by spatial encoding and then need to isolate the proton

density distribution using the Fourier transformation.
1.3.1 Contrast

Image contrast is important for tissue characterization in MRI. The MRI signal depends on the
pulse sequence used for the scan and the tissue characterization parameters, which create the
image contrast. There are three main sources of contrast in MRI which determine the signal
intensity: T; relaxation, T, relaxation and spin density. T; relaxation times provide a large
variation between soft tissues, making T;-weighted pulse sequences helpful for anatomical scans.
T, relaxation times are highly sensitive to inflammation and can be useful for T, weighted
imaging by which many diseases can be characterized by observing the T, values in tissue. In
addition, spin density corresponds to the water content levels in proton MRI and provides

relatively similar in most soft tissue [4].

In any pulse sequence used in MRI all three contrast mechanisms may present, however
typically one of the contrast mechanism is emphasized. For example, the spin echo signal at

point 7 can be expressed as
S~ Kp(r)(1— e TR/M())e=TE/T2(r) (1.39)
where K is a gain constant, p(7r) is the spin density at position r, TEand TR are the echo time
and repetition time respectively. Manipulating TE and TR, the signal difference between
different tissue types can be modified. For long TR and short TE, the MRI signal intensities
depend on spin density p(r). T;-weighted image can be obtained with short TE, and T,-weighted
14



image can be obtained with long TR. Moreover, image contrast can be modified by using an
inversion pulse prior to the initial excitation pulse. For example, with the use of appropriate
inversion recovery (IR) time cerebrospinal fluid (CSF) or fat can be suppressed from the image
with fluid attenuated inversion recovery (FLAIR) or short T inversion recovery (STIR) sequences

respectively.
1.3.2 Signal localization

Signal localization is required in order to create an image of a subject and done by
superimposing the spatially varying magnetic field onto B,, making w, as function of position.
Let us define the magnetic field as Bywhich varies linearly along the x direction and is aligned

along z-axis as
B, = xGy? (1.40)

where G, is the x gradient. Larmor frequency then written as w = y(By + xG, ). The gradients

for all three axes can be written in matrix form

0B, = 0B, _ 0B, _.
) XX 3y Xy 7 Xz
0B 0B 0B
G = Y 55 Y 55 Y 525 1.41
3 VX 3y o5, (1.41)
0B, 0B, . 0B, .
[ Ox 2 dy i 0z 2

However, the contribution x and y component of By on the Larmor frequency is very
small and can be neglected because the main field B is aligned in the z-direction. Therefore the

expression for the gradient is reduced to

0B, . . 0B, . . 0B ,
G—Ex+ayy+azz (1.42)

Usually an MRI machine has three gradient coils that produce Gy, G, and G, for three

axes. As well, all the gradients are independent and orthogonal to each other. The total gradient

field is then given by
G=G6X+Gyy+G,2 (1.43)

The magnetic field at position 7 is therefore
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B(#) = (B, + G.7)z2 (1.44)

Using the gradient field, signal localization can be achieved by using the following

methods: slice selection, frequency encoding and phase encoding.
1.3.3 Slice selection

Slice selection is used for selective excitation of the spins in a sample. Here we need to apply a
linear gradient usually along the z-axis which makes the Larmor frequency as a function of
distance along the gradient axis. If we apply slice select gradient along z-axis, the Larmor

frequency is then
w(z) =y(Bo +zGy) (1.45)
With the application of an RF pulse into the sample, the spins will be affected by the RF
pulse which have the resonance frequency same or close to that of the RF pulse and consequently
a particular slice of the sample will be excited [17]. The slice thickness can be calculated by

knowing the gradient amplitude and the position of the excited slice can be changed by changing

the RF pulse bandwidth.

Now neglecting the relaxation effects, the sample magnetization evolution in presence of

the slice select gradient G4; can be described by the Bloch equations

aM

d_tx = VMszlZ (1'46)
dMy _
F - V(MzBl (t) - MszlZ) (1-47)
dM,
22 — yM, By (t) (1.48)

If we use a new frame of reference (x',y’,z") which rotates at the frequency yGgz
around the z-axis, making the rotational frequency as a function of distance along the slice axis,

the above equations (1.46-1.48) become (for the pulse extends from (=7 to T)

aM

7"’ = yM,B,(t) sin(yGgz'(t + T)) (1.49)
dMy/ ,
—— = YM1B(t) cos(yGgz'(t +T)) (1.50)
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aM _,
dtz =y(MyB, — Mlexl) (1.51)

For simplicity, we assume that the variations in z-component of the magnetization are

MZI

small (i.e., ~ 0), M, = M, and the spin response is linear. These assumptions work well
for small angles situation. Using the complex notation M, = M,/ + iM,, we can write the

above equations as

dM s . /
"l = iy M, B, (t) e 0er () (1.52)

Integrating Eq. (1.52) and then transforming into the original rotating frame of reference

under the above assumptions we can get
M, (z) = iyMye~YCsizT f_TT B, (t) el0sizt 4t (1.53)

By replacing yGg;z = w, the above Eq. can be treated as the Fourier transform of By (t).
This implies that the excited slice profile is the result of Fourier transformation of the RF pulse
envelope. So theoretically, if an infinitely long RF pulse is applied to an imaging object, an
infinitely thin slice should be excited. However, the RF pulse has finite duration in practice so

can give finite BW.
1.3.4 Frequency Encoding

If we perform slice selection only, no spatial information along the other two axes can be
obtained from the resultant FID signal. So we need to apply gradients to encode the signal along
these axes. For frequency encoding, a linear field gradient, G, is applied during the readout so
that precessional frequency of the spins changes to make up the signal as a function of position

along the gradient axis.
w(x) = wy +yGx (1.54)

If we consider p(x) as the projection of the spin density function along the x-axis, the

signal would be then due to frequency encoding
S(t) = [ p(x)e H@o+vGxx)t gy (1.55)

In the rotating frame of reference with precession at Larmor frequency @, , the @, is

removed leaving
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S(t) = [ p(x)e irGxtx gy (1.56)

The above Eq. 1.56 has the form of Fourier transform pair. The Fourier transform of the
signal S(t) produces a projection p(x) of the magnetization of the object imaged along the
gradient axis. Usually the frequency encoding gradient and slice select gradient are applied
orthogonal to each other and combination of both gradients can localize the signal to a column

through the object.
1.3.5 Phase Encoding

Using slice selection and frequency encoding the MRI signal has been localized to a specific
slice and encoded along one direction. In this case, spins in the same column precesses at the
same frequency and thus all the spins are in the same phase. However, to get different relative
phases of spins in the same column, a linear field gradient should be applied on the
magnetization prior to the frequency encoding that produces a linear variation of phase of the
spins. In phase encoding, applied usually along the y-axis, we need to excite the object with a

constant gradient for different duration Tj, before sampling each data point. Thus the acquired

signal can be obtained by repeating the process for different T,.
S(Ty) = [ p()e &) gy (1.57)

The phase encoding is similar to frequency encoding and the signal is the Fourier

transform of p(y).

Therefore, combining slice selection, frequency encoding and phase encoding, basis of

most common imaging sequence can be established.
1.3.6 K-space and sampling requirement

K-space is introduced as the reciprocal image space in MRI and considered as the Fourier space
in which images are acquired before being Fourier transformed into image space.

Mathematically, k-space is defined as

k(t) =y [, G(r)dr (1.58)
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where G = G,X + G,J + G,Z is the gradient field vector, t is the duration of gradient pulse and,

k has the unit of rad /m indicating the phase accumulation per distance. Thus the signal can be

written as
S(k) = [ p(¥)e kT a7 (1.59)

which shows the relationship between the image space signal, p (#), and the k-space signal
S(k). The weighted sum of all points in the k-space contribute to each point in an MRI image.
The central part of k-space indicates low spatial frequency regions (large image structure) while
distant parts of the k-space indicate high spatial frequency (edges and fine details). Fig. 1.4
shows a T>-weighted spin echo image and it’s corresponding k-space image. In addition, spin
echo and gradient echo pulse sequence diagrams and their k-space trajectories are shown in Fig.

1.5.

However, it’s not possible to sample a continuous function so discrete sampling is
required. For 2D imaging if we assume the object being imaged has field of view (FOV) along
frequency encoding and phase encoding directions as FOV, and FOV,, then satisfying Nyquist
criteria we can write

1

1
By < o= Ay < (1.60)

And Ak, = yGAt, Ak, = yAGT (1.61)
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Figure 1.4: MRI image of a brain (left) and corresponding k-space image (right)

Where Ak,, Ak, are k-space step size along x and y direction, G is frequency encoding gradient,
AG 1s phase encoding step size and T is phase encoding interval. Finally we can write the
following requirements for MRI acquisition parameters:

1 AG. < 1

At < ,AG), <
YGFOV, YTFOVy,

(1.62)

Moreover, the spatial resolutions Ax and Ay are related to k-space extent (2k,y,45) by

1 1
Ax = , Ay = (1.63)

2 kxmax 2 kymax
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1.3.7 Effect of field strength

The relaxation processes are affected by the main magnetic field. Previous studies indicate that
T, values increase while T, and T, values decrease with increasing field strength [18-22]. T;
increases with the increase of field strength starting from very low field and field dependency
decreases at high field [22] while T, remains almost constant up to 1.5 T [23]. Reasons behind

the increasing T; with field strength are evident from the spectral density functions shown in Fig
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1.1. As the energy difference between parallel and anti-parallel states increase, spins have less
resonant energy states available in the lattice and thus energy is poorly transferred to the
surroundings. For transverse relaxation times T, and T, reasons behind the decreasing tendency
with field strength are due to the increased dephasing caused by the diffusion in local field
gradients as well as due to the chemical exchange of protons between the different pools.
Moreover, the dephasing rate and the chemical shift difference between the pools are field
dependent which also causes decreased relaxation times at high filed. The dephasing rate
increases with field strength as the static field inhomogeneities are not recovered in T, decay.

Therefore T, has more field dependency compared to T,.

High field imaging systems provide some advantages over lower field systems such as
higher SNR, higher spatial resolution, better tissue contrast and increased T; for better
background suppression in MR angiography; and increased chemical shift for MR spectroscopy.
High field systems have strong sensitivity to magnetic susceptibility differences; exploiting this
property improved contrast to noise and acquisition efficiency using susceptibility weighted
imaging (SWI). Moreover, high field is highly sensitive to non-heme iron in the human brain.
Previous studies showed high correlation between relaxation rates and estimated non-heme iron,
and near linear increase in non-heme iron sensitivity was observed at multiple field strengths

[24-27].

Though high magnetic field systems can be advantageous, they encounter some
challenges related to image acquisition such as modified relaxation times, RF inhomogeneity,
susceptibility gradients and the larger spectral separation. Therefore modification of pulse
sequences is required. For the change of relaxation rates, modification is performed by altering
imaging parameters such as TR, TE and flip angle in order to maintain the desired image
contrast. The high RF power deposition is another vital problem of high fields and impedes
imaging. RF power deposition varies quadratically with field strength [28] which limits the use
of high-energy pulses. At higher field, another important problem is the central brightening due
to the wavelength interference effects [15] and lower RF field at the periphery of the head due to
the destructive interference. For example, multi-echo spin echo (MESE) or fast spin echo (FSE)
employs multiple RF pulses prior to the read out and could encounter considerable variations in

signal intensity and contrast.
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1.4 Quantitative Relaxometry

1.4.1 Quantitative T, measurement

Transverse relaxation is characterized by the exponential decay of the MR signal in the
transverse plane with a time constant T,. Usually, T, weighted imaging is used in clinical MRI
diagnosis that provides a qualitative interpretation of disease. In certain cases, T, quantification,
which provides an absolute measure of transverse relaxation independent of other factors,
provides a metric that is preferable to relaxation weighting. In neurodegenerative conditions such
as multiple sclerosis and Parkinson’s disease, shorter T, times in deep grey matter (DGM) are
indicative of iron accumulation and appear to correlate with disease severity [20, 29]. Past
studies have also demonstrated that T, quantification plays an important role for detection of
diseases [20, 30], tissue characterization of human body [31-37] and brain [38, 39]. Quantitative
T, measurements are typically performed with a multi-echo spin echo sequence and T, values are
calculated via mono- and multi-exponential fitting [40]. Besides these, some other techniques
have been used for T, quantification such as T,-weighted Snapshot FLASH [41] inversion
recovery TrueSSFP [42], partially spoiled SSFP [43] and driven equilibrium single pulse
observation of T2 (DESPOT?2) [44]. In this thesis, spin echo based T, quantification has been

used. The spin echo sequence is discussed below.
1.4.1.1 Spin Echo sequence and CPMG

The spin echo was first devised by EL Hahn in 1950 for the quantification of relaxation and
diffusion times in NMR experiments [45]. The spin echo sequence uses 90° RF pulse to excite
the longitudinal magnetization, which undergoes free precession and then relaxation. It also
dephases under the application of gradients and magnetic field inhomogeneities. A single or
multiple 180" pulses refocuses the spins for the generation of signal echoes. The refocusing
pulses are placed in the midway between the excitation pulse and the echo formation. The results
are the nullification of the phase accumulation, and rewinding of the phase accumulation for later
evolution into a coherent echo. Spin echo sequence refocuses the gradient and magnetic field
inhomogeneities. Fig. 1.5 shows a two-pulse spin echo sequence. Typically, the refocusing pulse
may not be exactly 180° so crusher gradients are required which spatially dephase any

transverse magnetization excited by the refocusing pulse.
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Carr and Purcell [46] adjusted the Hahn spin echo sequence for the reduction of diffusion
sensitivity by the addition of multiple refocusing pulses. These refocusing pulses are applied
along the same direction as the 90° excitation pulse. Multiple refocusing pulses limit the phase
dispersion in the inter-echo spacing due to the molecular diffusion. The time between the
excitation pulse and the first refocusing pulse is T and thus the first echo is formed at 27. And, n
number of images can be acquired for n number of refocusing pulses with TE = n * 27. Such a
pulse sequence is also known as CP spin echo sequence. The rate at which the echoes are formed
depends on how effectively the refocusing pulses are placed close together and the efficiency of
the hardware used [2]. The diffusion effect can be reduced by using shorter 7. However, the
drawback of the CP sequence is that any errors in the flip angles of the refocusing pulses will be
cumulative and the following pulses will rotate the magnetization vectors progressively out of
the transverse plane. Consequently there will be a significant loss of transverse magnetization
and will not correspond to the true T, value. Later this CP spin echo sequence was refined by
Meiboom and Gill [47] in order to minimize the flip angle error in refocusing pulses and the
susceptibility effects in presence of inhomogeneous magnetic field B;. In their modification they
applied refocusing pulses along the -y’ direction and the method is known as CPMG sequence.
The basic idea is that for CP if the initial magnetization is in the direction of +y’ axis, the
magnetization will be in the direction of -y’ axis after the first refocusing pulse and then will
return to the direction of +y’ axis after the second refocusing pulse. Whereas for the CPMG, the
magnetization will be remain in the direction of +y’ axis after each refocusing pulse as

excitation pulse (90°) is applied in quadrature with the refocusing (180°) pulse.
1.4.1.2 Apparent T,

As mentioned earlier, CPMG sequence reduces dephasing effects due to diffusion in an
inhomogeneous magnetic field while Hahn spin echoes are more dependent on the diffusion
effects. For constant TE, spins do not allow the phase accumulations due to susceptibility and
gradient effects. On the other hand, Hahn spin echo uses a single refocusing pulse, the dephasing
effect is larger for longer TE and due to lack of multiple refocusing pulses. Thus the Hahn spin
echo is relatively more sensitive to the effect of the susceptibility gradients due to iron. With the

diffusion term, spin echo signal magnitude is described by the following equation [46]:
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S(t) = e~z 607 azm? (1.64)

where 7 is the echo spacing, D is the diffusion coefficient of the sample, G(t) represents the
magnetic field gradient, y is the gyro-magnetic ratio and n the echo number which is equal to 1

for Hahn or single spin echo.
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Figure 1.6: Multiecho spin echo (MESE) pulse sequence. Both excitation and refocusing pulses

are slice selective.

Previous observations [48] indicate that the Hahn SE and CPMG SE do not provide same
T, values. CPMG sequence depends on the selection of echo spacing, T [49, 50] and the diffusion
term y2G(t)2D in the above equation can be made small by choosing a small 7 and hence more
accurate T, can be obtained. However, the diffusion term and susceptibility term cannot be
separated, and can be correlated with the iron content and true T, value for the tissue. If we
consider a water molecule tumbles with the diffusion correlation time 7, in presence of magnetic
field inhomogeneity and the variation of the field perturbation Aw in the same unit of Larmor
frequency. The diffusion/susceptibility term can be explained in the motionally narrowed

((Awtp K 1) and static (Awtp <K 1) regimes [51-53]. Thus proton spins experiencing
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inhomogeneous magnetic field and diffusion effects can be described by the apparent relaxation

rate

R, =R, + y?G*Dt?/12 (1.65)

1.4.1.3 Spin echo based T, quantification

T, quantification is achieved by extending the principle of T,-weighting and images are
generated with different TE values. In the multi-echo spin echo sequence (Fig. 1.5), each echo in
the echo train is encoded with the same phase encoding gradient. Usually 16 to 32 echoes with 3-
4 sec TR are used for T, measurement depending on the RF power deposition due to pulses at

high field and scan time duration. A series of images are generated using the following equation
S;(t) = Sye TE/T (1.66)

where S is signal intensity at equilibrium and proportional to mobile proton density, subscript i
denotes the ith images with echo time TE;. Using least square minimization, a pixel-by-pixel
mono-exponential fitting is performed in order to get T, values at each pixel over the region of
interest. However, non-ideal slice profiles and stimulated echoes are the major problems for this

multi-echo spin echo sequence. More details will be discussed in the following sections.
1.4.1.4 Artefacts influencing T, measurement

Although the T, quantification using multi-echo spin echo is relatively simple and is considered

as gold standard, there are some drawbacks that arise during the T, decay acquisition.
1.4.1.4.1 RF inhomogeneity

Ideally, all spins in the imaging object should be uniformly affected by the RF pulses used in the
T, measurement. However, there are some sources that create a variable RF distribution. Such as,
imperfections in transmit/receive field due to design limitations in the RF coil creates RF
inhomogeneity causing certain regions of the imaging volume to receive more RF power than
other regions. For this reason there will be some variation in flip angles across the imaging
volume, which will introduce stimulated echoes and phase artifacts resulting in an erroneous T,
measurement [2]. Tissue with large dielectric constant is another source of RF inhomogeneity
and the effect is the reduction of RF wavelength even though the external RF field is uniform. At

high field penetration distance of RF into the object is small due to the electrical conductivity
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causing RF non-uniformity. Possible solutions are to use pulse sequences with adiabatic pulses

[24] or stimulated echo compensation [54].
1.4.1.4.2 Specific absorption rate

Human tissues are conductive and current can pass through the human body. When the RF pulses
are applied, the time varying RF field can induce small current according to Faraday’s law that
results energy being absorbed in the tissues. The RF energy absorbed by the body is known as
specific absorption rate (SAR) and is measured in W/kg. The SAR of RF energy is proportional
to B4B# [55]. SAR must be kept at the safe limits to prevent injury. The primary contribution of
SAR stems from 180° refocusing pulses in the multi-echo spin echo sequence. In our case, the
SAR limit was ~2 W/kg for brain at 4.7 T while the standard limits are 3.2 W/kg for head with
exposure averaged of 10 minutes and 4 W/kg for whole body (15 minutes) [56].

1.4.1.4.3  Incidental magnetization transfer effect

A large number of slices for sufficient volume coverage is often desirable. However, each slice
selective RF pulse acts as an off-resonant excitation pulse for neighboring slices in 2D multislice
imaging. The result is the partial saturation of bound spins and gives rise to an incidental
magnetization transfer (MT) effect. And, the effect of MT is increased for a pulse sequence in
which a large number of RF pulses are employed and the MT effect is more obvious at high
magnetic fields. Previous studies showed that MT effect is stronger in tissues with high
macromolecular content such as, in WM. The resulting effect is signal loss in the tissue with
higher content of macromolecules [57, 58]. The incidental MT effect on WM can be minimized
by using an appropriate delay between the off-resonant excitation and on-resonance acquisition
where the exchange between multicomponent pools are maximized. Moreover, T, measurements
using multiecho spin echo sequence in single slice mode and 3D acquisitions are not affected by

incidental MT effect.
1.4.1.4.4 Stimulated echoes

Stimulated echoes create major artifact in the T, decay curve [40]. Stimulated echoes are
generated by the imperfect refocusing pulses in multi-echo spin echo sequences. These echoes

can refocus later and mix with pure spin echoes, depending on the coherence pathway of the
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magnetization. Stimulated echoes are T; weighted and lead to confound in spin echo T,
measurement. Note the imperfection in refocusing pulses are due to the finite refocusing
thickness, nonrectangular slice profile, RF interference effects and transmit calibration errors.
The stimulated echoes can be eliminated by using variable spoiler gradients on either sides of the
refocusing pulses [40]. The formation of stimulated echoes with their amplitudes and locations

can be described by the extended phase graph which will be discussed in the section 1.4.1.5.
1.4.1.4.5 Partial volume

Slice thickness can play an important role for accurate T, quantification. Selection of thin slice
thickness can somewhat avoid partial volume effects that may introduce multi-exponential decay
in the T, curve [59]. This is a problem in brain MRI where regions of white matter (WM), grey
matter (GM) and cerebrospinal fluid (CSF) can overlap in the same voxel each having very

different T, values.
1.4.1.4.6 Inter-echo spacing

Constant echo spacing (usually 10 ms) is typically used for T, quantification using multi-echo
spin echo sequence [54, 60]. The multiecho spin echo T, measurement depends on inter echo
spacing due to iron in subcortical GM structures of human brain [50, 61, 62]. Jensen et al. [61]
proposed a quantitative model on relaxation rates (R, = R,, + AR,) for investigating interecho
spacing dependency where R,, is the relaxation rate in absence of microscopic field
inhomogeneities and is independent of interecho time, and AR, is the shift of inhomogeneities as
a function of diffusion term. Moreover it was assumed the iron-rich oligodendrocytes act as
randomly distributed magnetic spheres [61]. Previous simulation studies showed how T, values
are varied with optimal interecho time and the number of echoes used [63, 64]. Therefore, short
and constant echo spacing should be used in multiecho spin echo acquisition in order to control

diffusion effects between refocusing pulses [50, 62].
1.4.1.5 Extended phase graph

The evolution of primary, secondary and stimulated echoes obtained from a series of refocusing
pulses can be explained by extended phase graph (EPG) [65, 66]. It also provides more
information about magnetization behavior that cannot be attained using a vector representation.

If the relaxation effects are neglected during RF pulses, from Bloch equations, the magnetization
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response to an on-resonance f-pulse applied along x-direction in the rotating frame is described

by the magnetizations immediately after the pulse that are given by

M;’y,z =R, ()M, , (1.67)
1 0 0
Where R,(6) =<O cosO sinH) (1.68)
0 —sinf@ cosf

1s a rotational matrix.

However, in absence of RF pulses, evolution of magnetization has two independent
components while vectors have three components. Therefore replacing (My M, M;) with
(My = My +iM, M,) we can write

M7} = M7 cos? (g) + (M3;) " sin? (g)JriMz_sinH (1.69)

M} = Mjcos? (3) — My sin? (3) =5 (M3)~ — My)sin6 (1.70)

where My, (M7)~ and M, are the dephasing transverse magnetization, rephasing transverse
magnetization and longitudinal magnetization respectively. From the above equations it is
observed that a certain fraction of M7 and M are specified to translate into M7 and M;f and

there are six transfer terms that can be summarised as

Magnetization Fractions Model by
My - My, M, > M, cos? (9) 0° pulse
2
Mr - My, M, > —M, <in? (ﬁ) 180° pulse
2
M, - M, ,M, > —M, sin@ 90° pulse

Therefore any arbitrary RF pulse can be modelled as a weighted combination of 0°, 180°
and 90° pulse with weighting of cos? (g), sin? (g) and sin@ respectively. In summary, the 0°

pulse has no effect on the magnetization but in the transverse plane there will be some phase

development of the isochromats that will continue to evolve later, and the longitudinal
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magnetization will stay in that direction regrowthing towards equilibrium magnetisation. In
contrast, the 180° pulse inverts the phase accumulation of transverse magnetization prior to the
pulse such that all static field inhomogeneities are refocused and spin echoes are formed. The 90°
pulse converts half of the transverse magnetization during the following free precession period
into longitudinal magnetization while other half has its phase inverted prior to the phase stored as

indicated in the Eq. (1.70).

Egs. (1.69, 1.70) reveal that magnetization will break into different paths such as My, My
and M, at each pulse and have to track them separately. Extended phase graph allows for
keeping track of all the pathways and to predict the location and the amplitude of the echo
formations. Figure (1.7) shows the extended phase graph with three RF pulses creating five
echoes: 1) Hahn Spin echo is formed as a result of the action of first and second pulses; ii) virtual
echo is formed due to the action of third pulse on first echo; iii) forms stimulated echo due to the
combined effect of all three pulses; iv) and v) are spin echo formed due to the action of third

pulse on FID signal from first and second pulses.

8, 0,
phase Legend:
evolution @ Hahn/primary Echo 1
phase Primary Echo 2
state # Stimulated Echo

® Secondary Echo 2
® Secondary Echo1

5 . 282

® M,_, =sinf;sin >
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# Mg, = Esinﬂ.lsinﬁzsinﬁg

. . 3 93

® My = cos8;sinb;sin >
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Figure 1.7: Extended phase graph as a function of time for an arbitrary angle based on two
refocusing pulses. Vertical axis is phase and horizontal axis is time. Solid lines along any

diagonal pathways have phase changes while lines along the horizontal pathways have no phase
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changes during free precession period. Five echoes are formed with amplitude factors M _;, M, .

1-1, Mi0%1, Mo,1-1 and My ;..

When the relaxation effects are taken into account, the echoes are formed with

2T 2T

. . a0, 2L . . . 50y . g0y 22
amplitudes Sinf,Sin? fe T2 (primary spin echo 1, echo time 2t;), Sinf,Sin? 725 in? ?36 T2

T2 20
(primary echo 2, echo time 21,), %Sin@lSinHZSin%e Tie Tz (stimulated echo at echo time

2(‘1:1 +27:2)

211+12), CosBlSinBZSinz%e_ T2 (secondary echo 2, echo time t;+21;) and

2(1’1 +12 )

Sind,Cos? 92—25 in? % e T2 (secondary echo 1, echo time 2(t+12)).

However, the number of possible pathways can be reduced as well as the phase
accumulations can be grouped into an integral number of phase intervals by using a constant
interval between the refocusing pulses. Figure (1.8) shows an example where fixed spacing
between refocusing pulses is used. It was suggested that constant spoiler gradients area must be
used in order to get rid of all magnetization from stimulated and indirect echoes [67]. For more
precise T, quantification from the decay curve in possible by taking into account all the coherent

pathways involved [54].
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Figure 1.8: Different coherent pathways for echo formation at constant echo spacing showing

spin echoes (circle) and stimulated echo (asterisk).

Now we know several echoes are created when imperfect refocusing pulses are applied in
multiecho spin echo experiment. However, under the CPMG condition the secondary echoes can
be eliminated by using crusher gradients. The effect of stimulated echo on flip angles is shown in

Figure (1.9).
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Figure 1.9: (left) Effect of stimulated echoes for arbitrary flip angles (simulated with T; =
infinite, T, = 100ms). 180° refocusing pulse follows perfect exponential decay while other lower
flip angles experience stimulated echo. Increased amplitude of the second echo is due to
stimulated echo contribution. (Right) Ratio of first and second echo amplitudes (A and B) for

90° pulse versus flip angle.

1.4.2  Quantitative T,  measurement

In contrast to T, relaxation, T, relaxation acquires a gradient echo signal generated though
gradient reversal. The application of gradients induces dephasing of protons. When another
gradient pulse with opposite polarity but same magnitude and duration is applied, the proton
dephasing reversal occurs in the phase encoding direction producing an echo known as gradient
echo. The echo is produced in the center of the readout with an application of refocusing lobe of
equal area. For flow compensation, more lobes can be used to both slice selection and readout
lobes. Longer TR is used for most of the longitudinal magnetization to recover in order to avoid
T,-weighting and hence T,  contrast. The excitation angles are less than 90° and depend on TR
choice. One big advantage of this sequence is its low tissue power deposition due to the use of

reduced flip angles and no refocusing RF pulses.
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Quantitative T, can be obtained by collecting a series of gradient echo images with
different echo times and fit the curve to estimate T, in each voxel. A typical 3D multiecho

gradient echo sequence is shown in Fig. (1.10).

phase

= B

readout

signal - + +

echol echo2 echo3 echo4

Figure 1.10: Pulse sequence diagram for a multiecho gradient echo sequence. Four echoes are

shown. A monopolar acquisition is used to minimize artifacts between echoes.

One major issue of T, mapping is unwanted signal loss due to the magnetic
susceptibility difference near air-tissue boundaries or vessels, and the background field gradients
are responsible for this signal loss. To date several methods have been proposed to minimize the
effects from air-tissue boundaries such as gradient compensation, tailored RF pulses or post
processing. In gradient compensation methods, signal loss is mitigated by combining a couple of
gradient echo images whose refocusing slice select gradient lobes are varied successively [68,
69]. Whereas, tailored RF pulse method compensates the background gradient field effect by

manipulating magnetization phase (quadratic or case specific) in the slice select direction to
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reduce destructive interference at the echo time [70, 71]. Unfortunately, these methods may
require long scan time, reduce SNR, or limit the slice coverage. On the other hand, post
processing methods can compensate susceptibility induced signal loss more accurately with no
additional cost due to scan time, SNR or resolution. In the post processing methods, signal loss
due to dephasing effects is modelled as sinc modulated signal degradation arising from linear
background field gradients though a rectangular voxel [72]. These signals can be spatially
calculated from background field gradient map using the following Eq.

(1.71)

] YBFGy, ,Ax,y,2TE

S= smc( — )
2

where signal S is a function of background field gradient (BFG,,, ,), voxel size Ax, y, z and echo

time TE. However, this method may suffer from the contribution of artificially modulated signal

arising due to susceptibility sources in the brain territories with very high iron concertation. Use

of reduced voxel volume can compensate the dephasing effect but higher SNR and longer scan

time are required. However, effects due to microscopic dephasing sources such as ferritin or

hemosiderin cannot be eliminated or reduced by reducing the voxel volumes.

1.4.3 Previous work on transverse relaxometry

Transverse relaxation times (T, T, and T,") can be obtained by using different methods. Table
1.1 shows the T, Tz* and T, values obtained using different methods at different field strengths
that are extracted from previous work. For T, quantitation, several methods have been used
including multi-echo spin echo (MESE), multiecho adiabatic spin echo (MASE), driven
equilibrium single pulse observation of T2 (DESPOT2), dual spin echo, and gradient echo
sampling of free induction decay and echo (GESFIDE). Some of the methods are prone to SAR
at higher field strengths. Extra care should be taken to quantify T, for more accuracy. T, values
can be obtained using multiecho gradient echo (MEGE), gradient echo spin echo (GESE), and
spoiled 3D gradient echo (SPGR), while T, values can also be obtained by the GESFIDE

sequence.
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Table 1.1: Transverse relaxation times in healthy brain tissue from previous work

Tissue T, (ms) T, (ms) T,’ (ms) Acq. method B, (T) Ref. No.
38+2 MESE SEC 47T [54]
3843 MASE 47T [24]
3942 85+14 GESFIDE 30T [26]
Globus 5043 Dual SE 15T [73]
pallidus 5542 DESPOT2 15T [44]
76+8 31+6 53+14 MESE, GESE 3.0T [74]
27+5 SPGE 30T [75]
5513 MSE SEC 47T [54]
5043 MASE 47T [24]
7942 DESPOT2 15T [44]
Putamen 5242 153427 GESFIDE 30T [26]
64+3 Dual SE 15T [76]
88+6 47+7 99429 MESE, GESE 30T [74]
39+4 SPGE 3.0T [75]
60+3 MESE SEC 47T [54]
5643 MASE 47T [24]
7942 DESPOT2 15T [44]
Caudate 59+4 151432 GESFIDE 30T [26]
66+3 Dual SE 15T [73]
95+8 53+6 114427 MESE, GESE 30T [74]
27+4 SPGE 30T [75]
42+4 89+18 GESFIDE 30T [26]
Substantia 3544 2742 110457 MESE, MEGE 30T [77]
ngra 27+4 SPGE 30T [75]
4614 97424 GESFIDE 30T [26]
Red nucleus 3143 MESE, GESE 30T [74]
5310 MESE SEC 47T [54]
56+3 MASE 47T [24]
7242 DESPOT2 15T [44]
Thalamus 873 CPMG 15T [78]
9446 50+6 105+22 MESE, GESE 30T [74]
51+6 SPGE 30T [75]
53+3 MESE SEC 47T [54]
53+2 MASE 47T [24]
Frontal 56+4 285112 GESFIDE 30T [26]
WM 6942 DESPOT2 15T [44]
65+3 Dual SE 15T [73]
9049 48+5 101423 MESE, GESE 30T [74]
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1.5 Human brain, Multiple Sclerosis and Iron

1.5.1 Brief description of human brain

The human brain is composed of three principle structures: the cerebrum, the brainstem, and the
cerebellum. The largest component of the brain is the cerebrum. It is divided into large, paired
cerebral hemispheres that are connected by the corpus callosum. Each of the hemispheres is
further divided into four lobes such as the frontal lobe, the temporal lobe, the parietal lobe, and
the occipital lobe. The cerebrum is also composed of cerebral cortex, basal ganglia and limbic
system. The cerebrum is involved in several functions including sensations, intellect, memory,
complex movements, higher mental functions such as conscious thoughts and action. Brainstem
is located underneath the limbic system. The structure includes a variety of important processing
centers that relay information from or towards the cerebrum or cerebellum. The brainstem is
made of the medulla oblongata, pons, and midbrain. The brainstem is responsible for vital
functions such as breathing, heartbeat, and blood pressure. The cerebellum is located at the
bottom of the brain and contains the posterior fossa, dorsal to the pons and medulla oblongata.

The cerebellum is associated with coordination of movement, posture and balance [79].

Dendrites

/

Cell body

Nodes of Axon
Ranvier terminal

/
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hillock

Myelin
sheath

Nucleus

Figure 1.11: Sketch of a typical nerve cell in the brain

Microscopically, the brain is composed of neurons (or nerve cells) and neuroglia (or glial

cells). Neurons form the basis of communication in the body such as receiving, processing,
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integrating and transmitting information. On the other hand, glial cells function as the physical
support for neurons. Figure (1.11) shows a sketch of a typical nerve cell. A neuron is electrically
excitable that relays information via electrical and chemical signaling. There are ~10'' neurons
with 10"3-10" connections between them in a typical human brain. A neuron is made up of cell
body, dendrites and the axon. The cell body (or soma) contains a large, round nucleus and acts as
a metabolic center of the cell. Dendrites are highly branched thin structures which extend out
from the cell body. Each branch of dendrites has dendritic spines which represents ~80-90% of
total surface area of neuron. Dendrites play important roles in intercellular communication. An

axon is a long process capable of transmitting electric impulses also known as action potentials

over distances up to 1 m and range from 0.2 - 20 gm. The initial segment or base of the axon is
attached to the cell body through axon hillock. Axons are insulated by myelin sheath for quick
propagation of the signals. The regions that are unmyelinated and periodically interspersed
between the segments of myelin sheaths are termed as the nodes of Ranvier. The end of the axon
branches of one neuron is connected with cell body or dendrites of another neuron, is known as
synapse. Every synapse involves two cells: pre-synaptic, which releases signals
(neurotransmitter, chemical, electrical) and includes synaptic terminal; and the post-synaptic cell,
which receives signal. The branches of a neuron can form synaptic connections with about 100

other neurons.

We already know the glial cells act as supporting structures to neurons. There are four
types of glial cells are found in CNS: ependymal cells, astrocytes, oligodendrocytes and
microglia. Ependymal cells line the ventricular system of the brain. These cells assist in
producing, circulating and monitoring CSF. CSF is contained in the ventricles and is mostly
produced by modified ependymal cells in choroid plexus. The CSF surrounds the exposed
surfaces of CNS and has several functions including the cushioning the brain and spinal cord,
transporting nutrients and chemical stability. Astrocytes are the most abundant cell in the brain.
These cells have many functions, including maintenance of blood-brain barrier (BBB), guidance
of neuron development, regulating iron, modulation of synaptic transmission and repairing of
damaged neural tissue. Microglia nuclei are least abundant and the smallest glial cells in the
CNS. These cells engulf cellular debris, waste products and pathogens by phagocytosis.
Oligodendrocytes provide support and insulate the axons by creating the myelin sheath which is

composed of ~80% lipid and ~20% protein. Such an axon is termed a myelinated axon. A single
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oligodendrocyte myelinates segments of numerous axons. Myelinated axons have a whitish
appearance due to the lipid in the myelin. For this reason, the territories dominated by
myelinated axons are termed as white matter (WM). WM contains of 50% of the human brain by
volume and 50% of WM weight is occupied by myelin. On the other hand, regions containing
neural cell bodies, neuropil (dendrites and unmyelinated axons), glial cells and capillaries have a
dusky grey color and make up the grey matter (GM). GM is distributed mostly at the exterior of
the brain forming its cortex, in the cerebellum, in the brain stem (substantia nigra, red nucleus) as
well as in the depth of the cerebrum (thalamus, hypothalamus, sub-thalamus, and basal ganglia).
The basal ganglia contain globus pallidus, putamen, and caudate nucleus. T; and T, weighted
MR images of DGM structures are shown in Figure (1.11). As a whole, basal ganglia are
associated with movement control. Usually caudate and putamen receive information from the
sensory, motor control regions of the cerebral cortex. Information is then processed in caudate,
putamen and globus pallidus. Most of the output leaves the globus pallidus and synapse to the
thalamus and then information is projected to suitable regions of the cerebral cortex. That is,
through this feedback looping the basal ganglia structures alter the motor control information

issued by the cerebral cortex.
1.5.2 Brain Iron

Iron is one of the essential metal ions for biological functions such as DNA synthesis, gene
expression, myelination, neurotransmission, and mitochondrial electron transport in the human
brain [80, 81]. Iron is paramagnetic in nature and occurs with adequate concentration
(above~0.1 mM) which can change the MRI signal. In contrary, some other important metal
ions such as copper, manganese etc. are contained in the human brain but with inadequate
concentrations to change the MRI relaxation rates except under some abnormal neurological

conditions [20].
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Figure 1.12: Axial TI-MPRAGE (top row) and T2-FSE (bottom row) images showing several

sub-cortical grey matter territories

Based on the chemical composition, there are two groups of iron found in the brain: heme
and non-heme. Heme iron in the form of hemoglobin is usually present in the red blood cells of
the vascular blood pool. Hematomas are formed when blood goes into the brain under the
hemorrhagic pathological condition. Due to hemolysis, hemoglobin is released and then taken up
by the glial cells and within a couple of weeks heme iron is transformed into ferritin and

hemosiderin.

The normal adult human brain contains approximately 60 mg of non-heme iron
distributed in the neurons and glial cells [82]. The non-heme iron is stored mainly in ferritin and
hemosiderin. It can be found mostly in oligodendrocytes and about one third of the non heme

brain can be extracted in the form of ferritin [82]. Ferritin is a protein with the shape of a hollow
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spherical shell that contains about 2000 to 4500 iron atoms [83]. Inside the shell, the iron is
believed to be stored in the Fe(Ill) oxidation state [84] which is incorporated in the ferrihydrite
crystal (5Fe,O3-9H,0) attached to the inner wall of the shell. The spherical protein shell consists
of 24 polypeptide subunit chains, surrounding an aqueous cavity with diameters of about 8-12
nm. However, the real structure of the ferritin are not clearly defined yet, whether it’s really
ferrihydrite or a mixture of different iron oxide phases [85, 86]. In fact, it’s very important to
know the exact form of ferritin for the protein’s ability to store and release the iron in controlled
fashion. Moreover, hemosiderin may deposit in diseases associated with iron overload and can

appear in the degraded form of ferritin where degradation is due to lysosomes [87].

The distribution of non-heme brain iron is not homogeneous [82, 88, 89]. Histological
assessments suggest the highest concentration of iron in brain is contained by the extrapyramidal
nuclei such as globus pallidus, putamen, caudate nucleus, red nucleus and substantia nigra.
Previous report [82] indicates that the average concentrations of non heme iron per 100 mg wet
tissue in an adult human brain are 21 mg in globus pallidus, 13 mg in putamen, 18.5 mg in

substantia nigra, 4.8 mg in thalamus, and 4.2 mg in frontal WM.

Non-heme iron has a key role for myelination in the central nervous system. It is a vital
redox metal that can accept or donate electrons to contribute to DNA synthesis and for the
electro transport chain in the brain. However, excess unchelated iron ions are extremely toxic to
the tissue and also can produce extremely reactive hydroxyl radicals via Fenton reactions
[Fe(Il) + H,0, = - OH + Fe(111)] [90-92]. The hydroxyl radical (.OH), can denature proteins,
DNA and damage macromolecules such as lipids, amino acids and nucleic acids. The reactivity
of the hydroxyl radical depends on the diffusion time in the scale of micro second. Therefore,
anomalous high storage of iron and chelation are thought as the main causes for

neurodegenerative diseases.

In multiple sclerosis, oligodendrocytes are mostly destroyed as these cells contain a
highest fraction of non-heme iron. Also previous studies suggested that there are some increased
iron accumulation in the brain especially in the mid brain of MS patients [29]. In Parkinson’s
disease, increased iron accumulation in the basal ganglia structures has been reported in the past

work [93].
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MRI is a useful technique to measure iron content with the consideration that relaxation
rates and susceptibility phase are strongly altered in the presence of iron. Previous report [29] has
presumed the probable territories of iron content by investigating the T, hypo-intensity and

shortening of the relaxation times. Iron related relaxation is complex in nature.
1.5.2.1 FDRI

Field Dependent R, Increase (FDRI), a method developed by Bartzokis [94], is defined as the
degree at which measured R, values are affected by the MRI field strengths.

FDRI = 1/T; hign fieta — 1/T2 1ow fiela 1.72)

FDRI is a specific measure of non-heme iron that is in the form of ferritin molecules. The
method is based on field dependent dephasing mechanisms. The protocol by Bartzokis includes a
dual-echo CPMG with TR/TE=2500/20, 90 ms at 0.5 T and 1.5 T keeping the same slice location
in both the field strength. Moreover, FSE at 1.5,3.0 T [95] and twice refocused adiabatic pulses
at higher field [25] have been used to get more iron specificity. Previous studies [94] indicate
that basal ganglia in DGM demonstrate large FDRI values as these regions have field dependent
dephasing mechanisms implying the basal ganglia has highest iron concentration in the brain.
While WM does not demonstrate large FDRI values due to the field independent dephasing
dominates in these regions. Bartzokis et.al. have done FDRI measurement for several
neurological disorders such as Alzheimer’s disease, Huntington’s disease, as well as aging based
on the correlation with Hallgren’s equations. [82, 94]. Using the FDRI technique it has been

shown that globus pallidus, putamen, red nucleus, substantia nigra have increased FDRI [96, 97].
1.5.3 Multiple Sclerosis and MRI

Multiple sclerosis (MS) is an autoimmune disease of the CNS in humans affecting the brain
(mostly cerebrum, cerebellum, brain stem, optic nerve) and the spine, and is characterized by
demyelination, inflammation, and neurodegeneration. In most cases MS causes the breakdown of
myelin sheaths surrounding the axons and then form WM sclerosis and consequently neural
connections are reduced. It is also termed as disseminated sclerosis and has broad range of
symptoms and signs [98]. The age of onset of MS usually occurs in early adulthood, between 15
to 40 years and women are affected twice by number than men. The prevalence rate is in the

range between 2 and 350 per 100,000. [99-101]. MS is most common in North America,
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Northern Europe and affecting over 50,000 peoples in Canada. The rate to be affected by MS is
very low in Asia, Africa and South America. The genetic and environmental and infectious

factors are thought to be the precursors of the disease.

Nerve cells in brain and spinal cord are affected by the MS and do not allow to
communicate efficiently with each other. Usually signals are passed through axons which are
covered with insulated myelin. In MS, myelins are damaged and axons cannot conduct the
signals [102]. MS is mostly myelin loss related plaques. The causes of the disease remains
unknown though most of the information about the mechanism processes concerned with the

disease are hinted using epidemiological studies and there is no cure till now.

Major symptoms of the disease are coordination impairment, depression, visual
impairment, loss of sensitivity, numbness, cognitive and sensory impairment, bladder and bowel
difficulties. Patients disability progression and symptom are commonly assessed by Kurtzke
Expanded Disability Status Scale (EDSS) [103]. The EDSS is expressed into a range of
numerical numbers from 0 to 10 based on the disability of the eight functional systems such as
cerebellar, cerebral, brainstem, pyramidal, bladder/ bowel, mental, visual and others. The score 0
represents a normal neurological exam while 10 indicates death due to MS. Other scores, such as

1.0 to 4.5 is for fully ambulatory MS patients and 5.0 to 9.5 is for the impairment to ambulation.

There are four disease categories identified in MS. They are: Relapsing Remitting MS
(RRMS), Primary progressive MS (PPMS), Secondary Progressive MS (SPMS) and Progressive
Relapsing MS (PRMS). RRMS is the most common form (about 65-80%) of the MS disease and
the patients experience an attack or a series of attack followed by partial or a complete
disappearance of the symptom or remission. Disability gradually increases and about 50% of
RRMS may persist for about 10 years before the onset of SPMS where there is no real period of
remission. PPMS, commonly found in men, is considered as gradual clinical decline and
disability progresses continuously despite some partial relapses. About 10-20% of MS
individuals begin with PPMS. PRMS is a rarer form of MS where disability progresses with

acute attacks throughout and there is no relief from accumulated symptoms.

In patho-physiology, MS is mostly characterized by main damage to WM, referred to as
lesions or plaques. However, lesions can also occur in cortical and sub-cortical GM, and normal

appearing WM (NAWM). The formation of WM lesions is due to the demyelination which arises
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from an autoimmune response affecting antigens. The source of these antigens is some myelin
basis proteins. Lesions have been linked with the breakdown of the blood brain barrier (BBB)
which allows monocytes and lymphocytes to reach and attack the myelin sheath, destroys
oligodendrocytes and damages neurons [104-106]. At the initial stage of demyelination there
might be some possibilities of partial remyelination which results in thinner myelin with shorter
inter-node distances. Repeated cycles of demyelination and remyelination form permanent
lesions. Previous literature [107, 108] suggested the presence of progressive astrogliosis,
demyelination and remyelination in the normal appearing tissue in RRMS. Histochemical

observation indicates neuronal loss and atrophy in cortical GM [108].

Magnetic resonance imaging provides a very powerful tool for disease diagnosis and it
helps to enhance our understanding of the pathology. Usually MRI techniques such as SE, GE,
SWI etc. are used to characterize MS. T,-weighted ( T,w) and Proton density-weighted (PDw)
acquisitions provides hyper-intensity in the WM lesions territories, reflecting the increased water
content at different stages of lesion evolution. PDw, useful for peri-ventricular lesions, can
distinguish the WM lesions and CSF. While T,w imaging is sensitive to lesions of the cerebrum
and distinguished from CSF with a fluid attenuated inverse recovery (FLAIR) scan. T,w
provides more lesions information than T;w. Previous relaxation studies on MS found that some
acute lesions have abnormally high T; in T;-weighted images but with time T; of acute lesions
decreased and become same as that of chronic lesions [109]. These hypo-intense territories
(increased T;) are recognized as the demyelination and loss of glial and neuronal cells. And,
gradual T1 recovery may be due to partial remyelination. T, relaxation can be enhanced by the
use of contrast agent containing paramagnetic gadolinium which can reveal the BBB leakage and
indicate the site of active lesions [110, 111]. These conventional techniques are used to diagnosis
MS but sometimes does not provide accurate information about the disease symptoms [110,
111]. However, some other advanced MRI techniques have been developed to explore the
potential specificity for MS studies using the specific measurement using the tissue properties
[30]. For example, Magnetization transfer (MT) imaging is used to get information from bound
and free macromolecules, and its quantitative measure indicates the myelin content [112, 113].
Moreover, multi-component T, analysis can give information about myelin water fraction
(MWF) [114]. Reduced MWF is observed in WM lesions and in NAWM [115]. Susceptibility

weighted imaging (SWI) is sensitive to magnetic susceptibility of the tissues and phase
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enhancement is observed in the cortical grey matter structures and in lesions [116-118]. As well,
some MRI studies [116, 119] and histology [119] suggest that irons are accumulated in the brains
of MS patients. However, the disease progression due to the iron accumulation is not fully

understood.
1.5.4 Brain atrophy of MS

Brain atrophy is very attractive and clinically relevant MRI-based measure in MS though
it is not used in routine clinical exams. It is defined as the loss of brain tissue (both myelin and
axons). It can affect the whole brain or specific structures of brain tissue and can lead irreversible
neurological and cognitive impairment. Several studies reported the correlation between atrophy
and cognitive impairment, EDSS, and MSSS scores. The exact mechanism of brain atrophy in
MS is still elusive. The brain atrophy is observed in all stages of MS. Previous studies suggested
that the brain volume decreases by 0.6-1% per year in patients with MS while in controls this
change is 0.1-0.3% per year [120-122]. Similar annual rates of atrophy are reported in different
disease subtypes. It seems that atrophy progression rate does not depend of disease subtypes
[123]. However, greater annual rate of ventricular enlargement is found in SPMS compared to
that of RRMS [124]. The unusual rates of atrophy progression might be due to other factors such

as environmental and genetic loads [125].

Although MS is known as a WM disease, atrophy occurs in both WM and GM. However,
GM atrophy has been considered as more sensitive biomarker of disease process in MS
compared to whole brain (WB) atrophy or WM atrophy. It has also been suggested that rate of
change of GM atrophy accelerates as the disease progresses [126, 127]. On the other hand, WM
volume remains almost same during the course of disease. GM atrophy can be used as a better
predictor of disability and cognitive impairment compared to WM atrophy [128]. Atrophy also
occurs in different regions of the brain at different disease processes in MS. For instance, volume
loss in the thalamus and hypothalamus was identified in patients with CIS [129, 130]. But some
other studies found the involvement of DGM atrophy in CIS [130-132]. Atrophy of DGM
structures, the cerebellum and the brainstem are found to be involved in RRMS and SPMS [133].

Moreover, iron accumulation and atrophy are related in MS DGM [134].

Several methods including automated, manual and semi-automated methods are used for

atrophy measurements. Manual methods are simple and do not require software but there are
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some limitations on using manual methods such as poor reproducibility, high measurement
variability, and low precision [135]. To get better reliability and precision, an experienced
operator is required who is good at interpreting neuroanatomy and pathology from the sequence
used. Also manual segmentation is time consuming and is rarely used for multislice or 3D image
sets. In order to get improved speed and reproducibility, semi-automated methods can be used
instead of using manual methods. Previous studies have used semi-automated segmentation
methods to assess brain atrophy and found similar results compared to automated methods [136]
. On the other hand, automated methods are more robust and attractive due to the increased
efficiency, objectivity, reliability and precision. To date, many automated methods exist to
measure atrophy. Most of the automated methods are intensity-based in which segmentation is
derived from the difference in signal intensity in the brain parenchyma and CSF alone.
Depending on the operator’s experience on neuroanatomy and tissue pathology in MS, as well as
the robustness of the software, automated methods can be the most promising and time-saving
methods. However, accuracy, reproducibility and precision of atrophy measurement methods
may be dependent critically on the specific imaging parameters (i.e., TE, TR, flip angle, slice

thickness etc.) of the pulse sequence employed [137].

Cross sectional and longitudinal studies are used to evaluate brain atrophy. Cross
sectional or single time point measurements of the brain volume, ventricular width or area are
performed on patients with MS. Brain atrophy of MS can be predicted by comparing the
measurements with that of controls. However, brain atrophy using single time-point
measurements can be difficult to interpret because of wide variability of measurements among
the subjects. However, disease progression and rate of atrophy measurements can be predicted
more precisely by longitudinal study. These can be obtained by subtracting a serial cross
sectional measurements or by using automated registration methods such as FSL SIENAX,

SIENA, FIRST etc.

SIENAX (Structural Image Evaluation using Normalization of Atrophy Cross-sectional),
part of FSL, uses automated algorithm to estimate normalized volumes of WM, GM, cortical
GM, ventricular CSF, as well as whole brain [138]. SIENAX uses the brain extraction tool
(BET) to extract brain by stripping non-brain tissues and estimate the outer skull surface [139].
SIENAX estimates the scaling between subject’s image and standard space by using the brain

and skull images and then register the brain image to standard space (Montreal nNurological
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Institute (MNI) standard template, MNI-152). The method is robust and accurate with brain
volume measurement error of 0.5-1% for cross-sectional study and 0.15% for longitudinal study

[138].

SIENA (Structural Image Evaluation using Normalization of Atrophy) is the longitudinal
version of SIENAX. Similar to SIENAX, it segments brain from non-brain tissue and estimates
the outer skull surface and then registers serial brain images to standard space after scaling.
SIENA produces percentage brain volume change (PBVC) on the basis of the movement of the

image edges with sub-voxel accuracy of 0.15% error [140].

In order to get individual volumes of subcortical structures in the human brain, FSL
FIRST (FMRIB's integrated registration and segmentation tool) can be used. FIRST is a model-
based segmentation method [141]. It uses manually labelled T1-wieghted images provided by the
Centre for Morphometric Analysis (CMA), Boston to construct automated segmentation of
subcortical structures such as left and right of globus pallidus, caudate nucleus, putamen,

thalamus, amygdala, hippocampus, accumbens, as well as the brainstem.
1.6 Thesis Objective

The goal of this thesis was to improve and apply transverse relaxometry methods for better
understanding of human brain and MS. Quantitative relaxometry methods provide absolute
measure of tissue specific changes. These methods can play a vital role to identify the disease
processes and state in the patients with MS. The following specific aims were identified; and

each of them is the basis of the following chapters:

- To determine a potential biomarker and to understand the iron dynamics in MS, T,
relaxometry of healthy controls and patients were compared, and correlated with
disability and brain atrophy of MS.

- To improve multi-echo spin echo T, mapping method by employing reduced echo train
lengths through stimulated echo compensation.

- To evaluate the iron sensitivity in human brain by using relaxometry difference methods

at1.5Tand 4.7 T.
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- To investigate the disease progression and state of MS by long term longitudinal study on
retrospective data obtained from clinically available sequences using two-echo fitting

approach for quantitative T, method and brain atrophy measurements.
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Chapter 2. Spin echo transverse relaxation and
atrophy in multiple sclerosis deep grey matter: A

2-year longitudinal study?

2.1 Abstract

Background: Deep grey matter (DGM) is affected in relapsing-remitting multiple sclerosis
(RRMS) and may be studied using short-term longitudinal MRI.

Objective: To investigate 2-year changes in spin echo transverse relaxation rate (R;) and
atrophy in DGM and its relationship with disease severity in RRMS patients.

Methods: Twenty six RRMS patients and 26 matched controls were imaged at 4.7 T.
Multi-echo spin echo R, maps and atrophy measurements were obtained in DGM at baseline and
2-year follow-up. Differences between MRI measures and correlations to disease severity were
examined.

Results: After 2 years, mean R, values in globus pallidus and pulvinar increased by ~4%
(p<0.001) in patients and <1.7% in controls. Two-year changes in R, showed significant
correlation to disease severity in globus pallidus, pulvinar, substantia nigra and thalamus.
Multiple regression of the 2-year R, difference using these four DGM structures as variables,
yielded high correlation with disease severity (r =0.83, p<0.001). Two-year changes in volume
and R, showed significant correlation only for globus pallidus in MS (p<0.05).

Conclusions: Two-year difference R, measurements in DGM correlate to disease
severity in MS. R, mapping and atrophy measurements over 2 years can be used to identify

changes in DGM in MS.

! This section has been published. Uddin MN, Lebel RM, Seres P, Blevins G, and Wilman AH, Spin echo transverse
relaxation and atrophy in multiple sclerosis deep grey matter: A 2-year longitudinal study; Multiple Sclerosis

Journal (2015); DOI: 10.1177/1352458515614091
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2.2 Introduction

Multiple sclerosis (MS) is an idiopathic neurodegenerative disease sustained by inflammation,
with demyelinating processes and neuronal loss (1). Abnormal iron accumulation is also found in
the brain in MS. Histologically, excess iron accumulation is observed in the basal ganglia and
thalamus, in macrophages and microglial cells, as well as in and around MS lesions (1,2). On the
other hand, iron levels tend to decrease with increasing disease duration in normal appearing
white matter (WM) of patients with MS due to demyelination and loss of oligodendrocytes (3).

Iron serves as an important cofactor for several biochemical processes in the human brain
including neurotransmitter metabolism, myelin synthesis, remyelination and mitochondrial
energy generation (1). The iron level in deep grey matter (DGM) usually increases with normal
aging, except in thalamus, and DGM nuclei have most iron content stored in ferritin (4).
Although excess iron accumulation has been observed in MS, the pathologic process is not yet
fully understood. However, presence of excessive levels of iron can exert oxidative stress due to
increased production of free radicals, block remyelination processes, as well as enhance
inflammation by activating microglia and macrophages, leading in cell death (1). Therefore,
monitoring the iron accumulation in DGM and relating this to disease severity may provide more
information about MS.

Many MRI methods are iron-sensitive and can be used to indirectly evaluate brain iron
and related damage in patients with MS. However, MRI measures are not specific to iron and can
be sensitive to many biological processes including inflammation, calcification, demyelination,
cell loss, as well as iron accumulation. Nevertheless, in iron-rich DGM, image contrast for
transverse relaxation and susceptibility images is typically dominated by stored ferric iron (5).
Previous cross-sectional studies in DGM in MS suggest increased iron accumulation using
transverse relaxation (T,) weighted images or quantitative MRI measures (2,6-8). The MRI
measures in DGM correlate with measures of cognitive dysfunction, disease severity and brain
atrophy (6-9).

T,-weighted MRI, which uses spin-echo refocusing, is a standard method used in most
clinical MS exams and has demonstrated reduced DGM signal in MS suggestive of iron and
related to disease progression (6,10). However, a more sensitive and accurate assessment of iron

levels can be obtained using quantitative MRI methods and by using a higher magnetic field. To
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date numerous quantitative MRI methods have been used in cross-sectional study to evaluate
iron accumulation in patients with MS, including the spin-echo, and gradient-echo transverse
relaxation rates R, and R,, and quantitative susceptibility mapping (QSM) with the latter two
methods being used in many recent cross-sectional studies in MS (7,8,11). Since baseline iron
levels can vary between healthy subjects; longitudinal study may be more effective to monitor
excessive iron accumulation in MS. For longitudinal study, R, mapping and brain atrophy
measurements have been used (12-14). In contrast, spin-echo R, measurements have not yet been
applied to longitudinal MS studies of DGM. Disadvantages of R, mapping are the need to
monitor for incomplete refocusing, increased scan time which can limit slice coverage and
reduced iron sensitivity in comparison to R, mapping (7). Advantages of R, mapping include
use of a clinically-relevant contrast mechanism, since T, (=1/R;)-weighted images are standard
in most clinical MRI exams, and the use of spin-echo refocusing which provides robust images
that refocus static background fields such as those arising from air-tissue interfaces.

In MS brain, the atrophy of GM and WM has been studied extensively. Several previous
works demonstrated that annual brain volume decreases are typically very small (0.6-1%) in MS
patients. Compared to WM atrophy, GM atrophy shows stronger correlation with MS severity
and cognitive impairment (15,16). However, the pattern of atrophy measurements might be
different in different disease subtypes (17). For example, in relapsing-remitting MS (RRMS)
subcortical damage is prominent (18). Previous works have shown an association between DGM
atrophy and disability progression of MS (14-16,18).

Management of MS lacks biological markers that correlate with the disease state and
stage that are measurable in short time periods. In development of new treatments, measurable
outcomes require large clinical trials with large patient numbers and long periods of observation
(14). One of the results is that exploring potential new treatments is significantly impaired by
these issues of time and resources. In management of MS, similarly, changes in treatment and
state of the disease are followed by long periods of observation to appreciate the effect of
treatment. Changes in the stage of the disease from relapsing to progressive forms are defined by
the clinical course in a retrospective, rather than prospective fashion. Development of biological
markers to address these issues is important. Here, we examine the 2-year time course of spin-
echo R, mapping and brain atrophy in DGM nuclei of RRMS subjects and matched healthy

controls, and relate the findings to disease severity.
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2.3 Methods

2.3.1 Subjects

Twenty six patients with a diagnosis of RRMS and fitting the revised McDonald criteria (19)
and 26 age- and gender-matched controls were studied prospectively, after obtaining ethical
approval and informed consent according to institutional regulations. The participants underwent
a baseline and 2-year MRI, between 06/2009-12/2014. For inclusion into the study, control
subjects had to be free of neurological disease. Table 2.1 presents an overview on the
demographic and clinical data including the Expanded Disability Status Scale (EDSS) score and
MS Severity Score (MSSS).

Table 2.1: Baseline demographic and clinical data

Variable Controls Patients p-value
Number of participants 26 26 NA
Gender, M/F 7/18 6/19 NA
Overall Age (years) 37.82 £9.05 38.14+8.86 0.31
Age-Female (years) 36.84+8.14 38.76+7.77 0.20
Age-Male (years) 38.65£11.47 38.67+£11.38 0.93
Time to MRI follow-up (years) 2.05+0.20 2.01+0.10 0.75
Disease duration (years)” NA 5.2843.44 NA
Baseline EDSS score’ NA 2.42+0.97 NA
Follow-up EDSS score NA 2.53+0.89 NA
Baseline MSSS NA 4.08+1.79 NA
Follow-up MSSS NA 3.97+1.77 NA

Note: data are mean =+ standard deviation for subjects at baseline. p-values were obtained using
paired sample t-test. EDSS: Expanded Disability Status Scale; MSSS: Multiple Sclerosis
Severity Score; NA: not applicable.

¥ Disease duration range: 0 — 10 years. | EDSS range: 1 - 4.
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2.3.2 Magnetic resonance imaging

All subjects were imaged at 4.7 T. For R, mapping, a two dimensional multiple-echo spin-echo
sequence was employed in the axial plane covering 2.4 cm centered on the DGM of interest and
using the following parameters: repetition time 4000 ms, echo spacing 10 ms, number of echoes
20, first echo time 10 ms, flip angle 90x-180y-180y..., voxel size 1.0 x 1.25 x 4 mm’, receiver
bandwidth 50 kHz; number of slices 6, total scan time 13.5 min. For assessing brain volume, a
whole-brain T;-weighted 3D Magnetization Prepared Rapid Gradient Echo (MPRAGE)
sequence was used (echo time 4.5 ms; repetition time 8.5 ms; number of slices 84; inversion time
300 ms; sequential phase encoding, voxel volume 1.5 mm?’; scan time 5 min). For the 2-year
scan, the baseline scan prescription was repeated with alignment based on multidirectional

localizers and careful head placement within the magnet.
2.3.3 R; mapping

R, maps were computed on a pixel-by-pixel basis using stimulated echo compensation (20),
which accounts for imperfect radiofrequency (RF) refocusing. This method extracts R, from the
spin response calculated from the extended phase graph algorithm (21) beginning with the
knowledge of sequence timing and the RF pulse shapes. The assumption of negligible

longitudinal relaxation recovery relative to T, decay during the echo train was also used.
2.3.4 Image analysis

For R, maps, manual region-of-interest (ROI) analysis was performed for each subject using
ImagelJ (22). Bilateral ROlIs, traced using the R, maps and the first spin-echo image, were chosen
in iron-rich DGM structures (globus pallidus, putamen, head of caudate nucleus, substantia nigra,
red nucleus, pulvinar nucleus, thalamus excluding pulvinar) as well as frontal WM and posterior
internal capsule. R, values, obtained from ROIs, were averaged over left and right sides of the
brain for each subject. In cases of misalignment between the baseline and 2-year scan, R, maps
were manually registered using ImagelJ after skull-stripping using brain extraction tool (BET), a
part of functional MRI of the brain (FMRIB) software library (http://www.fmrib.ox.ac.uk/fsl)
(23).
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Using the 3D T;-weighted MPRAGE images, baseline values of whole brain volume,
whole GM, cortical GM and whole WM volumes were obtained using structural image
evaluation using normalization of atrophy cross-sectional (SIENAX) (24), while 2-year percent
changes were obtained using structural image evaluation using normalization of atrophy
(SIENA) (24). Using FMRIB's integrated registration and segmentation tool (FIRST) (25) we
also obtained separate volumes of the DGM structures (caudate, putamen, globus pallidus, and
thalamus) at each time point. All the volumes were then normalized relative to whole head

volume for each subject.
2.3.5 Statistical analysis

Statistical analyses were performed using SPSS (IBM, Armonk, NY). A p-value of less than 0.05
was considered as statistically significant. Kolmogorov-Smirnov test was used to assess the
normal distribution of data. A paired sample t-test and Wilcoxon test were performed to test
pairwise differences over time and within groups for both patients and controls over 2 years.
Intra-subject reliability was also performed for four persons who underwent two scans in the
same day. Each exam was analyzed separately by the same observer with ROIs manually drawn
for each brain region. Intra-rater reliability was analyzed using intra-class correlations. Percent
change between inter-control and inter-patient mean and standard deviation was calculated for
each structure in the brain for changes in R, and volume over 2 years. Spearman and Pearson
correlations were used to calculate the correlation coefficients between clinical and demographic
data (Spearman: MSSS, EDSS, disease duration; Pearson: age, regional and whole brain
volumes). False discovery rate (FDR) correction was used to correct the p values for multiple
comparisons between groups where corrected values for q<0.05 were considered as significant.
The effect size was also reported. Single and multiple linear regression models were used to
determine the correlation between 2-year changes in R; and MSSS. Age was used as covariate in
the regression models. Note that MSSS was calculated from EDSS and disease duration using

MSSStest software (26), thus MSSS represents an adjusted EDSS score for disease duration.
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Figure 2.1: R, maps (a-c) and T;-weighted image (d) from a 47 year MS patient. DGM ROls are

illustrated in color on the enlarged view (c) with manual regions of interest and on (d) obtained
using FSL-FIRST segmentation. Head of caudate nucleus (cyan), putamen (magenta), globus
pallidus (blue), thalamus (green), pulvinar (orange), substantia nigra (yellow) and red nucleus

(red). Note thalamus includes pulvinar in (d).

Table 2.2: Baseline Morphologic data

Regions Controls (cm’) Patients (cm’) p-value
Whole Brain volume 1438.33£77.56 1414.04+71.59 0.146
Grey Matter volume 721.61+51.589 708.12+40.5 0.155
White Matter volume 714.72+33.02 705.92+40.44 0.319
Cortical Volume 563.59+37.29 547.84+28.55 0.067
Ventricular volume 36.25+16.88 42.02+16.27 0.199
Caudate nucleus 7.85+1.16 6.57+1.20 0.007
Putamen 10.86£1.53 9.16+£2.19 0.007
Globus pallidus 3.33+0.49 2.89+0.72 0.013
Thalamus' 15.68+2.48 13.91£2.28 0.029

Note: data are mean + standard deviation for subjects at baseline. Volumes were normalized
relative to whole head volume; p-values were obtained using paired sample t-test.

Italic bold-faced values are significant with p<0.05.

" Thalamus includes pulvinar for volume measurements.
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Figure 2.2: Baseline and two year measurements of spin echo R, and normalized volumes for
some DGM regions and frontal WM from subjects with MS (red) and matched controls (green).
GP, Globus pallidus; CD, head of caudate nucleus; PUT, putamen; TH, thalamus; RN, red
nucleus; SN, substantia nigra; and FWM, frontal white matter. For volume measurements,
thalamus included pulvinar, while for R2 mapping the pulvinar thalamus was considered

separately.
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Figure 2.3: Measured MSSS versus predicted MSSS obtained from multiple regression of the 2-
year R, difference measurements. Globus pallidus, pulvinar, thalamus and substantia nigra are
included in the regression model. The regression line equation is MSSS =
0.49*AR,6p+0.57*ARopur +0.56¥*ARosn-1.84¥ARory+3.31,  where  ARagp,  ARzpur,  ARasn
andAR,ty are the differences in R, over 2 years for globus pallidus, pulvinar, substantia nigra

and thalamus excluding pulvinar.
2.4 Results

Subject demographics, clinical and volumetric data are summarized in Tables 2.1 and 2.2
respectively. Figure 2.1 presents example R, maps from an MS patient showing hyperintense
iron-rich DGM. Two-year follow-up R, values in DGM structures and frontal WM, and
normalized volumes of DGM structures are shown in Fig. 2.2 for both controls and patients. For
test-retest reliability, we found high intra-class correlations for each structure (mean 0.984 for R,

and 0.988 for volume measurements). We obtained significant changes over 2 years in pulvinar
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(R, increased by 4.4%), substantia nigra (R, increased by 4.8%) and globus pallidus (R;
increased by 3.8%) with relatively large effect size (Table 2.3). R, values for posterior internal
capsule and frontal WM did not show significant group difference, however R, values were
reduced over 2-years (posterior internal capsule by 0.6% while frontal WM by 1%), which might
be due to demyelination, increased water content or axonal loss. While for controls, none of the
structures showed more than 1.7% change in R, over 2 years. Mean volume of globus pallidus,
putamen and caudate as well as cortical GM volume decreased over 2 years for patients and
controls, but was not statistically significant. However, atrophy rates of these structures were
significantly different between patients and controls, and showed large effect size. Most of the
DGM structures showed group differences in R, and volumes between MS patients and controls
(Table 2.3), consistent with previous work using R,  mapping (12,27).

Multiple regression using four DGM structures as variables, yielded 2-year difference R,
values with high correlation to MSSS (r =0.83, p<0.001). Figure 2.3 shows the plot of MSSS at
baseline versus predicted MSSS, where predicted MSSS was obtained using the Equation: MSSS
= 0.49*ARygp +0.57*ARpyur+0.56*ARogn-1.84* ARyt t3.1, where ARygp, ARozpur, ARysy and
AR,y are the difference in R, over 2 years for globus pallidus, pulvinar, substantia nigra and
thalamus excluding pulvinar, respectively. Baseline R, measurement correlated to MSSS only in
the substantia nigra and can be used as a predictor (r=0.47, p<0.05) as follows: MSSS =
0.26*Rosnt23.32, where Rygn i1s the baseline R, of substantia nigra. Independent regression
analysis showed significant correlations with MSSS for some DGM structures in 2-year
difference R, (Fig. 2.4), but no significant correlations were found for 2-year volume changes.
Note that thalamus showed an inverse relationship compared to all the other R, measures. In
addition, 2-year difference R, values for globus pallidus, substantia nigra and pulvinar correlated
significantly with EDSS score. Correlations between 2-year changes in R, and volumes with
MSSS, EDSS and disease duration are summarized in Table 2.4. Compared to a previous studies
with Ry’ (12,13), we found a similar trend of 2-year changes over the follow-up time for most
DGM structures. Volumes of cortical GM correlated negatively to baseline R, for globus pallidus
(-0.42), putamen (-0.42), pulvinar (-0.33) and substantia nigra (-0.43) with p<0.05. In addition,
volumes of whole GM showed negative correlations with baseline R, for globus pallidus (-0.57)
and putamen (-0.56), while ventricular volume correlated positively with baseline R, in pulvinar

(0.53) and substantia nigra (0.42) in MS patients with p<0.05. Table 2.5 reports the correlation
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between 2-year changes in R, and subcortical volume of each DGM nuclei. Volume reduction in

globus pallidus significantly correlated to increase in R, over 2 years for subjects with MS (Fig.

2.5).

a) Globus pallidus o

o

MSSS

¢) Substantia nigra

MSSS

b) Pulvinar thalamus

4
MSSS

¢ o ) Thalamus

MSSS

Figure 2.4: Significant correlations between two year difference R, measurements (AR;) and MS
severity score (MSSS) obtained by regression analysis for single structures: a) Globus pallidus,
b) Pulvinar thalamus, ¢) Substantia nigra, and d) Thalamus.
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Table 2.3: Two year changes in R; and volume

R; MEASUREMENTS VOLUME MEASUREMENTS
Region Baseline R, R; % Effect Effect Volume % Effect Effect
and mean (SD) change size over sizein change size over sizein
Group in ms in 2 years  time group in 2 years time group
Globus P 27.41 (2.11) 3.79 0.60 0.96 -3.80 -0.19 -0.54
pallidus ¢ 2624 (1.62) 1.73 0.26 2.01 0.1
Putamen P 20.14 (1.42) 1.77 0.24 0.41 -2.77 0.16 -0.98
C 19.94(0.92) 0.15 0.03 -1.53 -0.10
Caudate P 17.06 (0.84) 2.14 0.37 0.71 -1.51 -0.11 -1.11
C 16.72 (0.62) 0.21 0.05 0.25 0.02
Thalamus P 17.91 (0.91) 0.15 0.06 0.32 -0.46" 0.03 -0.67
C 17.76 (0.65) 0.21 -0.06 0.89 0.05
Pulvinar P 21.58 (1.98) 4.42 041 0.72 -- -- --
C 20.85(1.30) 1.08 0.18 -- --
Substantia P 24.39 (1.34) 4.75 0.63 0.81 -- -- --
Nigra  C 23.62(1.47) 1.72 0.27 - -
Red P 21.92 (1.95) 3.35 0.44 0.47 -- -- --
nucleus  C 21.96 (1.21) 0.48 0.09 -- --
Frontal P 18.12(0.95) -1.06 -0.21 -0.49 -- -- --
WM C 18.27(0.83) 0.42 0.09 -- --
Posterior P 13.79(0.59)  -0.58 -0.14 -0.51 -- -- --
IC C 13.89(0.62) 0.23 0.24 -- --
Cortical P -- -- -- -- -1.53 -0.11 -0.14
GM C -- -- -- -0.02 -0.01

Note: p values are obtained using paired sample t-test and Wilcoxon test. Italic bold faced values
are significant with p<0.05 and underlined values at p<0.001 after FDR correction with q<0.05.
Effect size is defined as the difference of two group means divided by the average of standard
deviations.

1 Thalamus included pulvinar for volume. P, Patients; C, Controls; SD, Standard deviation.
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Table 2.4: Correlation coefficients of relaxation rates (R;) and normalized volumes in subcortical

territories with MSSS, EDSS and Disease Duration (DD) over two years from patients

Region BASELINE 2 YEARS DIFFERENCE
R; Volume AR, AVolume
Globus MSSS 0.389 (0.071)  0.336 (0.127) 0.596 (0.003) -0.179 (0.412)
Pallidus EDSS 0.356 (0.085)  -0.139 (0.502) 0.499 (0.013)  -0.286 (0.176)
DD -0.065 (0.765)  0.253 (0.231) -0.178 (0.406)  -0.197 (0.231)
Putamen MSSS 0.177 (0.369)  0.357 (0.066) 0.020 (0.728)  -0.276 (0.251)
EDSS 0.221 (0.229)  -0.171 (0.416) 0.039 (0.857)  -0.097 (0.653)
DD 0.036 (0.768)  0.288 (0.173) 0.167 (0.436) 0.273 (0.181)
Caudate MSSS 0.165 (0.367)  -0.019 (0.711)  -0.140 (0.515) -0.243 (0.291)
Nucleus EDSS 0.276 (0.125)  0.064 (0.780) -0.079 (0.974)  -0.145 (0.833)
DD 0.153(0.443)  0.054 (0.802) -0.175 (0.414)  0.189 (0.377)
Thalamus MSSS 0.119 (0.551)  0.356 (0.127) -0.429 (0.043) -0.396 (0.053)
EDSS 0.115 (0.654) -0.014 (0.923) -0.045 (0.236)  -0.233 (0.135)
DD -0.37 (0.855) 0.317 (0.132) -0.173 (0.420)  -0.389 (0.171)
Pulvinar MSSS 0.411 (0.143) -- 0.634 (0.001) --
Thalamus EDSS 0.288 (0.111) -- 0.468 (0.021) --
DD -0.182 (0.318) -- -0.222 (0.298) --
Substantia MSSS 0.466 (0.022) -- 0.575 (0.003) --
Nigra EDSS 0.304 (0.141) -- 0.409 (0.047) --
DD -0.182 (0.412) -- -0.172 (0.422) --
Red MSSS 0.434 (0.053) -- 0.410 (0.056) --
Nucleus EDSS 0.182 (0.121) -- 0.082 (0.702) --
DD -0.232 (0.319) -- -0.279 (0.186) --

Note: Data are correlations and p values are in parentheses. Thalamus included pulvinar for
volume measurements. AR;: change in R, over 2 years; AVolume: change in volume over 2
years. Italic bold-faced values were significant with p<0.05.
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Table 2.5: Correlation coefficients of change in R, (AR,) with change in volume (AV) in
subcortical GM over two years

Globus Pallidus Putamen Caudate Nucleus Thalamus’

Patients  -0.479 (0.037)  -0.291 (0.189)  -0.228 (0.308)  -0.193 (0.391)

Controls  -0.114(0.646)  0.172(0.421)  -0.185(0.388)  0.119 (0.570)

Note: Data are correlation coefficients and p values are in parentheses.
Italic bold-faced values were significant with p<0.05.

" Thalamus including pulvinar.
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Figure 2.5: Relationship between two year changes in relaxation rate (AR;) and volume (AV) in
globus pallidus for a) controls and b) patients with MS.

2.5 Discussion

We have demonstrated 2-year R, changes and compared these measurements to the regional
DGM atrophy in MS patients and age matched control subjects. We found that MSSS highly
correlated with R, changes over a 2-year period, but the correlation was not statistically
significant for volume changes in this short period of time. However, the atrophy of globus

pallidus showed significant correlation with R, changes over 2 years in patient with MS.
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This study was performed at 4.7 T which benefits from higher iron sensitivity compared
to standard clinical systems. Compared to a recent R, study using 3.0 T (13), we found larger
percent change in R, in DGM in MS, which might be due to the use of higher field strength (4.7
T), higher EDSS score (mean 2.4 versus 2.0). In iron-rich DGM at high field, the effects of iron
on R, play a dominant role, as indicated by the strong correlation between iron and R; in post-
mortem studies (28,29). There are several possible reasons for iron accumulation in DGM in MS
including decreased iron clearance due to neuronal loss and dysregulation of iron transport
proteins because of inflammation (30). Khalil et al. (8) suggested that the iron deposition in
DGM might be an epiphenomenon of the MS disease process.

Our longitudinal R, measurements in globus pallidus, pulvinar and substantia nigra
showed significant correlations with MSSS compared to baseline measurements because the 2-
year change eliminates baseline iron accumulation, which is known to be variable even in
healthy subjects (4). Compared to the single regression model, the multiple linear regression
model using 2-year difference R, values of globus pallidus, pulvinar, substantia nigra and
thalamus as predictor variables revealed stronger association with disease severity, suggesting
multiple DGM structures play role in the abnormal iron accumulation dynamics in MS.

DGM nuclei play a vital role to relay information on motor control, visual and other
sensory functions, and cognitive processes through the extensive connections with cortical and
subcortical structures. These DGM nuclei can be vulnerable from inflammation arising in other
areas or within structures which can lead to pathologic changes. Our baseline R, measurements
on some DGM structures correlated negatively with cortical GM, whole GM and whole WM
volumes for RRMS patients. The results are consistent with previous cross-sectional studies
using R, mapping and QSM on MS patients (8,11,27). These correlations might be due to the
consequence of neurodegenerative atrophy (8,27). In contrast, we did not find any significant
correlations between baseline R, and cortical GM volume for controls, nor for two year
difference measurements in patients or control subjects. One of the possible explanations is that
the volume change in cortical GM, whole GM and whole WM might be a slow process and over
2 years this change was too small (less than 2%). We found regional DGM volumes for patients
with MS were reduced by 1-4% over 2 years while for controls it was 0-2%. Our 2-year results
indicate that only globus pallidus showed significant correlation between R, increase and its

volume loss. This might be due to higher iron content in globus pallidus, whereby a few percent
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change in iron content would be easier to detect, given its higher baseline value. Other DGM
structures had similar within-structure trends but were not significant. Khalil ef al. (13) reported
changes in R, and volume correlated negatively only for caudate nucleus in clinically isolated
syndrome (CIS). A recent study showed significant volume changes (5-8%) only in putamen and
globus pallidus over 5 years in MS patients (14). Similar to our results, they also found less than
1% reduction of whole brain volume per year in MS patients. Their 10 years follow-up study
found increased cortical and DGM atrophy might take place during MS and is linked with
disease progression at 5 years (14). In our study, MS ventricular volume was increased by ~5%
after 2 years while for controls it was 1%. Increase in MS ventricular volume is associated with
WM atrophy and DGM atrophy (31).

Compared to other DGM structures, thalamus and pulvinar have more extensive
connection with other parts of the brain. A previous animal study has demonstrated that
traumatic injury in the cortex can elevate iron levels in thalamus, suggesting that the
demyelinating lesions or axonal damage in the fiber tract in MS can similarly affect the thalamus
as well as DGM structures (32). In patients with MS, previous studies using T, hypointensity,
susceptibility weighted imaging, and relaxometry mapping have also suggested iron
accumulation in the thalamus (6,7,9). Our 2-year R, difference measurement in thalamus showed
negative correlation with MSSS in linear regression. Results are consistent with recent work
(13). This may be due to demyelination in the thalamus (excluding pulvinar) leading to an
inverse relationship of R, to MSSS. Note the thalamus has the highest myelin content of the
regions studied. Our thalamic volume changes over 2 years showed significant group difference.
The normalized thalamic volume for MS patients was reduced by 12% compared to the controls.
Previous work found that thalamic volume reduced by ~2% over 2 years in clinically defined MS
and stable CIS (33). Another study reported a significant relationship between thalamic volume
loss and disability progression over 5 years in RRMS patients whose disease remain stable (15).
We found no significant thalamic volume loss in RRMS patients; however change in volume
over 2 years correlate negatively with MSSS. Disease duration may also affect thalamic atrophy
in RRMS (34).

Our study had a number of limitations. Spin-echo R, mapping is less sensitive to iron
compared to R,” and QSM. R, mapping uses multiple RF refocusing pulses which increases

tissue heating when long echo trains are used as used here (20 echoes). Recent work has
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demonstrated that short echo trains may be used which would overcome the RF heating
limitation (35). A further limitation is that R, mapping is not a part of standard clinical MRI
protocols for MS. However, since proton-density and T, weighted fast spin-echo images are
often acquired, it may be possible to obtain accurate R, maps from these existing sequences in
clinical protocols (36). Age is an important factor for iron accumulation in DGM nuclei. Though
age was included as a covariate in the linear regression models and 2-year age changes were
relatively small, we cannot completely rule out aging as a potential confounding factor. Age was
not significantly different between controls and MS patients in our study. In this study, volume
measurements were performed using the FSL-FIRST segmentation while R, measurements were
performed only from the central portion of the structure due to limited slice coverage. For mean
R, measurement manual tracing of the boundaries on a 4 mm thick slice were used for maximal
accuracy. We did not include other DGM structures such as accumbens, amygdala, and
hippocampus because our R, maps did not cover these structures fully for all subjects and these
structures exhibit reduced R, contrast.

In conclusion, over a short duration of 2 years, measurable differences in DGM structures
using R, mapping showed strong association with disease severity in patients with RRMS
particularly in globus pallidus and the pulvinar. Atrophy of globus pallidus over 2 years was
related to R, increase. Therefore, the combination of spin-echo R, mapping and atrophy

measurements can be used as biological markers to monitor disease course in RRMS.
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Chapter 3. Transverse Relaxometry with Reduced
Echo Train Lengths via Stimulated Echo

Compensation 2

3.1 Abstract

Transverse relaxation (T,) mapping has many applications, including imaging of iron
accumulation in grey matter. Using the typical multiple-echo spin echo sequence with long echo
trains, stimulated echo compensation (SEC) can enable T, fitting under conditions of variable
radio frequency (RF) homogeneity arising from slice profile and in-plane RF wvariation.
Substantial reduction in the number of refocusing pulses could enable use at high magnetic fields
where specific absorption rate is a major limitation, and enable multi-slice use with reduced
incidental magnetization transfer at all field strengths. We examine the effect of reduced echo
train lengths and multi-slice imaging on T, fitting using SEC applied to iron-rich subcortical gray
matter in human brain at 4.7 T. Our findings indicate that reducing from 20 echoes to as few as 4
echoes can maintain consistent T, values when using SEC in grey and white matter, but not for
cerebrospinal fluid. All territories produce marginal results when using standard exponential
fitting. Savings from reduced echoes can be used to substantially increase slice coverage. In
multi-slice mode, the resulting incidental magnetization transfer decreased brain signal but had

minimal effect on measured T, values.

2 A version of this section has been published. Uddin MN, Lebel RM, and Wilman AH, Transverse Relaxometry
with Reduced Echo Train Lengths via Stimulated Echo Compensation. Magnetic Resonance in Medicine (2013)
70:1340-1346.
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3.2 Introduction

Transverse relaxation (T,) weighting provides a qualitative interpretation of disease and is used
in almost all clinical MRI exams. Although T,-weighting is typically sufficient for standard
clinical depiction, T, quantification provides an absolute measure that could provide additional
information on disease progression and state. In the brain, shortened T, times in subcortical grey
matter (GM) may be indicative of iron accumulation or mineralization and appear to correlate
with normal aging and with disease severity in multiple sclerosis and Parkinson’s disease (1-9).
In white matter (WM), T, fitting has proven to be valuable in demyelinating diseases to asses
myelin content using the short myelin water T, component identified through multi-component
fitting (5,10-12); in GM the myelin component is much smaller (10). In addition to brain,
quantification of single or multi-component T, can characterize tissue throughout the human
body (13-21), with applications such as iron accumulation in liver or collagen-bound water in

cartilage (12,22-24).

Although other approaches exist, such as DESPOT2 (25), the most common approach to
T, measurement requires spin echo refocusing using a multi-echo spin echo sequence, whereby
T, values are calculated from the resulting, presumed exponential, decay curve (26). However,
accurate exponential fitting of T, times with this approach requires perfect spin echo behaviour,
which is near-impossible to achieve when using slice selection due to imperfect slice profiles or
when using high magnetic fields due to in-plane RF interference (27). The presence of non-180°
flip angles can lead to the generation of stimulated echoes, confounding the pure spin echo
exponential decay (28). While numerous methods have been designed to minimize stimulated
echo effects on the exponential decay, such as using twice-refocused adiabatic pulses (29),
complex spoiler patterns (30) or extremely wide refocusing pulses (31), recent solutions have
simply fit the complete spin response comprised of both spin echo and stimulated echo
pathways. This idea of T, measurement by fitting the spin response, rather than introducing
added complexities in the pulse sequence, was first proposed by Jones et al. (32), then elaborated
on by Lebel and Wilman (33), with recent multi-component application by Prasloski et al. (34).
This method, known as stimulated echo compensation (SEC), can account for the non-ideal
nature of the refocusing pulses and enable use of more standard pulse sequences for T,

quantification.
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To date, SEC has been used with long echo trains of either 20 or 32 echoes (33,34).
Performance of this method in the human brain with a small number of echoes and multi-slice
imaging is unknown. Previous work with exponential fitting has demonstrated the limitations of
reducing echo trains, where echo trains as low as 20 echoes were considered (35). Here, we
explore vastly reduced echo numbers beginning at a maximum of 20 and reducing to as low as
three, while maintaining consistent echo spacing. Particularly for high field implementation, long
echo trains are constrained by increased RF heating, with RF power deposition increasing with
roughly the square of the magnetic field. Shorter echo trains would reduce RF heating
substantially and enable multi-slice imaging with reduced losses from incidental magnetization
transfer (MT). In human brain at 4.7 T, we examine the viability of extremely short echo trains

and multi-slice imaging for single component T fitting using SEC.

3.3 Methods

3.3.1 MRI Acquisition

Two-dimensional multi-echo spin echo images of the human brain were obtained in single and
multi-slice mode on a Varian Inova 4.7 T whole-body system. Axial, transverse relaxation maps
of the human brain were obtained through the deep grey matter (DGM) including the putamen,
globus pallidus and caudate nucleus. Fourteen healthy subjects (eight male, six female; mean
age: 28 + 2 years) were studied, all of whom gave written informed consent in accordance with
institutional protocols. The typical scan parameters were: 4000 ms TR, 10 ms echo spacing, 20
echo train length, 4 mm slice thickness, 8 mm slice gap, 1 or 2 slices, 50 kHz receiver
bandwidth, and 256x145 imaging matrix, in-plane resolution 1.00 x 1.25 mm”. Acquisition time
was 5.2 min per image set. Different multi-slice coverage was tested ranging from 2 to 8 slices,
while maintaining the same total number of refocusing pulses by corresponding reduction of
echo train length. Inter-echo spacing of 10 ms was maintained for all experiments. Excitation and
refocusing angles were prescribed at 90° and 180° respectively with the refocusing pulse slice
profile 1.75, 3.5 or 5 times wider than excitation. To minimize RF deposition, Gaussian pulses
were used with durations for excitation and refocusing pulses of 4.00 ms (bandwidth of 672.5
Hz) and 2.29 ms (bandwidth of 1176.7 Hz) respectively. Images were collected with a 4-element
receive array (36) paired with a birdcage coil for transmit. Maximum gradient strength was 60

mT/m with a slew rate of 120 T/m/s.
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3.3.2 T, Fitting and Analysis

Single component T, fitting was carried out by fitting the full spin echo and stimulated echo
response using SEC as previously described (33). This approach determines the T, and the
relative flip angles for each voxel from examination of the spin response, beginning with
knowledge of the RF pulse shapes and sequence timing. The spin response is calculated from the
extended phase graph algorithm (28) and T, decay during the echo train is assumed negligible
relative to T,. The signal decay curves were fit on a pixel-by-pixel basis with SEC and with a
standard exponential model for different numbers of consecutive echoes obtained both
retrospectively and prospectively. Using the resulting T, maps, bilateral regions-of-interest (ROI)
were drawn on representative sections of iron-rich subcortical GM territories (including
putamen, globus pallidus, and caudate nucleus), cortical GM, cerebrospinal fluid (CSF), partial
volume as well as WM. For multi-slice experiments, measurements were also performed to

determine the influence of incidental MT on the resulting T, values.

3.4 Results

Presence of stimulated echoes in the signal decay is easily recognized from an enhanced
2" echo as shown in Figure 3.1(a). Due to high field RF non-uniformity within the slice, the
more central globus pallidus has less stimulated echo component than frontal WM because the
refocusing flip angles are closer to the prescribed 180° near the image center. Figure 3.1(b-f)
show the population averaged T, from iron—rich DGM (caudate, globus pallidus), WM territories
(frontal, posterior internal capsule and optic radiation), CSF, and partial volume (caudate with
20% CSF) for echo train reduction employed retrospectively using both SEC and exponential
fits. The SEC is robust at most echo train lengths for GM and WM, where short echo trains are
effective; however, for the long T, of CSF (Fig 3.1h), overestimation is observed with echo
trains below six. For WM regions of high myelin content, a slight underestimation of T, is
observed with some short echo trains (Fig 3.1f, g) due to a stronger weighting of the short myelin
water T, over the longer components. The same effect is observed in the partial volume caudate
with longer component CSF territory (Fig 3.1e), where the average T, decreases slightly before
increasing. For GM and frontal WM, consistent T, relaxation times are observed as the echo
train is shortened, with only 2.4% maximum variation between 4 and 20 echoes. For posterior

internal capsule (IC), this variation rises to 7.7% due to increased myelin content. Similar results
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were obtained with refocusing slice thickness 3.5 and 5 times larger than excitation thickness

(data not shown).

For the standard exponential fit, a large variation in T, with echo train for all structures
was observed especially with short echo trains. Signals due to stimulated echoes, which are
particularly prominent in the second echo and present thereafter, lead to non-exponential decay
producing increasing errors when echo trains are reduced when using an exponential fit. Even
with long echo trains, exponential fit still overestimates the T, since stimulated echo pathways

are not included; hence T, convergence at higher numbers of echoes is not expected.

Using SEC, the fit produces both a T, and a normalized flip angle map. Figure 3.2 shows
the normalized flip angle maps derived from the SEC algorithm for 2, 3, 4, 20 echoes
respectively. The maps maintain consistency down to 3 echoes. Figure 3.3 presents typical R,
maps (1/T,) obtained using 20 echoes (left column) then reduced retrospectively to 4 echoes
(middle column); the difference images (right column) suggest the SEC (a-c) remains accurate
despite drastic reduction in echo train length, while the standard exponential fit (d-f) is highly

dependent on the number of echoes in the fit.

Results from multi-slice imaging, where reduced echoes are translated into increased
slice coverage, are shown in Table 3.1. The average T, values are presented using SEC for a
single slice (20 echoes), 2 slices (20 echoes), 4 slices (10 echoes) and 8 slices (5 echoes) from
four subjects. Slice coverage and echo train length were varied under constant RF power
deposition for the multi-slice acquisitions. Results from echo shortening in Table 3.1 follow the
same trend as the retrospective case considered above, indicating minimal effect of incidental
MT on the T, values. Example R, maps for various slices and echo numbers are shown in Figure

3.4, along with corresponding normalized flip angle maps obtained from the SEC fit.
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Figure 3.1: a) Signal decay from one subject for three territories, b-h) effect of number of echoes

on the measured T, relaxation time using exponential fit or stimulated echo compensation

averaged over 10 subjects in different brain regions. Error bars indicate inter-subject standard

deviations. Due to heterogeneous B; and slice-selective refocusing, the exponential fit provides

erroneous results in all cases. In contrast, stimulated echo compensation provides good results

for four or more echoes, except in the case of CSF, where additional echoes are needed.
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Figure 3.2: Effect of number of echoes on normalized flip angle maps (retrospective): a) 2
echoes, b) 3 echoes, ¢) 4 echoes and d) 20 echoes. Flip angle maps achieve stability with 3 or
more echoes.

Figure 3.5 examines incidental MT resulting from multi-slice T, imaging using the ratio
of multi-slice to single-slice image SNR from an early echo image. Reductions in SNR between
5% and 17% were observed as the number of slices increases with corresponding echo train
length reduction. The observed SNR reduction is negligible for CSF as expected. Note the
expected dependence on tissue type (WM versus GM) and on the flip angle (higher flip angle in
center). The MT effects also have a T; dependence since the off-resonant slices are interleaved
within the 4 s TR. For example, with two slices, off-resonant excitation occurs 2 s before

acquisition.
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Figure 3.3: In-vivo R, maps: top row, stimulated echo fit; bottom row, exponential fit. In (a,d),

20 echoes are used, while (b,e) only 4 echoes. Difference maps are shown in (c,f) with stimulated

echo (c¢) showing minimal change, but drastic differences for the exponential fit (f). Intensity

scale is from 2.5 to 30 s-1 in images (a,b,d,e) and 0.68 to 7.5 s-1 for difference images (c,f).

3.5 Discussion

With SEC, we have demonstrated that short echo trains as short as 4 can be used to constrain RF
power and provide similar results to long echo trains for investigation of T, quantification of
deep grey matter structures. Results in multi-component WM had slightly increased variability.
Reduced echo train lengths can enable reduced RF power deposition or an increase in slice
coverage and scan efficiency. However, given sufficient time and no RF heating constraints, long
echo trains can produce better results, but are not always practical at high field, especially when
more than one slice is required. Indeed, reduced echo trains can lead to less accuracy, especially
in a low SNR environment (35). Optimal echo train length also depends on T, (37), with longer
train length needed for longer T, values. Our results clearly indicate overestimation of the CSF

T, when the number of echoes is reduced, but demonstrate excellent results for shorter T, values.
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Table 3.1: Average T, values from 4 subjects for different number of slices and echoes using the

stimulated echo fit

#of #of Frontal Globus Posterior Optic CSF
Caudate Putamen
Slices echoes WM Pallidus IC Radiation
1 20 53.1+1.5 61.0£1.5 55.3+1.5 37.0&1.1 68.9+25  65.4+£0.3  1132+£265
2 20 53.940.6 60.6£2.5 52.9+3.1 37.0&1.2 68729 = 65.3£0.9 12024294
4 10 52.840.9 61.2+2.1 55.0+1.6 36.6x0.8 64.9+23 63.1+£1.6  1518+590
8 5 52.5+1.1 62.9+22 553422 35.0+1.0 63.1+2.7 60.3+0.5 1619+452

Note: Values reported as inter-subject mean + standard deviation. WM: white matter; IC: internal

capsule; CSF: Cerebrospinal Fluid.

The multiple-echo spin echo technique is sensitive to RF heterogeneity that can arise

from through-plane RF variation from imperfect refocusing slice profiles or in-plane variation

from RF interference effects. At 4.7 T used here, and at higher fields, in-plane heterogeneity is

substantial for brain imaging (see Figure 3.4e). Radiofrequency heterogeneity can be improved

somewhat by using RF shimming (38,39), or using multiple lobe, shaped or double adiabatic

refocusing pulses (40) which substantially increase RF power demands. Simply widening the

thickness of the refocusing pulses relative to the excitation pulse can also improve the refocused

slice profile (31), but limits potential for increased slice coverage. The SEC used here enables

use of T, mapping at high magnetic field by accounting for RF field non-uniformity and enabling

substantial echo reduction to minimize RF heating effects.
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Figure 3.4: In-vivo R, maps using stimulated echo compensation: a) 1 slice and 20 echoes, b) 2

slices and 20 echoes, c) 4 slices and 10 echoes and d) 8 slices and 5 echoes. Corresponding
normalized flip angle maps for a) and d) are shown in (e, f) respectively, demonstrating

consistent flip angle estimation with short echo trains.

Increased slice coverage is necessary for future clinical application. We have

demonstrated that savings in RF power through echo shortening can be applied to increase the
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slice coverage, with similar T, results to single slice, even though there is signal reduction due to
incidental MT effects (Fig. 3.5). We observed less than 15% SNR reductions from single slice to
8 slices. Although SNR was lost in multi-slice mode due to incidental MT, it did not significantly
affect the mean T, values for GM or WM and similar results were found for either retrospective
echo shortening without MT effects (Fig. 3.1), or prospective echo shortening with increased
slice number and incidental MT (Table 3.1). The effect of incidental MT on the T, fit was
minimal partly due to the small number of off-resonant RF pulses used. Specifically in WM, the
delay between off-resonant excitation and on-resonant acquisition minimized differential MT
effects between myelin water and other pools due to exchange (41). The MT effects due to
multislice interference were previously reported for human brain using fast spin echo sequences
(42-45). Our incidental MT results are consistent with others (44,45). As expected, when the flip
angle is similar, WM has greater MT than GM due to higher macromolecular content (42-48).
Increased MT was observed from the posterior internal capsule because of higher myelin water

content and greater flip angle in this more central region.

Increased slice coverage is also possible through single slab 3D imaging without
incidental MT effects (49). This has been demonstrated at 3T using multiple spin echo 3D
imaging with an 8 slice matrix (49); however, lengthy T, times at high field may limit imaging

efficiency due to the need for long repetition times.

Our current implementation of SEC is based on the assumption that magnetization
involved in alternate coherence pathways experiences negligible T, relaxation during the echo
train, which provides accurate T, values for T;/T, ratio above ten (33), but for tissues with
smaller T;/T, ratios like CSF this assumption may provide underestimated T, wvalues.
Nevertheless, stimulated echo compensation still outperformed exponential fitting with CSF T,
values using 5 echoes versus 20 echoes being 19% different with SEC and 2500% different for

exponential fitting.
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Figure 3.5: Incidental magnetization transfer (iMT) effects illustrated through the relationship
between relative SNR and the number of slices acquired in four brain territories averaged over 4
subjects. As slice number was increased past 2, the number of echoes was correspondingly
decreased to maintain the same total number of refocusing pulses (slices-echoes: 1-20, 2-20, 4-

10, 8-5). Error bars represent inter-subject standard deviations.

Throughout this work, we maintained a constant echo spacing of 10 ms similar to
previous work (33,34) to control for diffusion effects between refocusing pulses (50,51) and to
maintain signal from relatively short T, values that arise in regions of iron-laden ferritin in GM

or very short T, from myelin water in WM. Simulations have shown that optimal interecho
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spacing and train length varies with T, values (37,52), however there is a wide range of T, values
across the human brain. Combining long inter-echo spacing with few echoes, has been shown to

produce poor results in human brain (53), thus a short echo spacing is preferable.

In conclusion, it was shown that in contrast to standard exponential fitting, substantial
shortening of the echo train can be achieved using SEC while maintaining accurate T, values at
4.7 T, where there is substantial RF inhomogeneity. Radiofrequency power savings through echo
reduction enabled accurate deep grey matter T, values using 8 slices of 5 echoes each. Incidental
MT was significant in multislice mode, but had minimal effect on the T, values. Thus SEC with
reduction of RF refocusing pulses can enable efficient use of T, mapping for high field or other

applications where refocusing pulses are not ideal and RF power reductions are required.
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Chapter 4. Value of transverse relaxometry

difference methods for iron in human brain °

4.1 Abstract

Purpose: To investigate the brain iron dependence of transverse relaxation rate difference
methods derived from spin echo and gradient echo measurements from two field strengths.

Methods: Transverse relaxation rates R, and Rz* were measured in human brain in 17
healthy subjects at 1.5 T and 4.7 T using multi-slice, multiecho spin echo and gradient echo
sequences. R, quantification used stimulated echo compensation and R,  quantification used
linear background gradient correction at 4.7 T only. Subtraction of R, from Rz* within each field
strength yielded R,, and R, subtraction across fields yielded Field Dependent R, Increase
(FDRI). All transverse relaxation measures were then correlated with published post-mortem
iron concentrations using linear regression analysis. Regional differences were tested using
paired t-tests. Phantom measurements of FDRI were also performed.

Results: In deep grey matter, all transverse relaxation rates (R,, R, R,) at both 1.5 T
and 4.7 T, and FDRI had moderate to strong correlations (r > 0.71, p < 0.0001) with estimated
non-heme iron. The 4.7 T methods and FDRI had higher correlations (r > 0.9) than 1.5 T
measures. Ry, Rz*, R, at 4.7 T and FDRI had slopes 0.49, 1.96, 1.48 and 0.33 [s'l/mg Fe/100 g
wt. tissue] and intercepts 14.40, 16.87, 2.47 and 3.21 [s] respectively. Even though FDRI
yielded a zero intercept in phantom, in vivo FDRI was found to be ineffective at fully removing
non-iron contributions and yielded a large intercept. The slope for R, was 3.4 times greater at 4.7
T than 1.5 T. For white matter fiber tracts oriented predominantly perpendicular versus parallel
to By, Rz’ increased by ~50% at 4.7 T and ~30% at 1.5 T, while R; and FDRI in white matter was
insensitive to its orientation with respect to Bo.

Conclusion: The transverse relaxation difference methods FDRI and Rz’ at 4.7 T had

high correlations to predicted iron content similar to R, and R, at 4.7 T. Although R, had

3 A version of this section has been published. Uddin MN, Lebel RM, Wilman AH. Value of transverse relaxometry
difference methods for iron in human brain, Magnetic Resonance Imaging Journal (2015). doi:
10.1016/j.mri.2015.09.002
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smaller y-intercept with estimated iron concentration than FDRI, in white matter R,
demonstrated strongest dependence on fiber orientation with respect to By, These results suggest
that for brain iron correlation, there is minimal value of transverse difference methods over a

single R,” measurement at highest available field, which was 4.7 T.

4.2 Introduction

Iron is an important factor for many biological processes including oxygen transport,
mitochondrial energy generation, DNA synthesis and cellular metabolism, and is present in
various complex chemical forms. Non-heme iron in brain is mostly stored within glial cells as
ferritin that comprises a spherical protein shell and a superparamagnetic ferrihydrite core (1-4).
However, excess iron can cause the formation of free radicals from reactive oxygen species via
Fenton reaction which can exert oxidative stress, and can damage proteins, DNA and membranes
(1). Brain iron levels increase progressively with normal aging until the end of the third decade
(5). Abnormal iron accumulation in specific regions of the brain has been reported in
neurodegenerative disorders such as Alzheimer’s disease, multiple sclerosis and Parkinson’s
disease (3,6,7). Structures in the basal ganglia are particularly iron rich including globus pallidus,
putamen, caudate, substantia nigra and red nucleus (5). White matter (WM) also contains iron,
but the concentration is roughly 3-4 times lower than iron-rich basal ganglia (5,8,9). Iron creates
microscopic magnetic field gradients that can change the relaxation behavior of nearby tissue
water (10,11). Moreover, iron creates inhomogeneities in the local magnetic field due to the
superparamagnetic properties of the ferrihydrite core contained in ferritin, which shortens the
MRI transverse relaxation time (4,12-14).

The spin echo and gradient echo transverse relaxation rates R, and R, presented in the
form of relaxation-weighted images (14-18) or absolute quantitative relaxation maps (6,8,19,20)
may provide information about subtle iron-related changes in the brain. In brain, R, and R, are
affected by numerous properties including water and macromolecular content, calcium, tissue
microstructure, and paramagnetic blood deoxyhemoglobin which limit the specificity of R, and
R," to estimate the tissue iron content measurement (21-24). In certain regions of the brain, such
as iron-rich deep grey matter (DGM), signal changes may be dominated by one factor (iron-
laden ferritin), but nevertheless specificity of these measurements cannot be guaranteed. For

example, tissue neurodegeneration may have contributions from both iron-independent and iron-
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related processes (25,26). A correlation between R, and post-mortem iron concentration in deep
grey matter at 1.5 T was first reported by Drayer et al (10) and has since been investigated
extensively by other groups (12,14,20,27-31) at different field strengths ranging from 0.5 T to
7.0 T. Previous work (8,28,32) suggest that R, is more sensitive to iron than R, and provides
very strong correlations with estimated iron concentrations in GM. In-vitro R, measurements in
aqueous solution of ferritin showed very high correlation between R, and ferritin concentration
(33) however, complex tissue structures, including variable water and macromolecular content,
reduce in-vivo correlations to iron (14,31).

Alternative approaches to increasing iron specificity in brain include relaxation rate
difference methods, whereby iron-independent components that remain constant between
measurements can be eliminated through subtraction of two relaxation rates. Two such methods
are Field Dependent R, Increase (FDRI) which measures differences between relaxation rates
acquired at two different field strengths, and Rz’ which measures differences between R, and Rz*
at single field strength. R, reflects only the reversible contribution to R,  associated with static
local magnetic field inhomogeneities (2,34,35). This heightened sensitivity to field
inhomogeneity may require removal of background fields to enable local field inhomogeneity
measurements (20,36), which can be accomplished by linear background gradient correction
(37). Ordidge et al. (16) demonstrated the use of R, to study brain iron at 3.0 T when magnetic
field inhomogeneity is corrected. Previous works (17,28) also showed R, is more effective to
estimate brain iron compared to R, using 1.5 T and 3.0 T. Although the spin echo R;
measurement, necessary to determine R» , is insensitive to static magnetic field inhomogeneity, it
is highly sensitive to radiofrequency (RF) field inhomogeneity that may arise from in-plane or
through-plane variations. To overcome high field RF inhomogeneity, methods such as twice
refocused adiabatic pulses (31) or stimulated echo compensation (38) are required.

Subtraction of R, measurements between two field strengths can provide a means to
increase iron specificity by using FDRI (39), since the R, effects due to iron are proportional to
By (25,29,39,40). The FDRI method is also attractive since both measures in the subtraction
refocus the static background field inhomogeneities, unlike R, . FDRI has been applied using
dual spin echo sequences at 0.5 T and 1.5 T (39) and with fast spin echo at 1.5 T and 3.0 T (41).
It has been shown that, using 0.5 T and 1.5 T, or 1.5 T and 3.0 T, FDRI values correlate well
with estimated iron concentrations mostly from DGM and frontal WM structures (29,39,40,42).
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Greater FDRI is achieved with a larger field strength difference, such as the 1.5 T and 4.7 T used
here. However, the value of this larger field difference for iron specificity of FDRI and the
relationship between FDRI and R, is unclear. Thus, the main purpose of this work is to compare
these two difference methods, FDRI and R, , to examine their specificity to brain iron in-vivo
using 1.5 T and 4.7 T field strengths and healthy subjects. Both difference methods have been
previously applied to estimate the sensitivity to brain iron (16,32,39-41,43-45), but they have not
been directly compared in the same population, nor has FDRI been applied above 3.0 T.

In WM, transverse relaxation rates are dominated by water and macromolecular content
(8,46), rather than iron concentration. For example, optic radiation and internal capsule have
high relaxation rates, though they contain low iron (2,47), largely due to densely myelinated
fiber pathways (2,48). The R,  and R, variation in WM, due to the myelin content and tissue
microstructure, is extensive at high field (22,49,50). Recent studies documented the WM fiber
orientation effects with respect to By which can modulate R," due to anisotropic susceptibility
sources along the fiber direction in the myelin sheath (22,24,51,52). These field orientation
effects do not strongly affect R, due to refocusing of the static field effects (26,53). As well as
examining the iron dependency in GM, we also examine WM effects on the transverse relaxation

difference methods.

4.3 Materials and Methods

4.3.1 MRI Acquisitions

Human and phantom MRI experiments were performed using a Varian Inova 4.7 T (Varian, Palo
Alto, CA) and a Siemens Sonata 1.5 T (Erlangen, Germany). The 4.7 T system had a maximum
gradient amplitude of 60 mT/m with a slew rate of 120 T/m/s; the 1.5 T had maximum gradient
strength of 40 mT/m and slew rate of 200 T/m/s. Images were collected with a 4-element receive
array (54) paired with a head birdcage coil for transmit at 4.7 T, while 1.5 T used the body coil
for transmission and a single element head coil for reception.

Two-dimensional multiple-echo spin echo sequences were employed at both field
strengths to measure R,. Common parameters included: 4000 ms repetition time (TR), 10 ms
echo spacing (ESP), 5 echo train length (ETL), 8 slices, 4 mm slice thickness, 8 mm slice gap,
in-plane resolution 1.00 x 1.25 mm? and 256 x 145 matrix, 50 kHz receiver bandwidth (BW)
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and scan time 6.33 min. Excitation and refocusing pulses were 90° and 180° respectively. At 4.7
T, Gaussian pulses were used to minimize RF deposition with excitation and refocusing pulses of
4.00 ms and 2.29 ms respectively. At 1.5 T, 3-lobe Gaussian-filtered sinc pulses were used with
time duration of 2.56 ms for both excitation and refocusing.

Multi-echo gradient echo imaging was performed at both field strengths to obtain R,
maps. Both field strengths used monopolar frequency encoding gradients without flow
compensation. At 4.7 T, ten echoes were recorded with first TE of 2.93 ms, 4.1 ms ESP, 44 ms
TR, 10° flip angle, 2 mm slice thickness, no slice gap, in-plane resolution 1 x 1 mm? 3D
acquisition matrix 256 x 192 x 80, receiver BW 90 kHz, scan time 9.39 min. At 1.5 T five
echoes were recorded by performing five different single gradient echo experiments (TE 6, 13,
20, 27, 34 ms) with 44 ms TR, 10° flip angle, acquisition matrix 384 x 384 x 40, 4 mm slice
thickness, 2D acquisition with no slice gap, 40 slices, in-plane resolution 1 x 1 mm? and scan

time 4.55 min for each single echo experiment and total scan time was 22.75 min.

4.3.2 In-vivo Experiments

Seventeen healthy subjects (34410 years, age range 25-59 years, 12 male, 5 female) were studied
after obtaining informed consent according to the institutional protocols. Each subject was
imaged at both field strengths performing R, and R,  mapping from which the difference images
R, and FDRI were formed. Two dimensional multi-echo spin echo images, capturing multiple
subcortical GM and WM regions, were obtained in multi-slice mode and 3D multi-echo gradient
echo images were obtained for whole head. The same slice locations were chosen at both field
strengths through careful head placement and manual slice alignment based on multidirectional
localizer images. Additional diffusion tensor images were obtained from two subjects at 4.7 T to

illustrate predominant WM orientations.
4.3.3 Phantom Preparation

Further investigation of FDRI was performed by measuring R, at 1.5 T and 4.7 T in a phantom.
The phantom consisted of 1% agar gel embedded with eight cylinders of 1.6 cm diameter also
containing 1% agar gel and different concentrations (0.005, 0.010, 0.015, 0.020, 0.030, 0.040,

0.060 and 0.080 mM) of super paramagnetic magnetite (iron core of 10 nm) in the form of Ferex
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(10 mg Fe/ml, BioPAL). These concentrations were chosen to mimic R, values in human brain

tissue, especially iron-rich DGM (R; = 5-50 sec™ at 4.7 T).

4.3.4 Data Analysis
Single component R, maps at 1.5 T and 4.7 T were computed on a pixel-by-pixel basis using
stimulated echo compensation (38). This method extracts R, from the spin response calculated
from the extended phase graph algorithm (55) beginning with the knowledge of sequence timing
and RF pulse shapes.

R,  maps were fit with an exponential decay using nonlinear least squares fitting. To
account for much greater air-tissue susceptibility effects at 4.7 T, R,  maps at 4.7 T were first
corrected with 3D linear susceptibility gradient removal (56), which use the phase images to
estimate the linear field gradient contamination. Effects of this correction on Rz* values were
evaluated. The raw phase data was not available at 1.5 T, so no correction was performed,
although the air-tissue susceptibility effects are reduced at this lower field strength.

R, and Ry’ maps were skull-stripped using BET (FMRIB’s brain extraction tool) (57) and
then manually translated, rotated and resized to align R, maps with R,” maps using ImageJ (58).
R, maps were obtained by subtracting R, maps from matched R,” maps, while FDRI maps were
obtained by subtracting R, maps at 1.5 T from R, maps 4.7 T. Region-of-interest (ROI) analysis
was performed by first manually drawing ROIs on R, maps at 4.7 T for each subject then using
the same ROIs for all other relaxometry maps. Bilateral ROIs were chosen in iron-laden DGM
(including caudate nucleus, putamen, globus pallidus, red nucleus, substantia nigra and
thalamus), as well as prefrontal GM and WM territories (including frontal WM, optic radiation,
parietal WM, posterior internal capsule, corpus callosum splenium, corpus callosum genu and
centrum semiovale). In the phantom, 1.6 cm diameter ROIs from each cylinder were obtained

across the complete range of iron (magnetite) concentrations.
4.3.5 Iron concentration using post-mortem data

For human brain, non-heme iron concentration ([Fe] mg/100 g fresh wt.) was used with estimates
via age dependent equations given in Hallgren and Sourander (5). However, estimated iron
concentrations for thalamus, substantia nigra and red nucleus were obtained directly from the

plots and tables since no equations are provided (5). Mean iron concentrations were obtained for
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each structure averaged over all 17 subjects. Error in iron measurements was also determined
from the plots and tables in (5), by estimating the standard error for our age range. Note several
previous studies (2,14,20,24,25,28-31,39-43,59-61) have used the age versus regional iron
content best fits of post-mortem data reported by Hallgren and Sourander (5) to estimate iron

content using relaxometry such as R, (14,60), R, (28,32), R, (32,59) and R’ (28,32) .
4.3.6 Statistical Analysis

Statistical analyses were performed using SPSS (IBM, Armonk, NY), and p-values less than 0.05
were considered to be statistically significant. Intra-subject reliability test was also performed for
a volunteer who underwent two MRI exams 2 hours apart. Each exam was analyzed
independently by the same observer with ROIs manually redrawn for each structure. Intraclass
correlation was used to obtain intra-rater reliability. Linear regressions were employed to
investigate the relationship between iron concentrations, and all relaxation measures using
Pearson correlation coefficients. Regional comparisons in relaxation rates were performed using

paired sample t-test.

4.4 Results

Average relaxation rates (R, Rz*, R,’) and FDRI from DGM and WM are presented in Tables
4.1 and 4.2 respectively. To compare to previous work, FDRI is divided by the field strength
difference and demonstrates good agreement for the same age group with previous work (40) at
1.5 T and 3.0 T. The presumptive amount of iron deposits in DGM territories are also shown in
Table 4.1, obtained from the previous post-mortem study of Hallgren and Sourander (5). For
test-retest reliability, we found the intraclass correlation coefficients in the range of 0.928-0.995

for relaxation rates (R,, R, and R, ) and FDRI measurements.
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Table 4.1: Transverse relaxation rates (s) and FDRI/AB, (s™'/T) in grey matter at 1.5 T and 4.7
T, with estimated iron deposits (mg/100g fresh wt.) from seventeen healthy subjects*

Cortical Thalamus  Caudate Putamen  Substantia Red Globus

GM Nucleus Nigra Nucleus Pallidus

R; (4.7T) 13.8+£3.4 18.2+1.1 16.6+£0.8 19.3+£1.4 24.4+1.1 22.4+1.1 26.0+£2.9
R, (1.57T) 10.6£1.2 12.740.6  11.7+0.47  12.7+0.7 14.7+0.8 13.6+0.7 14.7+1.4
R, 4.77) 20.3+9.9 27.2+2.4  28.6+£3.50  359+5.1 57.6+4.0 53.0+7.0 57.9+7.6
R, (1.57T) 12.7£2.9 17.1+0.8 15.8+0.81 18.0£2.2 25.9+£3.4 23.1+£2.8 249433
R, 4.77) 6.5£1.0 8.9£2.4 12.143.66  16.6£2.4 33.244.1 30.6£3.4 31.9+£3.9
R; (1.5T) 2.1+1.1 4.5+0.9 4.1+0.84 5.3+1.3 11.1£3.2 9.4+2.6 10.3+£2.9
FDRI/By 1.1+£0.2 1.8+0.3 1.7+0.18 2.2+0.3 3.0+0.2 2.7+0.3 3.3+0.5
Tissue Iron” 2.7+0.3 5.4+0.7 8.0+0.5 10.9+2.0 18.5+£3.9 19.5+4.1 20.4+2.7

" Values reported as inter-subject mean + standard deviation.

"Extrapolated iron content obtained using equations, plots or tables provided in Ref. (5) with
estimates of variance therein for this age range.

Figure 4.1 illustrates R, and FDRI maps from a 32 year old healthy subject obtained at

1.5 T and 4.7 T, including the R, and R, images (a-d) needed for these subtractive methods. Iron
rich DGM at 4.7 T is better visualized than at 1.5 T.

Figure 4.2 provides an example of the effect of the linear background field correction

used for R," at 4.7 T. The strong effect of the frontal sinuses is clearly evident and the correction

had the strongest effects near this region in frontal WM and caudate nucleus, which both had on

average, ~22% reduction in Rz* with correction. However, other DGM territories more distant

from the frontal sinuses (thalamus, putamen, globus pallidus, substantia nigra and red nucleus)

had only 4-7% reductions in average R, at 4.7 T with the correction.
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Table 4.2: Transverse relaxation rates (s™') and FDRI/AB, (s™'/T) in white matter at 1.5 T and 4.7

T, from seventeen healthy subj ects”

Frontal Optic Posterior  Centrum Splenium Genu Parietal
WM Radiation IC Semiovale CC CC WM

R, 4.7 T) 18.2+1.2 16.6+0.6 15.2+0.8 15.9+1.3 16.4+0.7 16.2+0.7 16.4+0.6
R, (1.57T) 13.9+1.2 12.2+0.3 10.8+0.7 11.9+0.4 11.5+0.6 11.6+£0.4 11.3+0.5
R, 4.77T) 30.543.1 31.442.4 24.2+0.9 25.3+1.0 29.6+1.9 28.1£1.9 25.5+¢1.4
R, (1.57T) 18.2+1.3 18.8+0.8 16.9+0.6 16.7+£0.7 20.0+1.0 18.2+0.3 16.5+0.8
R, 4.77) 12.3£2.6 14.8+1.6 9.3+1.7 9.4£1.5 12.2+1.9 11.9+1.6 9.1£1.4
R; (1.5T) 4.3+0.9 6.6+0.8 6.9+0.8 4.8+0.6 7.5t1.4 6.6+0.6 5.2+0.6
FDRI/AB, 1.5+0.1 1.4+0.2 1.3+0.2 1.3+0.1 1.3+0.3 1.4+0.2 1.5+0.2

“Values reported as inter-subject mean + standard deviation. WM, white matter; IC, internal

capsule; CC, corpus callosum.
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a)R2at4.7T
b)R2at15T
c)R2*at4.7T
dR2*atl15T
e)R2'at4.7T
HDR2'at15T
g) FDRI

Figure 4.1: In-vivo transverse relaxation maps from 4.7 T and 1.5 T: (a, b) Ra, (¢, d) Rs', (e, )
Rz’, where (a, ¢, e) were acquired at 4.7 T and (b, d, f) at 1.5 T. FDRI, which is the R, difference

between fields, is shown in (g). Intensity scales are shown at right for the top and bottom rows.

Transverse relaxation rates (R,, Ry, Ry) from eight brain regions (DGM and frontal
WM) at 4.7 T and 1.5 T and FDRI are plotted against estimated regional non-heme iron [Fe] in
Fig. 4.3. Solid lines are used to show the linear fitting considering all eight brain regions with
slopes, intercepts and correlations reported for this solid line fit. R, at 4.7 T is shown with
background correction, which increased the slope and correlation by 3% and 8% respectively
over uncorrected data. Dashed lines are for fits considering only the caudate, putamen and globus
pallidus, with additional regression coefficients provided in Table 4.3. These three iron-rich
territories are considered independently to enable comparison to past work (32), where only

territories rich in iron and with exact age equations for iron content were used.
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Figure 4.2: In-vivo R,  maps at 4.7 T showing the effect of linear background field correction.
(a, d) R," map without background field correction, (b, e) R, after background field correction
and (c,f) difference maps of (a, b) and (d, e). Intensity scale from 0 to 100 s™ for (a, b, d, e),
while 0 to 50 s™ for (c, f). Note the strong air-tissue susceptibility gradient arising from tissue
near the frontal sinuses.
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Figure 4.3: Scatter plots: Relaxation rates (R,, R, and R,’) versus estimated post-mortem iron
concentration [Fe]: (a,c,e) at 4.7 T; (b,d,f) at 1.5 T; and (g) FDRI versus [Fe]. Best fit solid lines
and linear regression parameters obtained using all data are shown, while dashed lines fit only
caudate, putamen and globus pallidus (with regression parameters in Table 4.3). Note three

different y-axis scales are used for R; (a,b), R," (c,d) and difference methods (e-g).
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Figure 4.4: Relationship between magnetite concentrations, relaxation rate R, and FDRI for eight

different concentrations of iron in 1% agar gel. Linear regression parameters and best fit lines are

1% Agar Phantom | o 15T
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o :
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............................................................. FDR:R*=0990

. slope = 215.89+:11.75
. intercept = -0.014+0.05

0 0.02 0.04 0.06 0.08

Concentration of Magnetite (mM)

shown. An example R, map from 1.5 T is shown in the inset.

R, and R,  results in Fig. 4.3 indicate excellent performance at 4.7 T as evident from high

correlations to iron, essentially matching those found in the best difference methods. R, at 4.7 T

provides

concentration. Considering the transverse difference methods, both R, at 4.7 T and FDRI
provide high correlation with iron, whereas R, at 1.5 T has similar slope to FDRI, but a reduced
correlation. For all the measurements, p values were found less than 0.0001. Slope of the fitted

line for R, was ~3 times greater at 4.7 T than 1.5 T indicating the linear field dependence from

highest correlation and slope with iron, but has a substantial intercept for zero iron
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ferritin-based relaxation (31). Compared to FDRL R, at 4.7 T has a reduced y-intercept and
slope ~ 4.5 times greater than FDRI, making R, at 4.7 T the preferred difference method.

Table 4.3: Slopes, y-intercepts and correlation at 1.5 T and 4.7 T obtained from caudate, putamen

and globus pallidus*
Comparison By Slope Y-Intercept Pearson
(T) (s'l/mg Fe/100 g wt.) ) correlation R*
R, vs.[Fe] 4.7 0.73+0.03 11.01+0.48 0.88
1.5 0.22+0.02 10.07+0.31 0.66
R, vs. [Fe] 4.7 2.23+0.08 11.24+1.25 0.93
1.5 0.74+0.04 9.76+0.59 0.86
R, vs. [Fe] 4.7 1.5140.08 -0.23+1.25 0.89
1.5 0.52+0.05 0.31+0.67 0.71
FDRI vs. [Fe] 0.51+0.03 0.93+0.37 0.88

“Linear regression analysis performed with post-mortem [Fe] as variable. Regression coefficients

are given with standard errors and correlation significance p<0.001.

Figure 4.4 illustrates the relationship between magnetite concentration, R, and FDRI
from the agar phantom. At both field strengths R, varies linearly with iron concentration with
subtraction yielding a negligible intercept for FDRI and maintaining the linear relationship with
iron concentration. Very strong correlations (R* = 0.99, p<0.0001) are found between iron

concentrations and FDRI or R, at both field strengths.
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Figure 4.5: (a-g) Box plots of transverse relaxation rates (R», R, R,’) and FDRI (s) in WM

from seventeen healthy subjects with fiber orientations predominantly perpendicular (posterior

corpus callosum, PCC and Optic radiation, OR) or parallel (posterior internal capsule, PIC and

centrum semiovale, CS) to the main magnetic field. Red plus signs in the plots are outliers.

Fractional anisotropy color maps obtained at 4.7 T (h-j) from one subject showing WM ROIs and

fiber directions: (h) OR (green, anterior-posterior), (i) PIC (blue, inferior-superior), PCC (red,

left-right), and (j) CS (blue, inferior-superior). Note two different y-axis scales are used for R»,

R," (a-d) and difference methods (e-g).

114




Figure 4.5 compares relaxation rates and FDRI from ROIs drawn in WM structures
where fiber tracts are predominantly parallel or perpendicular to By. Fiber orientations of the
posterior part of corpus callosum (PCC) and optic radiation (OR) are predominantly
perpendicular to By while posterior internal capsule (PIC) and centrum semiovale (CS) have fiber
orientations parallel to By, Diffusion tensor tractography images illustrate these locations (Fig.
4.5h-j). The FDRI values between parallel and perpendicular orientations are somewhat similar,
with myelin differences likely accounting for differences. Specifically, FDRI increased by 9% (p
= 0.15) in OR over CS, 3% (p = 0.60) increase in PCC relative to PIC, and 12% (p = 0.95)
increase in OR over PIC. On the other hand, R, particularly at 4.7 T, shows greater orientation
dependence. R, is increased by an average 51% (p<0.0001) in OR compared to CS at 4.7 T, with
32% (p<0.0001) increase at 1.5 T. Moreover, PCC has R, with about 31% (p<0.0001) increase
relative to PIC at 4.7 T; and 8% (p=0.073) at 1.5 T. Note PIC has highly compact fiber structures
and higher myelin water fraction (~18%) compared to PCC (~13%) (2,21,62) and CS (~10%)
(63). For R," there was up to 24% (p<0.0001) difference between the WM structures oriented
parallel or perpendicular to By while maximum variation was only 8% (p<0.05) for R,

measurements.

4.5 Discussion

Transverse relaxation rates and their differences within and across two field strengths were
considered for iron measurements in human brain. In relation to estimated iron concentrations,
R, R,” and R, all exhibited higher coefficients of correlation and steeper slopes (2-5 times) at
4.7 T than at 1.5 T, confirming that higher field strengths provide superior sensitivity to iron. In
iron-rich DGM, R, at 4.7 T, and FDRI yielded high correlations to estimates of non-heme iron
concentration (Fig. 4.3, Table 4.3). The 4.7 T measurements of R, and R, also provided similar
high correlations with estimated iron, without the need for multiple relaxation measurements and
subtraction. However, when considering the zero iron intercepts, which reveal iron independent
components, the intercepts of R, and R, were several times larger than that of R, and FDRL
Although iron induced relaxation rates increase with magnetic field, single field R;
measurements cannot provide iron specificity in all tissues due to the water

content/macromolecular fraction confound (31).
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R, and FDRI should provide more specific iron measures in the brain. Compared to
FDRI in DGM, 4.7 T R, provides similar correlations, with reduced y-intercepts and three-fold
slope increase. Furthermore, Rz’ offers this improved discrimination of iron content without the
need for two field strengths. In general, the results from Table 4.3, which use the dashed lines
from Fig. 4.3, are improved because only three structures with dominant iron contrast (globus
pallidus, caudate, putamen) are considered. Negligible intercept of R, versus iron in Table 4.3
indicates a specific sensitivity to iron in DGM, while the FDRI intercept is much greater.

In our case, the field difference used for FDRI was 3.2 T - more than double that of past
FDRI work (39,40). Increasing the field difference provides greater FDRI. Smaller field
differences are clearly not as sensitive to iron. However, the macromolecular contribution to R,
also has a field strength dependence which may serve as a confounder if higher field strength
differences are used. Specifically, R, effects from macromolecular fraction have both field
dependent and independent terms, with the field dependent term likely having quadratic
dependence on field strength, with increasing prominence at magnetic fields greater than 7.0 T
(31). Consequently, FDRI using higher field strengths and large field differences may not be
suitable for iron quantification in the brain. FDRI measurements using field strengths differences
of .0or 1.5 T (0.5 Tand 1.5 T, or 1.5 T and 3.0 T) have more stable macromolecular effects
with field strength. Thus, FDRI using 1.5 and 4.7 T does not eliminate all the effects other than
iron and has a substantial non-zero intercept versus the iron concentration fitting model.
However, the in-vitro FDRI experiments (Fig. 4.4) had negligible intercept, because the effect of
macromolecular fraction was minimal for the 1% agar phantom.

In WM, iron sensitivity measurement using MRI relaxometry is challenging due to the
presence of increased macromolecular fraction and moderate to low iron concentration
(31,32,51). WM contains increased myelin content compared to GM (21). Although variable,
typically WM contains ~11% myelin water fraction compared to only ~3% of GM (21). Water
trapped in myelin sheath has a short T, relaxation time of ~ 20 ms, making myelin water content
a key factor in WM transverse relaxation (21). In particular, FDRI is able to remove most of the
myelin effects to more closely reflect the true iron content. For example, in Fig. 4.3, for frontal
WM, only FDRI values lie on the regression line, while all other methods have a higher
relaxation rate for frontal WM than that of the regression line prediction. A previous study also

showed that R is not a reliable parameter for measuring iron in WM using a single field strength
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(26). Unfortunately other WM territories were not included in the age based iron concentrations
provided by Hallgren (5). As well, in cases of pathology, selective increases in water content —
through for example neurodegeneration — could make FDRI more valuable by removing the
variable water/macromolecular fraction confound. FDRI is also advantageous over R, due to
complete use of spin echo refocusing, eliminating concern over static field effects arising from
air-tissue interfaces.

An additional confound of transverse relaxation measures in WM is fiber orientation with
respect to Bo. R, and R, show angular dependency as a function of the angle between the WM
fiber orientation and By (51,64). Higher R, and R," values were observed in WM with fiber
orientation predominantly perpendicular to the main magnetic field compared to that of parallel
fiber orientation. This effect increased at 4.7 T over 1.5 T where WM structures with both
perpendicular orientation relative to main magnetic field and higher myelin water fraction have
greatest increases. This WM orientation dependence on By has been shown previously and is an
area of active investigation: Sati ef al. in marmosets at 7.0 T found up to 50% R, changes (64);
Denk ef al. in human brain at 3.0 T demonstrated 20% R," changes (51); Sedlacik et a/. in human
brain at 3.0 T found ~15% R, increase (32). Refocusing the static field minimizes the
dependency on By orientation, thus FDRI and R, exhibit reduced effect. For iron measurements
in WM, increased myelin water fraction over GM, and the presence of fiber anisotropy lead to
additional confounds. R, at high magnetic field is more highly sensitive to these factors
compared to FDRI.

Both R, and FDRI require spin echo R, maps which were performed in multi-slice
acquisitions to enable more complete brain coverage. We also performed single-slice spin echo
mapping and obtained very similar correlations (not shown). At 4.7 T, the multi-slice multiple
spin echo train was constrained to 5 echoes to achieve more slices within RF heating limitations.
Previous work using stimulated echo compensation (65) indicates that echo trains as short as four
can provide accurate R, values for DGM when using 10 ms echo spacing as used here. Multi-
slice imaging led to global signal reduction from incidental magnetization transfer; however this
did not affect R, (65). Previous FDRI measurements (30,39,41) used exponential fitting which
can overestimate T, (1/R,) values when the refocusing angles are not precisely 180° (38), which
is expected in the case of slice selective pulses unless refocusing profile widths are extremely

wide in comparison to excitation profile or adiabatic refocusing is used (31,66).
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There were several limitations of this study. Our sample size was relatively small. For
each relaxation method, different in plane resolution was used since spin echo experiments are
much slower. Different RF pulse shapes were used for R, but this was corrected by stimulated
echo compensation. Background gradient field correction was not available for the R, sequence
at 1.5 T, however since background inhomogeneity effects increase linearly with field strength,
the effect at 1.5 T should be very small compared to that of at 4.7 T. For the FDRI
measurements, two field strength measures are needed, which may have led to subtle positioning
errors. However, In spite of these limitations, precise image subtraction was still possible by
matching image resolution and slice thickness at the post-processing stage and using manual
image registration. Using the age based equations provided in Hallgren’s paper, regression
analysis was performed for iron-rich GM, but only for frontal WM. Deoxygenated heme iron is
another confounding factor that modulates Rz* and Rz’. However, the contributions from
deoxygenated hemoglobin in non-heme-iron-laden DGM territories are assumed to be negligible
(23). Iron concentrations were estimated using different subjects based on the landmark post-
mortem study published in 1958 (5). Though iron distributions in human brain may have
changed since that time over due to changes in life style and diet, recent studies have found
similar results using post-mortem study (8,26). In addition, as mentioned earlier, several other
studies (2,14,20,24,25,28-31,39-43,59-61) have used the age-based equations reported by
Hallgren and Sourander for brain iron estimation.

In conclusion, high correlations to brain iron content were achieved with all 4.7 T
methods and with FDRI. The transverse relaxation difference methods Rz’ at 4.7 T and FDRI had
high correlations similar to R, and Rz* at 4.7 T. FDRI was found ineffective at eliminating all
non-iron contributions, due to the field strength dependence of macromolecular fraction for this
large field strength difference of 3.2 T. R, at 4.7 T had the smallest y-intercept with estimated
iron concentration, suggesting greater iron specificity over all methods including FDRI
However, in WM R, demonstrated the strongest dependence on fiber orientation with respect to
By, presenting an additional confound. These results suggest that for brain iron correlation, there
is minimal value of transverse difference methods over a single R," measurement at highest

available field, which was 4.7 T in this study.
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Chapter 5. Quantitative T; and atrophy in
multiple sclerosis: A retrospective 7-year
feasibility study using standard clinical brain

images*

5.1 Abstract

Objective: To examine 7-year changes in multiple sclerosis (MS) brain using only standard

clinical images to determine quantitative transverse relaxation times (T,) and atrophy.

Methods: 1.5 tesla clinical MRI exams of 14 relapsing-remitting MS subjects with scans
extending back 7 years were examined retrospectively. T, maps were obtained using a two-point
modelling approach using proton density (PD) and T,-weighted spin echo images and accounting
for the actual refocusing angles used which varied between 180 and 150°. T, methods were
validated prospectively in 7 healthy subjects. Patient T, values were correlated with brain

atrophy, T, lesion load, expanded disability status scale (EDSS) and MS severity score (MSSS).

Results: Over 7 years, significant T, changes of 2-4% were observed when using T,
modelling but no significant results were found when using the commonly misused standard
exponential fit, which cannot account for refocusing angle variation. Multiple regression of
change in T, of two deep grey matter structures (head of caudate and globus pallidus) showed
high correlation with final time point MSSS (r=0.76, p <0.05), and EDSS (r=0.70, p<0.05).
Changes in T, in globus pallidus and posterior internal capsule showed correlations with change
in EDSS score over time. 7-year changes in thalamic T, correlated with ventricular atrophy (r=-

0.57, p<0.05).

% A version of this section has been submitted to Journal of Magnetic Resonance Imaging, Uddin MN, McPhee KC,
Wilman AH. Quantitative T, and atrophy in multiple sclerosis: A retrospective 7-year feasibility study using
standard clinical brain images.
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Conclusions: Standard clinical MS MRI exams that include PD and T,-weighted
imaging can provide quantitative T, to track MS disease progression. This provides an additional
quantitative parameter that can be extracted from standard exams, provided the effects of actual

flip angles are considered.

5.2 Introduction

Multiple sclerosis (MS) is a chronic neurological condition characterised by
inflammation, demyelination, remyelination, oligodendrocyte destruction, neuronal degeneration
as well as increased tissue iron accumulation (1,2). The etiology of the disease is still elusive and
the variability of the disease course is noticeable among individuals. Though MS is thought to be
primarily a white matter (WM) disease, there is significant involvement of deep grey matter
(DGM) in the disease processes, especially through atrophy (3-5) and abnormal iron
accumulation (6-8). MRI methods have a crucial role in predicting and monitoring the disease
state and progression over time. Several studies have shown significant correlations between

MRI measures and cognitive impairment, and disability scores (6-10).

MRI relaxometry techniques can provide more insight into the MS disease processes due
to the sensitivity of relaxation times (T; or T,) to changes in tissue water, myelin and iron
content. These methods have been used to quantify myelin water fraction and water content in
WM in MS (11-13). Qualitative T, weighting has been used to interpret DGM in MS disease
processes by measuring the T, hypointensity or visual grading of the images in clinical MRI
exams (10,14). However, quantitative T, measurements may provide more sensitive and accurate
assessment by reducing the variability produced from receiver gain or flip angle variation in T,
weighted images obtained in different time points for different subjects. Although other methods
exist, such as DESPOT2 (15), quantitative T, measurements are usually performed by using a
multi-echo spin echo (MESE) sequence, however, MESE sequences are not typically used in
standard clinical exams. Proton density (PD) and T,-weighted fast spin echo (FSE) images have
been a common part of MS clinical trials and MS clinical protocols for many years, although PD
images are now seeing less use in standard brain protocols. These images enable a two-point T,
fitting method. T fitting typically uses either exponential or actual signal modelling such as
stimulated echo compensation (16,17). Exponential fitting is appropriate only in the case of ideal

180° refocusing pulses without slice profile effects or in-plane pulse variation. This situation is
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relatively rare, causing exponential fitting to typically provide overestimated T, values as it does
not take into account actual refocusing angles which can produce stimulated and indirect echoes
that also influence the decay (16,18). Accurate two-point T, fitting from PD and T,-weighted
images has recently been introduced (18) by accounting for the actual refocusing angles used in
the PD and T,-weighted sequences. As well as quantitative T,, clinical images can also provide

lesion load and brain volume measures.

The purpose of this study is to investigate the feasibility of tracking disease progression
and state in relapsing-remitting MS (RRMS) over 7 years using retrospective standard clinical
MRI obtained at 1.5 T, from which quantitative T,, brain volume and lesion load changes are

derived.

5.3 Methods

5.3.1 Subjects

We identified 14 patients (12 female and 2 male; mean age at baseline 36 years, range 30 to 51
years) having clinically confirmed RRMS using the revised McDonald criteria (19). Ethical
approval and informed consent was obtained according to institutional regulations. As part of
standard clinical care, the patients identified had undergone MRI at baseline and 5 to 8 years
follow-up scans between September 2004 and June 2013. The Expanded Disability Status Scale
(EDSS) score was measured by an MS neurologist at baseline and at follow-up scans. The MS
Severity Score (MSSS) was calculated from EDSS and disease duration using MSSStest
software (20), thus MSSS represents an adjusted EDSS score for disease duration.

5.3.2 MRI data acquisition

All subjects were scanned using 1.5 T whole-body MRI systems (Sonata or Avanto; Siemens
Healthcare, Erlangen, Germany). The clinical protocol consisted of PD and Tow Fast Spin Echo
(FSE) sequences, which were used to retrospectively calculate T,. The protocol also included T;-
weighted images used for brain volume calculations and T,w Fluid Attenuated Inversion
Recovery (FLAIR) used for lesion load. All sequences used 19 slices with 5 mm thickness and
in-plane resolution of 0.45x0.45 mm” covering the whole brain. Typical sequence parameters
included: PD-weighted FSE (repetition time [TR] 2000 ms, echo spacing [ESP] 6.5 ms, echo
train length [ETL] 5, echo time [TE] 13 ms, refocusing flip angles 180°, bandwidth [BW] 195
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Hz/Pixel, imaging matrix 384x512, N,, 2, scan time 1.8 min) and T,w FSE (TR 4000 ms, ESP
6.5 ms, ETL 15, TE 91 ms, refocusing flip angles 180°, BW 195 Hz/Pixel, imaging matrix
384x512, N,y 2, scan time 1.9 min). 3-lobe Gaussian-filtered sinc pulses were used with time
duration of 2.56 ms for both excitation and refocusing. Some patient datasets used PD and T,w
sequences with refocusing flip angles 150° rather than 180°. We defined the FSE pulse
sequences into two types depending on flip angles: FSE180° (90x-180y-180y-180y....) and
FSE150° (90x-165y-150y-150y....). The FLAIR sequence consisted of (2D sagittal, inversion
time [TI] 2500 ms, TR 8500 ms, ETL 19, TE 111 ms, BW 130 Hz/Pixel, imaging matrix
512x512, scan time 3.68 min); and the T,-weighted sequence (2D sagittal, TR 444 ms, TE 14

ms, BW 120 Hz/Pixel, imaging matrix 512x512, scan time 3.31 min).

Table 5.1: Patients demographic and clinical data

Variable Patients
Number of participants 14
Gender, F/M 12/2

Overall Age (years) 35.95 +6.69
Time to MRI follow-up (years) 7.03+0.99
Baseline disease duration (years) L 2.08+2.15
Follow-up disease duration (years) 9.00£2.56
Baseline EDSS score” 2.38+0.57
Follow-up EDSS score” 2.96+0.86
Baseline MSSS” 4.37+2.38
Follow-up MSSS” 43142.26

Note: data are means + standard deviation for patients with MS; EDSS: Expanded Disability
Status Scale; MSSS: Multiple Sclerosis Severity Score; "Disease duration range: 0-14 years;
YEDSS range: 1.5 — 4; "12 patients were included as EDSS score from two of them were

unavailable.
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Table 5.2: Patients morphologic data

Volume (cm3) Baseline Follow-up PC ES
Whole brain volume 1535.0+£184.2 1478.8+£203.3 -3.66 0.14
WM volume 822.1+£58.9 793.7+£72.0 -3.43 0.21
GM volume 716.6£77.5 683.8+89.6 -4.71 0.19
Cortical GM volume 580.0+£79.0 550.7+66.9 -4.76 0.20
Ventricular volume 31.2+£5.6 34.2+£5.7 10.27 -0.17
T, lesion load 30.3£13.4 33.9+£14.8 16.04 -0.79

Note: data are means + standard deviation; PC: Percent change; ES: effect size; GM: grey
matter; WM: white matter; Volumes are normalized relative to whole head volume; Italic bold-

faced values are significant with p<0.05; p-values are obtained using paired sample t-test.

5.3.3 T, mapping

T2 maps were computed on a pixel-by-pixel basis by modelling the spin response using the PD
and T2-weighted image, and knowledge of the refocusing flip angles (18). This method extracts
T2 from the spin response from all echo pathways providing Indirect and Stimulated Echo
Compensation (ISEC). The flip angles and pulse shapes required for modelling were known, and
the variation across the brain was determined through a prospective volunteer validation study.
For comparison, T2 maps were also obtained directly from the PD and T2-weighted images
using standard exponential fitting.

5.3.4 Method Validation

To validate the T, fitting method used, 7 healthy controls (5 male and 2 female; mean age 28
years, range 21 to 39 years) were recruited with the inclusion criteria that they had to be free of
any neurological disorders or cognitive impairment. For these subjects, the same PD and T,-
weighted sequences used in the retrospective patient study were performed as well as additional
PD sequences, flip angle maps and multiecho spin echo sequences to validate the T, fitting

method.

Flip angle maps were acquired to determine the flip angle profiles across the brain and
the variability of the profile between subjects. The double angle method (20) was used with

correction for slice profile effects (18). We obtained two spin-echo echo planar images with
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excitation angles 60° and 120°, both having same scan parameters: TR 7050 ms, TE 40 ms, BW
1630 Hz/Pixel, imaging matrix 128x128; FOV 240x240 mm?, slice thickness 2 mm, and scan
time 7 sec. Normalized flip angle maps were median filtered with 5x5 pixel filter after
performing co-registration of the images using MATLAB prior to using for T, fitting. In
addition, two dimensional multiecho spin echo (MESE) sequences were used to calculate
reference T, values. The MESE sequence had the following scan parameters: TR 4000 ms, ESP
12.4 ms, ETL 15, TE 12.4 ms, excitation 90° and refocusing 180°, BW 195 Hz/Pixel, N,y 2, scan

time 6.15 min.

Table 5.3: Transverse relaxation times (T) in ms obtained from seven healthy controls using

MESE via ISEC, two- point ISEC and two-point exponential fitting

Head of Putamen Globus Thalamus  Substantia Red Frontal
Caudate pallidus nigra nucleus WM
Flip angles (o)’ 187.8+1.6 190.242.1 192.242.5 191.942.9 194.9+1.9 194.9+£2.4 188.4+3 .4
MESE 81.6+0.7 73.5€1.2 61.6£1.3 75.1+0.8 66.7+£2.7 70.2£1.0 71.3£1.6
FSE180° 80.9+3.1 72.7+£2.1 58.7+£3.6 71.0£1.4 63.5+2.3 65.5£1.0 64.8+0.9
FSE150° 82.7+2.4 72.8+1.6 59.8+4.0 71.6£2.6 62.6+£2.2 64.8+1.2 64.8£1.9
Exponential 98.3+8.4 87.6+£5.2 70.8+£5.2 90.1+4.7 76.9+4.5 77.7£3.1 82.2+3.4

Note: data are means * standard deviation over healthy subjects. " Flip angles in degrees obtained
using 180° refocusing pulses. ISEC: Indirect and stimulated echo compensation; MESE:
multiecho spin echo;T, obtained from two-point ISEC method with FSE180° or FSE150°
refocusing pulses with the input of normalized flip angle map averaged over seven healthy

volunteers.

Although matched TR and ETL is preferred, the retrospective patient data for PD and T,-
weighted spin echo images had different TR and ETL (FSE180°: TR 2000 ms and ETL 5 for PD
while TR 4000 ms and ETL 15 for T,-weighted images; FSE150°: TR 2000 ms and ETL 5 for
PD while TR 3500 ms and ETL 13 for T,-weighted images). Thus the volunteer study also
included additional sets of images with matched TR and ETL in order to determine an

experimental signal correction factor for the PD images to correct for the reduced TR and ETL
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used. This correction was applied prior to T, fitting. The experimental correction factor
accounted for both reduced T, recovery with reduced TR and differences in incidental
magnetization transfer (iMT) from multislice acquisition (21) due to both ETL and TR. Overall
for reduced TR and ETL, the PD signal change was 5+1% signal loss in basal ganglia (globus
pallidus, head of caudate, putamen, red nucleus and substantia nigra), 3+1% signal enhancement
were identified and in WM structures (frontal WM, insular WM and occipital WM) and no
change in thalamus and posterior internal capsule. Results for FSE180° and FSE150° were
similar. Compared to DGM, in general WM has shorter T, but greater iMT effect due to higher
macromolecular content (21-23), which led to higher signal when using the reduced ETL even

though TR was also reduced.

5.3.5 Image analysis

Manual region-of-interest (ROI) analysis was performed for each subject using MATLAB
(R2015a), and ImagelJ (24). Mean T, values were obtained from bilateral ROIs in iron-rich DGM
(globus pallidus, putamen, caudate nucleus, substantia nigra, red nucleus, and thalamus) as well
as in WM (frontal WM, posterior internal capsule, insular WM and occipital WM). T, maps
were co-registered using MATLAB ‘imregister’ function to align baseline T> maps with follow-
up T> maps. Prior to computing the T, maps, signal corrections to the PD images were performed
based on the volunteer validation study for each ROI. This correction accounted for varying T;

recovery and iMT.

For baseline normalized volumes of whole brain, cortical grey matter (CGM), total grey
matter (GM), WM and ventricular volume were obtained on 2D T;-weighted images using
SIENAX, and percentage of brain volume change over time were measured using SIENA (25).
All the volumes were then normalized relative to whole head volume for each subject. The lesion
loads were calculated for each patient at baseline and follow-up by multiplying T, lesion masks
on FLAIR images with the slice thickness of the scans. T, lesion masks were manually outlined

on the FLAIR images using ImagelJ (24).
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5.3.6 Statistical analysis

Statistical analyses were performed using SPSS (IBM, Armonk, NY). A p-value of less
than 0.05 was considered as statistically significant. A paired sample t-test was performed to test
pairwise differences for patients over 7 years. Each exam was analysed separately by the same
observer with ROIs manually drawn for each brain region. Percent change between inter-control
and inter-patient mean and standard deviation was calculated for each structure in the brain for
changes in T, and volume over time. Spearman and Pearson correlations were used to calculate
the correlation coefficients between MRI measures and clinical data. Multiple linear regression
models were used to determine the correlation between changes in T, and MSSS over 7 years.
Age was used as covariate in the regression models. Due to unavailability of an initial EDSS

score of two patients, we included 12 patients for EDSS and MSSS analysis.
5.4 Results

Subject demographic and clinical information of patients with MS are presented in Table 5.1.
EDSS score was increased by 0.8+0.6 from baseline to 7-years follow-up study. Table 5.2
reports volumetric data of patients. Volumes of whole brain, CGM, total GM, and ventricular
volume showed significant changes over time with relatively small effect size. Figure 5.1 shows
an example of a normalized flip angle map containing DGM structures obtained from a healthy
brain (Fig. 5.1a) and the flip angle profiles (Fig. 5.1b) obtained from seven subjects. The flip
angle profiles follow a similar pattern, suggesting they can be predicted without measurement at
1.5 T. The mean flip angle values within each ROI were used for the retrospective patient T,

calculations.

Example R, (1/T>) maps from a healthy volunteer using different sequences are shown in
Fig. 5.2. Here we consider T, values from ISEC fitting of MESE data as reference. T, values
obtained with two-point fitting with ISEC are underestimated by 3 to 7% compared to MESE via
ISEC method. Table 5.3 lists the mean T, values from the volunteer validation study obtained
using the MESE via ISEC method including all echoes, two-point ISEC method for FSE180° and
FSE150° pulses with the inputs of a normalized flip angle maps averaged over seven healthy
subjects (nB1,y). T> values were also reported for two-point ISEC fit, as well as for two-point
exponential fit. The refocusing angles (o) from the DGM and frontal WM structures are also

shown in Table 5.3, as derived from flip angle maps using double angle method. The distribution
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of flip angles in different brain structures is very similar between the subjects. T, obtained using
two-point exponential fitting are overestimated by 11-20% compared to MESE via the ISEC
method.

Table 5.4: Transverse relaxation times (T;) in ms obtained from fourteen patients with MS.

Percent changes over time are reported with effect size.

T, (ms) using ISEC fit T, (ms) using exponential fit

Baseline  Follow-up PC ES Baseline  Follow-up PC ES

Caudate head 77.7£3.6 76.4+2.0 -1.76 0.22 105.7£5.9  102.8+£5.6 -2778  0.24

Putamen 68.6+2.8 67.8£2.6 -1.11 0.14 91.8+6.1 87.8+3.8 -439 037
Globus 57.4+1.8 55.1£1.6 -3.89 0.56 73.7£2.8 72.4+3.6 -1.81 0.20
pallidus

Thalamus 74.5+2.6 73.7+2.3 -0.96 0.16 91.2+4.2 91.6+4.5 046  -0.04
Substantia 60.8+2.5 58.9+2.8 -3.00 0.34 78.0+4.0 76.9+4.4 -1.39  0.12
nigra
Red nucleus 63.04+3.0 61.9+3.3 -1.67 0.16 81.9+4.8 81.4£3.8 -0.64  0.06
Frontal WM 69.5+3.7 70.9£3.6 1.97 -0.19 80.9+£5.6 83.9+4.1 3.69  -0.29
Posterior IC 86.5+4.7 88.5+4.5 242 -0.21 107.7£7.3  109.9+6.2 1.81 -0.16
Insular WM 75.0+4.4 76.6+6.4 2.19 -0.14 92.24+5.7 93.9+4.7 2.06 -0.17

Occipital WM 77451 794556 272 018 99.0£59  101.5£57 265  -0.21

Note: data are means + standard deviation. ES: effect size; PC: percent change; WM: white
matter; IC: internal capsule; ISEC: indirect and stimulated echo compensation. Italic bold-faced

values are statistically significant with p<0.05. p-values were obtained using paired sample t-test.

Baseline and final time point PD and T,-weighted images and the corresponding R, maps
from an MS patient are shown in Fig. 5.3. Figure 5.4 presents 7-year follow-up T, values in
DGM and WM structures for patients. Table 5.4 represents T, values obtained from PD and T,-
weighted images using two-point ISEC fit and two-point exponential fit in patients with MS.
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Note normalized flip angle maps averaged over the healthy volunteers were used for the patient
cohort. Using T, fitting with two-point ISEC method, we found significant changes over time in
globus pallidus (T, decreased by 3.9%), head of caudate (T, decreased by 1.8%), substantia nigra
(T, decreased by 3.0%) and posterior internal capsule (T, increase by 2.4%) with moderate effect
size. Other WM structures also showed increasing trend in T, over time, but were not statistically
significant. T, decrease over time in WM might be due to the process of demyelination, axonal
loss or increased water content. On the other hand, no significant changes in T, values were
found for exponential fitting as inter-subject variability was higher, though larger percent

changes were found in some structures.

1.15

Normalised Flip angle

Distance (cm)
Figure 5.1: (a) Normalized flip angle map from a healthy brain obtained using double angle
method at 1.5 T; (b) The normalized flip angle profiles from seven healthy subjects and the mean
flip angle profile (thick line) obtained along the horizontal box in (a).

By using multiple regression analysis with two DGM structure as variables, 7-year-
difference measurements with two-point T, mapping with ISEC has a high correlation to MSSS
(r=0.76, p<0.05) as well as to EDSS (r = 0.70, p<0.05) at final time point. The equation used to
predict MS disease severity was as follows: MSSS (at final time point) = -0.71*AT,gp-
0.48*AT,cpt1.83; where AT,gp and AT,cp are the differences in T, over 7 years for globus
pallidus and head of caudate respectively. Moreover, the following equation can be used to
predict disability in MS: EDSS (at final time point) = -0.29*%AT,gp-0.13*AT,cpt2.04. At
baseline, only globus pallidus showed significant correlation with MSSS (r=-0.61, p=0.032). At
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final time point, globus pallidus and head of caudate had significant correlation (r = -0.4 to -0.6,
p<0.05) with EDSS as well as with MSSS. We also found a significant correlation between the
change in T, and change in EDSS score over time for globus pallidus (r= -0.69, p=0.013) and for
posterior internal capsule (r = 0.65, p = 0.022).

Figure 5.2: R, (1/T,) maps obtained from a 29 year old healthy volunteer using: (a) full MESE
via ISEC with actual flip angle map; (b, ¢) two-point exponential fit with PD and T,-weighted
images (d, e) two-point ISEC fits using mean flip angle map averaged over seven healthy
subjects; (b, d) FSE180° and (c, €) FSE150°. Note the exponential results differ greatly with flip
angle (b vs. ¢), while the two point ISEC fits do not (d vs. e).
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Single time point T, of putamen and posterior internal capsule correlated with CGM
volumes (r = 0.6, p<0.05). Changes in T, in thalamus and ventricular atrophy were correlated
significantly (r = -0.57, p = 0.048). Baseline T, lesion load correlated with T, only for head of
caudate (r = -0.51, p = 0.044) while change in T, over time correlated with T, lesion load at final
time point only for globus pallidus (-0.58, p = 0.048). Moreover, T, lesion load showed
significant correlation with MSSS at final time point (r = 0.59, p=0.045).

On the other hand, two-point exponential T, fitting showed no significant correlations
over time, but only at single time point measurements for putamen (r = -0.48, p = 0.047 EDSS at
baseline) and thalamus (r = -0.50, p = 0.011). While normalized T, hypointensity relative to
cerebrospinal fluid did not show any correlation with any clinical or volumetric measurements,

though normalized signal intensity was reduced by ~12% in DGM structures (not shown).

208

16

12

Figure 5.3: Baseline (a-c) and 7 year images (d-f) from a 31 year old MS patient. (a, d) Proton
density (PD),(b, e) T,-weighted spin echo images and (c, f) R, (1/T,) maps with intensity scale..
R, values are increased in deep grey matter (head of caudate and globus pallidus) and ventricular

enlargement occurs over 7 years.
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5.5 Discussion

Retrospective analysis of standard clinical exams of RRMS subjects over 7 years was performed
to obtain changes in quantitative T, as well as lesion load and brain volume. We found EDSS,
MSSS, T, lesion load, and ventricular atrophy correlated with the change in T, in some brain
structures over time, and these MRI measures can be used to monitor disease progression and

state in MS.
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Figure 5.4: Baseline and 7-year T» measurements using two-point ISEC method for some DGM
and WM structures from patients with MS. Thick black line is the averaged value over the MS

cohort. Note different y-axis limits are used in most cases. b: baseline and f: final time point.

Compared to the exponential fitting method, T, values obtained with the two-point ISEC
method were more effective at tracking changes over time, and this method is known to produce
more accurate values (18). The two-point ISEC fitting method (18) requires knowledge of the
actual flip angle and RF pulse shape. The pulse shape is available from the manufacturer or
through oscilloscope measurement; however the actual flip angle must typically be measured
experimentally. We found the within-subject variation in flip angles within a particular ROI was
very small (1-3°) at 1.5 T, as obtained from the normalized flip angle maps from the volunteer
validation study. Consequently, the mean normalized flip angle map from seven healthy subjects

could be applied to the retrospective patient data, which did not include a flip angle map. Future
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prospective studies, particularly at higher fields which have greater flip angle variability, should

include a flip angle mapping sequence, which can be accomplished within 10 sec as performed

here.

True MSSS after 7 years
= [y [# o]
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0 | 2 3 4 5 6 7 8 9
Predicted MSSS from multiple regression

-2 = -
th W th & La

True EDSS after 7 years
[

1.5

1 1.5 2 2.5 3 3.5 4 4.5
Predicted EDSS from multiple regression

Figure 5.5: Predictors of disease severity and disability in MS using multiple regressions of the 7
year R, difference measurements with MS severity scores (MSSS) and with EDSS scores.
Globus pallidus and caudate nucleus are included in the regression models. The regression line
equations: MSSS (after 7 years) = -0.71*AT,gp -0.48*AT,cp +1.83; EDSS (after 7 years) = -
0.29*ATgp -0.13*AT,cp +2.05; where AT,gp and AT, cp are the differences in T, over 7 years for

globus pallidus and head of caudate nucleus respectively.
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Iron accumulation in MS DGM is a consistent finding in recent studies at 3.0 T or greater
(6,7,26). Previous studies reported that normalized T, hypointensity measurements at 1.5 T can
provide some clues regarding the iron accumulation; however T,-weighted intensity is affected
by confounding factors that preclude evaluating iron accumulation precisely (27-29).
Quantitative methods such as T, mapping, T, mapping in combination with high magnetic field
and susceptibility mapping have been used for the detection of abnormal iron accumulation in
MS DGM (6-8,26,30,31). Quantitative MRI methods using clinically available sequences might
be useful to track iron related changes in DGM. In this study, T, quantification via two-point
ISEC in some DGM showed significant negative correlations with EDSS and MSSS over 7
years, implying increased iron accumulation, or some other form of mineralization, is related to
disability in MS. As well, change in T, in globus pallidus correlated significantly with the
change in EDSS score over time. Since the globus pallidus contains the highest iron

concentration amongst the DGM structures, it may be most sensitive to small percentage changes

(32).

Using multiple regression analyses of changes in T, in two DGM structures (globus
pallidus and head of caudate) over 7 years showed high correlation with final time point MSSS
as well as the final time point EDSS score. These regression models can be used as predictors for
disability and disease severity in patients with MS. Iron may accumulate in different DGM
structures at different rates (32), and the dynamics may vary within structures and with disease
course in MS. A more localized DGM analysis may bring out more findings than the whole
structure analysis used here (33). For example, in the thalamus, iron accumulation in the pulvinar
might be offset by demyelination in other regions, since T, is strongly affected by both

processes.

Using the two-point ISEC method, T, in WM structures increased over 7 years, however
only posterior internal capsule was significant of the WM regions measured. This T, increase in
posterior internal capsule might be due to the demyelination and axonal loss in this dense
myelinated fiber pathway (34,35). We found the change in T, in internal capsule correlated with
final time point disability score as well as disease severity scores in MS. Multi-component T,
analysis can provide greater insight into myelin water changes (12), but requires a specialized

MESE sequence.
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Ventricular atrophy might play an important role in disease progression in MS. Jacobsen
et al. (3) reported that ventricles were enlarged by ~22% over 10 years. However, we found
~10% increase in ventricular volumes over 7 years. Previous studies have demonstrated the
association between ventricular enlargement and disease progression in MS (36-38). In our work,
no significant correlation was found between ventricular atrophy and disability or disease
severity score. However, we found that change in T, in thalamus significantly negatively
correlated with the change in ventricular volumes in MS over 7 years. A recent longitudinal
study showed that thalamic atrophy is related to ventricular enlargement in MS (39). Compared
to DGM structures, thalamus has extensive connections with other parts of the brain. Thalamic
axons are known to transmit information among the other subcortical GM structures in the brain,
and the damage in thalamus and other related structures impairs the disability and disease
severity in MS (40). T, lesion loads at 7 years correlated significantly with MSSS indicating that
lesion loads during disease progression might contribute to disease severity. Lesion loads can be

used as predictors for long term disability in MS (38).

There were many limitations in this study, which relied on retrospective clinical MRI
exams. This study used a small sample size since it was a feasibility study to investigate
retrospective T, mapping. Healthy subjects were included in the study to validate the two-point
T, method, but not to compare with the patient group due to age differences and the lack of time
course data. The 1.5 T field strength used was a limitation for DGM T, mapping due to its poor
iron sensitivity, which led to relatively small changes in T, over time. Iron sensitivity increases
linearly with field strength (41), hence future studies using 3.0 T or higher will likely show
improved significance. For example, a recent 4.7 T study on 2-year evolution in MS showed
larger T, differences in DGM than those seen here over 7 years (42). The T, maps were
computed using actual flip angle modeling to account for both the slice profile and variable
refocusing angle, which requires a flip angle map. Due to the retrospective and clinical nature of
the study, a flip angle map was not available; however, the flip angle distribution was obtained
from an average flip angle map from healthy subjects. Also different PD and T,-weighted TR’s
required correction. Future studies could use a dual echo PD and T,-weighted sequence for
increased efficiency and to avoid TR and iMT variations, or simply match TR’s and ETL if the
sequences are performed independently. Age might be considered as a confounding factor in the

analysis; however age was used as a covariate in the linear regression models. The atrophy of
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DGM was not included in this study because T; images had large 5 mm slice thickness that
precludes proper DGM segmentation. Similarly, the 5 mm slice thickness used for all images
may have introduced partial volume effects in all results for T, maps, lesion load and brain

volumes.

In conclusion, changes in T, in brain structures particularly in globus pallidus, caudate
and posterior internal capsule showed significant correlations with EDSS and MSSS scores over
7 years. These changes were not significant when using a standard exponential T fit. The change
in thalamic T, was correlated with ventricular atrophy. Therefore, combining the long term
retrospective two-point T, and atrophy measurements can be used to track the disease course in
RRMS. Given the wide use of PD and T,-weighted FSE in MS clinical trials, this retrospective
T, method may provide an additional measure of disease evolution. Furthermore, the use of a

dual echo PD and T,-weighted FSE would enable tracking of quantitative T in clinical exams.
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Chapter 6. Conclusion

6.1 Research Outcomes

Quantitative Transverse relaxometry methods can be informative of tissue specific changes and
may provide more insight into the disease course of MS. Work presented in this thesis
investigated methods for transverse relaxations in human brain, and application of these methods

to iron accumulation and MS. Brain atrophy in multiple sclerosis was also studied.

6.1.1 Iron dynamics in MS DGM using 2-year longitudinal study

An association between MS and iron accumulation in DGM has been recognized for decades. It
is still unclear whether iron acts as a mediator of damage or an epiphenomenon. In this context, it
is important to evaluate the iron dynamics in MS using quantitative MRI methods and/or using
high field MRI systems and compare the results with healthy controls. Very few studies have
been conducted so far. In this work, a two year longitudinal study was conducted to evaluate the
changes in iron accumulation in MS DGM using R, mapping method and atrophy measurements.
This is the first longitudinal study using the R, mapping method. The results indicated that
change in R, in some DGM structures correlated with baseline disease severity score and can be
used as a predictor. Globus pallidus, substantia nigra and pulvinar nucleus showed positive
correlation with MS severity score which might be due to iron accumulation while thalamus
excluding pulvinar showed negative correlation which might be due to demyelination. Compared
to controls, the MS patients had smaller DGM volumes and increased iron content in the DGM
structures over two years, but significant changes were found only in globus pallidus. Therefore,
combination of atrophy and R, measurements in DGM can be used as biomarkers to monitor

disease progression and dynamics of iron accumulation in MS.

6.1.2 R; mapping using reduced echoes

At the high magnetic field of 4.7 T, RF heterogeneity and SAR are major limitations to obtain R,
mapping using a multi-echo spin echo sequence. The RF heterogeneity arises from through-plane

imperfect refocusing slice profiles and in-plane RF interference effects. Quantitative R, mapping
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via stimulated echo compensation is a promising method that provides tissue specific absolute
measures and is insensitive to heterogeneous RF fields because it accounts for them in the fitting
process. This study addressed means to overcome the SAR limitations to enable more rapid
multi-slice R, mapping. The SAR limitations were overcome by shortening the echo train
lengths. Consistent R, values were found with as few as 4 echoes compared to 20 echoes. RF
power savings through the use of reduced number of echoes enabled increased slice coverage.
While available signal was decreased from incidental magnetization transfer, the R, values were
not affected. This R, mapping approach is useful for obtaining accurate R, values in GM and

WM in the brain.

6.1.3 Value of transverse relaxometry difference methods

Quantitative relaxometry methods (R», Rz*, Rz’ and FDRI) can all be used to evaluate iron
accumulation in human brain. The two difference methods using subtraction within field or
between field (R, and FDRI) provide more specific iron sensitivity measurements by removing
less specific components via subtraction. We compared the benefits and limitations of these
methods for iron accumulation in human brain and iron-doped agar phantom. Using 4.7 T, Ry
was preferable in iron-rich deep grey matter while R, provides more specific iron measures due
to its small intercept with estimated post-mortem iron concentration, and both methods require
only one field. In WM, R, is highly sensitive to fiber orientation relative to By which increases
with field strength, while FDRI is much less sensitive to this orientation. However, FDRI using a
large field difference (3.2 T in our case) is limited by the fact that macromolecular effects are
also field dependent. FDRI can be more effective using lower field strengths with smaller
difference, where macromolecular effects are more stable. These findings can be used as

reference for further study in patients with neurological disorders including MS.

6.1.4 Long-term change in MS using only retrospective clinical MRI

PD and T,-weighted images are frequently used in clinical MS exams. From these images,
quantitative R, may be determined to serve as an absolute parameter to examine brain changes,
rather than using weighted images. However, a simple exponential fit is not appropriate and
more advanced modelling is required. R, mapping using two-point fitting approach is a

promising new method which requires a priori knowledge of refocusing flip angles. That is, a
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prospective flip angle map is required for accurate R, quantification. However, we demonstrate
that at 1.5 T on a clinical system, the flip angles can be accurately predicted, enabling
retrospective R, mapping from clinical datasets. This R, mapping method was validated in
healthy subjects and then applied to a long-term study of patients with MS. R, values were
correlated with disability score as well as with atrophy measurements on retrospective data over
7 years. This R, mapping method can be used to identify the disease progression and state of MS
using clinically available data. This method may help advance quantitative approaches in MS,

since no additional scans are required.

6.2 Significant findings

In this thesis, a series of advances have been introduced in the means to perform transverse
relaxation mappings and their applications to multiple sclerosis. We found that MRI transverse
relaxometry mappings were useful for evaluating brain iron and tracking disease progression and
state in MS using either standard clinical images or high field multi-echo spin echo images. We
also clarified the iron sensitivity of all transverse relaxation mapping methods (R, Rz*, R,’ and
FDRI) and demonstrated that reduced echoes may be used to quantify R, more precisely in

human brain.

6.3 Summary of the findings

e We used multi-echo spin echo R, mapping (20 echoes and 2 slices) to evaluate iron
dynamics and predict disease severity as well as volume changes in MS DGM.

e We demonstrated R, mapping with more brain coverage by reducing the echo trains (5
echoes and 8 slices).

e We examined iron sensitivity in human brain using relaxation mapping methods with
emphasis on difference methods demonstrating the specificity of these methods in
comparison to standard approaches.

e We demonstrated the feasibility of tracking disease course in MS over 7 years using
retrospective clinical MRI from where quantitative R, and volume changes were derived.

R> maps were obtained using PD and T, weighed images (2 echoes and 19 slices).
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6.4 Limitations

Although standard multiple-echo spin echo R, mapping using stimulated echo compensation is a
robust technique at high magnetic field, it has some shortcomings at 4.7 T. Due to the RF heating
limitation; we obtained R, maps only from a limited number of slices that precludes analysing
whole brain. This limitation can be overcome with reduced echo methods, either 4 consecutive
echoes [1], or the use of proton density and T,-weighted images with a prior flip angle map [2].
Flip angle maps can be obtained in as little as 10 s, so this is quite feasible. For R, and FDRI
measurements, subtraction between two relaxometry maps requires proper image registration.
Automated registration protocols such as FSL cannot be used due to the limited number of slices.
These automated alignment and segmentation software sometimes give misleading outcome, if
images with appropriate resolution are not provided. Manual image registration (registration of
images involved rotating, translating the images using imageJ) was performed in this thesis. Use
of multiple processing steps might reduce the accuracy of the subtraction measurements. An
additional limitation of all spin echo methods is that they are slower than gradient echo
approaches, nevertheless, the refocusing of static field inhomogeneity removes a significant
potential cause of artifact near air-tissue interfaces, particularly at high field.

Evaluating potential biomarkers of MS can be assessed in different ways. A multiple
regression model was used to predict disease severity, where R, of iron-rich DGM structures was
selected in the regression model; however combination of R;, volume, lesion load etc. can be
used in the model to predict the disease state. The strong effect of age on iron accumulation
requires accurate age matching between groups. Two year changes in R, and DGM atrophy were
correlated in our study, however T,-weighted MPRAGE images were used in automatic DGM
atrophy measurements, which provides poor contrast between the DGM regions [3] due to
longer T, relaxation times of the brain tissue at high magnetic field as we employed 4.7 T [4].
Moreover, longitudinal data analysis might suffer from error due to manual registrations.
Consequently, partial volume effects between different brain tissues might produce error. For
retrospective data, different scan parameters were used in different time points. Proper signal
correction is required to obtain accurate R, maps. Moreover, MRI measures might be biased due

to lack of proper registration of images from two different time points.
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6.5 Future Work

Quantitative relaxometry methods at 4.7 T are sensitive to evaluate iron in DGM. R, and Rz*
mapping methods used in this study used mono-exponential fittings. However, multi-exponential
signal decay occurs in brain tissue especially in WM [5, 6]. Consideration of multiple component
fitting for both R," and R, could extend the specificity of imaging methods. Myelin water
imaging methods using GRASE [7] or mcDESPOT [8, 9] can be applied relatively quickly to get
more insight into the disease state of MS.

Our work focused on whole structure iron measurements and could benefit from more
local analysis in future studies using either voxel-based or cluster-based methods [3]. Increased
iron specificity using quantitative susceptibility mapping (QSM) [10, 11] is also a direction of
future work, since this method is less sensitive to water content, although demyelination and iron
accumulation affect QSM in the same way.

Abnormal iron accumulation has been known to exist in DGM as well as in some WM
lesions [12-16]. Five-year longitudinal study of MS using high field MRI (4.7 T) may provide
more information about iron dynamics in DGM structures. The change in relaxation rates and
atrophy over 5 years might be a better predictor to disease severity. Moreover, relaxometry
methods as well as other iron sensitive methods including QSM can be used to evaluate iron
accumulation in WM lesions since a single method is not enough to evaluate precisely iron in
lesions [17]. The roles of iron in lesion formation and for inflammation, as well as the exact
mechanism of lesion development in MS are unknown. However, if iron accumulation is a
driving force for the inflammation, it should be detected at the early stage of the lesion’s
development [18]. Longitudinal MRI study for iron accumulation in lesion might show the

pattern of iron accumulation in lesions as well as to monitor the lesion dynamics.

6.6 In Closing

The central objective of this thesis was to track disease progression and state in patients with
relapsing-remitting MS using quantitative transverse relaxometry methods. We attempted to
understand the iron dynamics in MS DGM using R, mapping, and the relationship between iron
accumulation and atrophy to predict the disease severity. Our study focused on the iron-rich

DGM structures. We then optimized the R, mapping method and extended it for multislice
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imaging. Furthermore, we evaluated iron sensitivity not only in DGM but also in WM structures
by employing a series of transverse relaxometry methods and the relaxation deference methods.
Later we extended the work on clinically available retrospective data at 1.5 T and correlated the
findings with atrophy and clinical scores to understand the disease course for relatively longer
time difference. Overall the thesis has shown the viability of R, mapping for tracking MS
disease progression, particularly at 4.7T, which takes advantage of the increasing iron sensitivity

and specificity of R, with increasing field strength.
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